Université d‟Aix-Marseille
École doctorale Science de l‟environnement, 251

Thèse de doctorat
Présentée par Andrea PALUSELLI

Analyse, distribution, production et dégradation d’esters de
phtalates (PAEs) en zone côtière méditerranéenne

Composition du jury :
Dr Pierre Labadie (EPOC, CNRS, Université de Bordeaux)
Dr Marie Alexandrine Sicre (LOCEAN, CNRS)
Dr Philippe Kerhervé (CEFREM, Université de Perpignan)
Dr Sopheak Net (LASIR, Université de Lille)
Dr Madeleine Goutx (MIO, CNRS, Aix Marseille Université)
Pr Valérie Michotey (MIO, Aix Marseille Université)
Dr Richard Sempéré (MIO, CNRS, Aix Marseille Université)
Dr François Galgani (IFREMER, Bastia)

Rapporteur
Rapporteur
Examinateur
Examinateur
Examinateur
Examinateur
Co-directeur de thèse
Co-directeur de thèse

Abstract
Phthalic Acid Esters (PAEs) are a group of emerging organic contaminants that
have become a serious issue because of their ubiquitous presence on the marine
environment worldwide and for the endocrine disrupting effects in animals and humans.
However, little is known about their distribution in the Ocean, mainly because of analytical
difficulties and the high possibility of ambient sample contamination. Plastic debris in
marine environment includes resin pellets, macro- and microplastic fragments, and
contains additives such as PAEs that might be released in the aquatic environment in
unknown proportion. In our work, we improved an analytical method for

the

determination of 8 PAEs, at trace levels in marine and fresh waters. In the first part of the
thesis, the method was validated for different seawater salinities and wastewater treatment
plant outlet. By passing 1 L of sample through glass cartridges packed with 200 mg of
Oasis HLB and eluted with 6 mL of ethyl acetate, the recoveries fordimethyl phthalate
(DMP), diethyl phthalate (DEP), dipropylphthalate (DPP), di-isobutyl phthalate (DiBP),
di-n-butyl phthalate (DnBP), benzylbutyl phthalate (BzBP), diethylhexyl phthalate (DEHP)
and d-n-octyl-phthalate (DnOP), were 101, 98, 115, 110, 99, 98, 103 and 95 %,
respectively, with acceptable blank values (below 0.4-4.0 % of the masses measured in
different seawater samples). In a second part, PAE distribution in the Marseille Bay has
been evaluated though a one-year monitoring from December 2013 to November 2014.
The results showed the occurrence of six PAEs, DMP, DEP, DiBP, DnBP, BzBP and
DEHP, with total concentrations ranging from 130 to 1330 ng L-1 (av. 522 ng L-1). DEHP
was the most abundant PAE in all of the surface samples and the summer bottom samples,
followed by DiBP and DnBP. High concentrations were detected in the bottom water,
suggesting that resuspension of PAE-rich sediment, in relation with the accumulation of
plastic debris above the seabed plays a significant role in the PAE dynamics in coastal

water. In the last part of this thesis, two common plastic samples as trash plastic bags and
insulation layer of electric cables were incubated in natural seawater in laboratory
conditions and studied for the release of PAE. Release ws observed for the different PAEs
with kinetics varying according to the plastic type. DMP and DEP were preferentially
released from the insulation layer of electric cables reaching level of release of 9.5 ± 1.4
and 68.9 ± 10.3 ng g-1, respectively, whereas DiBP and DnBP were released from plastic
bags, reaching the highest rate after only one week, at values of 333.4 ± 50.3 and 480.5 ±
72.1 ng g-1, respectively.

Keywords: phthalates, DEHP, seawater, endocrine disruptors, microplastics

Résumé:
Les esters d'acide phtalique ou phtalates (PAEs) sont un groupe de contaminants
organiques émergents qui sont devenus une préoccupation majeure en raison de leur
omniprésence dans le milieu marin à l'échelle mondiale, et de leurs effets perturbateurs sur
le système endocrinien chez les animaux et les humains. Cependant, leur répartition en
Méditerranée est assez mal connue, principalement en raison des difficultés analytiques, et
du risque élevé de contamination des échantillons lors du processus analytique. En outre,
les débris de plastique en milieu marin (i.e., fragments de macro et microplastique)
contiennent des additifs comme les PAEs, qui sont ajoutés lors de l‟étape de fabrication du
plastique, ou qui peuvent provenir également de la phase dissoute de l'eau de mer
environnante. Dans la première partie de cette manuscrit de thèse, une méthode analytique
a été optimisée et validée pour la détermination de 8 PAEs à l'état de traces en milieu
marin, pour des échantillons de salinité variées à proximité notamment d‟un panache
fluvial et de l'exutoire de la station d'épuration des eaux usées de Marseille. Brièvement, 1
L d'échantillon filtré est passé à travers des cartouches de verre contenant 200 mg d'Oasis
HLB, puis élué à l‟aide de 6 mL d'acétate d'éthyle. L‟extrait est ensuite concentré, et les
PAEs suivant sont recherchés : phtalate de diméthyle (DMP), phtalate de diéthyle (DEP),
phtalate de dipropyle (DPP), phtalate de diisobutyle (DiBP), phtalate de di-n-butyle
(DnBP), le phtalate de benzylbutyle (BzBP), phtalate de diéthylhexyle (DEHP) et le
phtalate de di-n-octyle (DnOP). Notre méthode donne des rendements d‟extraction compris
entre 95 et 115 %, et des blancs acceptables (0,4-4,0 % des masses mesurées dans les
différents échantillons d'eau de mer). Dans un second temps, un suivi annuel de la
contamination de la Baie de Marseille a été effectué de décembre 2013 à novembre 2014,
depuis la surface jusqu‟au fond (z = 32 m). Les résultats ont montré la présence de sept
PAEs (DMP, DEP, DEP, DiBP, DnBP, BzBP et DEHP), avec des concentrations totales
variant de 130 à 1330 ng L-1 (av. 522 ng L-1), le DEHP étant le composé le plus abondant

dans tous les échantillons de surface ainsi que les échantillons de fond estivaux, suivi du
DiBP et du DnBP. Des concentrations élevées ont été détectées dans le tiers inférieur de la
colonne d‟eau, ce qui suggère une remise en suspension de sédiments chargés en PAEs
(issus de débris plastiques au-dessus du fond marin par exemple), ou un taux de
dégradation plus élevé dans la couche supérieure de la colonne d'eau, en lien avec une plus
forte exposition à l‟irradiation solaire. Dans la dernière partie de cette thèse, deux
échantillons de plastique communs (sac de poubelle en plastique et gaine de câble
électrique) ont été incubés dans de l'eau de mer naturelle dans des conditions contrôlées de
laboratoire, de manière à évaluer la migration de PAEs depuis ces matériaux en fonction de
différentes conditions environnementales comme la température, la présence de lumière,
ou encore la présence de bactéries. Différentes cinétiques de relargage ont été mises en
évidence en fonction du type de plastique, (DMP et DEP depuis la gaine électrique, 9.5 ±
1.4 and 68.9 ± 10.3 ng g-1respectivement, ainsi que DiBP et DnBP depuis les sacs en
plastique, 333.4 ± 50.3 and 480.5 ± 72.1 ng g-1, respectivement).

Mots-clés : phtalates, DEHP, eau de mer, perturbateurs endocriniens, microplastiques
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INTRODUCTION

Introduction

The presence of toxic substances in our ecosystem has always been a problem of
great importance and social influence for nature and humans. Over the years, chemists,
biologists and other researchers have highlighted several toxic substances present in the
environment, derived from both natural and industrial sources. Especially from the latter,
they continue to produce and release thousands of substances each year and their toxicity,
health and environmental impact remains in some cases to be determined (Nazaroff et al,
2012).
Plastic has raised many concerns during the last two decades for the large diffusion
in daily life and its impact on the environment. The development of modern plastics
expanded with a large range of types and forms, including natural polymers, modified
natural polymers, thermosetting plastics, thermoplastics and, more recently, biodegradable
plastics (Andrady and Neal, 2009). Plastics can be used at a very wide range of
temperatures, they are chemical and light resistant, very strong and tough, but can be easily
worked as a hot melt. This versatility, together with the low cost of production, explains
the reasons of the large diffusion and annual worldwide demand.

Figure 1. Worldwide production of plastic (in pink) and in Europe (blue) from 2004 to 2014.
(Plastics Europe, 2015)
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Indeed in 2014, 311 million tons of plastic were produced worldwide and 48
million tons were consumed in Europe (Fig. 1), with around 40% for packaging and 20%
for building and construction (Plastics Europe, 2015). Moreover, the European plastic
demand is dominated by polypropylene (PP) for 19%, low-density polyethylene (LDPE)
for 17%, high-density polyethylene (HDPE) for 12%, polyvinyl chloride (PVC) for 10%
and polyethylene terephthalate (PET) and polystyrene (PS) for 7% each (Plastics Europe,
2015). Because a large amount of plastic (31% in Europe in 2014) is not recycled and end
up to landfill and part of this fraction find their way into rivers and then into the oceans
(Fig. 2), plastic pollution is ubiquitous throughout the environment and in the ocean
(Eriksen et al., 2014). In addition, these plastic resins are mixed with other materials called
additives to enhance performance. These may include inorganic fillers to reinforce the
plastic material, thermal stabilizers to allow the plastics to be processed at high
temperatures, plasticizers to render the material pliable and flexible, UV stabilizers to
prevent degradation when exposed to sunlight and fire retardants to discourage ignition and
burning (Fischer et al., 2014). Plasticizers are a particular group of additives that has raised
concerns for their health and environmental effects, especially as endocrine disruptors, and
phthalates, among them, are commonly used in a large amount of plastic products.
Phthalates can easily be released into the environment directly and/or indirectly, during
manufacture, use and disposal and their distribution is ubiquitous in the environment.
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Figure 2. Plastic products, plastic waste and resource recovery in Japan in 2009. Endocrine
disrupting chemicals (EDCs). From Saito, 2014.

Phthalic acid ester or phthalates (PAEs) are widely used in the manufacture and
processing of products as plasticizers. Production of PAEs began in the 1920s and has
intensiﬁed since 1960, when these compounds were used as important additives, which
impart ﬂexibility to polyvinyl chloride (PVC) resins (Kimber and Dearman, 2010; Peng et
al., 2013). They are also mixed in other resins such as polyvinyl acetates, cellulosic and
polyurethanes. The stability, fluidity and low volatility of higher molecular weight
phthalate esters make them highly suitable as plasticizers. Since the annual production of
plastics has reached a level of 311 million tons in 2014 (Plastics Europe, 2015), plasticizers
are used in a very broad range of industrial applications on the worldwide scale (Huang et
al., 2013; Pei al., 2013; Li et al., 2016). The production of PAEs increased from 1.8 million
tons in 1975 (Peijnenburg and Struijs, 2006) to more than 8 million tons in 2011 (Schreiber
et al., 2011; Meng et al., 2014). PAEs are present in many plastic materials including PVC
products, building materials (paint, adhesive, wall covering, insulation layer of electric
cables), personal-care products (perfume, eye shadow, deodorizer, liquid soap and hair
spray), medical devices, detergents and surfactants, packaging, children‟s toys, printing
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inks and coatings, pharmaceuticals and food products, household applications such as
shower curtains, ﬂoor tiles, food containers and wrappers, cleaning materials (Li et al.,
2016; Pei al., 2013).
The chemical structure of phthalates is shown in Figure 3 and consists of a dialkyl ester of
o-benzenedicarboxylic acid (o-phthalic acid). They possess different characteristics
dependent on the length and isomeric structure of the alcohol chain. Table 1 gives an
overview of all available phthalates and includes the molecular formulas, abbreviations,
molar masses and CAS numbers. Seven of them are commercially significant and these are
the target analytes in this thesis: di-methylphtalate (DMP), di-ethylphthalate (DEP), di-isobutylphthalate (DiBP), di-n-butylphthalate (DnBP), benzylbutylphthalate (BzBP), di-(2ethylhexyl)phthalate (DEHP), di-n-octylphthalate (DnOP). With the exception of DEHP,
which is a pure isomer, higher molecular weight phthalates (alkyl chain > 6 C) are mixture
based on the alcohols used for synthesis (Staples et al., 1997).
Low molecular weights phthalates as DMP, DEP, DiBP, DnBP and BzBP are used
for their emulsifying properties and they are components of industrial solvents, solvents in
perfumes, adhesives, waxes, inks, pharmaceutical products, insecticide materials and
cosmetics (Koniecki et al., 2011). DMP and DEP allow perfume fragrances to evaporate
more slowly, lengthening the duration of the scent and a small amount of DnBP gives nail
polish a chip-resistant property. Higher molecular weight PAEs, as DEHP, are principally
incorporated in polymers as plasticizers, especially PVC, to improve ﬂexibility,
workability and general handling properties and 80% of PAEs are used for this purpose
(IARC, 2000; Meng et al., 2014). Phthalates are not chemically bound to the end plastic
products to which they are added and this led to their ubiquitous spread in the environment.
The dispersion of PAEs in the environment can occur at all stages of their use, from their
synthesis to their transformation or degradation.
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Table 1. Overview of all available phthalates.

Compound

Formula

Acronym

Molar
Mass

Di-methylphthalate
Di-ethyl phthalate
Di-allylphthalate
Di-(1-methylethyl)phthalate
Di-propylphthalate
Butyl-2-methylpropylphthalate
Di-n-butylphthalate
Di-i-butylphthalate
Di-cyclopentylphthalate
Butylcyclohexylphthalate
Di-(3-methylbutyl)phthalate
Di-pentylphthalate
Benzylbutylphthalate
Di-phenylphthalate
Di-cyclohexylphthalate
Butyl 2-ethylhexylphthalate
Butyloctylphthalate
Di-(2-ethylbutyl)phthalate
Di-hexylphtalate
Di-benzylphthalate
Butyldecylphthalate
Di-heptylphthalate
Benzyl 2-ethylhexylphthalate
Di-(2-ethylhexyl)phthalate
Di-n-octylphthalate
Hexyldecylphthalate
Octyldecylphthalate
Di-nonylphthalate
Di-decylphthalate
Di-undecylphthalate
Di-dodecylphthalate
Di-i-heptylphthalate
Di-i-nonylphthalate
Di-i-decylphthalate

C10H10O4
C12H14O4
C14H14O4
C14H18O4
C14H18O4
C16H22O4
C16H22O4
C16H22O4
C18H22O4
C18H24O4
C18H26O4
C18H26O4
C19H20O4
C20H14O4
C20H26O4
C20H30O4
C20H30O4
C20H30O4
C20H30O4
C22H18O4
C22H34O4
C22H34O4
C23H28O4
C24H38O4
C24H38O4
C24H38O4
C26H26O4
C26H42O4
C28H46O4
C30H50O4
C32H54O4
C22H34O4
C26H42O4
C28H46O4

DMP
DEP
DalP
DiPP
DPP
BMPP
DnBP
DiBP
DCPeP
BCHP
DMBP
DPeP
BzBP
DPhP
DCHP
BEHP
BOP
DEBP
DHP
DBzP
BDcP
DHpP
BzEHP
DEHP
DnOP
HDcP
ODcP
DNP
DDcP
DUP
DDDP
DiHpP
DiNP
DiDP

194.2
222.4
246.3
250.3
250.3
278.4
278.4
278.4
302.4
304.4
306.4
306.4
312.4
318.3
330.4
334.5
334.5
334.5
334.5
346.3
362.6
362.5
368.6
390.6
390.6
390.6
418.6
418.6
446.7
474.7
502.8
362.5
418.6
446.7
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Cas n°

131-11-3
84-66-2
131-17-9
605-45-8
131-16-8
17851-53-5
84-74-2
84-69-5
18699-38-2
84-64-0
605-50-5
131-18-0
85-68-7
84-62-8
84-61-7
85-69-8
84-78-6
7299-89-0
84-75-3
523-31-9
89-19-0
3648-21-3
18750-05-5
117-81-7
117-84-0
25724-58-7
119-07-3
84-76-4
84-77-5
3648-20-2
2438-90-8
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During the last 20 years, there has been a growing concern about their acute and
chronic toxic impact as endocrine disruptors (ECDs) and environmental distribution.
Consequently, six of them have been placed on the priority pollutant list of the United
States Environmental Protection Agency (U.S. EPA, 2014), the European Union (EU)
(CEC, 2007) and on the list of priority pollutants in Chinese waters (National Standard of
the People‟s Republic of China, Standard for drinking water quality GB 5749-2006) and
the concentrations of PAEs have been regulated for water consumption. The use of PAEs
is now subject to stricter control and some have been prohibited or their reduction in
numerous products has been recommended.

Figure 3. Chemical structure of 6 of the most abundant phthalates in the environment (adapted from
Xie et al., 2007)
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1 Physiochemical properties
Phthalate esters in environmental and biological systems show large varieties of
behavior depending on the physical-chemical characteristics of the individual solutes.
Because of their environmental and possible toxicological impact as endocrine disruptors
(ECDs), many efforts have been made in the last decade to accurately measure key
physicochemical properties including water solubility (WS), vapor pressure (Vp), Henry‟s
constant (H), air/water partitioning (KAW), octanol/air partition (KOA), and octanol/water
partitioning (KOW), organic carbon partitioning (KOC) (Cousin et al., 2003; Staples et al.,
1997). Such parameters determine the behavior, transport and fate in the environment and
also the exchanges between the diﬀerent reservoirs such as atmosphere, lithosphere,
hydrosphere, and biosphere (Staples et al., 1997; Cousins and Mackay, 2000). In Table 2, a
selection of physical-chemical parameters was made for seven most abundant dialkyl
phthalates. Since mono-alkyl phthalates are considered to be the primary metabolites of
phthalate di-esters, these values are also discussed for the mono-esters.

1.1 Physical state
Common commercial phthalate esters are liquids at ambient temperature and nearly
all have melting point below -25 °C and boiling points ranging from about 230 to 486 °C.
Higher molecular weight phthalate esters, as DEHP, decompose when exposed at elevated
temperatures for longer times. The low melting point and the high boiling point of these
PAEs contribute to their usefulness as plasticizer, heat transfer fluids and carriers.
Phthalate monoesters boil higher than their parent compounds because of hydrogen
bridging of the polar groups.

19

Introduction

1.2 Water solubility
Water solubility (WS) is an extremely important property that influences the
biodegradation and bioaccumulation potential of a chemical. Water solubility is also
determining factor controlling the environmental distribution between water, soil/sediment,
and atmosphere. PAEs are characterized by low solubility in water and by a declining trend
in water solubility with increased carbon number of the alcohol moiety or molecular
weight (Tab. 2), ranging from 2.4 x 10-3 mg/L for DEHP to 5220 mg/L for DMP (Cousins
and Mackay, 2000). Phthalate monoesters are more polar than their parent diesters and
show higher water solubility.

1.3 Octanol/Water partitioning
The octanol/water partition coefficient (KOW) represents the equilibrium
distribution of a solute between water and octanol and therefore is a physical constant that
is linked to its hydrophobicity. Generally, the KOW or the hydrophobicity increases
proportionately to the molecular weight of alkyl phthalates or the chain length of the
alcohol moiety. High molecular weight plasticizers (DEHP, DiNP, DiDP) show therefore
very high affinity for apolar matrix substances like fat, biomatrices or suspended solids in
surface or wastewater, while monoalkyl phthalates are much more polar because of their
free carboxylic acid group. Indeed, KOW reflects the aﬃnity of an organic compound with
the lipid molecules in living organisms and it has been used to predict the tendency of a
contaminant to concentrate in aquatic organisms (Lyman et al., 1990), indicating greater
bioconcentration with increasing of Log KOW (Table 2). The median log KOW values for
DMP, DEP, DnBP, BzBP and DEHP are 1.61, 2.54, 4.27, 4.7 and 7.73.
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Table 2. Physiochemical properties of the main phthalates in the environment. Vp, H, log K OW, log
KOA and Log KAW values were estimated by Cousins and Mackay (2000) and Staples et al. (1997).
Comp

Bp
(°C)

Mp
(°C)

SW
(mg L-1)

Vp
(Pa)

H
(Pa m3 mol-1)

log
KOW

log
KOA

log
KAW

DMP

249

5.5

5220

0.263

9.78 x 10-3

1.61

7.01

-5.40

-2

2.54

7.55

-5.01

DEP

282

-40

591

6.48 x 10

-2
-3

2.44 x 10

DiBP

323

-58

9.9

4.73 x 10

0.133

4.27

8.54

-4.27

DnBP

338

-35

9.9

4.73 x 10-3

0.133

4.27

8.54

-4.27

3.8

2.49 x 10

-3

0.205

4.7

8.78

-4.08

2.52 x 10

-5

3.95

7.73

10.53

-2.80

2.52 x 10

-5

3.95

7.73

10.53

-2.80

BzBP
DEHP
DnOP

387
417

-35
-47

2.49 x 10

-3

2.49 x 10

-3

1.4 Vapor pressure and Air/Water partitioning
Vapor pressure (Vp) plays an important role in the fate of fugitive emissions and
other releases of phthalate esters to the atmosphere. The vapor pressure of phthalate esters
declines more than 7 orders of magnitude with increasing alkyl chain length (Staples et al.,
1997). Despite the relative low vapor pressures, phthalate esters can be considered as semivolatile compounds and are present in the vapor phase at environmental temperatures.
Henry‟s constant (H) indicates the tendency of a substance to escape from water into air. H
can be calculated from Vp and WS. Compounds with H values ∼1.01 × 10-2 Pa·m3/mol are
generally considered to have negligible volatility. PAEs with higher alkyl chains, ranging
from 4 to 13 carbon atoms, are characterized by H values range from 0.133 to 275
Pa·m3/mol which indicates that transfer from the aqueous phase to the gas phase is
important. The main 6 PAEs detected in the environment are characterized by Vp ranging
from 2.52 x 10-5 Pa for DnOP to 0.26 Pa for DMP and by H ranging from 9.78 x 10-3 Pa
m3/mol for DMP to 3.95 Pa m3/mol for DnOP and DEHP (Table 2). However, the
distributions of the low molecular weight phthalates as DMP, DEP, DiBP, DnBP and
BzBP from water into air are less favorable compared to these of DEHP, DiNP and DiDP,
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despite their high volatilities. This is largely due to the limited solubility of these larger
phthalate molecules in water. KAW and KOA partition coeﬃcients are key factors
controlling the distribution of PAEs in diﬀerent matrices in the environment. Log K AW and
log KOA increase with the increasing of PAEs alkyl chain length. Indeed, Log KAW values
range from -5.4 for DMP to -2.8 for DnOP and DEHP and Log KOA range from 7 for DMP
to 10.5 for DnOP and DEHP (Table 2). High values of log KOA suggest that PAEs present
in the atmosphere will be appreciably sorbed on particles, whereas high values of log KAW
suggest that PAEs potentially evaporate more rapidly from water. However, in
environmental surface waters large quantities of suspended solids or colloidal particles are
present and high molecular weight phthalates, as DEHP and DnOP, tend to adsorb onto
this fraction. This restricts their migration into the air drastically. The lower molecular
weight PAEs, as DMP and DEP, are quite volatile and have very low log KAW values, then
they will volatilize rapidly from the pure state but only very slowly from aqueous solution
(Cousins and Mackay, 2000). Phthalate monoesters are more polar and remain for the most
part in the aqueous phase.

