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• Baseline MPs pollution in littoral sedi-
ments of the Gulf of Guinea were inves-
tigated.

• Microplastic particles distribution
across coastline were heterogenous
and significant.
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iable aggregated site contents.

• DEHP, DnBP and DMP are the most
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⁎ Corresponding author at: Marine and Freshwater Bio
E-mail address: nsikak.benson@covenantuniversity.ed

https://doi.org/10.1016/j.scitotenv.2020.139013
0048-9697/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 25 January 2020
Received in revised form 23 April 2020
Accepted 24 April 2020
Available online 1 May 2020

Editor: Damia Barcelo
Baselinemicroplastic pollution and the occurrence, spatial distribution and ecological risk ofmicroplastic-sorbed
phthalate esters (PAEs) in littoral sandflat sediments of the Gulf of Guinea were investigated. A total of 150 sed-
iment samples were collected using a 0.5 × 0.5 × 0.2m quadrant placed along designated high, drift and current
waterlines at five (5) beaches. Analysis for 6 PAEs-sorbed to microplastics (MPs) was carried out using gas chro-
matography – mass spectrometry (GC–MS). Microplastic particles (1–5 mm) were identified visually and FTIR
spectroscopy was also used for identification. The MPs distribution was variably heterogenous with a total of
3424 particles per m2 found within the drift and high waterlines across all sites. Results indicated fragments as
the dominant microplastic type compared to pellets and fibres. Polyethylene terephthalate was the major poly-
mer type and accounted for a weighted average of 41% of the total plastics, followed by polystyrene (28%), and
polypropylene (21%). The ∑6PAEs concentration ranged from BDL to 164.09 mg/kg dw, dominated by di(2-
ethylhexyl) phthalate (DEHP), dibutyl phthalate (DnBP), and dimethyl phthalate. The preliminary ecological
risk assessment of PAEs in the microplastic fraction, RQmp, showed DEHP and DnBP may present medium to
high biological risks to marine organisms, suggesting that future study of PAEs in total sediment versus the MP
fraction might be useful to refine ecological risk assessments. Land-based anthropogenic activities are primary
sources of MPs, whereas oceanographic peculiarities of the area constitute the major distribution driving force.
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1. Introduction
Our oceans, seas, coastal and terrestrial environments are directly
and indirectly riddled with billions of tons of marine debris produced
from human-mediated activities. Microplastics (MPs) pollution largely
involves discarded single-use everyday plastic items such as plastic bot-
tles and straws, cotton buds, disposable diapers, fishing lines, drink stir-
rers, plastic containers for personal care products and medicines,
Styrofoam cups, plastic grocery bags, tires, cigarette butts, textiles, plas-
tic beverage holder, etc., which may take several hundreds of years to
biodegrade once they are released into marine and terrestrial environ-
ments (Fred-Ahmadu et al., 2020; NOAA, 2015, 2018). Generally, the in-
troduction of plastics into the aquatic ecosystem could be attributed to
primary and secondary sources of pollution (Xu et al., 2020). The pri-
mary sources include the direct manufacture and introduction of the
plastics into the aquatic ecosystems aswell as production feedstock pel-
lets, plastic films, resin pellets, microbeads, body scrubs, and miscella-
neous plastic containers of facial products (Fred-Ahmadu et al., 2020;
Xu et al., 2020; Alimi et al., 2018; Hernandez et al., 2017; Wang et al.,
2017; Nizzetto et al., 2016; Rochman et al., 2015; Lechner et al., 2014;
Hidalgo-Ruz et al., 2012).

More so, the secondary sources recognised as the most significant
source of MPs with far-reaching health and ecological effects come
from the gradual fragmentation of more abundant primary-sourced
plastic materials into smaller sized particulates, through ultraviolet ra-
diation, microbial breakdown, mechanical abrasion by wind and ocean
waves, thermal degradation, and physical weathering and ageing (Xu
et al., 2020; Wang et al., 2019; Eriksen et al., 2013; Barnes et al., 2009;
Arthur et al., 2009). This progressive degradation process driven pri-
marily by natural hydrological, chemical and biological factors results
in the formation of plastic fragments including microplastics, generally
defined as synthetic polymeric particles of diameter smaller than
5 mm (Fred-Ahmadu et al., 2020; NOAA, 2015, 2018; von Moos et al.,
2012; Zarfl et al., 2011; Thompson et al., 2004). Other breakdown prod-
ucts are mesoplastics and macroplastics with diameters of 5–25 mm
and greater than 25 mm in size, respectively.

Moreover, in recent years, increasing research attention has been
focus on MPs particularly given the environmental risks and threats to
aquatic organisms, primarily linked to their small size and substantial
specific surface area, chemical constituents, and considerable capacity
to leach out toxic organic and inorganic chemical additives including
endocrine-disrupting chemical substances into the marine ecosystems,
whose health risk is capable of being transferred through the food
chain (Ramirez et al., 2019; Magni et al., 2018; Scopetani et al., 2018;
Pérez-Lobato et al., 2016; Wang et al., 2015). Additionally, MPs have
been reported to facilitate the distribution of aquatic contaminants
such polycyclic aromatic hydrocarbons, organophosphorus esters, pes-
ticides, polychlorinated biphenyls, phthalate esters, and several other
persistent organic compounds (Ramirez et al., 2019; Zhang et al.,
2018a; Zobkov and Esiukova, 2017; Yu et al., 2016; Qiu et al., 2015;
Tanaka et al., 2013).

