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Abstract: Some chemical substances have the potential to enter the coastal and marine environment
and cause adverse effects on ecosystems, biodiversity and human health. For a large majority of them,
their fate and effects are poorly understood as well as their use still unregulated. Finding effective and
sustainable strategies for the identification of these emerging and/or anthropogenic contaminants
that might cause polluting effects in marine environments to mitigate their adverse effects, is of
utmost importance and a great challenge for managers, regulators and researchers. In this review we
will evaluate the impact of emerging contaminants (ECs) on marine coastal zones namely in their
ecosystems and biodiversity, highlighting the potential risks of organic pollutants, pharmaceuticals
and personal care products. Emerging microextraction techniques and high-resolution analytical
platforms used in isolation, identification and quantification of ECs will be also reviewed.

Keywords: emerging contaminants; marine zones; environment; seafront waters; microextraction
techniques; analytical platforms

1. Introduction

As the United Nations stated in the Ocean Conference of 2017, 40% of the world’s
population live within 100 km of the coast and 25% of them in coastal areas that are less
than 10 m above sea [1]. Coastal areas have an important impact over global economy
being the recipient places of approximately 50% of international tourists. The biodiversity
of marine ecosystems is also crucial, as they are home to approximately 2 million known
species, which may be 9% of all marine species [2]. Nevertheless, the combined effect of
growing populations and economic development constitutes threatening the same coastal
and marine ecosystems [3].

Numerous pollutants can reach coastal areas due to human activity in these places.
However, these areas are not only affected by the activities that take place there. Some
studies establish that up to 80% of the pollution of seas and oceans comes from land-based
activities [1]. For decades there has been much research studying the contamination of
coastal ecosystems by chemical pollutants of various characteristics. One example is the
study of Berne et al. (1980) in which the authors studied the effect of the pollution cause by
hydrocarbons from oil spilled on the Brittany coast by Amoco Cadiz in 1978 [4]. Further-
more, in the last decades, a growing scientific concern has arisen around the presence and
effects of emerging pollutants in the environment [5–8]. These pollutants are defined as
both naturally and synthetic occurring chemicals that are not included in monitoring or
surveillance programs and, subsequently, they are not comprised in environmental legisla-
tion. However, these pollutants are suspected to produce toxic effects over ecosystems or
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human health. The presence of emerging contaminants (ECs) in the environment is not
necessarily new, however, it has only in recent years, with the implementation of high
resolution and highly sensitive analytical methodologies that it was possible to identify
many of them [5–7]. in addition, the continuous development of chemical compounds, as
well as their uses and disposal, produce new sources of emerging pollutants [8].

From the variety of emerging pollutants, pharmaceuticals and personal care products
(PPCPs) are a very important group due to their wide and continuous use in our life.
Pharmaceutical compounds (PhaCs) comprise a great group of chemical substances with
varied uses, consumption trends and physicochemical properties, which means many
distribution behaviors when reach the ecosystems. Nowadays, more than 600 PhaCs have
been shown to be present in the environment worldwide [9]. Regarding personal care
products (PCPs), this group is formed by also a wide group of chemicals such as UV filters
and stabilizers, musks, preservatives or disinfectants which are used in products to improve
the quality of daily life [10]. The extensive and increasing use of PPCPs has produced
that these compounds become a major concern due to their continuous release to the
environment, resulting in a pseudo-persistence of them [11]. Wastewater treatment plants
(WWTPs) are the main source of PPCPs in the environment, due to they are not designed to
eliminate these emerging contaminants (ECs). For these reasons, many studies are focused
in the assessment of PCPs in coastal areas affected by the effluents of WWTPs, where these
compounds could be present at concentrations ranging from ng·L−1 to µg·L−1 [12,13].
Other pathways considered by regulatory risk assessment approaches include livestock
and aquaculture facilities, runoff from fields or inappropriate disposal of unused medicines
and personal care products [10,11].