1.5 Water/organic solid partitioning
Phthalates containing longer alkyl chains tend to adsorb onto particulate matter or
colloids rather than being in the dissolved state. The propensity of the phthalates to
associate with particulates or colloids is strongly dependent on the hydrophobicity. Log
KOC values of phthalates ranging from 1.57 of DMP to 6.20 of DiDP.
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2 Plastics in the ocean

Plastics debris find their way into the marine environment from various land-based
sources and human activities conducted on water and the proportion of plastic contributing
to municipal waste constitutes

5-10 % of waste generated worldwide (Jambeck et al.,

2015; Suhrhoff and Scholz-Botter, 2016; Barnes et al., 2009). Products generally
contributing to plastics debris include containers and packaging materials, plastic bags,
fishing gear, disposable dishware and toys and as well as solid-waste disposal, sewage
treatment overflow, storm water runoff, beach litter and plastic from manufacturing
activities including resin pellets (Saido, 2014; Barnes et al., 2002; Hirai et al., 2011). Most
of these materials contain a considerable amount of phthalates.
Degradation processes of plastics are extremely slow and they are subjected to a
series of physical, chemical and biological interactions, varying with respect to the quality,
shape and size of the plastic fragment (Barnes et al., 2009; Browne et al., 2013). Wave
action stimulates physical degradation and breakdown of macro to microplastics (≤ 5mm)
(Andrady and Neal, 2009; Cózar et al., 2014), which is intensiﬁed in coastal environments
due to increased wave action, abrasion and sand/coastline induced mechanical weathering
and UV contact (Suhrhoff and Scholz-Botter, 2016) and thus microplastics potentially
persist for very long time in seawater (Rios et al., 2011). In addition, because of its small
size, microplastics can easily be ingested by biota (Neves et al., 2015). Most of the plastic
material are positively buoyant and are dispersed by wind and currents, but a significant
amounts become neutrally buoyant and sink below the surface into the water column
(Moore, 2008) or sink further to become incorporated into the sediments (Cooper and
Corcoran, 2010). Approximately 270 103 tons of plastic are suspected to float in the ocean
(Eriksen et al., 2014).

23

Introduction

The Mediterranean Sea is greatly affected by marine litter (Collignon et al., 2012;
Cozar et al., 2014, 2015; Faure et al., 2015; Collignon et al., 2014; Fossi et al., 2016, 2017)
and it is considered by few groups as the sixth accumulation area for marine litter together
with the main five oceanic gyre (Eriksen et al., 2014). The surface load of plastic particles
in the Mediterranean Sea has been estimated to be around 1,455 tons (Ruiz-Orejon et al.,
2016). Other estimates range from 756 to 2,969 tons (Cozar et al., 2015) and from 874 to
2,576 tons (Suaria et al., 2016). The most abundant polymer detected in the north-western
Mediterranean Sea was polyethylene (76 %), suggesting that the fragmentation of larger
packaging items represent the main origin of microplastics in this area (Fossi et al., 2017).
Knowledge of plastics distribution remain still limited in Mediterranean Sea (RuizOrejon et al., 2016; Suaria et al., 2016) and as well of plastics contribution to phthalates
occurrence in marine environment. Little is known about the interaction between plastics
and phthalates in seawater and many efforts have to be done to completely understand to
complexity of this phenomena.
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3 Phthalates occurrence and fate in the environment

3.1 Water
Among the large variety of PAEs, DMP, DEP, DiBP, DnBP, BBP, DEHP and
DnOP are among the most frequently detected in surface water (Brossa et al., 2005; Xie et
al., 2005; Sanchez-Avila et al., 2012). Generally, studies focused on the six PAEs listed as
priority substances, which are the most toxic and also the predominant PAEs in the
environment (Xie et al., 2005; Zheng et al., 2014). Indeed, Zheng et al. (2014) measured
the concentration of 15 PAEs in water both in dissolved phase and associated with
suspended solids matter (SSM). The ∑6PAEs (DMP, DEP, DnBP, BBzP, DEHP, and
DnOP) represents 64.8 and 66.9 % of the ∑15PAEs respectively in dissolved phase and
associated with SSM. DEHP and DnBP were predominant PAEs following by DiBP and
BBzP (Zheng et al., 2014). Marine and coastal environment present low level of PAEs
compared to freshwater, but very limited data are available for the occurrence and fate of
PAEs in marine water, especially in the Mediterranean Sea. DEHP concentrations were
reported by Sanchez-Avila et al. (2012) for Catalan coastal water (Spain, NW
Mediterranean Sea) and by Turner and Rowling (2000) for the south coast of the UK,
respectively, with range of 31-617 ng/L and 99-2200 ng/L. Higher DEHP concentration
was reported by Brossa et al. (2005) for the Spanish coast and riverine water ranging from
0.07 to 12 µg/L. Similarly, DnBP and BzBP concentration were reported as 0.3-4.6 µg/L
and 0.1-0.5 µg/L, respectively. Lower concentrations have been only reported for North
Sea with concentration ranges of 0.5-5.3 ng/L for DEHP and 0.02-4.0 ng/L for DMP and
DEP (Xie et al., 2005).
Numerous processes such as wastewater treatment plant (WWTP) output, leaching,
drainage and atmospheric deposition are the main sources of PAEs in aquatic environment
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(Fig. 4) (Wang et al., 2012; Zeng et al., 2009; Xu et al., 2008). Hydrolysis,
photodegradation and biodegradation are the major PAEs removal processes in water
(Wolfe et al., 1980). i) Light irradiation induces photolysis of PAEs either directly by
absorption of radiation or indirectly by the oxidation reactions of reactive chemical species
and chromophoric dissolved organic matter (CDOM) triplet states produced in surface
waters by sunlight illumination of photoactive molecules such as nitrate, nitrite and CDOM
(Vione et al., 2014; Tedetti et al., 2007). Under these conditions, aqueous half-lives of
PAEs decrease considerably ranging from 2.4 to 12 years and from 0.12 to 1.5 years for
DEP and DEHP, respectively (Peng et al., 2013; Okamoto et al., 2006). ii) Biodegradation
can be the most important process for the removal of PAEs from water (Liang et al., 2008).
Indeed, PAEs can be accumulated and degraded rapidly by microorganism under both
aerobic and anaerobic conditions (Hashizume et al., 2002). In surface waters (seawater or
freshwater) under aerobic conditions the half-lives of primary degradation vary from less
than 1 day to 2 weeks and the half-lives for complete mineralization are approximately 10
times longer (Staples et al., 1997). iii) Hydrolysis of PAEs is negligible at neutral pH with
aqueous hydrolysis half-lives in order of several years and up to more than 100 years for
DnOP, DiOP and DEHP (Wolfe et al., 1980).

Figure 4. Occurrence and biodegradation of PAEs in the environment (From Gao and Wen, 2016)
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The contamination level of PAEs in fresh and marine water, measured on
worldwide scale, frequently exceeded the guidelines or recommend values. It is difficult to
evaluate the effects of PAEs on the aquatic environment because several parameters should
be taken into consideration, but some values have been proposed by many research groups.
Based on NQE, values fixed by EU, DEHP should be below the limit of 1.3 μg/L or
according to the predicted effect concentration (PEC), which identiﬁes the concentration
above which harmful effects on organisms were expected to occur frequently, the limit
value has been proposed at 3.2 μg/L (Naito et al., 2006). It is clear that the majority of
concentrations reported in literature are considerably higher than all the limit values
previously reported. Thus, PAEs may aﬀect not only aquatic organisms but also the
groundwater resources.

3.2 Air
PAEs are ubiquitous in the atmosphere, including air indoors where people spend
65-90 % of their time (Hwang et al., 2008; Brasche and Bischof, 2005). Worldwide,
∑6PAEs were detected at higher levels in indoor air than outdoor air, ranging from 1014
to1828 ng/m3 in China (Zhang et al., 2014), and from 545 to 2160 ng/m3 in the U.S (Rudel
et al., 2010). Indoor environments increase the lifetime of pollutants adsorbed to particles
and dust by minimizing or eliminating the natural decomposition processes catalyzed by
sunlight and rain (Cizdziel and Hodge, 2000). Indeed, direct photolysis and
photodegradation are major reaction pathways of PAEs responsible for PAE decay in the
atmosphere, where the half-lifes of individual PAEs were estimated to be several days
(Behnke et al., 1987). Half-life of photo-oxidation of PAEs increases with the increasing
alkyl chain length and OH• concentration. DnBP and DEHP have been used as softeners in
synthetic paintings (Orecchio et al., 2014), so these compounds can be released into the
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atmosphere from painted surfaces (Pei al., 2013) or photodegraded on mural painting
surfaces under UV light irradiation in a dozen of hours (CEC, 2007). PAEs can also be
removed from the atmosphere by wet and dry deposition (Wang et al., 2014; Zeng et al.,
2010; Teil et al., 2006). PAEs with short carbon chains (<6), as DMP, DEP, DiBP and
DnBP, are present mainly in the gas phase, while PAEs with longer chains (>6), as DEHP
and DnOP, are mainly adsorbed on the particles (Wang et al., 2014). Wet deposition is an
important source of removal of short alkyl chains, while dry deposition is an important
source of removal of PAEs with long alkyl chains (Zeng et al., 2010). Depositional ﬂuxes
of Σ16PAEs were estimated from 3.41 to 190 μg·m2/day for strong anthropogenic activity
zones (Zeng et al., 2010). The association of PAEs with atmospheric particles initiates this
deposition process preliminarily.
DnBP and DEHP were detected as the predominant PAEs in air (Sampath et al.,
2017; Wang et al., 2014; Wang et al., 2008; Wang et al., 2006) and a recommend limiting
value of concentration for these compounds in ambient air have not been established. As
PAEs are released from anthropogenic activities, their concentrations are present at higher
levels in a urban center than in suburban areas. ∑6PAEs were detected at 97 ng/m 3 in the
urban center versus 27.8 ng/m3 in the suburban areas (Wang et al., 2006). The total
atmospheric levels of ∑6PAEs was 57.4 ng/m3 in Paris (Teil et al., 2006). Otherwise, in the
remote Arctic, the total concentration of atmospheric ∑6PAEs was detected at 2.14 ng/m 3
(Fig. 5) (Xie et al., 2007). A possible source of PAEs in the Arctic troposphere may be
associated with long-range transport from midlatitudes and the subsequent deposition on
the snow/ice sheet. The deposited PAEs onto snow and ice can also be released into the
atmosphere with the increase of the ambient temperature during the spring and summer
months (Fu et al., 2013).
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Figure 5. Comparison between atmospheric PAEs concentration detected in (a) East China (Wang
et al., 2008) and (b) in the Artic (Xie et al., 2007).

DMP, DEP, DiBP, DnBP, and DEHP were detected in marine aerosols. Their total
concentrations were 0.79-12.4 ng/ m3, with an average of 2.6 ng/m3, which were higher
than those reported in the North Sea to the high Arctic atmosphere (0.38-1.02 ng/m3)
during the summer of 2004 (Xie et al., 2005; Fu et al., 2013). In the gas phase, DiBP and
DnBP were present in the highest frequency, which led to these compounds possessing the
highest concentrations of the PAEs investigated. DEHP was also frequently detected in the
gas phase air, but its concentration was much lower than the concentrations detected for
DiBP and DnBP. In the dust phase, DEHP was the predominant PAE identiﬁed, followed
by DnBP and DiBP.
The average of the air-sea exchange ﬂuxes was estimated at -338 ng/m2/day for
DnBP and -13 ng/m2/day for BBzP, suggesting a net deposition (Xie et al., 2005).
However, the air-sea exchange ﬂuxes of DEHP ranged from -95 to 686 ng/m2/day with
average of 53 ng/m2/day, indicating that DEHP can be both deposited and volatilized from
the surface water but volatilization is dominant. Volatilization and deposition process of
PAEs in air-sea interface depend on the H value. PAEs with low H values such as DnBP
and BBzP were preferentially deposited on sea surface, whereas DEHP with high H was
29

Introduction

dominated by volatilization. Air-sea exchanges of PAEs have also been estimated for the
Norwegian, the Greenland and the Arctic seas (Xie et al., 2007), where DEHP deposition
dominated the air-sea gas exchange, while volatilization from seawater took place in the
near-coast environment. The estimated net gas deposition of DEHP was 5, 30 and 190 tons
per year for the Norwegian, the Greenland and the Arctic Seas (Xie et al., 2007),
respectively, suggesting that atmospheric transport and deposition of PAEs is a signiﬁcant
process for their occurrence in the remote Atlantic and Arctic Oceans.

3.3 Sediment
Levels of phthalates in sediment are affected by many water quality factors, such as
oxygen supply in the water, water temperature and pH. It has been reported that half-lives
of phthalates in sediment with an anaerobic condition were 3-10 times higher than those
with aerobic condition (Clara et al., 2010; Chang et al., 2004; 2005). PAEs in sediment are
dominated by DEHP, in few studies > 95%, ranging from 0.2 to 8.4 µg/g dw (average: 0.7
µg g dw) (Cuvillier-Hot et al., 2018; Chen et al., 2017, 2016; Blair et el., 2009).

3.4 Biota
PAEs and their metabolites were detected from the top of food chain (plankton,
algae) to predator organisms (ﬁsh, marine mammals) (Ye et al., 2014; Cheng et al., 2013;
Guven et al., 2013; Fossi et al., 2012; Huang et al., 2008). DnBP, DnOP, and DEHP were
the three PAEs that can be bioconcentrated at high level in ﬁsh, shellﬁsh and green algae
(Huang et al., 2008; Jonsson and Baun, 2003; Munshi et al., 2013). Plankton and shellﬁsh
can accumulate individual PAE up to few hundreds ng/g (Han and Liu, 2017; Xiang et al.,
2017; Huang et al., 2015; Morin, 2003). For freshwater ecosystem, the concentrations of
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individual PAE detected in ﬁsh species were in the range of not detected levels (nd) to few
hundreds μg/g (Cheng et al., 2013; Huang et al., 2008, 2015) and two order of magnitude
lower were reported for marine ﬁsh (Guven et al., 2013; Cheng et al., 2013). In marine
mammal, individual PAE was detected in the range of <LOQ to few μg/g (Fossi et al.,
2012). The highest concentration was detected in liver of Beluga whale Delphinapterus
leucas, which the concentration can be up to 4.15 μg/g of DEHP in wet weight animal
(Morin, 2003). Bioaccumulation and bioconcentration factors (BAF or BCF) have been
calculated for PAEs. A BCF or BAF >1000 indicates a high capacity for the species to
accumulate or concentrate the pollutant (Porter and Hayden, 2002). Few study was focused
on BAF of PAEs in biota. Fishes have been reported to concentrate PAEs at signiﬁcant
level with total BCF of 57, 117, 45−663, 11−900, 207, and 2668−2125 mL/g/wet,
respectively for DMP, DEP, BBzP, DEHP, DiOP, and DnDP. BCF for aquatic organisms
were reported by Staples et al. (1997). Crustaceans and insects can accumulate DnBP with
total BCF of 185−1485 and 458−714 mL/g/wet, respectively. DnBP accumulation in
Antartic krill was reported in a recent study, reaching value of 104.3 ± 0.05 mg/kg (Han
and Liu, 2017). Total BCF of 100 mL/g/wet has been reported for BBzP for Mollusca.
DnOP can bioconcentrate various aquatic species including in algae, mollusca, crustacean
and insecta with total BCF of 8412, 699, 1429, and 1338 mL/ g/wet, respectively.
Similarly, DEHP were measured at high level of total BCF at 987, 264-2627, 83-3916, and
315-1892 mL/g/wet respectively for algae, mollusca, crustaceans and insects. Low
molecular weight PAEs (DMP and DEP) were detected to accumulate at low level in
aquatic species. The low values of BAF and BCF for some PAEs may be due to the fact
that PAEs can be degraded or metabolized. Indeed, microbes from diverse habitats have
been showed to degrade PAEs (Staples et al., 1997). High metabolite product of DEHP
(MEHP) has been detected in plankton (Morin, 2003) which indicates that plankton can
biodegrade DEHP by converting to MEHP.
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4 PAEs biodegradation

Numerous studies have demonstrated that microorganisms play the major roles in
the phthalates degradation in the environment under various conditions (Staples et al.,
1997). PAEs with shorter ester chains like DMP, DEP, DiBP, DnBP and BzBP can be
readily biodegraded and mineralized. Otherwise, phthalates with longer ester chains, such
as DHP, DEHP and DnOP, are less susceptible to biodegradation (Chang et al. ,2004).
Most phthalate-degrading isolates are either aerobes or facultative anaerobes, mainly from
four divisions in Bacteria, i.e. Proteobacteria, Actinobacteria, Firmicutes and
Bacteroids/Chlorobi. Among them, the commonly found genera are Sphingomonas (αProteobacteria), Comamonas (β-Proteobacteria), Pseudomonas (γ-Proteobacteria), as well
as Arthrobacter and Rhodococcus (Liang et al., 2008). In addition, few fungi species (Lee
et al., 2007; Kim and Lee, 2005) as well as green microalga (Gao and Chi, 2015; Yan and
Pan 2004; Yan et al., 2002) can also degrade phthalates. In natural environments, complete
degradation of phthalates is always carried out syntrophically by several members of
microorganisms (Gu et al. 2005). The biodegradation of phthalates primarily involves the
sequential hydrolysis of ester linkage, which results in monoesters, and then phthalic acid
(PA), while forming alcohols simultaneously. Thus, the microbial assimilation of
phthalates requires diverse metabolic genes and enzymes, indicating a single organism is
unlikely able to completely mineralize phthalates (Staples et al., 1997).
PAEs biodegradation is normally characterized by four common elements in
different environmental matrix: i) decrease in biodegradability with the increase in
phthalates side chain length; ii) anaerobic degradation of phthalates is generally much
slower than aerobic degradation (Staples et al., 1997; Clara et al., 2010); iii) the primary
biodegradation of phthalates is always expressed in the first-order kinetics (Wang et al.,
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1997; Gavala et al., 2003); iiii) high concentration of phthalates and their metabolites
inhibit their biodegradation (Liang et al., 2008). Generally, PAEs are not readily
mineralized in the wastewater treatment processes since high hydrophobicity and low
solubility allow phthalates to be adsorbed to suspended organic matter and subsequently
transferred to settled sludges (Gavala et al., 2003). Although adsorption is found to be
dominant, biodegradation also contributes to the removal of phthalates (Marttinen et al.,
2003; Oliver et al., 2005). In the river sediment, the 6PAEs could be biodegraded with
average half-lives of 2.5-14.8 in aerobic conditions and 14.4-34.7 days in anaerobic
conditions (Amir et al., 2005) and the biodegradation of DEHP is reported almost complete
in 2 days in water (Yuwatini et al., 2006). Aerobic microorganisms, such as Acinetobacter
lwoffii (Hashizume et al., 2002) and Sphigomonas sp. (Kim et al. 2008) and anaerobes,
such as Clostruium sp. and Bacillus sp. (Chang et al., 2005), that can degrade phthalates
have been isolated from river sediment. Additionally, few PAE-degrading bacteria have
been isolated from marine environments (Chen et al., 2017; Wang et al., 2016; Gu et al.,
2009) and a recent study suggests that the ability to degrade phthalate and its monoesters is
widespread in Japanese seawater from bacteria related to 11 different genera (Iwaki et al.,
2012) and in seawater sediment in Taiwan from 1784 potentially species of bacteria (Chen
et al., 2017). Phytoplankton in the aquatic environment can also efficiently degrade
phthalates under proper nitrogen and phosphorous nutrient and illumination conditions
(Gao and Chi, 2015; Ozkan and Berberoglu, 2013; Li et al. 2007). However, little is known
on the marine bacterial degradation of PAEs in seawater and more investigations are
needed to fully understand the impact of bacterial community on PAEs distribution in the
ocean.
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4.1 Biodegradation pathways
Generally, PAEs biodegradation consists of two processes: primary biodegradation
from diesters to monoesters and then to PA and ultimate biodegradation from PA to CO2
and/or CH4 (Wang et al., 2016; Wu et al., 2011; Staples et al., 1997). Primary degradation
consists of different type of pathways, including de-esterification or dealkylation, βoxidation and trans-esterification (Fig. 6). i) De-esterification: the most common one is the
de-esterification of PDEs serially to form PMEs and PA (Wu et al., 2011). ii) β-oxidation:
Phthalates with longer side chains than DEP are occasionally converted to those with
shorter chains by β-oxidation, which removes one ethyl group each time (Amir et al.,
2005). Then, DEP is further converted to PA by de-esterification or an alternative transesterification. iii) Transesterification (or demethylation): DEP can be degraded by
replacing a ethyl group with a methyl group in each step, producing ethyl-methyl phthalate
and then DMP (Cartwright et al., 2000).
The final step of degradation consist in the ring cleavage of PA and two different
paths are identified under aerobic and anaerobic conditions (Cartwright et al., 2000). Under
the aerobic condition, PA is degraded by two dioxygenase catalized pathways, forming the
common intermediate protocatechuate (3, 4-dihydroxy benzoate; Nomura et al., 1992).
Protocatechuate is then metabolized further through either ortho- or meta-cleavage by ring
cleavage enzymes (Eaton and Ribbons, 1982) to pyruvate and oxaloacetate. Anaerobic
degradation of PA was reported through decarboxylation to benzoate (Liu and Chi, 2003).
Benzoate is then cleaved and degraded via β-oxidation to hydrogen, carbon dioxide, and
acetate (Elder and Kelly, 1994).
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Figure 6. PAEs primary biodegradation pathways
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5 Exposure, toxicity and regulation