Phthalate esters (PAEs) are ubiquitous chemical additives, generally
used as plasticizers in the manufacturing of plastics to enhance their
flexibility, durability, and transparency as well as offer plastics its light
weighted characteristics (Xu et al., 2020; Zhang et al., 2019; Avio
et al., 2017; Kang et al., 2017; Li et al., 2017; Rahman and Brazel,
2004; IARC, 2000). Examples of PAEs include di-n-amyl phthalate
(DnAP), di-n-butyl phthalate (DnBP), di-nhexylphthalate (DnHP), di-
n-nonyl phthalate (DnNP), di-n-octyl phthalate (DnOP), di(2-n-
butoxyethyl) phthalate (DBEP), butylbenzyl phthalate (BBZP), di-
cyclohexyl phthalate (DCHP), di-ethyl phthalate (DEP), di(2-
ethoxyethyl)phthalate (DEEP), di(2-ethylhexyl)phthalate (DEHP), di-
isobutyl phthalate (DiBP), di-methyl phthalate (DMP), di-methylglycol
phthalate (DMGP), di(4-methyl-2-pentyl)phthalate (DMPP), and di
(hexyl-2-ethylhexyl)phthalate (HEHP). These plasticizers are peculiarly
not chemically bonded to the polymer chains of plastics, and can easily
leach out into themarine ecosystems directly and consequentially from
discharged phthalate-containing plastic materials (Jiménez-Skrzypek
et al., 2019; Paluselli et al., 2018a; Katsikantami et al., 2016; Holahan
and Smith, 2015; Fasano et al., 2015; Wang et al., 2013; NRC, 2008;
ATSDR, 2001, 2002).

Phthalate esters can be generally classified as low molecular weight
(LWPAEs) and high molecular weight (HWPAEs) phthalates. Consider-
ing the molecular weights of respective phthalate species, LWPAEs and
HWPAEs have molecular weights that are b250 g mol−1 and
N 250 g mol−1, respectively. Low molecular weight phthalates such as
DiBP, DnBP, and DEP are largely used as plasticisers in the production
of packaging bags, coating materials, personal care products, nail pol-
ishes, cloves, wires and cables (NIH, 2019; Net et al., 2015; Guo et al.,
2012). On the other hand, the HWPAEs including BBZP and DEHP are
mostly used as plasticisers in the production of vinyl-based products
(wall coverings, vinyl gloves, floor tiles, traffic cones, carpet tiles, table-
cloths, furniture upholstery, shower curtains, garden hoses, etc.), medi-
cal devices (e.g. blood packaging bags, medical tubing), and building
materials (NIH, 2019; Rocha et al., 2017; ATSDR, 2014).

PAEs are potentially toxic esters of phthalic acids that are uniquely
responsible for disrupting the endogenous hormones in humans after
exposure to extremely low concentrations, capable of resulting in be-
havioural and reproductive dysfunction (Prata et al., 2020; Benjamin
et al., 2017; Cole et al., 2011; Diamanti-Kandarakis et al., 2009;
Patisaul and Adewale, 2009; Gray Jr. et al., 2006; BKH, 2000).
Endocrine-disrupting compounds (EDCs) such as some phthalate me-
tabolites act by adversely impinging on the natural production, secre-
tion, and metabolic activities of hormones in the human body
(Diamanti-Kandarakis et al., 2009; Kavlock et al., 1996). This character-
istic makes PAEs one of the potent endocrine-disrupting substances
found inmicroplastics. For example, studies have shown that phthalates
such as di(2-ethylhexyl)phthalate (DEHP), diethyl phthalate (DEP), di-
isobutyl phthalate (DiBP), di-n-butyl phthalate (DnBP), butylbenzyl
phthalate (BBZP), and di(2-ethylhexyl)phthalate (DEHP) are capable
of reproductive effects such as impeding the growth of embryos and po-
tentially promote abortion rate and infant mortality, as well as having
carcinogenic, mutagenic, and endocrine-disruptive corollaries due to
exposure to these phthalates (Ramirez et al., 2019; Chen et al., 2017;
López-Carrillo et al., 2010; Lee et al., 2009; Botham and Holmes,
2005). In view of the adverse eco-risks associated with DEHP, DEP,
DnBP DMP, DnOP, and BBZP, the American Institute for environment
and health (AIEH), the International Agency for Research on Cancer
(IARC), the European Union (EU), and the United States Environmental
Protection Agency (USEPA)have classified these phthalates priority pol-
lutants (EUParliament, 2008; Botham andHolmes, 2005; USEPA, 1982).
Accordingly, several countries including the United States, EU and
Canada have restricted or prohibited the use of PAEs in childcare
items and toys (CPSC, 2017; USEPA, 2012, 2017; EU, 2011, 2013; HPA,
2010; Sathyanarayana, 2008; SCCP, 2007).

Esters of phthalic acids (PAEs) arewidespread emergingmarine pol-
lutants that have been reported in littoral sediments of several aquatic
ecosystems.MPs have been reported as potential vectors of organic con-
taminants, and are capable of exacerbating the bioaccumulation and po-
tential ecotoxicity, carcinogenicity and mutagenicity of these
substances in the aquatic ecosystems (Xu et al., 2020). In themarine en-
vironment, sediments are known storehouses of microplastics, and in-
variably potential sinks of PAEs (Arfaeinia et al., 2019; Ramzi et al.,
2018; Chen et al., 2017). In particular, DEHP, DEP, DnBP, DMP, and
DiBP are themost preponderant and frequently detected phthalate con-
geners in coastal sediments (Zhang et al., 2018a; Gao and Wen, 2016).
These chemical additives could leach out of microplastics and become
bioavailable to marine organisms when ingested (Ribeiro et al., 2019;
Jeong et al., 2018; Kolandhasamy et al., 2018; Gray and Weinstein,
2017). Humans are primarily exposed toMPs and the associated poten-
tially toxic inorganic and organic chemicals through ingestion, dermal
contact and inhalation routes (Prata et al., 2020; Li et al., 2019; Reyes
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and Price, 2018; Arbuckle et al., 2016; Galloway, 2015; Genuis et al.,
2012). Human exposure to MPs through food ingestion is believed to
be the foremost route (US EPA, 2017; Calafat and McKee, 2006;
Colacino et al., 2010). According to Cox et al. (2019), the estimated in-
take of MPs via food consumption ranged between 39,000–52,000 par-
ticles/person/year. Such exposures could inadvertently result in
biological and chemical risks in humanswhich could be evaluated by es-
timations for oral ingestion (Cox et al., 2019) and the inhalation routes
(Vianello et al., 2019; Prata, 2018; NRC, 2008; Otake et al., 2004; ATSDR,
2002). With regards to the adverse effects on humans, it is noteworthy
to point out that there are currently no acceptable limits for the concen-
trations of microplastics or the degree of contamination set for PAEs in
sediments. However, in recent years, PAEs in microplastics have re-
ceived growing attention from researchersworldwide in a bid to further
scientific knowledge on their occurrence, fate, and ecological risks in
sediments and other marine matrixes.