The assessment of PPCP concentrations is necessary to evaluate the environmental
health of coastal and marine ecosystems because these compounds could produce many
biological effects on marine biota [14] from subcellular or cellular to organismal-levels.
These effects affect vital functions as reproduction, growth, metabolism, immunity, feeding
and locomotion depending on the properties of PPCPs [15]. This work covers scientific
papers published from 2010 to 2021 that study the presence of PPCPs in coastal areas world-
wide and review several aspects of PPCPs after reaching the environment such as (i) the
occurrence of PhaCs in the different coastal ecosystems, (ii) the environmental impact and
risk assessment of PPCPs and (iii) the analytical platforms to identify and determine these
ECs in samples from coastal origin. This review provides information collected from three
databases, namely Scopus, Science Direct and Publons. The keywords used to perform the
selection include “emerging contaminants”, “pharmaceuticals and personal care products”,
“coastal environment”, “extraction techniques” and “high resolution analytical platforms”.

2. Emerging Contaminants in Marine Coastal Zones

Aquatic ecosystems are the source and support of most of life on Earth. They also
encompass a diverse range of direct or indirect services and goods deemed as essential for
human activities. They include food provision, energy, mineral resources, transportation
routes, recreational activities and ecological functions (e.g., climate systems). Therefore, all
aquatic ecosystems are subject to multiple pressures, competing for usage and impacts de-
rived from human activities, being necessary to develop strategies to protect and maintain,
its capacity to continuing the delivery of such services [16].

The European Union (EU), under the strategy of the European Green Deal, devised a
set of policies to achieve its ambition of protection and restoration of biodiversity as well,
climate neutrality. The main policies related to aquatic ecosystems are the Marine Strategy
Framework Directive3 (MSFD) [17] and the Water Framework Directive (WFD) [18]. Both
give high relevance to the monitoring and control of pollutants and substances with the
potential to pollute. The MSFD and the WFD were designed as a holistic policy to protect
marine and freshwater environments around Europe and enable their sustainable use
of goods and services. In the specific case of marine coastal zones, there is an overlap
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between both directives, since the main source of contaminants in marine environments
are originated in land-based facilities and from freshwater systems [19].

The use of synthetical and natural chemical compounds has become an essential
commodity for food production, health care, sanitation and daily life [20]. After use and
disposal, these contaminants spread through the aquatic systems (freshwater and marine
environments) causing stress effects on different organisms and communities. This oc-
currence is capable to disrupt an ecosystem function, due to their persistent, toxic and
bioaccumulative effect [21], and/or inefficiency of the wastewater treatment plants in
dealing with such contaminants [22]. However, there are also cases in which such anthro-
pogenic contaminants are emitted or re-emerge directly from the marine environment. One
of the main activities that may lead to environmental pollution is the maritime transport
of Hazardous and Noxious Substances (HNS), which englobe all the chemical substances
that are introduced in the marine environment, that pose risks to the environment, human
health and activities. Even though these are listed and controlled substances, the amount
of data on their toxicity and environmental impact is less understood than oil spills [23].
Other than accidental spills, operational discharges (e.g., chemicals or passenger ships) and
the use of antifoul paints are also responsible for the introduction of a chemical substance
in the marine environment. Furthermore, mariculture (e.g., antibiotics), offshore activities
(e.g., oil and gas exploration), seabed mining and dredging of sediments, are all events
capable to contribute to the input of chemical substances in the marine environment [24].

The main pollutants can be divided into two groups, legacy contaminants and con-
taminants of emerging concern (CEC) [25]. The first encompasses the traditional monitored
hazardous substances such as inorganic pollutants as heavy metals (e.g., mercury, lead),
radionuclides (e.g., 137Cs) and organic pollutants (e.g., polychlorinated biphenyls (PCBs),
polycyclic aromatic hydrocarbons (PAHs)). The second is defined as “chemicals that have
been detected in the environment, but which are currently not included in regulatory
monitoring programs and whose fate and biological impacts are poorly understood” [26].