The potential of PAEs to produce adverse effects in humans has been the subject of
considerable discussion. Many toxicity studies have been conducted in laboratory animals,
especially in rats (Corton and Lapinskas, 2005; Foster, 2006) and some PAEs and their
metabolites produce reproductive and developmental toxicities in laboratory animals.
Despite studies in human populations have not been adequate to assess the toxic potential
on human health, some recent studies have suggested possible associations between
environmental exposure to PAEs and adverse effects on human reproductive health (Wang
et al., 2016; Wang et al., 2014; Han et al., 2014). Humans are mainly exposed to PAEs
from food contaminated during growth, processing and packaging or from storage,
drinking water, indoor air or dermal contact with cosmetics containing PAEs (Koniecki et
al., 2011; Guo and Kannan, 2011; Guo et al., 2014). DEHP, DnBP and BzBP were
particularly found in fatty foods including dairy products (Kavlock et al., 2002). Blood,
serum and urine are the general choice of biological matrixes to assess the level of PAEs
and their metabolites exposure in human and daily intake of DMP, DEP, DnBP, DiBP,
BBzP, and DEHP has been estimated in the range of 0.08−69.58 μg/kg/day (Das et al.,
2014; Wang et al., 2016; Clark et al., 2011). Food represent the major contributor with
more than 67% of human intake (Das et al., 2014) and the most frequently detected PAEs
were reported to be DnBP and DEHP, found at highest levels in venous blood followed by
breast milk, umbilical cord blood and urine (Wang et al., 2016; Chen et al., 2008).
The main concerns related to exposure to PAEs in humans are the eﬀects on
reproduction, including fertility problems (eﬀect of endocrine disruption) (Han et al., 2014;
Wang et al., 2016; Joensen et al., 2012; Mendiola et al., 2011), the development of
newborns and carcinogenic character (Behnke et al., 1987).
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5.1 Endocrine disruption effect
Endocrine disruptors (EDCs) are exogenous compounds with the potential to
disturb hormonal regulation and the normal endocrine system, consequently affecting
health and reproduction in animals and humans (U.S. EPA, 2014). Some of these
chemicals bind to intracellular receptor proteins for steroid hormones and evoke hormonal
effects in animals, humans and cell culture (Mariana et al., 2016). EDCs may possess
multiple mechanisms of action, but because many EDCs are small lipophilic compounds,
one privileged route is through their direct interaction with a nuclear receptors (NRs),
which are activated by interaction with small lipophilic hormones such as sex steroid
hormones (Casals-Casas and Desvergne, 2011). This presumably perturbs or modulates
downstream gene expression.

Figure 7. ECDs interaction with receptors. PAEs can influence three peroxisome proliferatoractivated receptor (PPAR) interfering with adipogenesi, insulin levelsand body weight (From
Casals-Casas, C., Desvergne, 2001)
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Laboratory experiments have demonstrated that exposure of fetuses to endocrinedisrupting chemicals can strongly disturb organ differentiation (Colborn et al., 1993),
acting as hormone agonists or antagonists. Toxicology approaches have demonstrated that
PAEs can directly influence peroxisome proliferator-activated receptor (PPAR) activity
(Fig.7-8) and they can be considered as EDCs (Feige et al., 2007). PPARs potentially
constitute important targets for environmental factors. They are lipid sensors that cooperate
in different organs to adapt gene expression to a given metabolic status, as fat storage in
the adipose tissue by promoting the differentiation and the survival of adipocytes, but also
plays major roles in the control of insulin sensitivity (Feige et al., 2007).

Figure 8. MEHP bind to the PPAR ligand-binding domain. Left panels represent interactions with
key residues of the LBD. Middle panels describe the positioning in the LBD cavity where asterisks
represent the two parts of the T-shaped ligand binding pocket. The right panels show the position
of the ligand in the secondary structure of the receptor. From Feige et al., 2007.

PAEs, once incorporated into the human body, are short lived and are rapidly
metabolized in a two phase process (Frederiksen et al., 2007). At first, diester phthalates
are hydrolyzed into monoester phthalates and then, the conjugation process leads to the
urinary excretion of the conjugated metabolites (Casals-Casas and Desvergne, 2011). Upon
ingestion, pancreatic lipases present in the intestine convert DEHP to its monoester MEHP,
which is preferentially absorbed (Huber et al., 1996). In addition, MEHP can also be
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produced by plasmatic and hepatic lipases, which transform DEHP directly reaching the
blood through absorption or medical contamination. This metabolite activates the three
PPARs, among the NRs (Bility et al., 2004; Feige et al., 2007), and mediates the action of
DEHP on hepatic peroxisome proliferation via PPAR (Fig. 7-8), inducing the expression of
a subset of PPAR target genes required for adipogenesis (Feige et al., 2007; Lapinskas et
al., 2005).
Experimental studies at low doses of DEHP exposure have demonstrated subtle
reproductive toxicity in male rodents (Li et al., 1998). In marine environment, a recent
study reported a strong decrease of cell abundance of dinoflagellate Alexandrium pacifum
after one day of DEHP incubation (62 % of control values) (M‟Rabet et al., 2018). Other
reproductive outcomes include testicular dysgenesis together with permanent feminization
and demasculinization (Foster, 2006). Some epidemiological studies reported an
association between cord blood levels of MEHP and shorter gestational age of delivery.
Maternal urine levels of metabolites of DEHP are associated with a higher risk of
incomplete testicular descent for male human infants and are inversely correlated with the
anogenital distance (Joensen et al., 2012; Wang et al., 2014; Mendiola et al., 2011). DnBP
was detected for its estrogenic properties for the first time using mammalian estrogen
screens in vitro (Jobling et al., 1995). The developmental toxicity of DnBP was evaluated
using pregnant rats given DnBP at 250-750 mg/kg/day (Mylchreest et al., 1999). These
studies found that the male offspring display an unusually high incidence of reproductive
tract malformations, as decrease of anogenital distance, testicular and epididymal atrophy,
widespread germ cell loss, absence of prostate gland and seminal vesicles. This was
confirmed by recent studies in marine invertebrate and fish embryos (Lu et al., 2017; Ye et
al., 2014). Other developmental effects of PAEs exposure may cause damage to the
pulmonary system and may result in asthma (Gascon et al., 2015). More recently, several
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studies have demonstrated a correlation between phthalates and metabolic disorders with
deregulation of levels of serum insulin, blood glucose, liver glycogen (Wu et al., 2017;
Mariana et al., 2016).
5.2 Regulations
The WHO recommends the concentration of DEHP in drinking water below 8 μg/L
(WHO, 2004) and as well country such as U.S., Australia, Japan, and New Zealand have
recommended a DEHP maximum value in drinking water to be 6 μg/L, 9, 100, and 10 μg/L
respectively (Julinova and Slavic, 2012; Maycock et al., 2008). Serious questions have
been raised about toy and childcare applications, especially if the toys are susceptible to
being chewed or sucked by children (Wang et al., 2014; Marcilla et al., 2004). The use of
PAEs in toys or objects that can be placed in the mouth of children is now restricted or
prohibited in many countries such as UE, U.S., Canada, Argentina, Brazil, and Japan.
Six PAEs (DMP, DEP, DnBP, BBzP, DEHP, and DnOP) have been included in the
list of priority pollutants compiled by both the U.S. (U.S. EPA, 2014), the EU (CEC,
2007) and on the list of priority pollutants in Chinese waters (National Standard of the
People‟s Republic of China, Standard for drinking water quality GB 5749-2006.). The EU
has included DnBP and DEHP in the list of substances suspected to cause endocrine
disruption and DEHP has been classiﬁed as a substance causing toxic eﬀects on fertility
and development in humans. To minimize the health and environmental risk, DEHP has
been replaced by DiNP and DiDP, which are considered not hazardous. Due to the possible
endocrine disrupting eﬀects of PAEs, environmental quality standards (EQSs), based on
the annual average concentrations in aquatic environments, have been calculated ranging
from 20 μg/L for DEHP to 800 μg/L for DMP (Butwell et a., 2001). However, EU
proposed a guideline for environmental quality (NQE) of 1.3 μg/L for DEHP in fresh and
marine waters.
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6 Scope of the thesis

In this thesis, analytical strategies for the quantitative determination of phthalic acid
esters in marine environmental samples are developed. The range of existing procedures
for phthalate determination is very broad, from human to environmental samples, and the
first scope of this work is to optimize a methodology for trace levels analysis at
oceanographic scale, lowering contamination sources at all stages, from field collection to
the process of the samples, and improving both the selectivity and sensitivity of detection
of these compounds at low seawater concentrations. Then, this methodology has been
applied for the detection of PAEs in the marine environment. Because of the lack of
information on the occurrence of phthalates in seawater, especially in Mediterranean Sea,
the second objective of this thesis is the determination of seasonal and vertical distribution
of PAEs in both the Bay of Marseille and the Gulf of Lion (North Western Mediterranean
Sea). Finally, the last objective of this work is the investigation of the potential release of
phthalates from plastic fragments, through laboratory experiments, and the presence of
PAEs in seawater.
In Chapter 1, the optimization of the method for PAEs analysis in seawater is
reported, improving an existing methods, also describing its application to different marine
environmental matrices such as seawater, river plumes and rivers. The chapter consists in
the

publication

N°

1

(Paluselli

et

al.,

2017,

Progress

in

Oceanography,

DOI:10.1016/j.pocean.2017.06.002).The optimized method was then applied to all other
experiments.
In chapter 2, we describe the occurrence and the vertical and seasonal distributions
of phthalates in seawater samples from the Bay of Marseille. The study is summarized in
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the

publication

N°2

(Paluselli

et

al.,

2018,

STOTEN,

DOI:

10.1016/j.scitotenv.2017.11.306).
Chapter 3 describes the results of the experiments focusing on PAEs migration
from plastic fragments and PAEs biodegradation in seawater. Two common plastic
materials were used for these experiments, the trash black plastic bags and the insulation
layers of the electrical cables. This chapter consist in the publication N° 3 (Paluselli et al.,
in preparation).
At the end of the manuscript, we present our contributions to other studies on the
topic, including two reviews on methodology and occurrence of phthalates in the
environment, a study on the occurrence of microplastics at the surface waters of the Gulf of
Lion and, finally, a comparative study on the occurrence of persistent organic pollutant in
the marine aerosols around Marseille. This thesis was supported by PACA region (PhD
scholarship to Andrea Paluselli), and funded by LABEX OT-Med, Plastic-Micro CNRSEC2CO and the JPI-Ocean PLASTOX projects.
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Abstract:
Phthalate acid esters (PAEs) which are mainly anthropogenic molecules with
endocrine disrupting effects in animals and humans, have been detected in terrestrial and
aquatic environments. However, little is known about their distribution in the
Mediterranean Sea, mainly because of analytical difficulties and the high possibility of
ambient sample contamination. Here, we report the optimization of an existing protocol for
the determination of PAEs in seawater and freshwater samples, as well as the first
estimation of the source and distribution of phthalates acid esters (PAEs) in coastal waters
from the NW Mediterranean Sea. By passing 1 L of sample through glass cartridges
packed with 200 mg of Oasis HLB and eluted with 6 mL of ethyl acetate, the recoveries for
DMP, DEP, DPP, DiBP, DnBP, BzBP, DEHP and DnOP were 101, 98, 115, 110, 99, 98,
103 and 95 %, respectively, with acceptable blank values (below 0.4-4.0 % of the masses
measured in different seawater samples). By using this method, we detected PAEs in the
Marseilles coastal area, offshore (2000 m depth) and in the Rhone River with total
concentrations ranging from 75.3 ng/L offshore in surface water to 1207.1 ng/L a few
meters above the bottom of the Marseilles Bay. High concentrations were also observed in
deep waters offshore (310.2 ng/L) as well as in the Rhone River (615.1 ng/L). These
results suggest that Marseilles urban area, Rhone River and sediment are potential sources
of PAEs in the areas studied.
In the Rhone River, DEHP was the most abundant PAE (66.1 %) followed by DiBP
(20.5 %) and DnBP (6.6 %), whereas a gradual change was observed in the plume of the
river with increasing salinity. In the Marseilles Bay, DiBP was the most abundant PAE at
the surface (47.3 % of total PAEs) followed by DEHP (22.7 %) and DnBP (19.1 %),
whereas DnBP was predominant (38.6 %) a few meters above the bottom. By contrast,
DEHP was the dominant species in the first 50 m (66.9-76.7 %) offshore followed by
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DnBP (10.9-15.2 %), whereas DnBP was the most abundant (57.0-72.6 %) followed by
DEHP (20.1-33.1 %) in the deepest waters. This study suggests that in addition to direct
PAEs injection in marine waters, different processes regulate PAE distribution in
Mediterranean Sea including photochemical oxidation reactions, bacterial degradation and
possible diffusion following release from marine litter near the bottom.
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1. Introduction
Phthalates or phthalic acid ester (PAEs) with low volatility and low water solubility
are colorless and odorless. They are mainly produced by anthropogenic activity such as the
manufacture and processing of plastic products (Simoneit et al., 2005; Serôdio and
Nogueria, 2006; Lyche et al., 2009). Their annual production reached 8 million tons in
2011 (Net et al., 2015 and references therein) and they represent approximately 70% of the
world consumption of plasticizer in 2014 (CEH, 2015). The structure of PAEs consists of a
di-alkyl ester of o-benzenedicarboxylic acid. The most commercially significant PAEs,
sorted by increasing number of carbons in the ester side chains, are dimethyl phthalate
(DMP), diethyl phthalate (DEP), di-n-butyl phthalate (DnBP), benzylbutyl phthalate
(BzBP), di-ethylhexyl phthalate (DEHP) and di-n-octyl phthalate (DnOP) the later being
the most abundant (Holahan and Smith, 2015). PAEs of lower molecular weight are used
as essential components of solvents, adhesives, waxes, pharmaceutical products,
insecticide materials and cosmetics, whereas PAEs of higher molecular weight are instead
used to improve the flexibility and handling of industrial materials (IARC, 2000; Halden,
2010). PAEs are mixed with the polymers and are not covalently bound to them. During
aging, they are likely to migrate out of the plastic and to be released directly into the
environment or inside an animal‟s stomach or tissue (Andrady, 2011).
As widely used compounds, PAEs are ubiquitous in terrestrial, marine and
atmospheric environments (Xie et al., 2007; Fu et al., 2013; Dargnat et al., 2009; Gao et
al., 2014; Staples et al., 1997; Net et al., 2014; 2015a-b; Wang et al., 2014). PAEs have
been detected in surface seawater (Turner and Rawling, 2000; Horn et al., 2004; Brossa et
al., 2005), in indoor air (Becker et al., 2004), in urban environments in soils (Ferreira and
Morita, 2012), in urban lakes (Zeng et al., 2008), in drinking water (Yang et al., 2014), in
terrestrial and marine remote aerosols (Xie et al., 2006, 2007; Fu et al., 2008, 2009, 2013),
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and in marine sediment, as well as in biota, including several aquatic species (Wofford et
al., 1981), algae (Gao and Chi, 2015), and the tissues of mammals (Staples et al., 1997)
and humans (Liou et al., 2014). PAEs can be degraded by some microalgal species (Gao
and Chi, 2015), fish and shellfish (Munshi et al., 2013), bacteria (Chang et al., 2004) and
intracellular and extracellular algal enzymes (Gao and Chi, 2015) as well as by the
combined action of UV and H2O2 (Xu et al., 2007). PAEs are of particular concern to
humans since they are considered as emerging environmental contaminants due to the
endocrine disruption and carcinogenic effects detected in laboratory animal experiments
and in humans (Crisp et al., 1998; Latini, 2005; Kamrin, 2009; Meeker et al., 2009).
The Mediterranean Sea is a semi-enclosed basin covering an area of 2.5 million
km2 with a slow turnover time of ~ 80 years implying a sensitive response to
anthropogenic impact (The Mermex group, 2011). Urbanization has been growing
particularly along the coastline, with the result of a substantial modification of the coast
and adverse effects on the quality of the environment (Pergent, 2012). There is a large
range of industrial activities spread all along the Mediterranean basin, and a number of
highly industrialized spots that are concentrated mainly in the northwestern Mediterranean
Sea (Zorita et al., 2007). All these activities constitute a source of pollution through direct
disposal, continental runoff and atmospheric transport (UNEP Chemicals, 2002; The
Mermex group, 2011 and references therein). These industrial, agricultural and domestic
activities generate a large volume of wastewater, which provides nutrients, trace metals
(Cossa et al., 2017, this issue) organic matter, persistent organic pollutants (POPs) and
related anthropogenic contaminants such as polycyclic aromatic hydrocarbons (PAHs) and
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) (The Mermex group,
2011; Berrojalbiz et al., 2011; Guigue et al., 2011, 2014; Castro-Jiménez et al., 2008, 2010,
2012) that impact the coastal marine ecosystems. The Mediterranean Sea is also impacted
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by marine litter and microplastics (Deudero and Alomar, 2015; Cózar et al., 2015; Faure et
al., 2015; Pedrotti et al., 2016; Suaria et al., 2016 Schmidt et al., submitted), which can
supply PAEs to surrounding waters during their degradation (Andrady, 2011). Although
PAEs have already been detected in aquatic environments (Xie et al., 2005; Net et al.,
2015), only a few studies have reported the occurrence of individual phthalates in the
Mediterranean Sea (Sanchez-Avila et al., 2012; Brossa et al., 2005), and there is no study
dealing with the distribution of a complete series of PAEs in the Mediterranean basin,
including the sea and rivers, mainly because of analytical difficulties.
Indeed, PAE analysis of environmental samples is a challenging task because of the
low concentrations, which is associated with the risk of contamination during sampling and
processing in relation with their ubiquity in the laboratory atmosphere, tools, glassware and
various containers (Net et al., 2015b and references therein). For environmental waters,
several extraction procedures have already been used, including liquid-liquid (EPA, 1996;
Zeng et al., 2008a; Li et al., 2013; Gao et al., 2014), solid-liquid (SLE), solid phase (SPE),
magnetic (MSPE) dispersive (DSPE), solid phase micro extraction (SPME) (Zhang et al.,
2013; Liou et al., 2014; Yang et al., 2014) and high volume sample techniques with PAD-2
resin columns and Soxhlet extractor (Xie et al., 2005). SPE appears to be an appropriate
technique for seawater because of its ease of implementation, its ability to save time and
solvent (compared to liquid-liquid extraction) and the decreased contamination (Zhang et
al., 2013; Liou et al., 2014; Yang et al., 2014; Net et al., 2015b). However, the SPE
protocol uses a tube made of polyethylene or polypropylene, which can release DiBP,
DnBP and DEHP (Tienpont, 2004, Fasano et al., 2012, Bonini et al., 2008; Paluselli
unpublished results). This technique has been used by a great number of reported
protocols, concerning the type, amount and conditioning of the phase (Liou et al., 2014;
Sanchez-Avila et al., 2011-2012; Yang et al., 2014) and the sample volume as well as the
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volume and type of solvent (He et al., 2013; Sanchez-Avila et al., 2011-2012; Yang et al.,
2014; Liou et al., 2014). Previous protocols have shown a recovery variability ranging
from 50-60% to 120-150% (Del Carlo et al., 2008; Wang et al., 2008; He et al., 2013,
Sanchez-Avila et al., 2011), especially for DEHP, which ranges from 60-80% (He et al.,
2013) to 151% (Sanchez-Avila et al., 2011).
The objectives of this study are to examine, for the first time, the concentration
levels and distribution of a homologous series of PAEs in the coastal northwestern
Mediterranean Sea. This environmental study was associated with an optimization of a
detection protocol for PAEs at trace level in seawater. Based on previous studies (Liou et
al., 2014; Gao and Chi, 2015; Yang et al., 2014), conditions for the SPE extraction of
PAEs have been modified and optimized for seawater. The method we report here was
tested in seawater spiked with authentic standards and then applied to coastal and offshore
Mediterranean seawater as well as to Rhone River freshwater in the framework of the
„Particule –MERMEX‟ project.

2. Experimental section
2.1 Materials and reagents
The selected phthalates are dimethyl phthalate (DMP), diethyl phthalate (DEP),
dipropyl phthalate (DPP), di-isobutyl phthalate (DiBP), di-n-butyl phthalate (DnBP),
benzylbutyl phthalate (BzBP), di-ethylhexyl phthalate (DEHP) and di-n-octyl phthalate
(DnOP). The deuterated internal standards were DEP-d4, DnBP-d4 and DEHP-d4. All
native and labeled standards were of high purity grade (> 98 %) and were purchased from
Supelco (Bellefonte, USA). Stock solutions were prepared in hexane and stored in the dark
at 4 °C. Working solutions (unlabeled and labeled standards) were prepared by dilution of
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these solutions to 20 mg/L. All solvents were glass-distilled grade and supplied by
Rathburn Chemicals Ltd. (Walkerburn, UK). Ultra-pure water was produced on-site by a
Milli-Q system, Millipore (Molsheim, France) with a specific resistivity of 18.2 MΩ.cm
(25 °C) and a total organic carbon content of < 2 ppb. The extractions were carried out in
controlled air conditions in an ISO class 6 cleanroom (temperature: 22 °C; SAS pressure:
+15 Pa; SAS brewing rate: 30 vol/h; lab pressure: +30 Pa; brewing rate: 50 vol/h). All
material was produced in borosilicate glass and that was previously kept in an acid bath
overnight (10 % hydrochloric acid), rinsed with ultrapure water, combusted at 450 °C for
6 hours and rinsed with methanol and dichloromethane just before use.