PAEs have been widely reported in marine and terrestrial matrices,
however, there is limited information available about their occurrence
and distribution in coastal sediments and microplastics in aquatic eco-
systems of the Gulf of Guinea. The coastline has multiple sources of
human-mediated pollution, including manufacturing industries, com-
mercial transportation, fishing, recreational hotspots, religious centres,
agro-based industries, power plants, wood milling and plank markets,
and petroleum tank farms. It also receives large quantities of domestic
and effluents from land-based industries. Despite significant possibility
of contamination in the littoral beaches and water bodies, research is
largely stymied owing to limited analytical capabilities. Therefore, the
objective of the present study is to determine the occurrence and con-
centration distribution of microplastics and phthalate esters in
psammitic sediment beaches of the tropical coast of the Gulf of
Guinea. Currently, there is no data are available about the MPs and
PAEs concentrations in coastal sediment of the region. This report pre-
sents the baseline information on MPs and PAEs in the Gulf of Guinea.
Also, the research provides for the first time, the estimated human
health and ecological risks associated with PAEs in littoral sediments
in the region.

2. Materials and method

2.1. Study areas

The study area comprises five beaches located along the stretch of
the coastline of the Gulf of Guinea in the tropical Atlantic Ocean. The
Nigeria marine area is bordered by a coastline stretching from the
Cross River estuary at the east to Badagry beach in the west with a dis-
tance of about 853 Km. The coast extends from the low water line to
about 15 Km inland in the west to about 150 Km in the oil rich Niger
Delta, and about 35 Km in the eastern areas of Cross River (Benson,
2010a; Awosika and Folorunsho, 2006; Ibe, 1990). The Atlantic coastline
ismade up of highly varied geomorphologic characteristics that are very
vulnerable to climate change and pollution (Benson et al., 2015, 2017,
2018; Ajao and Anurigwo, 2002; Awosika, 1995). It is fronted by the
Gulf of Guinea with about 22 estuaries and several rivers and rivulets
discharging into several aquatic ecosystems such as the Lagos lagoon,
Niger Delta, Imo River, Qua Iboe River, and the Cross River. It is com-
posed of low-lying coastal areas made up of a barrier lagoon complex,
low-lying Mahin mud coast, the Niger Delta and the easternmost low-
lying Strand coast.

The entire Nigerian coastal area is divided into four main geomor-
phic units including the Barrier lagoon coast which lies between
Badagry and Ajumo east of Lekki town; the Mahin mud coast lies be-
tween Ajumo and the Benin river-estuary in the northwestern flank of
the Niger Delta; and the Niger Delta is sandwiched between Imo river
in the east and Benin river in the west; and the Strand coastline lies be-
tween Imo river and the Nigeria/Cameroun border in the east with the
Cross River inclusive (Benson, 2010b; Adesina et al., 2008). The coastal
areas in general experience the tropicalwet climatic period (April to Oc-
tober) with annual mean temperatures between 25 and 28 °C, and dry
climate (November to March) conditions with mean temperatures of
about 29 to 32 °C. The seasons are marked by relatively high monthly
rainfall of above 400 mm during the wet season, and between 100
and 250 mm during the dry season (French et al., 1995). The Nigerian
coastline is characterized by a mixture of sandy, silty and muddy de-
posits (Benson, 2010b).

The beaches designated for sampling were Badagry (BG), Oniru
(OR), Elegushi (EG), Atican (AC) and Eleko (EK), while the lagoon loca-
tions included a site close to the US Embassy (UE), National Institute of
Oceanography andMarine Research (NIOMR) jetty (NR), andUniversity
of Lagos waterfront (UL). The coordinates of each sampling location on
the coast was recorded using a handheld Garmin® Global Positioning
System (GPS) device. Information on the sampling locations are pre-
sented in Table S1a, b.

2.2. Standards and reagents

The PAEs standards (2000 μg/mL) used in this studywere purchased
fromAccuStandard (NewHaven, CT, USA). Thesewere dimethyl phthal-
ate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DnBP),
benzylbutyl phthalate (BBZP), di(2-ethylhexyl) phthalate (DEHP), and
di n-octyl phthalate (DnOP) standards. The cyclohexane and ethyl ace-
tate were GC-grade solvents purchased from ChromaSolv™ (Charlotte,
NC, USA). All glass jars and glassware were prewashed with Ultrapure
water, and later rinse in 10% nitric acid. Before field sampling, the
stainless-steel spoons and forceps were prewashed with Ultrapure
water and rinsed with a mixture of n-hexane and acetone in the
laboratory.

2.3. Beach sediment collection

Ten sampling locations on the beach were established about 100 m
apart from each other, using a measuring tape, making about 1 km
stretch of the coastline. Sediment samples were collected from three
transects in each location, namely: (a) The high waterline - the point
that represents the maximum rise of the ocean water. It is typically
composed of debris left by the high tide; (b) The drift waterline - the in-
tersection of land with the ocean water where the water fluctuates,
changing with the tide or other fluctuations in the water; and (c) The
current waterline - the intersection of the land with the water surface
at an elevation of low water (NOAA, 2016). Surface sediment samples
were collected from the high waterline and drift line by placing a quad-
rant (0.5 × 0.5 × 0.2 m) on the ground, and a stainless-steel spoon was
used to scoop the beach sand up to 2 cmdepth and visible plastic debris
within the quadrant. Large identifiable organic matter was removed by
handpicking. Sediment samples were wrapped in aluminium foil and
stored in clean Ziploc™ bags. The quadrant could not be deployed at
the current waterline due to ocean surge. Sediment samples were
quickly collected using stainless-steel spoon at current waterline loca-
tions along the transect of each drift and highwaterline. Thirty sediment
samples were collected from each beach, giving a total of 150 sediment
samples from five beaches along the coastline. Each sediment sample
was air-dried and sieved using stainless-steel sieves with mesh sizes
5mm, 3mmand1mm.Plastics retained on the1–5mmsievewere sep-
arated and classified into two grain sizes, namely ≤3 mm and ≤1 mm.
Each sediment grain sizewas properly labelled andwrapped in alumin-
ium foil.