CECs include substances that are not regulated by EPA or EU Norman network in-
cluding a diverse range of chemicals and their sub-products that are classified under a
variety of group categories. The most common groups are flame retardants, antifoulants,
anticorrosion agents, polyfluoroalkyl substances other than PFOS and PFOA, benzotria-
zoles or siloxanes [19]; also, pharmaceuticals, antibiotics, personal care products and illicit
drugs [27–30], as well as, microplastics, trace metals, nanomaterials and pesticides [31,32].
While PhaCs have been the most prominent emerging pollutants for decades, PCPs have
gained great attention in the last 5-10 years, given the wide and varied use of daily care
products by the population. Thus, the focus is nowadays put on compounds such as
parabens or UV filters, which are widely added to PCPs due to their benefits, but whose
adverse effects are becoming worrying. In this work, in the following subsections, special
attention will be given to PhaCs and PCPs.

2.1. Pharmaceuticals

Since the introduction in 1897 of the first synthetic pharmaceutical, Aspirin, incredible
advances in drugs for a wide range of health concerns were observed. Since all over the
world the number of PhaCs for veterinary and medical health care, as well as growth
promotion of livestock, reaches a few thousand, designed for the diagnosis, treatment
or prevention of disease and for restoring, correcting or modifying organic functions
through the interaction with specific physiological pathways of targeted organisms. Once
reaching the marine ecosystems, they may cause a risk to the health of marine organisms
acting as stressors on marine ecosystems already impacted by eutrophication, overfishing
and climate changes [33]. Different classes and nature of PhaCs, including antibiotics,
β-blockers, anti-inflammatories, antiepileptics, lipid lowering agents and antidepressants,
lipid lowering agents, are presented in Table 1.
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Table 1. Example of some classes and nature of PhaCs.

Nature of Drug Classes Drug

Hydrophilic

Antibiotics

Quinolones Ciprofloxacin, Levofloxacin

Hydrophilic Streptogramins Pristinamycin IA and IIA

Hydrophilic Oxazolidinones Linezolid, Tedizolid

Hydrophilic

β-Blockers

1st G a Propranolol, Timolol

Hydrophilic 2nd G Metoprolol, Atenolol

Hydrophilic 3th G Carvedilol, Bucindolol

Hydrophilic

Anti-inflammatory

Aspirin
Varies Diclofenac

Moderate hydrophobic Ibuprofen
Hydrophilic Acetaminophen

Hydrophobic
Antiepileptics

Barbiturates Phenobarbitone
Moderate hydrophobic Imunostilbene Carbamazepine

Hydrophilic Aliphatic CA b Valproate

Hydrophobic
Lipid regulators

Atorvastatin
Hydrophobic Simvastatin
Hydrophilic Rosuvastatin

Moderate hydrophobic

Antidepressants

SSRIs c Sertraline; Fluoxetine,

Hydrophobic TCAs d Amoxapine, Amitriptyline

Hydrophobic MAOIs e Isocarboxazide, Phenelzine
a G–Generation; b CA–carboxylic acid; c SSRIs–selective serotonin reuptake inhibitors; d TCAs–Tricyclic antidepressants; e MAOIs–
monoamine oxidase inhibitors.

PhaCs have been detected in water resources and aquatic organisms. Various routes,
such as excretion and discharge into sewage systems on a continual basis, discharge of
effluent directly into river bodies by the manufacturing plant facilities, landfill leachate,
industrial effluent, combined sewer overflows, aquaculture facilities- up to 75% of the
administered dietary dose of a veterinary medicine, including antibiotics, can be lost to
the surrounding environment [34], animal feedlots and veterinary practices [35], constitute
important vectors for entry of PhaCs in environment and aquatic systems (Figure 1).

Being poorly removed by treatment plants and slowly degraded, increased threats
derived from increasing trends in urbanization and commercial activity. Martínez et al. [36]
reported that over 2.3 billion people live within coastal limits (representing 41% of world
global population) and more than 50% of coastal countries have 80–100% of their total
population within 100 km of the coastline [37]. According to Gaw et al. [37] “these trends
suggest the potential for increasing inputs of human pharmaceuticals into coastal environ-
ments and therefore the need to address potential exposure scenarios and implications for
marine risk assessments of drug residues and their transformation products” [37].

Even though found at very low levels (from a few ng L−1 to µg L−1) in the coastal
marine zones, their continuous release is a matter of much concern, namely due to the
synergistic action resulting from the simultaneous coexistence of different classes of PhaCs,
as well as more recently bound to sediment and plastic particles (typically ng g−1).