2.2 Solid phase extraction (SPE)
The protocol was adapted from that of Yang et al. (2014) and Liou et al. (2014) and
optimized for seawater in this study. The mentioned methods were modified in order to
perform easy and rapid analysis on a large-scale with low contamination and to improve
the recovery. The amount of Oasis HLB phase, the elution solvent type and volume, the
sample volume, deuterated internal standards and glass materials were considered to
improve the recoveries. Extraction cartridges were prepared in our laboratory with 200 mg
of Oasis HLB sorbent (Waters Corporation, 30 µm, 100 g) in a precombusted 6 mL glass
reaction tube equipped with methanol-precleaned Teflon frits (Supelco, Sigma-Aldrich).
SPE was conducted on a Visiprep vacuum manifold from Sigma-Aldrich (Saint Quentin
Fallavier, France). Before sample extraction, the SPE cartridges were sequentially cleaned
three times with 5 mL of acetone and 5 mL of dichloromethane. The cartridges were then
conditioned with 5 mL of ethyl acetate, 5 mL of acetone and 5 mL of ultrapure water prior
to sample processing. Seawater samples were spiked with DEP-d4, DnBP-d4 and DEHPd4 at 50, 200 and 400 ng/L, respectively, and percolated onto the cartridges under vacuum
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at a flow rate of 1-2 drops per second. After percolation, the cartridge was washed with 5
mL of ultrapure water to remove the remaining salt and dried under vacuum for 1 h. The
retained phthalates were then eluted with 2 × 3 mL of ethyl acetate into precombusted (450
°C, 6 hours) 10 mL vials. Ethyl acetate was then gently evaporated under a gentle stream
of nitrogen (purity > 99,995 %) at room temperature to a final volume of 200 µL. The final
samples were immediately closed with Teflon-lined screw caps, wrapped with Teflon
ribbon and stored in the dark at -20 °C until analysis.

2.3 GC-MS analysis
Analysis was performed using an Agilent Technologies 6850 GC system coupled to
an Agilent Technologies 5975C mass spectrometer (GC/MS) operated with electron impact
ionization (70 eV). Chromatographic separation was achieved on an Agilent HP-5MS
capillary column (30 m × 0.25 mm, 0.25 µm film thickness) with the GC oven
programmed at 70 °C for 1 minute and then up to 230 °C at 30 °C/min, to 250 °C at 8
°C/min and to 280 °C at 30 °C/min with a final isothermal hold for 7.50 min. Helium was
used as the carrier gas at a flow rate of 1.1 mL/min. The sample was manually injected (2
µL) in splitless mode at an injector temperature of 250 °C. A Merlin Microseal injector
was used as a low carryover septum and a gas purifier (Charcoal, CP17972) was fitted on
the carrier gas line to prevent contamination during injection. Data were acquired in
selected ion monitoring (SIM) mode for increased sensitivity (SIM parameters given in
Table 1) with a dwell time of 100 ms. Two fragment ions were monitored per compound,
with the most abundant ion used for quantification, except for DMP, DPP, DiBP and
DnBP, which were ionized in a unique fragment. Data were collected and analyzed with
the Agilent ChemStation software. The PAEs were quantified by isotopic dilution of 3
deuterated PAEs. The use of internal standard homologues to the target molecules has been
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shown to improve the recoveries by accurately compensating for loss of analyte during
sample treatment (Aminot et al., 2015). The response factors were assessed for each
analytical sequence from freshly prepared standards.

Table 1. Retention time and ions for selected ion monitoring (SIM) of PAEs by GC/MS.

Retention Time

Quantifier ion

Qualifier ion

(g mol )

(min)

(abundance)

(abundance)

DMP

194.2

5.55

163 (100)

194, 135, 77

DEP

222.2

6.12

149 (100)

222, 121

DPP

250.0

6.84

149 (100)

209, 191

DiBP

278.4

7.22

149 (100)

223, 205

DnBP

278.4

7.65

149 (100)

223, 205

BzBP

312.4

9.72

149 (100)

206, 238

DEHP

390.6

10.62

149 (100)

279, 167

DnOP

390.6

11.76

149 (100)

279

DEP-d4

226.2

6.11

153 (100)

181

DnBP-d4

282.4

7.64

153 (100)

209

DnBP-d4

282.4

7.64

153 (100)

209

DEHP-d4

394.6

10.61

153 (100)

171, 283

Compound

Molar Mass
-1

2.4 Application to seawater and freshwater samples
Seawater samples were collected from SUNMEX station in the northwestern
Mediterranean Sea, Bay of Marseilles (43°18′N, 05°22′E) in October 2014 and offshore at
„Antares station‟ (42° 47'856 N; 6° 04'395 E) in March 2015 (Fig. 1), with a 12 L GO-Flo
bottle previously rinsed with 1% hydrochloric acid and ultrapure water to avoid
contamination. The Go-Flo bottle tested with Milli-Q water showed only trace levels of
PAEs which were not substracted from our dissolved PAEs concentrations in this study.
Immediately after collection, seawater samples were transferred into 5 L precombusted
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glass bottles. Additional samples were directly collected in the Rhone River and Rhone
River plume in March 2014 using 5 L precombusted glass bottles. General information on
the Marseilles Bay, the Antares station and the Rhone River were given by Sempéré et al.
(2015), Martini et al. (2016) and Sempéré et al. (2000), respectively. Less than two hours
after collection, the samples were filtered through precombusted (450 °C for 6 h) GFF
filters (47 mm filter diameter, rinsed with 2 L of Milli-Q water and 150 mL of sample prior
to filtration) in a precombusted glass apparatus directly in a filtered-air clean laboratory.
Milli-Q water rinse limit additional contamination (Yoro et al., 1999). After filtration,
duplicate subsamples (10 mL) were poisoned with sulfuric acid to approximately pH 2 to
avoid any biological activity and stored in the dark in precombusted Teflon-capped glass
vials for dissolved organic carbon (DOC) analysis. DOC concentrations were measured
using a Shimadzu TOC-5000 carbon analyzer (Sempéré et al., 2008). Some seawater
samples (Bay of Marseilles) were spiked with authentic PAEs (from 5 to 800 ng/L final
concentration) to perform recovery experiments. All the seawater analyses were conducted
in duplicate in the laboratory in Marseilles.

Figure 1. Area of study. The map shows the sampling stations: SUNMEX in the Bay of Marseilles
(October 2014), offshore „Antares station‟ (March 2015), Arles in Rhone River and the river plume
(March 2014).
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3. Results and Discussion
3.1 Extraction of PAEs in seawater samples (optimization of the method)
Numerous factors are known to significantly influence the efficiency of SPE
extraction of phthalates from water. The most influential factors are elution the solvent,
sample volume and sorbent mass. To increase the recovery, the elution solvent, sample
volume and sorbent mass were studied in order to optimize efficient and reliable conditions
for SPE extraction of seawater samples.
a) Elution solvent effect
First, 10 µL of 20 mg/L PAE solution was passed through the cartridges, and two
fractions of elution were collected. The first fraction was eluted with 5 mL of either
acetone, dichloromethane, ethyl acetate, methanol or n-hexane, and the second fraction
was systematically eluted with 5 mL of dichloromethane in order to elute the remaining
PAEs off the cartridge. Internal standards were spiked directly in the eluted fraction. The
repartition of PAEs between the two fractions is given in Fig. 2. Acetone,
dichloromethane, ethyl acetate and methanol yielded acceptable recoveries ranging from
55 to 100 % while n-hexane was satisfactory only for DEHP and DnOP (79-85 %), with 12
% for DMP, 36 % for DEP and 1 % for BzBP. n-Hexane is a better solvent for aliphatic
compounds, unlike DMP, DEP (short carbon chain) and BzBP (higher aromaticity).
Acetone and methanol showed a similar elution strength with recoveries of 80-100
% for DMP, DEP, DPP, DiBP, DnBP and BzBP in the first fraction and 70 % and 50 % for
DEHP and DnOP, respectively. This result is consistent with the studies of Liou et al.
(2014) and Yang et al. (2014), which performed the elution with 6 mL of methanol.
Dichloromethane and ethyl acetate both indicated high recoveries for all PAEs in the first
fraction and were the most appropriate elution solvents. Dichloromethane was the most
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appropriate elution solvent for DMP (100 %), DEP (98 %) and DPP (97 %), whereas ethyl
acetate was the most appropriate for the elution of DiBP (91 %), DnBP (92 %), BzBP (85
%) and DEHP (90 %). DnOP was efficiently eluted (100 %) with both solvents.
Previously, published protocols used 10 mL of dichloromethane/n-hexane (He et al., 2013)
or 10 mL of acetone/dichloromethane (Sanchez-Avila et al., 2011; 2012) as the elution
solvent.
Acetone

Methanol
100
Recovery (%)

Recovery (%)

100
75
50

100

97

97

92

91

81
67

25

55

0

100

98

97

91

91

81

73

25

51

F2 (DCM)

F1 (Methanol)

Ethyl Acetate

Recovery (%)

75
88

86

91

92

91

85

90

100

25

F2 (DCM)

Dichloromethane

100

100
Recovery (%)

50

0

F1 (Acetone)

50

75

75
50

100

97

96

88

85

81

87

100

25
0

0

F1 (Ethyl Acetate)

F1 (DCM)

F2 (DCM)

F2 (DCM)

n-hexane
Recovery (%)

100
75

50
81
58

25
0

79

85

63

36
12

1

F1 (n-hexane)

F2 (DCM)

Figure 2. Recovery of PAEs obtained in two elution fractions carried out with five different organic
solvents (F1) and dichloromethane (F2).
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When comparing their recoveries and those from our developed protocol, the combination
of dichloromethane with acetone seems to be more effective for PAE elution than its
combination with n-hexane. In these protocols, the ability to elute PAEs from the
cartridges was improved by increasing the elution solvent volume to 10 and 20 mL,
respectively. According to our results, ethyl acetate is the best solvent for PAE elution.
b) Seawater volume and sorbent mass effects
As high SPE enrichment factors are required to compensate for the likely low PAE
levels in seawater, it is important to ensure that the analytes do not breakthrough the
sorbent at high percolation volumes. Increasing volumes (100 mL, 200 mL, 500 mL and
1000 mL) of seawater collected at Sunmex station at a 1.5 m depth were spiked with 10 µL
of 20 mg/L PAEs and percolated through either 200 mg (Liou et al., 2014) or 400 mg of
sorbent. For each experimental condition, two additional samples were kept unspiked and
were processed in the same conditions (blank samples). The recoveries were calculated as
the difference between the concentration in the spiked and unspiked samples. In this
experiment, the deuterated internal standards DEP-d4, DnBP-d4 and DEHP-d4 were
spiked after the elution of the solvent. The recoveries of the extractions obtained with 4
different volumes of spiked seawater for 200 and 400 mg of HLB sorbent are given in
Table 2.
The volume of the sample does not significantly affect the recovery of most of the
PAEs, indicating the absence of breakthrough. Only DEP and DnBP were marginally
affected by increasing sample volumes. The recovery of DEP increased from 60 % with
100 mL to 93 % with all other volumes on 200 mg of sorbent. However, the recovery was
stable between 93 and 100 % on 400 mg. DnBP showed the opposite trend, where the
recovery decreased from 75-79 % with 100-200 mL to 63-66 % with 500-1000 mL on both
200 mg and 400 mg of sorbent. Acceptable recoveries (93-120 %) were determined for
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DMP, DPP, DiBP and BzBP under all experimental conditions. The two most hydrophobic
PAEs DEHP and DnOP exhibited lower recoveries regardless of the experimental
conditions, attributed to their potential for adsorption onto glassware. Such losses were
corrected for by the use of deuterated DEHP as an internal standard (Table 3).

Table 2. Recoveries of PAE extractions obtained with 4 different volumes of spiked seawater and
200 and 400 mg of HLB sorbent.

Recoveries (%)
200 mg

Compounds

400 mg

100

200

500

1000

100

200

500

1000

mL

mL

mL

mL

mL

mL

mL

mL

DMP

99

108

100

105

114

107

109

110

DEP

61

93

88

89

95

93

95

100

DPP

105

117

113

120

122

121

119

114

DiBP

96

122

111

123

121

100

107

115

DnBP

79

75

63

66

136

77

67

82

BzBP

102

125

94

106

126

104

87

97

DEHP

14

13

8

10

11

7

21

6

DnOP

8

10

15

10

10

6

24

6

Above all, the volume of the sample did not significantly influence the performance
of the HLB sorbent toward PAEs. Similar results were observed for the sorbent mass. The
DnOP concentration in seawater is expected to be low, indicating the need to increase the
enrichment factor by extracting 1 L of sample. BzBP is also characterized by low
concentrations in seawater and by relatively high instrumental detection limits, confirming
the need for a large volume of sample. As the differences between 200 and 400 mg of
sorbent did not justify the use of double the amount of sorbent, 200 mg of sorbent was
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selected to reduce the price and time for a single extraction. Previously, published
protocols reported the use of 1 L of matrix, but different amounts of solid phase, from 200
mg (Liou et al., 2014) to 500 mg (Yang et al., 2014). According to the results, our
optimized conditions were 200 mg of HLB phase prepared in a combusted glass tube, 1 L
of sample volume, and 6 mL of ethyl acetate as the elution solvent, split in two steps.

3.2 Method validation
Blank, response linearity and extraction validation
Procedural blank samples were examined by passing dry air and ethyl acetate
directly through the precleaned cartridge and measuring the PAEs directly in the elution
solution. Linearity was investigated over an eight-point calibration ranging from 50 to
6000 pg injected. Instrumental repeatability was measured through the relative standard
deviation of 10 injections of the same standard solution, corresponding to 100 pg injected,
whereas instrumental detection limits (IDLs) were extrapolated for a signal-to-noise ratio
of 3. The noise region was equivalent to the width of the peak before the peak, and the
noise value was taken as the average height (“RMS” mode). The recoveries were
calculated from the spiked seawater samples (10 µL of 20 mg/L of PAEs in 1 L) after
subtraction of the concentrations measured for the unspiked seawater samples (n=2). Such
experiments were repeated with half the spiked concentration (5 µL of 20 mg/L of PAEs)
in seawater samples (n=2) to study the influence of the concentration level.
The method was applied to 1 L seawater samples to minimize contamination and to
allow the detection of low concentrations of BzBP and DnOP in seawater. The samples
were passed through 200 mg of HLB sorbent, and the cartridges were eluted twice with 3
mL of ethyl acetate. A typical gas chromatogram of the PAEs isolated from the seawater
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samples collected in the Marseilles Bay is given in Figure 3. Identification of the PAEs
was confirmed by GC/MS. Despite the precautions taken to prevent contamination, DEP,
DiBP and occasionally DnBP were detected in the blanks at levels that remained below
0.4-2 %, 2-3 % and 0-4 % of the masses measured in different seawater samples,
respectively. The average recoveries of PAEs spiked in the seawater samples (Table 3)
showed acceptable recoveries for all the phthalates, ranging from 97 % of DEP to 110 % of
DiBP. The high recoveries obtained at low spiking levels also validated the appropriate
performance of the protocol. To assess the influence of the concentration level on the
recoveries, 1 L aliquots of seawater collected in the Bay of Marseilles were spiked at
increasing concentration levels (standard addition technique). Different ranges of spiked
concentrations were used depending on the initial concentration of the compound in
seawater (from 5 to 40 ng/L for DMP, DEP, DPP, BzBP and DnOP and from 40 to 800
ng/L for DiBP, DiBP and DEHP). Excellent correlation coefficients (R 2 > 0.96) and
recoveries (between 95 and 116 %) indicate that the method is linear and accurate for all
compounds, including DEHP (R2=0.987; n=7) and DnOP (R2=0.962; n=5), in a range of
environmentally realistic concentrations.

Table 3. Statistical data of the linear regression between the spiked concentration of PAEs and the
measured peak areas. PAE recovery was reported.

Comp

spiked concentration
-1

(ng L )

n

R2

slope

y-intercept

Recovery

MDL

(µVs/ng L )

(µVs)

(%)

(ng L-1)

-1

DMP

0, 5, 10, 20, 40

5 0.98

11022

20671

101.2

0.11

DEP

0, 5, 10, 20, 40, 100

6 0.99

13978

40049

98.1

0.21

DPP

0, 5, 10, 20, 40

5 0.98

12072

2893

115.5

0.31

DiBP

0, 40, 100, 200,400,600,800

7 0.99

11006

5477511

110.4

0.23

DnBP

0, 40, 100, 200,400,600

6 0.99

19424

1965660

99.7

0.28

BzBP

0, 5, 10, 20, 40

5 0.99

2718

1845

98.7

1.67

DEHP

0, 40, 100, 200,400,600,800

7 0.99

1638

23076

103.8

0.93

DnOP

0, 5, 10, 20, 40

5 0.96

268

323

95.0

2.73
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Figure 3. Typical capillary gas chromatogram of PAEs (DMP, DEP, DiBP, DnBP, BzBP and
DEHP) isolated from the seawater sample (grey line) collected from the Marseilles Bay
(northwestern Mediterranean Sea) in October 2014 and typical PAEs standard solution
chromatogram (black line, 0.1 mg/L). The identification of PAEs was confirmed by GC/MS. The
mass spectra of the PAEs (not presented here) were in accordance with those published in the
literature. DPP and DnOP were not detected in this sample.

3.3 Concentration of PAEs in the northwestern Mediterranean Sea and Rhone River
All PAEs, excepted DPP and DnOP, were detected in the Mediterranean seawater
and Rhone River samples (Table 4). We found that offshore (Antares site), the
concentration of total PAEs ranged from 75.3 ng/L at the surface to 310.2 ng/L in the
deepest water, from 244.5 ng/L to 1207.1 ng/L a few meters above the bottom in the
Marseilles Bay and from 182.2 to 212.6 ng/L in the Rhone River plume and close to the
Marseilles Cortiou water treatment plant outlet. Although particulate PAEs were not
measured in this study, previous study indicated that DnBP, BzBP and DEHP particulate
concentration may represent the 2, 29 and 43 %, respectively, of the dissolved
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concentration in coastal seawater (North Sea, Xie et al., 2005). Very limited data are
available for the occurrence and fate of dissolved PAEs in marine water, especially in the
Mediterranean Sea. DEHP concentrations detected in the seawater samples in our study
were in the range of 50.7-296.5 ng/L. These concentrations were in the same range
reported by Sanchez-Avila et al. (2012) for Catalan coastal water (Spain, NW
Mediterranean Sea) and by Turner and Rowling (2000) for the south coast of the UK,
respectively, with range of 31-617 ng/L and 99-2200 ng/L. However, our results were 10
times lower than those reported by Brossa et al. (2005) for the Spanish coast. Lower
concentrations have been only reported for North Sea with concentration ranges of 0.5-5.3
ng/L for DEHP and 0.02-4.0 ng/L for DMP and DEP (Xie et al., 2005).

Table 4. PAEs concentrations detected in different Mediterranean Sea samples: Surface Rhone
River and associated Plume (March, 2014), Bay of Marseilles (October, 2014) and surface
„Cortiou‟ station (November, 2014).

Rhone
Comp

River

Rhone River Plume

Bay of Marseille

S=0

S=10

S=18

S=28

1.5 m

DMP

5.7

5.7

4.8

2.7

DEP

30.5

29.0

30.2

DPP

n.d.

n.d.

DiBP

125.9

DnBP

Cortiou

5m

15 m

30 m

1.8

1.7

1.4

6.4

7.3

16.4

12.7

6.9

7.1

50.0

33.5

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

48.6

67.0

136.4

215.7

56.5

77.0

383.4

81.7

40.5

21.8

21.7

22.8

87.0

63.4

138.9

466.0

28.8

BzBP

5.4

2.7

2.6

2.5

3.5

3.2

4.0

4.8

5.1

DEHP

406.8

101.2

55.9

39.2

103.5

112.8

102.9

296.5

56.2

DnOP

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

Total

615.1

209.0

182.2

220.0

424.2

244.5

331.3

1207.1

212.6
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In Marseilles Bay, the samples were characterized by high concentrations of PAEs
in the surface waters, a slight decrease with the depth, probably because of microbial
degradation, and then an increase close to the bottom (Table 4). DiBP was the most
abundant at the surface (47.3 % of total PAEs) followed by DEHP (22.7 %) and DnBP
(19.1 %), whereas DnBP was predominant (38.6 %) followed by DiBP (31.8 %) and
DEHP (24.6 %) a few meters above the bottom. DMP, DEP and BzBP were detected as
0.5, 2.5 and 0.8 % of total PAEs, respectively (Table 5; Figure 4). The high concentration
at the bottom suggests the resuspension of PAE-rich sediments. As marine litter has
already been reported to be abundant near the bottom (M I O unpublished observations) of
the Marseilles Bay, it is likely that PAEs in the surficial sediment were released during
plastic debris aging through physico-chemical and biotic processes (Bakir et al., 2014).
This seems to be more evident for DnBP, whose relative fraction showed a stronger
variation. Different PAEs are usually used by industry during plastic polymer production
in order to increase flexibility, transparency, durability and longevity of the different
materials produced (Net et al., 2015b, and reference therein). DEHP and DnBP are used as
plasticizer for soft PVC, PVA and rubber as well as fixative in paint and especially DnBP
is essentially used for its viscosity reducing properties and compatibility with non-PVC
mixture (ECHA, 2013). It is likely that the PAEs detected above the bottom depend on the
type of material that accumulates in the sediment after sinking. In addition, microplastics
could come from larger plastic debris that degrades into smaller pieces and microbeads, a
type of microplastic that are added as exfoliants to health and beauty products and easily
pass though water filtration systems and end up in the sea, could transfer attached
pollutants and additive chemicals (Browne et al., 2007) in the water column. At Cortiou
station, near the Marseilles wastewater treatment plant, the surface water PAE
concentration averaged at 212.6 ng/L (sd ± 3.4) (Table 4), detected 5-6 m from the Cortiou
water treatment plant outlet, which was quite low during the studied period. DiBP was the
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most abundant PAE (38.4 %), followed by DEHP (26.4 %), DEP (15.7 %) and DnBP (13.5
%), with DMP and BzBP representing minor fractions (3.5 and 2.5 %, respectively) (Table
5; Figure 4). The relative abundance was not very different from what we detected in
Marseilles Bay, with the only exception of DEP.
Table 5. PAE relative abundances (%) detected in different Mediterranean Sea samples: Surface
Rhone River and associated Plume (March, 2014), Bay of Marseilles (October, 2014) and surface
„Cortiou‟ station (November, 2014).