2.4. Extraction of beach sediment samples

The saturated solutionwas prepared by dissolving 358.9 g of sodium
chloride (NaCl) in 1 L of distilled water (Bosker et al., 2018). This is be-
cause the solubility of NaCl is about 35 g/100 mL of water at 20 °C. The
sedimentwas carefullymixed, and 1.0 kgwasweighed into a clean glass
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jar and extractedwith saturatedNaCl solution in portions of about 200 g
by grain size and thoroughly mixed using a glass stirring rod. The mix-
ture was then placed on an orbital shaker and agitated at 300 rpm for
15 min. The mixture was allowed to settle for 1 h, and the supernatant
was filtered using a 1 mmmesh stainless steel sieve. The residues com-
prised of materials with densities lower than the saturated NaCl,
microplastics, and organic matter. The procedure was repeated two
more times to in order to optimize the removal of all microplastics
(Vianello et al., 2019). The retained materials in the sieve were rinsed
with distilled water and air dried at room temperature of 28 °C.

2.5. Fourier transform infrared spectrometry (FTIR) analysis

FTIR analysis was performed on all MPs samples collected. The infra-
red (IR) spectrum of each sample was recorded in single reflection
mode using the Agilent Cary 630 FTIR Spectrometer equippedwith a Di-
amond attenuated total reflectance (ATR) system and connected to an
Agilent MicroLab PC Software. The single-refection type IIa diamond
crystal has a 1 mm diameter sampling surface with a 200 μm active
area and provides approximately 2 μm depth of penetration for IR en-
ergy at 1700 cm−1. The FTIR analysis was performed with 32 scans
per replicate in the range of 4000 to 650 cm−1 at a resolution of 2 cm−1.

2.6. Samples pretreatment and extraction of MPs-sorbed PAEs

After FTIR characterization, 5 mL of a mixture of cyclohexane (CHX)
and ethyl acetate (EA), in the ratio 1:1 was added to each microplastic
sample (0.25–0.5 g) in amber glass vials, previously rinsed with CHX:
AE (1:1). The vials were vigorously shaken on a vortex machine and
placed in an ultrasonic bath for 20 min. Then the samples were placed
on an orbital rotator for 24 h to allow the samples to soak in the solvent.
After centrifugation, the extract was transferred to a new vial, and the
extraction process was repeated twomore times. After 72 h, a total vol-
ume of 15 mL had been recovered which contained the PAE congeners
adsorbed to the plastics (Camacho et al., 2019). The extract was concen-
trated to 1mL, transferred to amber GC vials and stored in the fridge at 4
°C prior to GC-Q-MS analysis.

2.7. GC-Q-MSD instrumentation

Each analysis for PAEs was performed using an Agilent 7890A gas
chromatograph coupled with a mass selective detector (Agilent
5975C) with a HP-5 capillary column coated with 5% phenyl methyl si-
loxane with dimensions 25 m × 320 μm × 0 μm (Agilent Technologies,
Avondale, PA, United States). The GC-Q-MSD operational control condi-
tions are presented in Table S2. In order to quantify and identify individ-
ual PAEs congeners using the GC-Q-MSD, a standard (AccuStandard®
M-8060 Phthalate Esters Mix) in 2000 μg/mL including a combination
of dimethyl phthalate, diethyl phthalate, dibutyl phthalate, benzyl
butyl phthalate, di(2-ethylhexyl) phthalate, and di-n-octyl phthalate
was used. Summary information for the six phthalate esters considered
in the present study is presented in Table S3, Fig. S1. The concentrations
of MP-sorbed PAEs were expressed on a dry weight (dw) basis of the
microplastics.

2.8. Quality control and quality assurance

In order to calibrate the GC-Q-MSD, a seven (7) point calibration
curve was prepared for each calibration standards (dimethyl phthalate,
diethyl phthalate, dibutyl phthalate, benzyl butyl phthalate, di(2-
ethylhexyl) phthalate, and di-n-octyl phthalate) after serial dilution of
2000 μg/mL standard stock solutions into 5.0 μg/mL, 10.00 μg/mL,
20.00 μg/mL, 30.00 μg/mL, 50.00 μg/mL, 80.00 μg/mL, and 100.00
μg/mL. The PAEs calibration curves indicated correlation coefficients
ranging from 0.995 to 0.997. Also, reagent blanks and procedural blanks
(P-blanks) were prepared and analysed to check the instrument's
optimal and sensitivity conditions. The detection limits of the analytical
method ormethod detection limits (MDLs)were evaluated using the P-
blanks, and calculated as the signal-to-noise ratio of 3. TheMDLs ranged
from 0.06 to 6.01 μg/mL, and the concentrations were normalised using
the blanks by subtracting from each sample. Additionally, in order to
check the reliability of the analytical measurements and validation of
measured variables in relation to their accuracy and precision, 0.3 g of
samples were spiked with 50 μL of surrogate standards and extracted
following the same procedure as the sample. The aliquots were concen-
trated to 1 mL and collected in amber GC vials, and their relative recov-
eries were evaluated following analysis in duplicates. The recoveries of
the PAEs ranged from 93.6% to 115.0% from spiked surrogate MPs sam-
ples. In addition, meticulous attentionwas taken in order to avoid delib-
erate cross-contamination from laboratory items such as plastic
labwares and gloves that might have resulted in enhanced background
concentrations of the phthalates.