Globally the volume of used medicines reached 4.5 trillion of doses by 2020 with
about50% of the world population consuming more than one dose per person per day [38].
In Portugal the consumption of antidepressants and anxiolytics is increasing. Two different
studies revealed that in 2018 about 25,000 packs of antidepressants were sold per day. On
the other hand, medications for anxiety and for the regularization of sleep are part of the
life of one-quarter of the Portuguese population. In last year, due to COVID-19 pandemics,
it is estimated that this number has increased significantly, in terms of volume and value,
accompanied by the increased market share of generic medicines (Figure 2).
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Figure 1. Typical sources PhaCs and PCPs aquatic systems.

Figure 2. PhaCs evolution in Portugal between 2017–2019.

Compared with 2018, there is an increase of the number of antidiabetics, analgesics
and active agent in renin-angiotensin sold (A10, N02 and C09 anatomical therapeutic
chemical (ATC) classes). The growth observed in medicine classes used to treat conditions
such as diabetes, pain and cardiovascular diseases is in line with the prevalence of these
chronic diseases in Portugal. The growth observed between 2018 and 2019 is based on
the increase in the value of generic (€29M) and branded medicines (€108M). Simvastatin +
Ezetimibe and Atomoxetine generics had the highest penetration rate, reaching a market
share of around 52% in sell-out counting units.

2.2. Personal Care Products

Used in cosmetics and daily care products including preservatives, residues of surfac-
tants used in detergents and soaps, fragrances, synthetic musks, UV-filters (e.g., benzophe-
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none, octocrylene) and plasticizers used in product packaging and linings (e.g., bisphenol
A, BPA), PCPs constitute an important class of emerging contaminants, with great impact
on aquatic organisms. In addition to present at trace levels (from ng·L−1 to µg·L−1) exert
toxicological effects (e.g., endocrine disruptors) enhanced by high bioaccumulation po-
tential and persistence in the environment [39]. Therefore, most of PhaCs and PCPs have
become continuously present (pseudo-persistent) in the marine ecosystem [40].

Belonging to different chemical families, such as benzimidazoles, camphor derivatives,
triazines, benzotriazoles, cinnamates, salicylates benzophenones, p-aminobenzoates, UV
filters were used to protect skin from UV solar radiation. They are usually soluble in fatty
matrices, although some of them contain ionizable moieties, such as carboxylate (-COOH)
or sulphonic (-SO3H), which enables their solubility in water. Its absorption through the
skin followed by metabolization and bioaccumulation, depending on chemical nature
of the UV filter, might raise several health-related serious concerns including estrogenic
and carcinogenic activity [41,42]. In addition, ECs can easily reach aquatic environments
and therefore marine coastal zones, and even present at very low levels, ng L−1, they
can accumulate in these systems and cause harmful effects in flora and fauna. Contrary
to PhaCs which are metabolized by the organism, some of these PCPs are not easily
metabolized and, therefore, its regular use leads to the presence of large quantities in the
environment and particularly in the aquatic systems [43]. Relatively to fragrances, namely
synthetic musks (either nitro musks or polycyclic musks), are used in a wide range of
products (e.g., soaps, deodorants, detergents), and for this reason is commonly found in
aquatic organism, air, human milk, blood and adipose tissues. This fact resulting in the
potential adverse effects on ecological environmental (e.g., PPCPs degradation products)
and human health (e.g., cancer) [44].

Some studies reported the levels of ECs, namely PhaCs and PCPs, in marine biota,
sea water and sediments (Table 2) reflecting both (i) the poor efficiency of the wastewater
treatment plants, and (ii) the anthropogenic activity. In addition, some PCPs are used in
large quantities, and recent works have indicated that many of them are bioactive, have
the potential for bioaccumulation and are environmentally persistent [45,46].

Table 2. Levels of PhaCs and PCPs in marine environment.