Rhone
Compound

River

Rhone River Plume

Bay of Marseilles

Cortiou

S=0

S=10

S=18

S=28

1.5 m

5m

15 m

30 m

DMP

0.9

2.7

2.6

1.2

0.4

0.7

0.4

0.5

3.4

DEP

5.0

13.9

16.6

7.5

2.8

2.8

2.1

4.1

15.7

DPP

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

DiBP

20.5

23.3

36.8

62.0

47.3

23.1

23.3

31.8

38.4

DnBP

6.6

10.4

11.9

10.4

19.1

25.9

42.0

38.6

13.5

BzBP

0.9

1.3

1.4

1.1

0.8

1.3

1.2

0.4

2.4

DEHP

66.1

48.4

30.7

17.8

22.7

46.0

31.1

24.6

26.4

DnOP

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

Figure 4. PAE relative abundances (%) detected in different Mediterranean Sea samples: Surface
Rhone River and associated Plume (March, 2014), Bay of Marseilles (October, 2014) and surface
„Cortiou‟ station (November, 2014).
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Five PAEs were detected offshore in the „Antares station‟ water column (Figure 56; Table 6). DnBP was characterized by a large range of concentrations (8.2-225.5 ng/L),
which reached a maximum in deep water (Figure 6). With the exception of DnBP, the
vertical profiles seem to have similar trends. The surface samples were characterized by
high concentrations that slightly decrease down to 200-500 m. Then, the concentration
started to increase down to 1500 m, where the concentration was similar to that detected in
the surface samples. The DnBP vertical profile was characterized by the same trend in the
first meter of the water column, decreasing from 13.4 to 8.2 ng/L, but it was followed by a
strongly increasing concentration in the deepest samples (87.3-225.5 ng/L). DEHP was the
dominant species in the first 50 m (66.9-76.7 % of total PAEs) followed by DnBP (10.915.2 %). Between 100 and 250 m, the relative abundance of DEHP was slightly lower
(56.9-65.4 %), whereas that of DnBP was higher (25.8-28.5 %) up to the maximum salinity
and minimum temperature. Under 500 m, DnBP was the most abundant PAE (57.0-72.6
%) followed by DEHP (20.1-33.1 %). DiBP, DMP and DEP were detected as minor
fractions of the total PAEs detected in offshore waters, representing 7.9, 5.7 and 4.4 % of
total PAEs at the surface and 3.5, 2.3 and 1.5 % in deepest waters, respectively (Fig. 5;
Tab. 6). Note that this offshore station area is influenced by the shallow depth Northern
Current (NC) with high seasonal variability (Millot, 1991), which may penetrate into the
shelf of the Gulf of Lions (Barrier et al., 2016 and references therein).

Table 6. PAE relative abundances (%) detected in offshore Antares station-samples collected at the
surface and at depths of 5, 50, 100, 250, 500,1000 and 1500 m.
Compounds

Depth (m)
0

5

50

100

250

500

1000

1500

DMP

5.7

5.1

5.0

3.5

7.9

4.6

3.5

2.3

DEP

4.4

2.3

2.0

1.9

2.3

1.6

1.7

1.5

DiBP

7.9

5.1

4.5

3.5

4.4

3.6

4.5

3.5

DnBP

15.2

10.9

15.2

25.8

28.5

57.0

61.0

72.6

DEHP

66.9

76.7

73.3

65.4

56.9

33.1

29.2

20.1
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Figure 5. PAE relative abundances (%) detected in offshore Antares station-samples collected at
the surface and at depths of 5, 50, 100, 250, 500,1000 and 1500 m in March 2015.

This water originating eastward from the Italian coasts may carry plastic debris
(Schmidt et al., submitted) and dissolved PAEs. The decrease in concentration in the first
meter of the water column could be explained by biodegradation processes. The increase in
concentration at 200-500 m suggests the production of PAEs from the aging of plastic
debris, as was observed in Marseilles Bay. Indeed, the behavior of DnBP in the deepest
water seems to reflect the same production observed close to the bottom of the Marseilles
area. These data were the first attempt to investigate the vertical distribution of PAEs in the
water column.
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Figure 6. Vertical profile (0-1500 m) of 5 PAEs, along with salinity, temperature (a), fluorescence
and oxygen (b) detected at offshore Antares station in March 2015. The compounds detected were:
(c) di-ethylhexyl phthalate (DEHP), (d) di-iso-butyl phthalate (DnBP), (e) diethyl phthalate (DEP),
(f) di-n-butyl phthalate (DnBP) and (g) dimethyl phthalate (DMP).
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Rhone River and river mouth
The total PAE concentrations ranged from 615.1 ng/L to 182.2-220.0 ng/L in the Rhone
River plume (Table 4) suggesting that the Rhone is clearly a source of PAEs in the coastal
area. Previous studies dealing with individual PAEs reported DMP concentrations in the
range of 2.5 – 5.5 ng/L (Sanchez-Avila et al., 2012) in six rivers in Spain (Muga, Fluvià,
Ter, Besòs, Llobregat and Ebro River). DEP was detected in different studies in the Seine
River (France) in a range slightly higher than our data, from 46-208 ng/L (Teil et al., 2007)
to 71-181 ng/L (Dargnat et al., 2009), as well as 52-284 ng/L in Spain (Sanchez-Avila et
al., 2012). BzBP was also reported at low concentration in the range of 5-23 ng/L (Dargnat
et al., 2009; Sanchez-Avila et al., 2012). Dargnat et al. (2009) and Teil et al. (2007) found
similar concentrations of DEHP, 161-314 ng/L and 323-779 ng/L, respectively, in the
Seine River. We found that DEHP was the most abundant PAE (66.1 %) in the Rhone
River followed by DiBP (20.5 %) and DnBP (6.6 %), whereas DMP, DEP and BzBP
represented the smallest fractions (Table 5; Figure 4). The relative abundance of DEHP
decreased from 66.1 % of the total PAEs in the river (S=0) to 48.4, 30.7 and 17.8 % in the
plume stations (S=10-28). The opposite trend was observed for all other PAEs, especially
for DnBP and DiBP, with DnBP values increasing from 6.6 to 11.9 % and from 20.5 to
62.0 % for DiBP. A similar trend was also observed for DMP and DEP. Changes in the
relative abundance from the river to the plume could be due to different selective bacterial
degradation and/or photodegradation processes occurring in the salty water. Only DiBP
showed, after the concentration first decreased probably due to dilution effect, an increase
in concentration and in relative abundance. This could be caused by some atmospheric
input of this compound as it was already supposed in the Bay of Marseilles.
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4. Conclusion
A reliable analytical technique for measuring PAEs in natural seawater samples at
trace levels was slightly improved and allowed determination of PAEs in seawater. This
technique consists of the adsorption on PAEs from acidified seawater samples onto 200 mg
Oasis HLB glass cartridges followed by elution with ethyl acetate and determination by
GC/MS. The recoveries of the PAEs from spiked seawater samples were found to be
between 95-115 %, and the contamination was strongly reduced by using a number of
precautions. Our results showed that the Rhone River was a source of PAE in estuary and
in coastal area. Although DEHP was predominant in the river, its relative abundance
decreased with increasing salinities, DiBP being predominant in the plume for a salinity of
28. We reported, for the first time, the PAE vertical profile (0-1500 m) from the offshore
water, which had lower concentrations compared to the Bay of Marseilles. We observed
that DEHP was also predominant in surface marine waters including offshore (0-250 m)
and below the surface in Marseille Bay (5m). The opposite trend was found for DnBP for
which concentrations significantly increased in mesopelagic waters. High concentrations of
DnBP, DEHP and DiBP were detected close to the bottom (30 m) of the Bay of Marseilles.
Such feature might be related to diffusion of PAEs released from the sediment surface very
likely induced from plastic debris degradation and previously accumulated in the bottom.
Precise origin of such material still needs to be determined. Other processes such as
photochemical oxidation reactions in surface waters, bacterial degradation, are certainly
important processes that regulate as well the distribution of PAEs in the water column.
High PAE concentrations found in coastal area near Marseilles city strongly suggest that
these organic compounds are very likely abundant in the whole Mediterranean that is
surrounded by urbanized areas and that is submitted to relatively high inputs of rivers and
atmospheric deposition compared to the global Ocean.
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Vertical PAEs concentrations at Antares site
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Abstract:
Phthalic Acid Esters (PAEs) are a group of emerging organic contaminants that
have become a serious issue because of their ubiquitous presence and hazardous impact on
the marine environment worldwide. Seawater samples were collected monthly from
December 2013 to November 2014 in the northwestern Mediterranean Sea (Marseille
Bay). The samples were analyzed for dissolved organic carbon (DOC) as well as the
molecular distribution of dissolved PAEs by using solid phase extraction followed by gas
chromatography and mass spectrometry (GC/MS) analyses. The results demonstrated the
occurrence of six PAEs, including dimethyl phthalate (DMP), diethyl phthalate (DEP), diisobutyl phthalate (DiBP), di-n-butyl phthalate (DnBP), benzylbutyl phthalate (BzBP) and
diethylhexyl phthalate (DEHP), with total concentrations ranging from 130 to 1330 ng L-1
(av. 522 ng L-1). In Marseille Bay, the highest concentrations were detected in the bottom
water from June to November 2014 and in the whole water column during the winter
mixing period. This result suggests that resuspension of PAE-rich sediment, in relation to
the accumulation of plastic debris above the seabed, or the higher degradation rate in the
upper layer of the water column, plays a significant role in the PAE dynamics in coastal
water. DEHP was the most abundant PAE in all of the surface samples and the summer
bottom samples, followed by DiBP and DnBP, which also represent the largest fractions in
the other bottom samples.
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1 Introduction
Phthalates or phthalic acid esters (PAEs) are widely used in the manufacture and
processing of plastic products such as plasticizers in a very broad range of industrial
applications.1-2 PAEs account for approximately 92% of produced plasticizers and
represent the most produced and consumed plasticizers worldwide3-4 since these
compounds are used to improve the flexibility of polyvinyl chloride (PVC) resins.5-6 Other
industrial applications include the manufacturing of cosmetics, insect repellents,
insecticide carriers and propellants.2,6-7 PAEs of lower molecular weight (LMW-PAEs: C3C6) are used as essential components of solvents, adhesives, waxes, pharmaceutical
products, insecticide materials and cosmetics, whereas PAEs of higher molecular weight
(HMW-PAEs: C7-C13) are instead used as additives to improve the flexibility and
handling of industrial materials.8-10 These compounds are suspected to enter the
environment directly as emissions from household and industrial products, as released by
wastewater from production and processing activity or the use and disposal of materials 11
as well as from plastic polymer migration.12
Previous studies have shown that PAEs are endocrine-disrupting chemicals with the
capability of inducing significant effects on the reproduction of various organisms,
including protozoans, mollusks, crustaceans, fishes and invertebrates,12 on the ecosystem
functioning13 and on human obesity and cancer development.14-17 Therefore, PAEs have
become a matter of concern for their potential risk to health and the environment. Six
PAEs (dimethyl phthalate (DMP), diethyl phthalate (DEP), di-n-butyl phthalate (DnBP),
benzylbutyl phthalate (BzBP), diethylhexyl phthalate (DEHP) and di-n-octyl phthalate
(DnOP)) have been included as priority pollutants of the US-EPA18, the European Union
(EU)19 and the Chinese water list.20 Accordingly, monitoring PAEs in the major
environmental matrices has become a priority. After their introduction in the environment,
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they can reach marine water by wastewater and riverine inputs, and end up in the sediment
via association with humic acid and adsorption onto particles and finally end up in the
sediment.21 Due to the physiochemical properties and biogeochemical cycling of PAEs,
they have been detected in food, air, water, soil and sediment6,22-32. However, there is a
lack of data related to their sources, distribution in the whole water column as well as their
transfer mechanisms from the molecular state to different living species.
The Mediterranean Sea being a semi-enclosed basin with slow turnover time of ~
80 years implies a sensitive response to anthropogenic impact.36 Mediterranean rivers and
primarily the Rhone River supply large amounts of freshwater, particles and organic
carbon to the Mediterranean Sea.37-38 There is extensive urbanization particularly along the
coastline as well as a number of highly industrialized spots all along the Mediterranean
basin that are concentrated mainly in the northwestern Mediterranean Sea. All these
activities as well as agricultural and domestic activities36,39 generate a large volume of
wastewater, which provides marine litter, microplastics,40-47 anthropogenic molecules,48-49
persistent organic pollutants (POPs) and related contaminants such as polycyclic aromatic
hydrocarbons

(PAHs)

and polychlorinated

dibenzo-p-dioxins

and dibenzofurans

(PCDD/Fs)36,50-51 that impact the coastal marine ecosystems in unknown proportion.
However, only a few studies have reported the occurrence of individual phthalates in the
Mediterranean Sea,25,52 and there is only one study dealing with the distribution of a series
of PAEs in the Mediterranean basin.53 The objectives of the present study are to investigate
the composition and distribution of PAEs in the NW Mediterranean coastal seawater
column and to ascertain their temporal trends on an annual basis.
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2 Materials and Methods
2.1 Study area, sampling, and dissolved organic carbon analyses
Seawater samples (n=72) were collected with R/V Antedon from the SUNMEX
station (Fig. 1) in the northwestern Mediterranean Sea in Marseille Bay (43°18′N, 05°22′E)
from December 2013 to November 2014 at 1.5, 5, 15 and 30 m (with a bottom depth of 3233 m) with a 12-L GO-FLO© (GENERAL OCEANICS) bottle previously rinsed with 1%
hydrochloric acid and ultrapure water to avoid contamination. Immediately after sampling,
the seawater samples were directly transferred from the GO-FLO© into 5-L precombusted
(450°C for 6 h) glass bottles closed with PTFE (polytetrafluoroethylene) lined screw caps,
wrapped with aluminum foil and brought back to the laboratory within 4 hours for
processing. Four samples collected in October 2014 at Marseille Bay were already
published.53 The samples were filtrated through precombusted (450°C for 6 h) GFF filters
(47-mm filter diameter, rinsed with 2 L of Milli-Q water and 150 mL of sample prior to
filtration) in a glass apparatus directly and transferred into 1-L glass bottles. After
filtration, duplicate subsamples (10 mL) were collected for dissolved organic carbon
(DOC) analyses with precombusted Pasteur pipettes, transferred into precombusted glass
vials, poisoned with sulfuric acid to pH ~ 2 to avoid any biological activity, closed with
PTFE-lined screw caps and stored in the dark at 4°C. DOC concentrations were measured
using a Shimadzu TOC-5000 carbon analyzer.54 The nominal analytical precision of the
procedure was within 2%. The accuracy of the instrument and the system blank were
determined by analyzing reference materials (D. Hansell, Rosenstiel School of Marine and
Atmospheric Science, Miami, USA), including the Deep Seawater reference (DSR) and
low carbon water (LCW) reference materials. The average DOC concentrations in the DSR
and LCW reference standards were 45 ± 2 µM C, n = 24 and 1 ± 0.3 µM C, n = 24,
respectively.
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All glassware including Pasteur pipettes, glass bottles and glass filtration apparatus
was previously cleaned in 1% hydrochloric acid bath, rinsed with ultrapure water and
combusted at 450 °C for 6 h. All the GC/MS and DOC seawater analyses were conducted
in duplicate in the MIO laboratory in Marseille within 6 months. Filtration of samples was
conducted in the MIO ISO class 6 chemistry cleanroom (temperature: 22 °C; SAS
pressure: +15 Pa; SAS brewing rate: 30 vol/h; lab pressure: +30 Pa; brewing rate: 50
vol/h).

Figure 1. Area of study. The map (adapted from Fraysse et al.55) shows the sampling stations in the
Gulf of Lyon: SUNMEX (43°18′N, 05°22′E; depth 32 m) in the Bay of Marseille (December 2013November 2014). Northern current is the main general circulation feature influencing the Gulf of
Lyon with a geostrophic flux (calculated to 700 dbar) that varies throughout the year in a range of
0.9–1.8 Sv with its maximum in November or December37. The Rhone River is the main fresh
water supplier of the Mediterranean Sea with an average flow rate of 54 ± 12 km3 year-1 with
maximum values in the fall period37. In the studied period, the Rhone River flux ranged from 1300
to 2800 m3 s-1.
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2.2 Phthalates analyses
Seven phthalates were studied including dimethyl phthalate (DMP), diethyl
phthalate (DEP), di-isobutyl phthalate (DiBP), di-n-butyl phthalate (DnBP), benzylbutyl
phthalate (BzBP), diethylhexyl phthalate (DEHP) and di-n-octyl phthalate (DnOP) (Fig. 2).
The deuterated internal standards were: DEP-d4, DnBP-d4, DEHP-d4. All native and
labeled standards were of high purity grade (> 98%, 2000 µg mL-1 Supelco). Stock
solutions were prepared in hexane and stored in the dark at 4°C. Working solutions
(unlabeled and labeled standards) were prepared by dilution of these solutions at 20 mg L1

. All solvents were glass-distilled grade and supplied by Rathburn Chemicals Ltd.

(Walkerburn, UK). Milli-Q water was produced on-site on a Milli-Q system, Millipore
(Molsheim, France) with resistivity higher than 18.2 MΩ cm (25°C) and Total Organic
Carbon < 2 µg L-1.

Figure 2. Chemical structure of the 6 detected PAEs. Dimethyl phthalate (DMP; MW = 194.18),
Diethyl phthalate (DEP; MW = 222.24), Dibutyl phthalate (DnBP; MW = 278.34), Diisobutyl
phthalate (DiBP; MW = 278.34), Benzylbutyl phthalate (BzBP; MW = 312.36) and Diethylhexyl
phthalate (DEHP; MW = 390.56). Figure adapted from Xie et al.7
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The extractions were performed following the method optimized for seawater PAE
detection at trace levels.53 PAEs were extracted by solid phase extraction (SPE) from
seawater using a precombusted 6-mL glass reaction tube containing 200 mg of Oasis®
HLB sorbent (Waters Corporation, 30 µm, 100 g). SPE was conducted on a Visiprep
vacuum manifold from Sigma-Aldrich (Saint Quentin Fallavier, France). Before sample
extraction, SPE cartridges were three times sequentially cleaned with 5 mL of acetone, 5
mL of dichloromethane, conditioned with 5 mL of ethyl acetate, 5 mL of acetone and 5 mL
of ultrapure water prior sample processing. Seawater samples were spiked (for recovery
estimate) with DEP-d4, DnBP-d4 and DEHP-d4 at 50, 200 and 400 ng L-1, respectively,
prior to loading onto SPE cartridges under vacuum at a flow rate of 5 to 10 mL min -1.
Then, 5 mL of ultrapure water was percolated to remove the remaining salt and air-dried
for around 1 h under vacuum. PAEs were eluted into precombusted 10 mL-vials by a 2step percolation of 3 mL of ethyl acetate. Ethyl acetate was gently evaporated to a final
volume of 200 µL at room temperature under a gentle stream of nitrogen (purity
> 99,995 %). Then, samples were immediately closed with PTFE lined screw caps rubbed
with PTFE ribbon and stored before injection in the dark at -20 °C.
Analysis was performed using an Agilent Technologies 6850 GC system coupled to
an Agilent Technologies 5975C mass spectrometer (GC/MS) operated with electron impact
ionization (70 eV). Chromatographic separation was achieved on an Agilent HP-5MS
capillary column (30 m x 0.25 mm, 0.25 µm film thickness) with the GC oven
programmed at 70°C for 1 min and then up to 230°C at 30°C min-1, to 250°C at 8°C min-1
and to 280°C at 30°C min-1 with a final isotherm hold for 7.50 min. Helium was used as a
carrier gas at a flow rate of 1.1 mL min-1. Samples were manually injected (2 µL) on a
splitless mode injector with a temperature set at 250°C. The injector (Merlin Microseal
system) was used as a low carryover septum and a gas purifier (Charcoal, CP17972) to
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prevent contamination during the injection. Data were acquired in single ion monitoring
(SIM) mode for increased sensitivity with a dwell time of 100 ms. Data were collected and
analyzed with the Agilent ChemStation software.