2.9. Evaluation of ecological risks

The relative risk of microplastics-sorbed PAEs associated with
coastal sedimentswas evaluated using the risk quotient (RQsed)method
proposed by the European Commission technical guidance document
(TGD) on risk assessment (EC, 2003). In this study, the TGD risk quo-
tient was used as indicator for the relative level of ecological concern
for theMP fraction, butwas not applied to total sediment concentration.
Thus, an index, RQmp, specific to microplastic fraction was calculated for
three organisms considered in the present study using the ratio of mea-
sured concentration (MCPAE) of each PAE congener to the predicted no-
effect concentration (PNEC), as indicated in Eq. (1):

RQmp ¼ MCPAE

PNEC
ð1Þ

where MCPAE is the measured MPs-sorbed PAEs concentration sepa-
rated from sediments. The toxicity data, PNEC values of the sorbed
phthalates in plastics isolated from sediment samples and other rele-
vant information are presented in the Supporting information (Section 1
and Table S12). According to the model adopted for assessment of risk
to organisms in aquatic ecosystems, the RQmp values were classified
into three grades: high risk (RQmp N 1), medium risk (0.01 b RQmp

b 1), and low or no risk (RQmp b 0.01), respectively.
On the other hand, the phthalate pollution index (PPI) was com-

puted using the Tomlinson's pollution load approach (Tomlinson et al.,
1980) as reported by Benson et al. (2018). The PPI was calculated ac-
cording to Eq. 2:

PPI ¼ CF1 � CF2 � CF3 � CF4………� CFn½ �1=n ð2Þ

where n is the number of phthalates (n=6), CFn is the concentration of
PAEs congeners in the sediment samples. The calculated PPI represents
the cumulative degree of phthalates contamination in microplastic par-
ticles of the sediment samples.

3. Results and discussion

3.1. Concentrations of microplastics

The results indicate the concentration ofMPs in psammitic sediment
samples (n= 150) of the coastline showed variable distribution with a
total of 3424 particles/m2 within the drift and high waterlines across all
sites (Fig. 1). The highest number of MPs was found at the EG and OR
siteswith 1196 particles/m2 and 1730particles/m2,while the site BG re-
corded the lowest MPs with 36 particles/m2. The enhanced concentra-
tion of MPs at the EG and OR sites may be attributed to the proximity
of these locations to industries, recreation and tourist hotspots, trading
and religious activities, shops, bars, and residential areas, where piles of
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plastic litters are indiscriminately discarded by humans, and
transported and distributed along the coast by ocean waves (Benson
et al., 2014). The comparatively low amount of microplastic particles
at Badagry (BG) site could be attributed to the routine sanitarymanage-
ment practices by small scale businesses located around the beach.
However, about 684.8 particles/m2 was obtained as the weighted
amount of MPs accumulated at all sites along the oceanic coastline of
the study area. In general, the extractedmicroplastics indicated variabil-
ity in terms of colour, type of plastic, abundance, shape and weight.

Most of the MPs found were fragments of various plastic types, fi-
bres, ropes and pellets, which fingerprints their origins, composition
andpolymeric structure as products of progressive degradation of larger
primary plastic materials into smaller sized particles. Evidently, most
MPs were round and cylindrical pellets and fragments of different
shapes of colours such as yellow, white, green, black, green, brown, pur-
ple, etc. Themajority of MPs in the beach samples weremainly found in
the high and drift waterlines, while MPs were characteristically not
present in sediment samples obtained from the currentwaterline. In ad-
dition, the MPs were classified according to physical types and con-
firmed polymer types (Fig. 2). The results indicated that polyethylene
terephthalate accounted for an average of 41% of total plastics, followed
by polystyrene (28%), polypropylene (21%), polyurethane (3%), poly-
amide (5%), ethyl vinyl acetate (1%), and polyethylene (0.5%) (Fig. 3).
The accumulation of these large amounts of MPs could be associated
with anthropogenic and industrial activities found along the coastline.

3.2. Occurrence and concentrations of microplastic-sorbed PAEs in coastal
sediments

Six (6) phthalate esters (dimethyl phthalate (DMP), diethyl phthal-
ate (DEP), dibutyl phthalate (DnBP), benzylbutyl phthalate (BBZP), di
(2-ethylhexyl) phthalate (DEHP), and di n-octyl phthalate (DnOP))
were detected by the GC-Q-MSD in all samples analysed, indicating
the prevalence distribution of PAEs in the microplastic samples col-
lected from the study area. The concentrations of phthalate esters
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sorbed to microplastics of beach sediments in the Gulf of Guinea and
the weighted levels (∑6PAEs) and phthalate pollution index (PPI) are
presented in Tables 1a and 1b. The total concentrations of individual
PAE congenerswere foundbetweenBDL and 164.09mg/kgdw,with ag-
gregated site concentrations of 51.99± 14.89, 60.82 ± 20.31, 118.02±
42.68, 15.98 ± 5.18, 177.02 ± 66.14, and 69.10 ± 25.56 mg/kg dw for
AC, EG, OR, EK, UE, and NR locations, respectively (Tables S4–10). The
samples from the Oniru and Lagos lagoon sites indicated
microplastics-sorbed phthalic acid esters (PAEs) with the highest con-
centrations (Fig. 4).

The most prevalent phthalate esters were di(2-ethylhexyl) phthal-
ate and dibutyl phthalate, with the former having a detection frequency
(DF) between 70.11% at the Atican site and 92.69% at the Lagos lagoonal
ecosystem. Also, the detection frequency of dibutyl phthalate (DnBP)
ranged between 0.16% and 18.49% at AC and EK sites, respectively. In
general, the weighted DF of dimethyl phthalate, diethyl phthalate,
dibutyl phthalate, benzylbutyl phthalate, di(2-ethylhexyl) phthalate,
and di-n-octyl phthalate in coastal sediment samples were 4.92%,
0.10%, 9.80%, 0.14%, 84.93%, 0.10%, respectively (Table S11). According
to the results presented in Table S11, DEHP, DnBP and DMP were the
most frequently detected esters in the microplastic samples investi-
gated, contributing 84.93%, 9.80%, and 4.92%, respectively, to the total
phthalate ester species found in the psammitic sediments collected
along the littoral beaches of the Gulf of Guinea. DEHP and DnBP have
been reported as preponderant environmental contaminants that pose
serious biological and health risks. They are generally produced and ex-
tensively used as plasticisers for polyvinyl chloride (PVC) and non-PVC
materials mainly found in applications such as the manufacturing of
building materials, medical devices and consumer household products
(NIH, 2019; ATSDR, 2014; IARC, 2014).