Region
PhaCs (ng/L) Reference

DCF a CMP b AAP c SMA d

Red Sea nd e 3.8 16.7 nd [47]

Baltic Sea nd 0.6–3.2 nd nd [47]

Yellow Sea nd na nd 7.7 [47]

Mediterranean Sea nd 0.004-0.013 0.03-0.11 nd [47]

Gulf of Cadiz nd–2.5 nd–0.1 nd–2.8 nd [47]

Brazilian coastal [47]

False Bay 2.6–3.7 0.7–1.6 0.9–1.9 0.3–4.8 [47]

Bohai Bay nd nd nd 2.3–140 [47]

PCPs (ng/L)

PAR f TCS g 4MBC h MK i

United States j 14–400 <0.1–2300 2.3–545 4.8–390 [48]

Brazil l nd nd 11.6–17.1 nd [49]

Philippines m nd 0.29–2.0 nd nd [50]
a DCF—Diclofenac; b CMP—carbamazepine; c AAP—Acetaminophen; dSMA—Sulfamethoxazole; e nd—not
detected; f PAR—Paraben; g TCS—Triclosan; h 4MBC—4-methyl-benzilidine-camphor; i MK—Musk ketone;
j Surface water; l Marine biota; m Surface water.
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3. Environmental Impact and Risk Assessment

The presence of some PhaCs and PCPs in the environment have been already found
as toxic and harmful for the marine organisms. In the literature, negative effects for
different kinds of biota, from small plankton to big mammals, are widely described for
many emerging compounds.

PhaCs undergo metabolic transformation within the human and animal bodies and
some metabolites may potentially pose greater risk than the original substances [51].
Contrary, some of these PCPs are not subjected to metabolic alterations, large quantities of
them enter the environment unaltered [43].

The chemical characteristics of the pollutants are determinant in the extent of the
injury caused to the environment. For example, the more hydrosoluble the compounds, the
more bioavailable they are to phytoplankton [52]. Surrounding pollutants can affect species
differently because their routes of exposure depending on the food preferences of marine
organisms [53]. Thus, filter feeders or detritivores individuals can easily bioaccumulate
pollutants directly from media while large carnivores can biomagnify the compounds very
quickly. Bioaccumulation and biomagnification processes depends on several aspects such
as age, weight, sex, diet, metabolic activity, habitat, content of proteins and lipids, seasons,
growth and reproduction rates, migrations, etc. [54].

Both PhaCs and PCPs could act as endocrine disruptors for marine organisms [55].
Most of the detected impacts or damages are related with alteration of reproductive
capability, problems of growth and decrease of survival rates and these negative effects
have been reported even at trace concentrations (ng L−1).

For example, antineoplastic drugs used against cancer diseases are responsible to
cause changes in the reproductive function, oxidative stress, genotoxicity, cytotoxicity and
neurotoxicity [56]. Widely used analgesics (e.g., paracetamol) are systematically reported
to occur in the wild, where they may exert effects on oxidative stress biomarkers [57–59].

Otherwise, PCPs such as UV filters added to sunscreens may inhibit growth on
some specific algae [60] or cause decrease on reproduction and increase of mortality in
invertebrates [61]. Other important effect of UV filters is coral bleaching [62], which is very
worrying since coral reefs are ecosystems with huge biodiversity. For this reason, some UV
filters have been banned in some places such as Hawaii [63]. Others PCPs such as parabens
are able to activate several nuclear receptors causing changes in hormones-dependent
signalling pathways [64].

Some papers have also studied the relation between the risk associated to the pres-
ence of some emerging pollutants and the ocean acidification because of the climate
change [65–69]. The study of Mezzelani et al. (2021) revealed clearly increased cellular
hazard for mussels due to interactions of carbamazepine with acidification compared to
single stressors [65].

In addition to the individual effects of these analytes, there is a growing concern about
the potential adverse consequences of the interactions among the substances when they
are simultaneously present in the environment [70]. Moreover, it should be considered
that the knowledge is still limited to a few model species, while there are many groups of
organisms completely unexplored regarding the effects of emerging pollutants [71].