2.3 Quality control and quality assurance
For each batch of 12 samples, a method blank, a spiked blank and a sample
duplicate were processed. The retention time and the response factors of GC/MS were
assessed for each analytical sequence from daily control standards to ensure the most
appropriate quantification. The average recoveries of PAEs spiked in seawater samples
showed acceptable recovery for all phthalates, ranging from 97% ± 3% for DEP to 110% ±
7% for DiBP. Internal standard recoveries were estimates as 94% ± 2% for DEP-d4, 77% ±
3% for DnBP-d4 and 14% ± 2% for DEHP-d4. All material was produced in borosilicate
glass previously kept in an acidic bath overnight (10% hydrochloric acid), rinsed with
ultrapure water, combusted at 450°C for 6 hours and rinsed with methanol and
dichloromethane before use. Extractions were carried out in controlled air conditions in an
ISO class 6 chemistry cleanroom (temperature: 22°C; SAS pressure: +15 Pa; SAS brewing
rate: 30 vol/h; lab pressure: +30 Pa; brewing rate: 50 vol/h). Although precautions were
considered to prevent sample contamination during the protocol, DEP, DiBP and
occasionally DnBP were detected in the blanks at levels that remained below 0.07 ± 0.02
ng L-1, 0.8 ± 0.3 ng L-1 and 0.7 ± 0.2 ng L-1 , respectively. DEHP was occasionally
detected in blanks between the method detection limit (MDL) and the quantification
detection limit (QDL). Limits of detection (LOD) were derived from the blanks and
quantified as mean blanks plus three times the standard deviation of blanks, and they
ranged from 0.11 ng L-1 for DMP to 1.67 ng L-1 for DEHP.

107

Chapter II: Occurrence

2.4 Statistics
Principal component analysis (PCA) was applied to reduce the multidimensional
nature of the dataset and to evaluate the interrelationships among the PAEs, sites and
sampling periods. PCA was performed using the individual phthalate concentrations (i.e.
DEHP, DiBP) as PCA parameters. This data set was transformed in two smaller matrices
that are linear combinations of the original data set. The number of observations in this
study is 216, which permits the use of this statistical approach. The PCA statistics were
performed using the statistical package XLSTAT 2010.2 (Addinsoft). Time series maps
were made using the latest Ocean Data View version: ODV 4.7.4.

3 Results and discussion
3.1 General characteristics of the water column
The hydrological data (Fig. 3) are in line with previous well-known features in
Marseille Bay and the local coastal area indicating that (1) the water column was well
mixed during winter and fall periods, most of the time under the action of wind, 55-57
whereas (2) the water began warming in May (16–17°C) causing water stratification. It is
noteworthy that lower salinity was observed in October-November 2014 probably in
association with freshwater intrusion (Fig. 3b). The DOC distribution (Fig. 3e) showed a
clear seasonal trend with a concentration range of 62.5-72.5 µM in winter-spring and 72.590 µM during summer-fall. Higher DOC values (79-81 µM) were observed in the spring
water column as well as above the bottom in winter. As a byproduct of primary production,
the DOC distribution highlighted higher concentrations in spring-summer following
phytoplankton growth (Fig. 3d). The high DOC concentrations near the bottom and in the
whole water column during winter might instead be explained by resuspension of rich
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organic sediment and subsequent mixing under the action of wind as previously reported
from CDOM (colored dissolved organic matter) and DOC time series studies.58-59 Such
low DOC concentrations were comparable to those previously reported in open waters of
the Mediterranean Sea,60-64 with a stable annual mean of 67 ± 7 μMC at 2 m and 63 ± 6
μMC at 5 m.

Figure 3. a) Temperature (°C), b) salinity (PSU), c) oxygen (ml L-1), d) chlorophyll A (µg L-1), e)
DOC (µM) and f) ∑PAEs (ng L-1) time-series at SUNMEX station (Bay of Marseille) from
December 2013 to November 2014. Samples were collected at 1.5, 5, 15 and 30 m.
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Table 1. Concentration ranges, average concentrations and relative abundance of PAEs in
Marseille Bay (n = 72). Samples were collected at 0.5, 5, 15 and 30 m depth.

Depth
(m)

Concentrations (ng L-1)

Relative abundance (%)

Range

Range

Av. ± SD

Av. ± SD

Bay of Marseilles (Dec 2013-Nov 2014)
0.5

0.9-6.9

2.8 ± 2.2

0.2-1.4

0.6 ± 0.3

5

0.8-6.8

2.9 ± 2.0

0.3-1.1

0.7 ± 0.4

15

0.8-7.7

2.7 ± 2.3

0.2-0.9

0.6 ± 0.3

30

2.1-11.9

4.5 ± 2.1

0.2-1.2

0.7 ± 0.3

Total

0.8-11.9

3.2 ± 2.4

0.2-1.4

0.6 ± 0.3

0.5

3.4-25.7

11.8 ± 7.6

1.1-4.9

2.6 ± 1.4

5

6.3-27.2

11.9 ± 7.9

1.1-10.2

3.4 ± 2.7

15

3.3-45.5

13.9 ± 13.4

0.9-9.9

3.3 ± 2.7

30

8.9-50.0

25.3 ± 12.6

0.9-5.1

3.8 ± 1.3

Total

3.3-50.0

15.7 ± 12.5

0.9-10.2

3.3 ± 2.1

0.5

34.2-215.7

89.5 ± 70.3

4.3-68.0

24.3 ± 21.9

5

30.1-155.3

62.0 ± 37.9

3.8-78.0

23.3 ± 23.1

15

29.4-155.1

71.1 ± 39.6

4.7-64.2

20.2 ± 18.6

30

50.8-383.4

188.5 ± 124.8

5.0-42.5

28.0 ± 11.5

Total

27.5-383.4

102.7 ± 90.5

3.8-78.0

23.9 ± 18.7

0.5

12.0-314.6

76.7 ± 66.7

2.6-26.3

11.1 ± 7.9

5

14.0-196.5

58.3 ± 50.9

2.7-26.1

11.1 ± 7.3

15

12.0-178.6

61.4 ± 48.9

2.8-42.1

14.2 ± 12.0

30

21.0-596.0

173.8 ± 165.0

2.1-44.8

19.4 ± 13.7

Total

12.0-596.0

83.2 ± 75.2

2.1-44.8

13.9 ± 10.7

0.5

2.7-4.9

3.7 ± 0.7

0.4-2.0

1.0 ± 0.6

5

2.6-4.6

3.6 ± 0.6

0.5-1.8

1.1 ± 0.5

15

2.6-4.6

3.6 ± 0.6

0.5-1.8

1.0 ± 0.4

30

3.6-6.1

4.4 ± 0.9

0.4-1.5

0.8 ± 0.4

Total

2.6-6.1

3.8 ± 0.7

0.4-2.0

0.9 ± 0.5

0.5

42.3-802.0

331.4 ± 257.1

18.5-89.3

61.0 ± 23.8

Diethylhexyl 5
phthalate
15
(DEHP)
30

15.8-714.0

317.0 ± 274.1

9.3-90.2

61.1 ± 24.7

51.3-525.0

291.9 ± 221.5

21.2-91.1

61.4 ± 24.1

130.0-923.8

328.6 ± 257.9

18.3-91.6

48.1 ± 23.9

15.8-923.8

317.2 ± 242.7

9.3-91.6

57.9 ± 23.8

131-1331

522.7 ± 313.3

100

Dimethyl
phthalate
(DMP)

Diethyl
phthalate
(DEP)

Diisobutyl
phthalate
(DiBP)

Dibutyl
phthalate
(DnBP)

Benzylbutyl
phthalates
(BzBP)

Total
Total PAEs
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3.2 Concentration and relative abundance of PAEs in Marseille Bay
All targeted PAEs were detected in all samples collected at SUNMEX station
except DnOP. During the studied period, the sum of the 6 PAEs‟ concentrations in the
water column (ƩPAEs) ranged from 130 to 1330 ng L-1 (av. 520 ng L-1; Table 1; Fig. 3f) in
Marseille Bay. The highest ƩPAEs concentrations were observed all along the well mixed
water column in winter 2013 as well as near the bottom in the May-August and SeptemberDecember 2014 periods (Figs. 3). By contrast, the lowest ƩPAEs concentrations were
found in shallower waters between 0.5 and 15 m by the end of winter and in OctoberNovember 2014 where low salinities were observed (Fig. 3b). Note that the OctoberNovember 2014 period corresponds to possible freshwater intrusion into Marseille Bay56
as suggested by lower salinity values (Fig. 3b). In Marseille Bay, for 62 out of 72 samples,
DEHP (9.3-91.6%) was the most abundant PAE, followed by DiBP (3.8-78%) and DnBP
(2.1-44.8%) (Fig. 4-5; Tab. 1). By contrast, DMP, DEP and BzBP were the least abundant
(0.2-2%) and can be considered minor species here.
Very limited data are available for the occurrence and fate of PAEs as a simultaneous
series in marine waters and more specifically in both the Mediterranean Sea and river
waters, making any comparison of ƩPAEs data with existing studies difficult. However we
found that our data are consistent with literature. Indeed, examination of already published
individual PAEs, indicated that our DEHP concentrations (20-920 ng L-1; Tab. 1) were in
the same range as values reported for NW Spanish coastal seawater (30-620 ng L-1;52) and
the southern coast of the UK (100-2200 ng L-1;22) but one order of magnitude lower than
that for the Northern Mediterranean Spanish coast.25 Noteworthy lower values were also
reported in the North Sea for DEHP (0.5-5.3 ng L-1), DMP as well as DEP (0.02-4.0 ng L1 26,65

).

Similar concentrations of DEHP, 161-314 and 323-779 ng L-1, were found in the

Seine River whereas DMP concentrations were reported in the range of 2.5–5.5 ng L-1 in
six Spanish rivers including Ebro River.52 DEP was detected in different studies in the
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Seine River (France) in a range slightly higher than our data, from 46-208 ng L-1

26

to 71-

181 ng L-1,65 as well as 52-284 ng L-1 in 6 Spanish rivers.52 BzBP was also reported at low
concentration in the range of 4.8-23 ng L-1.52,65 Limited data are available for the
distribution of PAEs in coastal seawater

Figure 4. Relative abundances for DEHP (a), DnBP (b), DiBP (c), DEP (d), DMP (e) and BzBP (f)
at SUNMEX station in Marseille Bay from December 2013 to November 2014.

The contribution of carbon from PAEs to the DOC pool (PAE-C) accounted for 1060 ppm. A comparison with other organic compounds within the DOC pool identified in
the coastal Mediterranean Sea indicated that our PAE concentrations are in the same order
of magnitude as the reported values of dissolved water phase PAHs (3-120 ng L-1;50), one
of the most abundant classes of organic contaminants in the marine environment. Lower
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concentration range was reported for other organic pollutant as PFCs (0.07-4.55 ng L1 52,66

;

) in NW Mediterranean Sea, PCB (2.2-82.4 pg L-1;50) in surface water of

Mediterranean Sea and PBDE, another group of compounds used as additives in polymer,
detected in Aegean Sea with concentration range of 4-6 pg L-1.67 PCDD/Fs was reported
with two orders of magnitude lower than PAEs concentration (42.5-64.0 fg L-1).68
However, PAE concentrations are nevertheless two orders of magnitude lower than the
sum of α,ω-dicarboxylic acids (20.7 ± 10.6 μg L-1) and ω-oxoacids (11.7 ± 6.2 μg L-1) in
the Marseille coastal area69 or in the Rhone River close to the Marseille Bay.49

Figure 5. Relative abundance of PAEs in surface (0.5 m; a) and bottom (30 m; b) seawater samples
collected at SUNMEX station in Marseille Bay from December 2013 to November 2014.
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3.3 PCA analysis

The grouping of samples by depth and season using principal component analysis
(PCA) formed several clusters (samples scores, Fig. 6a) over PC1 and PC2 that represent
79.7% of the total information. Samples collected at Marseille Bay formed five wellidentified clusters (Fig. 6a) including the fall samples in the lower left quadrant, the spring
in the central left, the summer in the upper left, winter samples in the upper right quadrant
and the bottom samples in the right quadrant. Of the biomarkers plotted, DMP, DEP and
DnBP being positive on PC1 and most negative on PC2 form a compact cluster on the
central-right quadrant and separated from DEHP located in the upper quadrant (positive on
PC1 and PC2 factors) and from DiBP in the lower quadrant (positive on PC1 and negative
on PC2). DEHP is a plasticizer used in the manufacture of PVC and other plastic products.
On the other hand, the presence of LMW-PAEs in the same group is related to their
common use as components of solvents, adhesives, pharmaceutical products, insecticide
materials and cosmetics.
In brief, the PCA score plot therefore highlights that i) summer and winter groups
have a similar pattern i.e. highest concentrations of DEHP, DMP and DEP, together with
lowest concentrations of DiBP; ii) fall and spring groups are also very close on Figure 6a:
their intensity on both PC1 and PC2 axis are low and negative, meaning low  PAEs
concentration rather than a specific PAE mix; and iii) bottom samples are mainly driven by
DiBP concentration, and are thus clearly separated from upper water layers whatever the
season.
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Figure 6. Principal components analysis (PCA) for PAEs in the study area was applied to reduce
the multidimensional nature of the dataset and to evaluate the interrelationships among the PAEs,
sites and sampling periods. The PCA statistics were performed using the statistical package
XLSTAT 2010.2 (Addinsoft). In (a) the sample scores, whereas in (b) the variable loadings of the
PCA. The variance accounted for by each principal component is shown in parentheses after the
axis label.

3.4 Potential sources and sinks of PAEs in the water column
The averaged concentrations of PAEs found in Marseille Bay (522.7 ± 313.3 ng L1

) samples are significantly higher than that previously found offshore (maximum depth

2500 m) (135 ± 74 ng L-1,53) suggesting that the freshwater input and urban area provide a
significant amount of PAEs to Marseille Bay. Our results also indicated i) significant
seasonal variations of ƩPAEs in Marseille Bay suggesting variability in sources,
degradation processes of PAEs occurring in coastal seawaters, and/or partitioning of PAEs
onto particulate matter; ii) heterogeneous vertical distribution by the end of winter/spring
and homogenous concentration in the whole water column in the winter period with a large
ƩPAEs increase of concentration above the sea floor at different periods of the year.
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Seasonal variation
Concerning seasonal variation in Marseille Bay, it is interesting to note that
elevated concentration of PAEs (Fig. 3f) in summer coastal seawater nearby the Marseille
urban area is concomitant with (1) the intense recreational coastal activities that reach their
maximum during the summer on the beaches of Marseille, as well as (2) the elevated
maritime traffic occurring during the tourist season between the ports of the coastal study
area. As DEHP is predominant during the summer period (Figs. 4-5), it is likely that such
summer activities preferentially generate inputs of DEHP-rich PAE into coastal seawater.
It should be noticed that DEHP is the most abundant plasticizer for PVC, PVA and rubber
materials that are widely used at sea through surfing, diving and swimming or left on the
beaches such as food packaging, bags and sunscreen containers. The high turnover of
cruise ships could also represent a significant source of DEHP for the coastal area. In
Marseille Bay, the large variations of PAE concentrations in the first 25 m of the water
column could be connected to variation of input and degradation processes as well. Few
PAE-degrading bacteria have been isolated from marine environments70 and a recent study
suggests that the ability to degrade phthalate and its monoesters is widespread in Japanese
seawater from bacteria related to 11 different genera.71 It is likely that prokaryotic
degradation processes regulate the PAE concentration in the water column as well.
Higher concentration near the bottom
Interestingly, we found that PAE concentrations are quite elevated above the
bottom being, in most cases, higher than the corresponding concentration on the sea
surface (Fig. 3f-7), with the exclusion of winter 2013 and September for which PAE
concentrations are similar in the whole water column probably because of winter mixing
under the action of Mistral wind.55 Such an accumulation of ƩPAEs near the bottom has
already been reported in a previous study in offshore Mediterranean seawater at 2000 m
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depth.53 A gradient in the PAE concentration might be either due to i) preferential
photochemical and/or prokaryotic degradation in the surface water column rather than in
deeper seawater, giving rise to accumulation of PAEs above the seafloor, or ii) PAE input
directly from the bottom by pure chemical diffusion and/or advection phenomena
(resuspension of sediment or bioturbation).

Figure 7. ∑PAEs vertical profile at Bay of Marseille in 4 seasons (average values) of 2014.

Surface water column photochemical degradation is certainly more effective in the
first meters of the water column whereas prokaryotic degradation is likely to be more
efficient above the sediment. Although PAE-degrading bacteria have been isolated from
marine environments,70-71 preferential biodegradation in the water column rather than
above the bottom is very unlikely. Therefore, only photochemical degradation may explain
such PAE concentration gradient along the vertical gradient.
This vertical gradient might also be connected to a concentration of plastic debris
above the sea floor that may releases various chemical additives including phthalates into

117

Chapter II: Occurrence

surrounding waters during their degradation as stated before. Indeed, accumulation of
debris with a large proportion of plastic material has been observed several times, by
trawling sampling and by video quantification based on recordings at the sea floor of the
French Mediterranean coast including Marseille Bay,72-74 the Rhone River plume area as
well as canyons and continental slopes in the northwestern Mediterranean. 75 In most cases,
plastic bags accounted for more than 90% of the total debris72 and in particular in the
eastern canyons of the Gulf of Lion74 close to Marseille. Such debris are likely PAEproducer

candidates.

Chemical

diffusion

from

sediment,

or

sediment

resuspension/bioturbation could though explain higher PAE concentration close to the
sediment. Resuspension episodes of PAE-rich sediment in the water column (originating
from wind-driven turbulence and hydrodynamic features76 such as upwelling above the
seafloor as previously reported for CDOM and DOC in Marseille Bay58) are possible.
However, higher DOC concentrations were not observed close to the sediment (Fig. 3e),
supporting poor physical transport from the sediment toward the water column. Transport
by chemical diffusion would therefore be predominant, in case PAEs input came from the
sediment.
Interestingly, in Marseille Bay bottom samples, DiBP and DnBP relative
abundance values were predominant over DEHP or higher (compared to surface waters)
and match the period of high concentration of total PAEs. Indeed, in surface water
samples, the relative abundance of DEHP, DnBP and DiBP averaged 66 ± 18%, 11 ± 6%
and 21 ± 15%, respectively, whereas these values averaged 48 ± 21%, 21 ± 12% and 32 ±
14%, respectively, in bottom samples during the year (Fig. 5). A possible explanation
would be a higher degradation rate of LMW-PAEs close to the atmosphere/water interface
due to higher organisms‟ density, as suggested by Yuan et al.77 The predominance (or
higher relative abundance) of DnBP and DiBP versus DEHP in deepwater samples is in
line with previous observations at a deep offshore station (z = 2400 m).53 The variation of
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PAE relative abundance near the bottom could also be explained considering the higher
hydrophobicity of DEHP (logKow = 7.54, SPARC) compared with DnBP and DEP (logKow
= 4.63 and 2.51, respectively, SPARC), which could determine different grades of PAE
repartition between sediment and water, making available a smaller dissolved fraction of
DEHP and suggesting that DEP and even DnBP mainly exist under freely dissolved phase
compared with DEHP. The higher desorption rate of these phthalate, with the exception of
DEHP and DMP, in the interface sediment/water was already observed in a previous
study78
Surprisingly, a significant decrease of DEHP concentration and relative abundance
was observed after the summer (October/November 2014) (Figs. 4-5). The change in
relative abundance during fall, even on the surface, was due to an increase of DiBP and to
a lesser extent DnBP and could be associated with potential resuspension as we observed
only high PAE concentration in bottom samples. Note that the variable intensity of the
resuspension processes might be favored by the Northern Current entering into the Gulf of
Lyon and being particularly high from October to May76 intensifying the inputs and
shelf/slope exchange processes including turbulent mixing and vertical flux on the
continental slope.76,79 In these circumstances exchange with the deep bottom, already
observed to be rich in plastic debris, could represent a seasonal source of PAEs for the Bay
of Marseille at the end of the stratification season, especially in the eastern canyons close
to Marseille. This area was already noticed to accumulate most of the debris in the Gulf of
Lyon, especially plastic bags.72-73 Our data together with others studies, suggest sediment
resuspension as an important process explaining the heterogeneous vertical distribution.
However, additional specific experiments are needed to confirm such hypothesis.
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4 Conclusion
This study provides the first complete data on PAEs concentration levels in the Bay
of Marseille (NW Mediterranean Sea). In addition, the first estimation of the PAEs annual
occurrence and PAEs vertical distribution were reported here. The Marseille Bay, which is
highly populated, displays levels of contamination of the same order of magnitude as other
coastal area (NW Spanish coast, UK southern coast, Seine River;22,25-26,52,65). DEHP was
detected as the predominant PAE congener in spring/summer season at Marseille area in
the whole water column, whereas DiBP and DnBP were found to be abundant when close
to the seafloor and especially in fall/winter season in the study areas. DMP, DEP and BzBP
represent a minor fraction of PAEs pool and DnOP was never detected in the analyzed
samples. The highest PAEs concentrations were detected close to the bottom and we have
hypothesized a connection with the plastic debris accumulated over the seafloor and with
PAEs in the sediment.
More research regarding PAEs input from plastic, and PAEs presence in the
sediment should be implemented in the future to better identify the sources of the PAEs in
the water column. Furthermore, more investigation is needed on the level of PAEs transfer
to food web, for a better risk assessment and management policy.
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PAEs concentration detected in the Bay of Marseille from December 2013 to Novemeber 2014
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10.7

0.1

155.1

13.3

5

1.1

0.1

7.4

0.2

155.3

3.5

0.5

1.4

0.1

11.0

0.8

155.6

7.7

30

6.4

0.3

50.0

4.2

383.4

40.9

15

1.4

0.1

7.2

0.5

77.0

7.8

5

1.7

0.1

7.0

0.1

56.5

7.6

0.5

1.7

0.1

12.7

0.2

215.7

7.8
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PAEs concentration detected in the Bay of Marseille from December 2013 to Novemeber 2014

DnBP (ng L-1)

Sample
Month

December
2013

January 2014

February
2014

March 2014

April 2014

June 2014

September
2014

October 2014

November
2014

BzBP (ng L-1)

DEHP (ng L-1)

Depth (m)

Avr.

St. dev.

Avr.

St. dev.

Avr.

St. dev.