The site UEMPs-associated with the coastal sediments indicated the
highest concentration of DEHP (164.09 mg/kg dw) followed by DnBP
with 12.37 mg/kg dw; whereas, the least detected PAE congener con-
centration was recorded as 0.11 mg/kg dw for DnOP. However, a com-
parably low concentrations of DEHP, 12.97 and 36.45 mg/kg dw, were
legushi Atican Eleko
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Table 1a
Mean concentrations (mg/kg) of MPs-sorbed PAEs congeners and phthalate pollution index.

Location/sample code DMP DEP DnBP BBZP DEHP DnOP ∑6PAEs PPI

Elegushi EHH – 0.03 ± 0.00 – – 9.34 ± 0.52 – 9.37 0.53
EDC 0.01 ± 0.00 0.01 ± 0.00 1.56 ± 0.36 0.01 ± 0.00 7.44 ± 0.03 0.13 ± 0.03 9.16 0.11
EHC 0.02 ± 0.01 – 1.83 ± 0.08 0.01 ± 0.00 6.21 ± 0.01 – 8.06 0.20
EDF 0.01 ± 0.00 – 1.53 ± 0.03 0.02 ± 0.00 6.54 ± 0.09 0.01 ± 0.00 8.11 0.11
EDH – – 1.55 ± 0.05 0.02 ± 0.00 8.83 ± 0.11 0.01 ± 0.00 10.4 0.23
EDP 0.01 ± 0.00 0.05 ± 0.00 1.63 ± 0.12 – 6.22 ± 0.28 0.01 7.92 0.14
EHF – – – 0.01 ± 0.00 1.05 ± 0.06 – 1.06 0.10
EHP – 0.01 ± 0.00 1.46 ± 0.08 0.03 ± 0.00 5.25 ± 0.04 – 6.75 0.22

Oniru ODC 0.02 ± 0.00 0.02 ± 0.00 1.02 ± 0.00 0.04 ± 0.00 19.09 ± 0.00 0.03 ± 0.00 20.22 0.15
OHC – 0.02 ± 0.00 4.555 ± 0.25 0.03 ± 0.00 45.32 ± 0.46 0.11 ± 0.00 50.03 0.42
ODF 0.01 ± 0.00 – 1.15 ± 0.06 0.01 ± 0.00 8.21 ± 0.28 – 9.38 0.18
ODH 0.01 ± 0.00 0.01 ± 0.01 3.04 ± 0.04 0.02 ± 0.00 8.02 ± 0.02 0.01 ± 0.00 11.11 0.09
ODR 0.00 ± 0.00 0.04 ± 0.02 1.47 ± 0.04 – 6.80 ± 0.00 – 8.30 0.70
OHF 0.01 ± 0.00 – – 0.02 ± 0.00 3.18 ± 0.10 – 3.21 0.08
OHH 0.01 ± 0.00 0.01 ± 0.00 – 0.01 ± 0.07 11.18 ± 0.11 0.01 ± 0.00 11.22 0.04
OHR 0.01 ± 0.00 0.01 ± 0.01 – 0.01 ± 0.00 4.52 ± 0.04 – 4.55 0.05

Atican ADF 15.09 ± 0.10 0.01 ± 0.01 – 0.02 ± 0.00 6.64 ± 0.10 0.01 ± 0.00 21.76 0.16
ADH 0.08 ± 0.00 – 1.02 ± 0.07 0.02 ± 0.01 7.87 ± 0.14 0.08 ± 0.00 8.12 0.13
AHF – 0.01 ± 0.01 – 6.22 ± 0.47 4.13 ± 0.12 – 4.15 0.07
AHH – 0.01 ± 0.01 1.8 ± 0.12 – 7.61 ± 0.36 – 7.62 0.07
ADC 0.05 ± 0.00 0.03 ± 0.01 – 0.01 ± 0.01 4.88 ± 0.16 0.01 ± 0.01 5.00 0.06
AHC – – – 0.01 ± 0.01 5.33 ± 0.04 0.01 ± 0.01 5.35 0.08

Eleko KDF – 0.01 ± 0.01 0.26 ± 0.00 – 2.79 ± 0.21 0.01 ± 0.00 3.07 0.09
KDH – – 0.01 ± 0.01 0.01 ± 0.00 0.20 ± 0.04 – 0.21 0.02
KHC – – 0.01 ± 0.01 0.01 ± 0.00 0.43 ± 0.02 – 0.44 0.03
KHF – – 1.10 ± 0.01 0.01 ± 0.00 4.67 ± 0.00 – 5.78 0.37
KHH – – 1.59 ± 0.04 – 4.89 ± 0.07 – 6.48 2.78

Pristine PRB 0.01 ± 0.00 0.01 ± 0.00 1.14 ± 0.04 – 4.46 ± 0.57 0.01 ± 0.00 5.63 0.09
PRF 0.01 ± 0.00 0.01 ± 0.00 1.25 ± 0.28 0.01 ± 0.00 7.81 ± 0.14 – 9.09 0.10
PRH – – 0.90 ± 1.27 – 5.57 ± 0.15 – 6.47 2.24
PRS 0.01 ± 0.00 0.01 ± 0.00 2.21 ± 0.01 0.02 ± 0.00 45.65 ± 0.33 0.01 ± 0.00 47.91 0.11