According to the Technical Guidance Document on Risk Assessment from the EU [72],
there are three main approaches to assess the potential risk from the presence of individual
pollutants in the aquatic environment: (i) a quantitative approach based on predicted
or measured environmental concentration, (ii) a qualitative approach applied when a
quantitative estimate of the exposure and/or effects of a substance are not possible and
(iii) the Persistence, Bioaccumulation, Toxicity (PBT) assessment [73]. The most desirable
scenario is to have data to evaluate environmental risks in a quantitative way. With
this purpose, the Hazard Quotients (HQs), also called Risk Quotients (RQs), are usually
estimated, following the European Medicines Agency (EMEA) guidelines [74]. HQ is
defined as:

HQ = MEC/PNEC
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where MEC is the measured environmental concentration and PNEC is the predicted
no-effect concentration, which is calculated based on chronic toxicity values [75].

Normally the maximum individual concentration found of each studied is used as
MEC. When PNEC is not available, estimated PNECs can be derived from the values of
EC50 (50% effect concentration, that means concentration causing toxic effects in 50% of the
organisms tested) or LC50 (50% lethal concentration) reported in the literature, divided by
an appropriate uncertainty factor (assessment factor, AF), which varies from 10 [66,76] to
1000 [67,77]. AFs are applied to adjust the differences between laboratory data and natural
conditions, considering the distinction of interspecies and intraspecies. AFs used for long-
term tests are smaller, since the uncertainty of the extrapolation from labs to the natural
environment is lower. More data on more species in the same environmental compartment
can also minimize uncertainties, consequently decreasing the AFs. HQ < 0.1 meaning
minimum risk; 0.1 ≤ HQ <1.0 meaning intermediate risk and HQ ≥ 1.0 meaning high
environmental risk [76]. This approach allows becoming closer to the acute toxicity values
in a situation in the natural media with longer exposure periods (chronic toxicity) [78].

The reliable estimation of HQ is therefore subjected to the available toxic informa-
tion. Traditional ecotoxicity testing strategies for in vivo experiments are expensive, time-
consuming and reliant on large number of animal subjects, so it is not possible to test
acute toxicity for all the chemicals used globally. For this reason, tools for ecotoxicity
assessments have been developed, such as Quantitative Structure–Activity Relationships
(QSAR), which uses a mathematical model to make a prediction. The model is built from
physicochemical properties, such as molecular weight, octanol water partition coefficient
(Kow), quantum mechanics calculations or presence of functional groups [79]. ECOSAR
is a software from the U.S. Environmental Protection Agency (EPA) used to estimate the
toxicity of chemical substances to freshwater organisms, specifically to daphnid, green
algae and fish. This approach is limited but often used due to the scarce toxicity test
data on marine aquatic species, especially for emerging contaminants. Even though a
reasonable correlation exists between the ecotoxicological responses of freshwater and
saltwater biota [80], it should considered that environmental concentrations of pollutants
do not affect the different aquatic organisms in the same way [68].

Regrettably, the literature assessing the environmental risk of emerging pollutants in
coastal ecosystem is not extensive. Table 3 shows a summary of HQs calculated for phar-
maceuticals and personal care products in seafront zones when they result in intermediate
(0.1 ≤ HQ <1.0) or high environmental risk (HQ ≥ 1.0).

Using ECOSAR approach, HQ values has been estimated for different PhaCs and PCPs
found in coastal matrices. 32 PhaCs and PCPs were evaluated in the Albufera Natural Park
(Valencia, Spain) in Mediterranean coast [66]. HQs were calculated for three mentioned
trophic levels, and at the mean concentration, intermediate risk was registered only for
caffeine in algae. However, at the maximum concentration, HQ of caffeine was higher than
1 for algae and tramadol showed an intermediate risk for the all the studied trophic levels.
Since the samples presented a mixture of several compounds, the authors also evaluated
the risk for the entire mixture by summing the ratios of each component, resulting that
water was safe for daphnia and fish but not for algae.

A great multiresidual antibiotic analysis was performed for the study of 77 compounds
(sulfonamides, quinolones, macrolides, lincomycins, β-lactam and tetracyclines) in three
bays of the East China Sea. Even though the exact data are not provided, authors concluded
that calculated risk for daphnid, green algae and fish revealed that the joint toxicity was
enhanced when multiple antibiotics were present simultaneously. Thus, the sum of the HQ
values of each antibiotic results in more sampling sites in acute and chronic toxicity risks.
Moreover, an increase in the risk was observed from offshore to nearshore [81].