30

187.1

15.9

5.2

0.5

517.0

56.8

15

178.6

16.9

4.6

0.3

525.0

52.1

5

196.5

12.3

4.6

0.3

714.0

39.8

0.5

314.6

16.1

4.7

0.3

802.0

48.4

30

65.4

2.5

3.8

0.3

209.5

1.2

15

49.0

2.4

4.0

0.1

384.3

86.8

5

51.1

2.6

4.0

0.1

675.4

37.5

0.5

63.8

4.3

3.6

0.3

371.8

43.7

30

85.6

5.0

6.1

0.2

150.3

38.1

15

48.3

1.2

4.3

0.2

226.7

12.1

5

61.7

0.3

4.3

0.1

475.9

43.9

0.5

54.5

3.8

4.9

0.1

377.9

64.6

30

103.5

4.2

3.6

0.1

130.0

24.6

15

12.0

1.9

2.6

0.1

102.4

2.7

5

14.0

0.3

2.6

0.1

80.6

5.2

0.5

12.0

0.3

2.7

0.1

78.4

3.5

30

28.8

1.0

3.7

0.1

194.9

22.2

15

15.5

0.4

3.3

0.1

309.4

35.7

5

20.8

0.9

3.4

0.2

126.9

3.9

0.5

17.6

0.2

3.4

0.2

159.9

8.5

30

21.0

0.3

3.9

0.1

923.8

39.6

15

22.3

1.9

3.6

0.1

724.4

89.4

5

15.1

0.9

3.6

0.1

507.0

37.0

0.5

15.6

0.9

3.4

0.2

502.6

84.1

30

28.2

0.6

3.6

0.2

391.3

91.4

15

66.2

2.2

3.1

0.1

200.4

27.2

5

21.1

1.2

3.1

0.1

141.6

1.8

0.5

19.4

0.3

3.5

0.1

544.5

55.2

30

268.4

16.9

4.4

0.3

144.4

49.7

15

21.5

1.6

3.2

0.1

51.3

4.9

5

14.4

3.4

3.6

0.1

18.5

4.3

0.5

15.9

0.1

3.8

0.1

42.3

3.6

30

596.0

10.3

4.8

0.1

296.4

12.2

15

138.9

1.4

4.0

0.1

102.9

28.7

5

63.4

0.3

3.2

0.1

112.8

34.6

0.5

87.0

18.4

3.5

0.2

103.5

22.7
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Abstract:
Plastic debris in the marine environment, including resin pellets, macro- and microplastic
fragments, contain organic contaminants, such as phthalic acid esters (PAEs), that were added
during plastic manufacture or adsorbed from the surrounding seawater. In this study, two common
plastic materials as trash plastic bags (PB, 50 µm thickness) and insulation layer of electric cables
(EC, 2 mm thickness) were incubated in natural seawater in controlled laboratory conditions and
studied for PAEs migration under different conditions including temperature, light/dark and
bacteria. Our results showed migration of distinct PAEs with varying release kinetics depending of
the plastic type. Dimethyl phthalate (DMP) and diethyl phthalate (DEP) migrated from the
insulation layer of EC up to 9.5 ± 1.4 and 68.9 ± 10.3 ng g -1 of plastic, respectively, after one
months of incubation. Otherwise, disobutyl phthalate (DiBP) and di-n-butyl phthalate (DnBP) were
the main PAEs able to migrate out of PB, reaching the highest migration rate after only one week
with values of 333.4 ± 50.3 and 480.5 ± 72.1 ng g-1 of plastic, respectively. Light and bacteria
increased significantly the total amount of PAE released from EC material. This was however not
observed in the case of PB, highlighting the crucial role of thickness in the PAEs release process
from plastic piece in a marine environment.
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1 Introduction
The worldwide production of plastics has increased considerably since the
development of synthetic polymers in the middle of the 20th century (Andrady, 2011;
Plastic Europe, 2015). The amount of plastic manufactured has increased rapidly, with 311
million tons of plastic produced globally in 2014 (Plastics Europe, 2015), giving rise to
large emission and transport of plastics debris (Eriksen et al., 2014; Saido, 2014) through
rivers, seawage and atmosphere to the Ocean (Barnes et al., 2009; Alder et al., 2005).
Plastic materials are dispersed by wind and currents, and significant amounts may either
sink into the water column (Ter Halle et al., 2016; Moore et al., 2001), incorporate into the
sediments (Woodall et al., 2014; Cooper and Corcoran, 2010) or be assimilated by
organisms (Neves et al., 2015). Although degradation processes are extremely slow
(Barnes et al., 2009; Browne et al., 2011), plastics debris in aquatic systems are subjected
to a series of physical, chemical and biological degradations (Andrady and Neal, 2009;
Cózar et al., 2014), which is intensiﬁed in coastal environments due to higher seawater
dynamic, abrasion and sand/coastline (Corcoran et al., 2009; Rios et al., 2011). Most
plastics contain a number of additives such as phthalic acid esters or phthalates (PAEs)
used as plastic softeners (Serodio and Nogueira, 2006; Net et al., 2015) that are considered
as priority pollutants of US-EPA, the European Union (EU) and Chinese water list (CEC,
2007) due to the endocrine disruption and carcinogenic (Crisp et al., 1998; Latini, 2005;
Kamrin, 2009; Meeker et al., 2009). Importantly, they are not covalently bound to the
plastic polymer and are likely to migrate out of the plastic into the environment or inside
an animal‟s stomach or tissue (Andrady, 2011) during aging.
Although PAEs have been detected in aquatic environments (Fossi et al. 2017; Net
et al., 2015, 2014; Paluselli et al., 2017, 2018; Wang et al., 2014; Xie et al., 2007), there is
a paucity of data dealing with the preferential pathway driving their introduction in the
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aqueous marine media and kinetic of release from various plastic materials as well as with
degradation processes (Gao and Chi, 2015; Munshi et al., 2013). Here, we report a study
dealing with the potential of selected plastic materials to release phthalates into
Mediterranean seawater under the action of light, temperature and natural bacteria. The
Mediterranean Sea is a semi-enclosed basin with high solar radiation (Sempéré et al.,
2015) and high atmospheric inputs (Castro et al., 2017; Theodosi et al., 2017), with a slow
turnover time of ~ 80 years (The Mermex Group, 2011 and references therein) and a strong
urbanization with a large range of industrial activities spread all along the Mediterranean
basin (Zorita et al., 2007) that is greatly affected by marine litter (Cozar et al., 2014, 2015;
Faure et al., 2015; Collignon et al., 2014; Eriksen et al., 2014; Fossi et al., 2016, 2017).
In this paper, we investigate the potential for plastics to release phthalates in the
marine environment in laboratory controlled conditions by following PAE potential
migration from two commercially available plastic materials, diluted in Mediterranean
seawater. Furthermore, the impact of oceanographic parameters such as temperature,
light/night conditions and bacterial degradation on migration processes were included in
simpliﬁed basic attempts.

2. Materials and Methods
2.1 Sampling and experimental conditions
For PAEs and plastic incubations, about one hundred liters of seawater were
collected in Marseille Bay (NW Mediterranean Sea: 43°16‟N; 05°20‟E) in June 2015 at 3
m depth by using a 12 L-GO-FLO© (GENERAL OCEANICS) bottle, previously rinsed
with 1 % hydrochloric acid and ultrapure water (MQ, resistivity > 18.2 M), to prevent
contamination, transferred in 5 and 10 L glass bottles and brought back in the laboratory
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within one hour. Then, seawater was directly filtrated in an ISO class 6 cleanroom
(temperature: 22 °C; SAS pressure: +15 Pa; SAS brewing rate: 30 vol h-1; lab pressure:
+30 Pa; brewing rate: 50 vol h-1) through precombusted (450 °C for 6 h) GFC filters (1.2
µm pore size, 47-mm diameter, rinsed with 2 L of MQ and 150 mL of sample prior to
filtration) in a precombusted glass apparatus and transferred into 1 L-glass bottles stored
for 2-3 hours at 4 °C for further experiments.
a) PAE bacterial degradation experiment
For PAEs biodegradation, 700 mL of filtered seawater was transferred into
preccombusted 1-L glass bottles, spiked with a mixture of 7 PAEs solution (grade > 98 %,
Supelco, Bellefonte) reaching a final concentration of 1 ug L-1, wrapped up with aluminum
paper, and incubated in duplicate at 22 °C for two months in the dark in temperature
controlled laboratory. Bottles were filled to 70% of the bottle volume to ensure well
oxygenated conditions. Control samples were prepared in duplicates, poisoned with
sulfuric acid to pH ~ 2 to avoid any biological activity and taken at the end of the
experiments. Subsamples were collected by using precombusted Pasteur pipettes at 0, 1, 2,
4, 7, 13, 21, 28, 35, 42, 49 and 60 days.
b) PAE releases from plastic material experiments
For PAEs release experiments, i) one pieces of 2 cm  2 cm  50 µm (total mass of
0.4 g, 8.1 cm2 surface area) of commercially available black plastic ordinary garbage bag
(PB) ii) the insulation layer of electrical cable (EC, total mass of 1.5 g, tube 1cm length, 9
mm O.D., 5 mm ID, 4.8 cm2 surface area) were transferred into separated 1-L glass bottles
previously filled with 600 mL of filtrated seawater. The Plastic fragments were incubated
for two months in the dark in temperature controlled laboratory. Bottles were filled to 60%
of the bottle volume to ensure well oxygenated conditions. Before experiment, the plastic
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material surfaces were cleaned with MQ and cut into pieces with metal scissors previously
cleaned with organic solvent and MQ. Twelve experiments were carried out in controlled
thermostatic rooms and consisted of evaluating two types of plastic at three different
temperatures: 1) in-situ temperature (22°C); 2) 27°C and 12°C. Highest and lowest
temperatures were used to explore possible effect of extreme summer warming in surface
water (27°C) and Mediterranean deep seawater conditions (12 °C), respectively. For each
temperature, four experimental conditions were set up: dark biotic (DB), dark abiotic
(DA), light biotic (LB) and light abiotic (LA). The artificial light inside the thermostatic
room was left on for light samples whereas dark samples were wrapped up with aluminum
paper and kept in cardboard boxes. The abiotic condition was obtained poisoning the
samples with 1 mL of 10 g L-1 HgCl2. Two replicates for each condition were performed.
The experiment was performed for 3 months and bottle samples were gently swirled for
few seconds three times a day and twice during week end. The subsamples for PAE
analyses were collected at 0, 1, 2, 4, 7.5, 10, 12 weeks and about 400 mL of water were
transferred to glass bottles, poisoned with sulfuric acid to pH ~ 2 to avoid any biological
activity, closed with polytetrafluoroethylene-lined (PTFE) screw caps and stored in the
dark at 4 °C.
From the subsamples of all the experiments, an aliquot in duplicate (10 mL) were
collected for dissolved organic carbon (DOC) determination with precombusted Pasteur
pipettes, transferred into precombusted glass vials, poisoned with sulfuric acid to pH ~ 2,
closed with PTFE-lined screw caps and stored in the dark at 4 °C. DOC concentrations
were measured using a Shimadzu TOC-5000 carbon analyzer (Sempéré et al., 2008). An
additional aliquot of subsample (1.8 mL) was collected for procaryote abundance
determination, transferred into cryovials and fixed with 2% (w/v final dilution)
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formaldehyde solution. Samples were stored in freezer (-60 °C) until analysis in the
laboratory.

2.2 Phthalates analyses
Seven phthalates were studied in this study including dimethyl phthalate (DMP),
diethyl phthalate (DEP), dipropyl phthalate (DPP), di-isobutyl phthalate (DiBP), di-n-butyl
phthalate (DnBP), benzylbutyl phthtlate (BzBP) and di-(2-ethylhexyl) phthalate (DEHP).
The deuterated internal standards were: DEP-d4, DnBP-d4, DEHP-d4. All native and
labeled standards were of high purity grade (> 98 %). Stock solutions were prepared in
hexane and stored in the dark at 4 °C. Working solutions (unlabeled and labeled standards)
were prepared by dilution of these solutions at 20 mg L-1. All solvents were glass-distilled
grade and supplied by Rathburn Chemicals Ltd. (Walkerburn, UK). MQ was produced onsite on a Milli-Q system, Millipore (Molsheim, France). Water extractions were carried out
in controlled air condition of a purified air room. All the glassware was previously kept in
acid bath overnight (10 % hydrochloric acid), rinsed with MQ, combusted at 450 °C for
6 h and rinsed with methanol and dichloromethane immediately prior the use.
Water extractions were performed following the method optimized for seawater PAEs
detection at trace level by Paluselli et al. (2017). Briefly, PAE were SPE extracted from
seawater by using precombusted 6 mL-glass reaction tube equipped with methanolprecleaned PTFE frits (Supelco, Sigma-Aldrich) and containing 200 mg of Oasis HLB
sorbent (Waters Corporation, 30 µm, 100 g). SPE was conducted on a Visiprep vacuum
manifold from Sigma-Aldrich (Saint Quentin Fallavier, France). Before sample extraction,
SPE cartridges were three times sequentially cleaned with 5 mL of acetone, 5 mL of
dichloromethane, then conditioned with 5 mL of ethyl acetate, 5 mL of acetone and 5 mL
of MQ prior the sample processing. Seawater samples, which were spiked with DEP-d4,
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DnBP-d4 and DEHP-d4 at 50, 200 and 400 ng L-1, respectively for internal standard
quantification, were percolated onto the cartridges under vacuum at a flow rate of about 10
mL min-1. Then, 5 mL of MQ was percolated to remove the remaining salt and air-dried for
around 1 h under vacuum. PAEs were eluted into precombusted 10 mL-vials by a 2-step
percolation of 3 mL of ethyl acetate. Ethyl acetate was gently evaporated up to a final
volume of 200 µL at room temperature directly in the vial under a gentle stream of
nitrogen (purity > 99,995 %), immediately closed with PTFE-lined screw caps rubbed with
PTFE ribbon and stored before injection in the dark at -20 °C. Extractions were carried out
in controlled air conditions in an ISO class 6 chemistry cleanroom. All glassware was
made of borosilicate glass and that was previously kept in an acid bath overnight (10 %
hydrochloric acid), rinsed with ultrapure water, combusted at 450 °C for 6 hours and rinsed
with methanol and dichloromethane just before use.

2.3 GC/MS condition
Analysis was performed using an Agilent Technologies 6850 GC system coupled to
an Agilent Technologies 5975C mass spectrometer (GC/MS) operated with electron impact
ionization (70 eV). Chromatographic separation was achieved on an Agilent HP-5MS
capillary column (30 m x 0.25 mm, 0.25 µm film thickness) with the GC oven
programmed at 70 °C for 1 minute and then up to 230 °C at 30 °C min-1, to 250 °C at 8 °C
min-1 and to 280 °C at 30 °C min-1 with a final isotherm hold for 7.50 min. Helium was
used as the carrier gas at a flow rate of 1.1 mL min-1. The sample was manually injected
(2 µL) on a splitless mode with an injector temperature of 250 °C. The injector (Merlin
Microseal system) was used as a low carryover septum and a gas purifier (Charcoal,
CP17972) in order to prevent contamination during the injection. Data were acquired in
single ion monitoring mode for increased sensitivity with a dwell time of 100 msec.
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Retention time and response factors were assessed for each analytical sequence from daily
control standards to ensure the most appropriate quantification. Data was collected and
analyzed with the Agilent ChemStation software. Although caution was paid to prevent
contamination, DEP, DiBP and occasionally DnBP were detected in the procedural blanks
at levels that remained however below 0.4-2 %, 2-3 % and 0-4 % of the masses measured
in different seawater samples, respectively.

2.4. Heterotrophic procaryotes
For heterotrophic procaryote determination, seawater aliquots of 1.8cm3 were fixed
with 2% (w/v final dilution) formaldehyde solution, quickly frozen in liquid nitrogen and
stored in the deep freezer onboard (-60°C) until analysis at the flow cytometry core facility
PRECYM of the Mediterranean Institute of Oceanology (http://precym.mio.osupytheas.fr).
In the PRECYM, samples were thawed at room temperature and stained using SYBR
Green II (Molecular Probes®) (Girault et al., 2015). The analyses were performed on a
FACSCalibur flow cytometer (BD Biosciences®) equipped with an air-cooled argon laser
(488 nm, 15 mW).

3. Results and discussion
3.1 PAEs biodegradation in seawater
PAEs concentrations in the dark under abiotic conditions (controls) were only
affected by hydrolysis and adsorption on glass walls and their degradation was negligible
even after 60 days for all compounds (Fig. 1). Under biotic conditions, 4 of the 7 target
PAEs in seawater, DnBP, DiBP, BzBP and DEHP degraded almost completely (> 85 %)
within 49 days of incubation (Fig. 1). A first order nonlinear regression (Eq 1) was applied
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to the data to estimate degradation rate (i.e., k) and half-life (t1/2, Eq 2) and the values are
shown in Table 1. C(t) and C(t=0) are the PAE concentrations at each time t or t = 0,
respectively.
(1)
(2)
DnBP was characterized by the highest degradation rate (k = 0.046 ± 0.009 d-1),
with a half-life of 15 days, followed by BzBP with t1/2 of 21 days. DiBP, DEHP and DPP
showed higher t1/2 of 29, 26 and 29 days, respectively. In contrast, DEP and DMP showed
a slower and gradual degradation down to 51 and 40 %, respectively, of the original
concentration after 2 months (end of the experiment) with estimated half-lifes of 79 and 53
days, respectively.

Table 1. Degradation rates (k) and half-lifes (t1/2) of 6 PAEs under dark biotic conditions. First
order regression was fitted to experimental data using XLSTAT software. RSD (relative standard
deviation) is applicable for both k and t1/2

Compound

k (d-1)

t1/2 (d)

RSD (%)

R2

DMP

0.013

53

11.4

0.905

DEP

0.009

79

9.2

0.932

DPP

0.024

29

20.1

0.727

DiBP

0.024

29

20.1

0.822

DnBP

0.046

15

10.2

0.964

BzBP

0.034

21

20.8

0.824

DEHP

0.027

26

8.3

0.963
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Figure 1. Degradation of 7 PAEs in seawater at 22 °C (in situ temperature) and in dark condition.
(a) DMP, (b) DEP, (c) DPP, (d) DiBP, (e) DnBP, (f) BzBP and (g) DEHP kinetics of degradation.
Control samples were used as a comparison in this study at t0 and tfinal.

The differences observed between degradation of 6 PAEs in natural seawater could be due
to a selective degradation by the bacterial community. Probably the butanol hydrolyzed by
de-esterification from one of the ester groups of DnBP served as carbon and energy source
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of growth by bacteria preferentially than the methyl or ethyl group of DMP and DEP.
PAEs with longer side chains, as DiBP, DnBP and DEHP are converted to those with
shorter chains by β-oxidation, which removes one ethyl group each time until getting DEP
(Amir et al., 2005) or/and by trans esterification (demethylation), replacing an ethyl group
from DEP with a methyl group in each step, producing ethyl-methyl phthalate and then
DMP (Cartwright et al., 2000).

3.2 Release from plastic fragments
PAEs release was observed in all the experiments performed from both plastics
studied. However, only DMP and DEP migration were detected from EC experiments (Fig.
2, 3, 4) whereas only DiBP and DnBP were released from PB experiments (Fig. 2, 3, 4).
DPP, BzBP and DEHP were never detected. This could be explained by: i) their absence
from the selected polymers; ii) the low release rate implying concentrations below our
detection limits in the surrounding water phase; iii) the thermodynamically unfavorable
migration of heaviest PAEs to the water compartment (PAEs having highest log Kow). In
all experiments, the larger migration was detected in first weeks of incubation with specific
magnitude and trend for each individual treatment. Processes involved in these
experiments were physical mixing, light effect, bacteria, temperature, as well as adsorption
and hydrolysis after two months.

3.2.1 Light effect
The influence of the artificial light was investigated for both PB and EC plastics
materials at the three temperatures and under biotic and abiotic experimental conditions,
and PAEs release was observed in all the samples treated. All data are normalized to the
mass of plastic incubated. LA conditions were compared to DA, in order to isolate the

146

Chapter III: Release and Degradation

effect of light. Fig. 1 illustrates typical release kinetics observed at 22 °C for both EC
(release of DMP and DEP) and PB (release of DiBP and DnBP) experiments.
In the 12 EC experiments, a large migration was observed during the first 1-2
weeks, whereas the measured concentration reached a plateau and remained stable, in both
LA and DA treatments, for the following 6 weeks. After 8-10 weeks, the measured
concentration started a slight decrease most probably due to adsorption or hydrolysis
phenomena. Overall, a significant difference was observed on the magnitude of DMP and
DEP migrations between the DA and LA conditions. In DA treatments, the release after 2
weeks reached up the values of 2.6 ± 0.4 ng g-1 for DMP and 11.1 ± 2.4 ng g-1 for DEP,
while in the presence of the artificial light (LA) it increased up to 6.7 ± 1.0 ng g-1 and 23.3
± 3.5 ng g-1, respectively. Therefore, in the presence of light, twice higher quantities of
PAEs were released from EC under our experimental conditions.
In the PB experiments, the migration of DiBP and DnBP was detected in the first
week for all 12 experimental conditions. Differently from EC experiments, the differences
observed between DA (DiBP: 333.4 ± 50.3 ng g-1; DnBP: 480.5 ± 72.1 ng g-1) and LA
(DiBP: 414.5 ± 62.2 ng g-1; DnBP: 555.2 ± 83.2 ng g-1) were not significant during the
time course experiment (Fig. 2). Thus, in the case of PAEs release from PB, no differences
were measurable under our experimental varying light conditions, whether for release
velocity or maximum mass reached.
The different patterns observed for both EC and PB could rather be linked to the 3dimension configuration of each plastic pieces (i.e., 2 mm vs. 50 µm thickness
respectively). Indeed, the very thin PB could release all of its PAE burden either with or
without light. In contrast, light could help degrading the surface layer of EC, making more
PAE quantities water-accessible.
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Figure 2. Graphical representation of the release kinetics of DMP (a) and DEP (b) from EC
experiments and of DiBP (c) and DnBP (d) from PB experiments. The two experimental conditions
were Dark Abiotic (DA) and Light Abiotic (LA) incubated at 22°C (in-situ temperature). Curves
are given to assist in reading and do not represent data modeling.