PPI = phthalate pollution index.
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found in microplastics obtained from the EK and AC sites, respectively.
On the other hand, the EG, NR, and OR sites had relatively enhanced
concentrations of DEHP. However, the levels of DEP, DMP, BBZP, and
DnOP were found at comparably low amounts. Among the 6 PAEs con-
sidered, DEHP, DnBP and DMP were the most dominant PAEs and this
finding is consistent with similar reports conducted in other parts of
the world (Zhang et al., 2018a,b; Li et al., 2017; Yu et al., 2016; Zheng
et al., 2014; Sha et al., 2007). Their occurrence and detection prevalence
of these three kinds of phthalate esters could be attributed to the fact
that these plasticizers have large-scale applications in plastics
manufacturing (Fred-Ahmadu et al., 2020; Sun et al., 2018; Xu et al.,
2009). Overall, the weighted microplastic-sorbed PAEs levels in beach
sediments at the investigated sites were largely indicative of the degree
of human-mediated activities linked with the coastal ecosystems, the
hydrological dynamics of the coastal zone, the discharge of untreated
solid industrial and domestic wastes, and eventual transportation to
Table 1b
Mean concentrations (mg/kg) of MPs-sorbed PAEs congeners and phthalate pollution index in

Location/sample code DMP DEP DnBP

Lagos lagoon CNI – 0.01 ± 0.00 1.71 ± 0.02
CUN 0.09 ± 0.00 0.03 ± 0.00 0.89 ± 0.02
CUS 0.01 ± 0.00 0.04 ± 0.00 1.51 ± 0.06
NIF – 0.05 ± 0.01 1.59 ± 0.00
NIH – – 0.97 ± 0.04
NIS 0.01 ± 0.00 – 0.57 ± 0.08
UNF – 0.03 ± 0.00 0.44 ± 0.62
UNH 0.01 ± 0.00 – 1.59 ± 0.08
UNS – – 0.89 ± 0.01
UNF – – –
USH – – 2.20 ± 0.21
USS 0.01 ± 0.00 – 0.01 ± 0.00

PPI = phthalate pollution index.
the coastal sites, sediment chemistry, and type of sedimentarymaterials
(Ramirez et al., 2019; Zhang et al., 2018b; Retama et al., 2016).

3.3. Relationship between ΣPAEs and microplastics

The PAEs composition of microplastics in the sandy sediment sam-
ples of the Atlantic Ocean varied widely with the different sampling
sites. However, the current investigation also explored the statistical re-
lationship between the ΣPAEs concentrations in the sediment samples
of the sandflats and the quantity of each microplastics (particles/m2)
across all sites. The result presented in Fig. 5 indicates that the total
MPs particles exhibited a significant positive correlation with the PAEs
(DMP, DEP, DBP, BBZP, DEHP, and DnOP) concentrations (r = 0.4, p b

0.05), and were heterogeneously distributed across all sites. A positive
trend in the relationship between the amount of MPs and the ΣPAEs
concentrations across the various sites for all the MPs types may be
Lagos lagoon samples.

BBZP DEHP DnOP ∑6PAEs PPI

0.02 ± 0.00 10.25 ± 0.34 – 11.99 0.56
0.03 ± 0.00 11.23 ± 0.39 0.01 ± 0.00 12.28 0.14
0.01 ± 0.00 21.20 ± 0.01 0.01 ± 0.00 22.78 0.10
0.02 ± 0.00 14.16 ± 0.05 – 15.82 0.40
– 4.50 ± 0.07 0.01 ± 0.00 5.48 0.35
0.01 ± 0.00 10.66 ± 0.13 – 11.25 0.16
0.02 ± 0.00 5.48 ± 0.05 – 5.97 0.19
– 15.52 ± 0.49 0.03 ± 0.04 17.15 0.29
0.01 ± 0.00 17.57 ± 0.34 0.03 ± 0.00 18.5 0.26
0.01 ± 0.00 4.66 ± 0.10 0.01 ± 0.00 4.68 0.08
0.02 ± 0.00 35.38 ± 0.73 – 37.6 1.16
0.01 ± 0.00 13.48 ± 0.00 0.01 ± 0.00 13.52 0.04



0

20

40

60

80

100

120

140

160

180

200

EG OR AC EK UE NR

Co
nc

en
tr

a�
on

so
f ∑

(m
g/

kg
dw

)

Loca�ons

DMP DEP DnBP BBP DEHP DnOP

Fig. 4.Concentrations of sumMPs-sorbed PAEs determined in sediment samples along the
coast of Gulf of Guinea.

8 N.U. Benson, O.H. Fred-Ahmadu / Science of the Total Environment 730 (2020) 139013
due to the sedimentation and hydrodynamic peculiarities of the coastal
zones, as well as the weathering characteristics of the microplastics.
Previous studies have reported the relationship between microplastic
types and the enhanced PAEs concentrations as a function of the rate
of weathering associated with solar radiation and high beach tempera-
tures (Zhang et al., 2018a,b,c; Andrady, 2011; Corcoran et al., 2009).

A previous report by Zhang et al. (2019) indicated that the relation-
ship betweenmicroplastics and PAEs (DEP, DDP, DiBP, DMP, and DPhP)
concentrations was attributed to the non-point MPs sources including
leaching and aeolian deposition, whose particles distribution were pri-
marily driven by seamount-current interactions. A similar report by
Ramirez et al. (2019) indicates a positive correlation between the
amount of microplastics found in the coastal sediment of an urban eco-
system and the phthalate esters (BBZP, DBP, DEP, DMP, DnOP, DEHP,
and DEHA) concentrations, which was attributed to oceanographic
characteristics of the studied ecosystem including the prevalent tidal
waves and rate of sedimentation.