Separations 2021, 8, 95 9 of 25

Table 3. Intermediate risk (0.1 ≤ HQ <1.0) or high environmental risk (HQs ≥ 1.0) found for pharmaceuticals and personal
care products in seafront zones.

Location Compound Organism HQ a Reference

Albufera Natural Park
(Spain)

Caffeine Green algae ≥1.0

[66]
Tramadol

Green algae ≥0.1

Daphnia magna <1.0

Fish (not specified)

Port Philip Bay (Australia)
Octocrylene

Not specified
3

[83]
2-ethylhexyl-4-methoxycinnamate 4

Gran Canaria island (Spain) UV-327
Green algae 0.298

[84]
Daphnia magna 0.129–0.687

Cádiz Bay (Spain)

Ibuprofen

Green algae Daphnia magna Fish

0.30

[68]Phenazone 0.28

Salicylic acid 0.48

Pego–Oliva marsh (Spain)

Acetaminophen Daphnia magna 0.321

[82]

Ciprofloxacin Green algae 5.926

Diclofenac Fish 0.3

Ibuprofen Fish 1.2

Norfloxacin Green algae 0.978

Ofloxacin Green algae 3.137

Propanolol Fish 0.666

Sulfamethoxazole Green algae 0.581

Biscayne Bay (USA)

Estrone

Not specified

1.2–21.2

[55]
17-β-estradiol 1.6–103

Estriol 0.1–2.2

17-α-ethynylestradiol 0.1–651

Capbreton Canyon (France)

3-(4-methylbenzylidene)camphor
(4-MBC) Green algae Daphnia magna Fish 0.1–2.5

[85]2-ethylhexyl 4-methoxycinnamate
(EHMC) Potam. antipodarum 0.19–39.7

Octrocrylene Green algae Daphnia magna Fish 0.16

Guarujá (Brazil) Diclofenac Danio rerio 0.11 [80]

Santos Bay (Brazil)

Ibuprofen Lytechinus variegatus (sea urchin) 326.6

[76]
Perna perna (bivalve) 32.4–326.6

Triclosan
Lytechinus variegatus (sea urchin) 20.18

Perna perna (bivalve) 2.01–20.18
a HQ—Estimated hazard quotients.

Other multitarget analysis (78 PhaCs) was carried out in the Gulf of Cadiz (Spain),
where the HQs showed no high environmental risk in both coastal and oceanic sampling
areas, despite they were much greater than 1 for several compounds in the effluent of a
near sewage treatment plant [68]. Thus, after dilution, only three compounds (ibuprofen,
phenazone, salicylic acid) showed intermediate risk for daphnid, green algae and fish.

Seventeen PhaCs were evaluated in other place of the Spanish coast, this time in a
Mediterranean marsh, detecting intermediate or high risk in green algae, daphnid or fish.
Two quinolones, ciprofloxacin and ofloxacin, showed values of HQ in algae of 6.9 and 3.1,
respectively. Other quinolone also results in a risk near to 1 (0.98) for algae [82].

In seawaters from north Portuguese coast, 7 PhaCs and 2 metabolites belonging to
non-steroidal anti-inflammatory drugs and analgesics therapeutic classes were studied.
The highest HQs were obtained for fish showing a high risk for diclofenac in two of the
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sampling points, while green algae and daphnids never exceeded the threshold value of
1. For daphnids and algae, the highest HQs (corresponding for intermediate risk) were
obtained for acetaminophen and for ketoprofen, ibuprofen and naproxen, respectively [69].

Other concern family of emerging compounds is hormones. The HQ of estrone, 17-
β-estradiol, estriol and 17-α-ethynylestradiol were evaluated in Biscayne Bay in Florida
(USA), resulting in an unexpected high risk probably related with surface runoff and
groundwater flow in coastal areas not served by municipal wastewater collection [55].
Despite estriol showed the highest environmental concentrations, the HQs calculated for
estrone, 17-β-estradiol and 17-α-ethynylestradiol were higher, as much as 651 for 17-α-
ethynylestradiol. The sum of quotients was also calculated; of the twenty-nine sampling
sites, only one site had a ΣHQ below 1.