3.2.2 Biotic effect
Among all experiments, the highest PAEs migration was observed under biotic
conditions. DB conditions were compared to DA, in order to isolate the effect of bacteria.
Fig. 3 shows typical release kinetics observed at 22 °C for both EC (release of DMP and
DEP) and PB (release of DiBP and DnBP) experiments. In the 6 EC biotic experiments,
the DMP and DEP migrations were observed for all the first month of incubation, followed
by a sharp decrease down to almost zero after 10 weeks. In these DB conditions, releases
measured after 4 weeks (DMP: 9.5 ± 1.4 ng g-1; DEP: 68.9 ± 10.3 ng g-1), were around 5
times higher than those observed under abiotic conditions. Differently, migrations from the
DB (DiBP: 364.7 ± 54.7 ng g-1; DnBP: 464.4 ± 69.7 ng g-1) and DA PB experiments were
characterized by i) a similar initial increase in concentration and ii) a faster decrease of this
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concentration, down to almost zero after 4 weeks in DB conditions. As for light effect, a
PAEs release catalyzed by bacterial communities seems to be more effective for EC than
PB. Indeed, as the plateau value is much higher in the case of EC, it is likely that bacteria
made water-accessible a larger amount of PAE, whereas PB is so thin that most PAEs were
already able to migrate toward the water phase, without the help of bacteria. Thus,
thickness of each plastic pieces should again play an important role in the release of their
PAEs content.

Figure 3. Graphical representation of the release kinetics of DMP (a) and DEP (b) from EC
experiments and of DiBP (c) and DnBP (d) from PB experiments. The two experimental conditions
were Dark Abiotic (DA) and Dark Biotic (DB) incubated at 22°C (in-situ temperature). Curves are
given to assist in reading and do not represent data modeling.
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3.2.3 Temperature effect
Three temperatures were considered in these experiments: 12 °C, 22 °C and 27 °C.
In Fig 4, the DA experimental conditions at 3 temperatures are shown. In EC experiments,
an extremely high release was observed in the 12 °C condition for both DMP and DEP
compared to 22 and 27 °C experiments. In addition, the highest value of 13.8 ± 2.1 ng g-1
and 84.8 ± 12.7 ng g-1 for DMP and DEP, respectively, was reached after 2 months of
incubation. At 27 °C, the observed release was similar to the DA condition at 22 °C with
2.3 ± 0.3 ng g-1 for DMP and 9.0 ± 1.8 ng g-1 for DEP. At 12 °C, the 87 % of DMP and 81
% of DEP amount of migration were probably caused by the decreasing of temperature
compared with the results obtained at 22 °C (Paragraph 3.2 a).

Figure 4. Graphical representation of the release kinetics of DMP (a) and DEP (b) from EC
experiments and of DiBP (c) and DnBP (d) from PB experiments. The three experimental
conditions were Dark Abiotic (DA) at 22°C, Dark Abiotic (DA) at 27°C and Dark Abiotic (DA) at
12°C. Curves are given to assist in reading and do not represent data modeling.

150

Chapter III: Release and Degradation

This unexpected finding is otherwise confirmed by the other three set of experimental
conditions (DB; LA; LB, data not shown). This large release observed at 12 °C from EC
would therefore be related to the nature of the plastics. Indeed, one purpose of this material
is to support the higher temperatures of the electrical cables without any degeneration. It
could be that at lower temperatures the structure of this polymer undergoes small changes
that allows higher migration of the two PAEs of smaller size and highest solubility in water
(e.g., tightening of the polymer structure implying higher porosity and pore size). In PB
experiments, temperature does not seem to affect the magnitude of the DiBP and DnBP
release process and the differences between the three temperatures were small or even not
significant during the 3 months of incubation.

3.2.4 Material effect
These results showed how two different common plastic materials could be
considered as potential source of PAEs in marine environment. None of the plastics
investigated were chemically inert and releases of phthalates were observed in all cases
during time course experiments. In this study, two common plastic products as trash plastic
bags and electrical cables were found to release distinct PAEs in different ways. Trash
bags are commonly manufactured of polyethylene, transforming plastic beads in bags.
They are made from low density polyethylene (LDPE) which is purported to be flexible,
soft, airtight and waterproof. High density polyethylene (HDPE) is also used to provide
strength to the bags. The insulation sheath of electric cables is made of a polymer
composition comprising a polymer base resin of polyethylene, ethylene-propylene rubber
(EPR) or polyvinyl chloride (PVC). In addition, the insulation layers usually contain
further additives to improve the physical proprieties and to increase cables resistance to
different surrounding conditions, ranging from 0.3 to 5 % by weight of total polymer
composition.
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PAEs migration from plastic materials was already well documented in cases
concerning the potential release in food and water from bottles, packaging materials and
disposable tableware. Even when a polymer (without additives) such as PE or PVC does
not exhibit plasticizer, commercial resins and the final products from these polymers often
release additives. Different PETE products release different amounts of PAEs because
different PETE copolymer manufacturers choose different monomers, additive packages
and synthetic processes to produce PETE copolymer resins (Yang et al, 2011). Despite
some claims that phthalates are not used in manufacturing PETE food packaging, several
phthalates have been extracted from PETE water bottles. PAEs (DMP, DEP, DiBP, DnBP
and DEHP) migration was reported to be significantly higher (p<0.001) in plastic mineral
bottles, made of PETE and Tetra Pak, compare with the contamination in glass bottles
(Hahladakis et al., 2017; Wagner and Oehlmann, 2009; Montuori et al., 2008; Biscardi et
al., 2003; Bosnir et al., 2003, Kim et al., 1990). Migration of 5 PAEs was observed from
tableware to drinking water, with DiBP and DEHP concentration (10.1 ng mL-1 and 5.8 ng
mL-1, respectively) exceeded the limit levels regulated by some organizations (Li et al.,
2016). The migration after an incubation of 10 days at 40°C was reported to be higher in
PE bread-bag than in PE film (Fasano et al., 2012) and DMP, DEP, DnBP and DEHP were
detected at higher concentration after 10 weeks of incubation in PETE storing bottles
(Casajuana and Lacorte, 2003). The exposition to one or more stresses often increases the
leaching of plasticizers (Yang et al., 2011) as confirmed by baby bottles experiments under
hot fill conditions of 70 °C, where large migration was observed, after 2 hours, of DiBP
and DnBP (50-150 µg kg-1) and DEHP (25-50 µg kg-1) (Simoneau et al., 2012). Another
study has estimated the PAEs migration at different temperatures and to different liquid
media (water/cooking oil) and in this experiments DnBP was the PAE with the highest
migration rate in water (Xu et al., 2010). Similar results were obtained in migration
experiments to water (pH>5) and soft drinks (pH<3), in which DnBP, followed by DEHP,
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were characterized by the highest release rate in water (Bosnir et al., 2009). High transfer
rate was also detected from PVC gasket material for closures to oily foods, estimating an
average transfer of 46% (Fankhauser-Noti and Grob, 2006; Ezerskis et al., 2016). A recent
study has estimated the migration process to seawater from plastic material made in PVC
or PETE and they have detected migration of DEHP from PVC and DnBP from PETE for
3.8% and 0.4%, respectively, of the original content (Suhrhoff and Scholz-Bottcher, 2016).
The migration of an additive in a polymer depends on several parameters. The
polymer has a three-dimensional porous structure in which the additives are dispersed and
pore diameter and additive size are important parameters (Teuten et al., 2009) that could
determine a selective release of the lower molecular weight additives, in this case DMP
and DEP. In addition, the depletion of these PAEs from the resin surface and a negative
concentration gradient from the inside to the surface may causes the migration (Teuten et
al., 2009). In contrast, DEHP, the highest molecular weight phthalate target in this study
and the other HMW-PAEs are more resistant to migration owing to their hydrophobicity
and higher partitioning coefficient. The nature of the polymer of the insulation layer of
electrical cables, compact and dense, and the tube-shape of the fragments used for the
incubation experiments could be two factors involved as well in PAEs selective migration
in the surrounding medium. DMP and DEP could be better candidates for migration
process from this fragment of plastic if compared with DiBP, DnBP and DEHP. On the
other hand, a significant DiBP and DnBP release was observed from the plastic bags. This
material was made by a different polymer structure, resulting less compact and more
flexible, and the fragments used for the incubation were characterized by a larger surface
to mass ratio. In addition, the two plastic materials could be made of different amount of
plasticizers since the purpose for which they have been produced and necessary features
are different. The release may take place during the service life of plastics or their
production or after their disposal and since the easiness of DMP and DEP to pass through
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larger pore of the polymer, it could be possible that this material has already lost most of
LMW-PAEs content before the incubation experiments.
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Release of DnBP (ng g-1) from Plastic Bag fragment experiments
Time
(Week)

Dark Biotic (DB)
22 °C

Dark Abiotic (DA)
22 °C

Light Biotic (LB)
22 °C

Light Abiotic (LA)
22 °C

Dark Abiotic (DA)
12 °C

Dark Abiotic (DA)
27 °C

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

0

39.4

11.0

51.1

15.0

33.7

5.1

67.1

15.0

88.0

13.2

44.1

6.6

0.7

435.4

65.3

464.5

69.7

395.2

59.3

508.0

76.2

382.0

57.3

389.2

58.4

1

464.4

69.7

480.5

72.1

430.7

64.6

555.2

83.3

419.3

62.9

427.0

64.0

2

276.8

41.5

462.9

69.4

345.9

51.9

433.5

65.0

402.5

60.4

401.3

60.2

4

5.3

15.0

378.5

56.8

214.7

32.2

381.7

57.3

347.0

52.0

296.8

44.5

7.5

30.1

12.5

297.4

16.5

87.9

5.4

373.2

76.0

272.5

40.9

106.6

16.0

10

9.0

3.2

253.6

15.4

37.2

8.9

262.6

16.8

233.3

35.0

183.0

27.5

12

5.1

1.5

253.3

14.8

16.7

4.2

208.6

14.5

203.5

30.5

156.1

23.4

Release of DiBP (ng g-1) from Plastic Bag fragment experiments
Time
(Week)

Dark Biotic (DB)
22 °C
Avg

ST. Dev.

Dark Abiotic (DA)
22 °C

Light Biotic (LB)
22 °C

Avg

Avg

ST. Dev.

Light Abiotic (LA)
22 °C

ST. Dev.

Avg

ST. Dev.

Dark Abiotic (DA)
12 °C

Dark Abiotic (DA)
27 °C

Avg

ST. Dev.

Avg

ST. Dev.

0

52.5

10.0

65.2

9.8

59.7

9.0

131.0

19.6

79.0

11.9

44.2

6.6

0.7

346.0

51.9

300.0

45.0

355.7

53.4

394.9

59.2

279.5

41.9

291.6

43.7

1

364.7

54.7

333.4

50.0

383.9

57.6

414.5

62.2

311.7

46.8

323.8

48.6

2

237.2

35.6

344.1

51.6

292.9

43.9

315.8

47.4

297.8

44.7

296.9

44.5

4

11.3

3.5

285.9

42.9

252.2

37.8

269.1

40.4

255.5

38.3

224.1

33.6

7.5

9.8

4.8

223.8

33.6

170.6

29.4

269.0

40.3

192.5

28.9

167.9

25.2

10

10.9

4.5

171.2

31.5

123.6

18.5

242.9

39.5

169.4

25.4

151.4

22.7

12

29.3

10.5

207.3

31.1

85.8

12.9

229.8

34.5

155.4

23.3

135.7

20.4
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Release of DEP (ng g-1) from Electrical Cable fragment experiments
Time
(Week)

Dark Biotic (DB)
22 °C

Dark Abiotic (DA)
22 °C

Light Biotic (LB)
22 °C
Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

0

1.8

0.3

0.4

1.6

1.1

1

48.8

7.3

8.9

2.4

65.6

2

63.2

9.5

11.1

2.4

4

68.9

10.3

12.9

7.5

36.2

5.4

10

10.4

1.6

12

1.4

0.2

Light Abiotic (LA)
22 °C

Dark Abiotic (DA)
12 °C

Dark Abiotic (DA)
27 °C

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

0.2

1.0

0.1

1.7

0.3

0.6

0.2

9.8

21.1

3.2

46.8

7.0

7.5

1.1

77.0

11.6

23.3

3.5

60.6

9.1

9.0

1.3

2.6

86.0

12.9

24.6

3.7

70.9

10.6

9.9

2.1

12.6

2.4

82.2

12.3

21.4

3.2

84.8

12.7

7.1

1.9

10.2

2.4

68.1

10.2

18.1

2.7

77.7

11.7

6.0

2.4

3.5

2.5

38.0

5.7

10.5

1.6

66.0

9.9

4.2

0.6

Release of DMP (ng g-1) from Electrical Cable fragment experiments
Time
(Week)

Dark Biotic (DB)
22 °C

Dark Abiotic (DA)
22 °C

Light Biotic (LB)
22 °C

Light Abiotic (LA)
22 °C

Dark Abiotic (DA)
12 °C

Dark Abiotic (DA)
27 °C

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

0

0.3

0.1

0.1

0.1

0.2

0.1

0.2

0.0

0.4

0.1

0.1

0.2

1

6.4

1.0

2.2

0.3

10.5

1.6

5.6

0.8

6.4

1.0

2.0

0.8

2

8.1

1.2

2.6

0.4

11.7

1.8

6.7

1.0

8.6

1.3

2.3

0.3

4

9.5

1.4

2.7

0.4

14.3

2.1

6.6

1.0

10.7

1.6

2.2

0.7

7.5

4.5

0.7

2.6

0.4

12.9

1.9

6.1

0.9

13.8

2.1

1.0

0.1

10

1.8

0.3

2.0

0.3

10.1

1.5

4.1

0.6

13.6

2.0

0.7

0.2

12

1.4

0.2

1.4

0.2

1.4

0.2

1.4

0.2

12.3

1.8

0.6

0.2
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PAEs degradation occurring in the biodegradation experiment
Time
(Day)

DMP (ng L-1)

DEP (ng L-1)

Avg

ST. Dev.

Avg

0

1108

84

1

1073

89

2

1048

4

DPP (ng L-1)

DiBP (ng L-1)

DnBP (ng L-1)

BzBP (ng L-1)

DEHP (ng L-1)

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

Avg

ST. Dev.

1124

98

1102

107.0

1127

156

1182

154

1107

87

1249

95

1082

101

1093

109

1061

159

1077

124

1100

96

1097

132

78

1062

106

1043

103

1028

137

1046

148

1114

89

1097

124

924

66

1006

91

1026

94

946

134

817

98

748

101

1037

114

7

819

71

941

93

1016

92

834

123

643

128

533

78

877

94

13

796

63

920

97

1012

98

819

117

579

126

611

73

858

56

21

794

89

885

88

945

99

779

125

457

85

605

82

581

78

28

810

74

887

74

829

93

685

88

320

53

437

56

520

68

35

715

58

845

52

806

108

678

75

313

59

387

24

509

51

42

571

49

778

67

717

54

551

89

213

28

262

32

484

62

49

539

56

683

64

67

8

23

9

8

2

nd

nd

191

35

60

444

54

564

59

11

2

27

4

9

2

nd

nd

155

39.0
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Conclusion and Prospectives

This thesis is a contribution to the study of the dynamics of phthalates in the marine
environment. Further research is needed however for a better understanding of the impact
of PAEs on the environment. This project was divided in three parts: firstly, an analytical
method was optimized in order to analyse PAEs at trace levels in seawater; in a second
part, this new method was applied to aquatic samples to estimate the occurrence of
phthalates mainly at the Bay of Marseille as well in the Rhone River plume, at the WWTP
outlet of Cortiou and finally, in water offshore Toulon. The last part of the thesis was
dedicated to the experimental estimation of the release of PAE from plastic fragments in
seawater.
Analytical methods for PAEs detection in several matrices have been already
described, with large number of techniques and protocols that are hardly applied to
seawater matrices, because of a possible contamination of samples interfering with the
analysis of low concentrations of phthalates in the marine environment. Only a few studies
reported PAE concentrations in seawater. In this thesis, the method has been optimized in
ISO class 6 cleanroom from previously published techniques testing several organic
solvents for elution, different volumes of sample and sorbent masses in order to decrease
phthalates contamination prior to PAE determination in seawater. This SPE extraction
technique consists of the adsorption on PAEs from 1-L acidified seawater eluted onto 200
mg Oasis HLB glass cartridges followed by elution with 6 mL of ethyl acetate and
determination by GC/MS (Fig. 1). The recovery of the PAEs from spiked seawater samples
ranged from 95 to 115 % and the contamination was strongly reduced by using a number
of precautions. The samples were tested for low PAEs concentration using GO-Flo bottles
and the complete protocol, in order to obtain the first vertical profile of the water column at
the Bay of Marseille (0-30 m) and off-shore (0-1500 m) a large number of samples was
collected and analyzed. Moreover, the method was successfully applied on samples along
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Figure 1. Method for PAE detection in seawater (Paluselli et al., 2017).

gradients of salinity in the plume of Rhone River and the WWTP outlet of Cortiou
(Paluselli et al., 2017).
PAEs distribution was measured on annual basis at Marseille Bay, from December
2013 to November 2014 and from surface to bottom water (0.5, 5, 15 and 30 m) (Fig. 2).
∑PAEs ranged from 130 to 1330 ng L-1 (av. 520 ng L-1), with the highest concentration in
winter 2013 in the mixed water column and close to the bottom in summer/fall 2014.
DEHP was the most abundant PAEs in most of the samples, especially in summer (up to
92%), followed by DiBP and DnBP. High concentrations were detected close to the
seafloor in most of the sampling periods, when slight changes in the relative abundance
were detected with a relative increase of DiBP, DnBP and DEP. DMP, DEP and BzBP was
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detected at lower concentration, as already observed in other study area. The high
concentration of DEHP is probably connected to the strong impact of the anthropic activity
around the city of Marseille, since this compound is the most common plasticizer used in
the process of plastic products. Indeed, the peak of concentration was observed during the
summer season, when recreational activities on the beaches and the maritime traffic
between islands are increased by tourism. The use and disposal of materials such as PVC,
food packaging, personal-care products, medical devices and detergents is more common
along the coast during the touristic season increasing the amount of DEHP released.
Moreover, high concentrations of PAEs were observed close to the bottom and we
hypothesized a more intense degradation in upper layer of the water column or a
resuspension of PAEs rich sediment. Indeed, accumulation of debris with a large
proportion of plastic material, PAE-producer, has been observed several times in the Gulf
of Lion.

Figure 2. ∑PAEs vertical profile at Bay of Marseille (Paluselli et al., 2018).
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Plastic bags and the insulation layer of the electrical cables were tested to estimate
the release of PAEs to seawater. These two materials have been chosen because of their
common used and dispersal in the environment. The effects of light, bacteria and
temperature have been also studied as potential factors that affect the release of PAEs from
plastics. During the first 1-3 weeks of the experiments, only DiBP and DnBP were released
from plastic bags without any effects of tested parameters. A large amount of DMP and
DEP were released, however, from electrical cable, also favored by both light and free
bacteria (Fig. 3). In addition, these results confirmed the possible resuspension of PAEs
from Marseille sediments polluted by plastic debris.

Figure 3. PAEs release experiments from two common plastic products (Paluselli et al., in
preparation).
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More research regarding PAEs distribution in seawater and, especially, in
Mediterranean coastal area is needed to improve our knowledge on the sources and the
extent of pollution by PAEs and to support a better risk assessment and management
measures. The recent techniques and the implementation of the old protocols allow the
reduction of PAEs background levels to obtain reliable measurements. A future
implementation could be focused on higher degree of automation of the analytical
procedures of sample treatments and analysis in order to shorten the times of analysis,
allowing the treatment of a larger amount of samples for a large scale research as on
oceanographic scale. Because of the lack of data in seawater, the creation of a PAEs
dataset in seawater could be a necessary tool considering the high level of micro and
macro-plastics accumulation in the Ocean. Integrated and concurrent studies on sediment,
seawater column and marine aerosol and as well reparation between particulate and
dissolved/gas phases could support more correct evaluations of exchange-fluxes between
the different environmental compartments and a better understanding of the composition
and fate of PAEs in the Mediterranean Sea. The confirmation of our hypothesis of PAEs
resuspension from marine sediment could be the first step of this research pathway. Indeed,
a recent research conducted in China (Zhang et al., 2018) seems to confirm this hypothesis,
detecting higher PAEs concentration in bottom water than in surface. However, these are
only the first steps for the future phthalates observations in marine environment.
Additional future research will include detailed analysis of phthalate monoesters in the
environment, first metabolites that are involved in the endocrine disruption mechanisms of
the phthalate diesters.
More investigations are needed on the level of PAEs transfer and bioaccumulation
on the food web in marine environment. This could be implemented through concurrent
individual PAE analysis at all levels of trophic chain, from phyto and zooplankton to

171

Chapter III: Release and Degradation

predator organisms tissues, and including PAEs and microplastic determination in the
surrounding seawater in order to estimate phthalates transfer to biota. These studies should
be part of ecological and toxicological studies to evaluate the impact on marine ecosystem.
Moreover, PAEs catabolic pathways in biota should be fully investigated and future
research activities will probably focus as well on the secondary metabolites of phthalates.
Finally, the number of organisms potentially used as bioindicator should be increased for
the implementation of monitoring the PAEs impact on the ecosystem.
Finally, understanding the interactions between PAEs and plastic pollution will
support a better understanding of impacts of PAEs on both human and environment health.
For this, investigating the release of PAEs from common plastic materials, in different
experimental conditions, has become critical. Sunlight, bacteria, wave action, sand, salt
and natural leaching are potential factors to studies. In addition, these evaluations must be
performed in different other compartments of the environment, such as rivers or river
plumes. Experiments through plastic incubation in sediment samples, may bring key
information and confirm our hypothesis of PAEs resuspension from seafloor. Improving
our knowledge will also enable to estimate PAEs kinetics for the release from plastics and
conceptualize and predict or estimate the global impact of phthalates as consequence of
the plastic pollution in the Ocean.
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