However, the current baseline report indicates that possible leaching
of PAEs by MPs in the psammitic beaches of the tropical Atlantic Ocean
might be directly linked as the potential sources of phthalate esters de-
tected in the coastal sediment samples. Once the polymeric bonds of
PAE congeners are broken down, and the surfaces of MPs including
microfibres, pellets and fragments are persistently degraded and further
fragmented by intense weathering activities, the concentrations of the
plasticizers could be progressively leached into the aquatic and terres-
trial environment (Zhang et al., 2018a,b,c; Wensing et al., 2005;
Calvert and Billingham, 1979). The occurrence and concentration of
y = 15.455x + 227.34
R² = 0.4477

p = 0.05
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Fig. 5. Correlation between total PAEs and microplastic particles.
PAEs congeners in the environment is reported as a function of the sub-
stantial amount of leached additives transferred onto the external sur-
faces of microplastic debris (Kovacic and Mrklic, 2002). Thus, these
mechanistic characteristics could favour the long-term, sustained re-
lease, occurrence and spatial distribution of chemical additives (phthal-
ate esters) across the coastal beaches of the Gulf of Guinea.

3.4. Ecotoxicological assessments associated with phthalates
contamination

The calculated phthalates pollution index (PPI) ranged between
0.10–0.53, 0.04–0.42, 0.06–0.16, 0.02–2.78, 0.10–2.24, and 0.10–1.16
for Elegushi, Oniru, Atican, Eleko, and Lagos lagoon aquatic ecosystems,
respectively. The calculated PPI values were relatively low and mostly
below 1.0 except those obtained for high waterline hard plastics from
KHH, PRH, and USH sites. These results were consistent with previous
studies (Zhang et al., 2018b,c; Adeogun et al., 2015), and thus give a cu-
mulative indication of the overall PAEs concentrations in microplastic
particles found in sandflat sediments across all sites.

Currently, there are very few reports that present the ecological risk
assessment of phthalates in microplastics derived from aquatic sedi-
ments. The analyses in the present study indicated DEHP, DnBP and
DMP were the most prevalent PAE congeners. The other three
phthalates showed less detection frequency. Hence, the computation
of the RQmp values in sediment of the coastal sites using the specified
predicted no-effect concentration (PNEC) of each phthalate and the re-
spective concentration of PAEs are presented in Fig. 6. The results indi-
cated that the trend of RQmp values was DEHP N DnBP N DMP N DEP.
This distribution gradation is similar to the previous report by Zhang
et al. (2018a) and Li et al. (2017). In this study, the RQmp value for
DEHPwas consistently greater than 1 across all sites for algae, and crus-
taceans at Elegushi and Oniru sites. These results indicate DEHP and
DnBP were bioavailable and could pose high ecological and biological
risks to algae and crustaceans in these ecosystems. On the contrary,
the RQmp value calculated for DEHP ranged between 0.01 and 1 for
fish at all sites except at Oniru site, thus indicating considerablemedium
risk for this organism. In addition, the RQmp value for DBP and BBZP at
Elegushi, Oniru and Eleko sites were N1, indicating high risk for fish at
these locations. Exposure of these marine organisms to these chemical
additives in microplastics at these locations could pose possible effects
such as congenital disabilities and unprecedented mortality rates to
these aquatic faunae and flora (Corsolini et al., 2002). Further investiga-
tions are required to ascertain the possible exposure effects on these
organisms.

To our knowledge, this is thefirst study to investigate the occurrence
anddistribution ofmicroplastics-sorbed phthalate esters contamination
in psammitic sediments of the tropical Atlantic Ocean, off the coast of
Nigeria. Our current investigation has demonstrated that assorted poly-
meric types of microplastics could contribute substantial amount of
phthalate esters into the coastal ecosystems of the study area, thus serv-
ing as potential sources of carcinogens and endogenous disruptors. In
particular, elevated levels of DEHP could have far-reaching effects in or-
ganisms in the coastal environment, and subsequent biotransfer
through the food chain and bioaccumulation in humans via consump-
tion (Zhang et al., 2018c; Syberg et al., 2015; Li et al., 2015). Further-
more, the estrogenic phthalate plasticisers adsorbed on microplastics
might be desorbed and become potentially released into the surround-
ing environmental matrices and living organisms (Fred-Ahmadu et al.,
2020; Liu et al., 2020; Paluselli et al., 2018a,b). However, investigating
the occurrence of MPs-sorbed additives and their interactions with
other contaminants in microplastics requires a broader standardized
analytical procedure. Methodologies including the density separation
technique have the limitation of underestimating the quantity of
microplastics in cases where there are higher density polymers or
changes in polymer densities due to the input of additives. This could
help address the knowledge gaps apropos the microplastics pollution.



Fig. 6. Calculated risk assessment (RQmp values) of plasticizer congeners found in coastal sediment samples across all sites (Elegushi [A], Oniru [B], Atican [C] and Eleko [D]).
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4. Conclusions

This study presents a baselinedata of an investigation into the occur-
rence, chemical and physical characterization and quantification, distri-
bution, and environmental risk assessment of microplastic-bound
phthalic esters (plasticisers) in sediment samples from major sandflat
beaches along the coast of the Gulf of Guinea. The results indicate six
(6) phthalate esters (dimethyl phthalate (DMP), diethyl phthalate
(DEP), dibutyl phthalate (DnBP), benzylbutyl phthalate (BBZP), di(2-
ethylhexyl) phthalate (DEHP), and di-n-octyl phthalate (DnOP)) were
detected and quantified by the GC-Q-MS in all samples analysed, across
all sites in the study area. The microplastic particles distribution across
coastline were heterogeneous but widespread, with the DEHP, DnBP
and DMP found as the most dominant PAEs. The total concentrations
of MPs-sorbed phthalates indicated variable aggregated site contents,
and ranged from BDL to 164.09 mg/kg dw, with the sediment samples
some sites having microplastics-sorbed phthalic acid esters (PAEs)
with relatively elevated concentrations. The results showed MPs
count, and microplastic-bound PAEs concentrations across all investi-
gated sites may mostly be linked with land-based human-mediated ac-
tivities, and the hydrological ecosystem dynamics of the coastal zone.
The RQmp calculated from the preliminary ecological risk assessment
of PAEs showed the di(2-ethylhexyl) phthalate andDnBPmight present
high to medium biological risks to algae, crustaceans, and fish in these
ecosystems. Further investigation is necessary to further our under-
standing concerning the bioavailability and mobility of PAEs in aquatic
ecosystems, and the adverse effects on marine organisms in these
coastal zones.
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