The studies related with the risk assessment of PCPs in seafront zones are even more
scarce. The risk of 11 UV filters and 10 UV stabilizers were studied in Port Philip Bay in Aus-
tralia, where only two chemicals, octocrylene (OC) and 2-ethylhexyl-4-methoxycinnamate
(EHMC) had an HQ above 1. However, the authors also claim that the toxic effects of
mixtures can occur at much lower concentrations than observed for individual chemicals,
so compounds with the same mode of action may exert an additive toxicity effect [83].

HQs were also calculated for six UV stabilizers (UV-P, UV-326, UV-327, UV-328, UV-
329 and UV-360) regarding the concentrations found in seawater from 3 different points of
the coastal of Gran Canaria island (Spain). In this case, only the measured concentrations
for one compound, the UV-327, supposed an intermediate risk for two locations and for
green algae and daphnid [84].

The presence of other three UV filters were revealed as a risk in a study of 100 priority
and emerging pollutants carried out in the Capbreton Canyon, situated in the Bay of Biscay
in NE Atlantic at 250 m from the coastline. Among the PCPs, only 3-(4-methylbenzylidene)-
camphor (4-MBC), EHMC and OC showed intermediate or high risk, with a maximum of
39.72 calculated for EHMC [85].

Several papers have also assessed the risk of emerging compounds using data from
ecotoxicological studies in other species. Pusceddu et al. (2018) studied the chronic effects of
a PhaC (ibuprofen) and a PCP (triclosan) through the embryo-larval development bioassay
for the species Lytechinus variegatus (sea urchin) and Perna perna (bivalve). They were
subjected to spiked sediments following two different exposure approaches, the sediment-
water and the sediment elutriate. HQ values were estimated taking into consideration the
concentrations found in sediments of Santos Bay in Brazil, obtaining values well above 1,
meaning high environmental risk [76].

In a study of 23 PhaCs near the diffusers of the Guarujá submarine outfall in São
Paulo (Brazil), diclofenac was found to have a risk quotient value of 0.11 for the fish Danio
rerio [80]. Since the authors state that diclofenac is a biologically active compound with a
low biodegradation rate but with rapid photo transformation into new by-products, it is
essential to control the levels of both the original compounds and their metabolites.

Other authors have also carried out embryotoxicity test and then estimated HQ values
using environmental concentrations found in the literature. For example, the effect of
gemfibrozil, propranolol and 17α-ethinylestradiol were studied in seabream larvae (Sparus
aurata), mussels (Mytilus galloprovincialis) and sea urchins (Paracentrotus lividus), obtaining
median HQs values higher than 1 (high environmental risk) [86]. These results indicate
that even compounds normally low concentrated in the marine environment might pose a
hazard to the early life stages of some species.

More examples of HQ values are available in the literature, but using measured
concentrations in treated sewage samples and receiving river waters [73,87,88]. However,
despite these waters are the main source of pollution in the seafront zones, more studies
are needed to assess the real risk for the environment.

HQ > 1 was calculated for 30 ECs in Greek secondary treated wastewaters. In all
studied rivers, triclosan presented HQ > 1 in algae, whereas decamethylcyclopentasilane
in Daphnia magna, caffeine in algae and nonylphenol in fish showed HQ > 1 in rivers
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with dilution factors equal or lower to 1910, 913 and 824, respectively [73]. Even though
fortunately the dispersion and dilution of the pollutants decreases their potential risk, these
quotients demonstrate that continuous entry of emerging pollutants in the environment
must be urgently monitored and regulated, despite the dispersion that they undergo in the
ocean. For calculating the risk quoting based on WWTP effluents, some authors employed
a factor of 10 in order to include the dilution effects of the effluent waters around the waste
water pipe outlets [89].

It is also need to include metabolites in the risk assessments, since there are already
studies that pointed that their PEC or toxicity are higher than that of their parents, which
resulted in greater HQs [51].

4. Analytical Platforms for Detection and Quantification ECs

The development of simple, fast, sensitive, selective and low-cost analytical platforms
is of the utmost interest due to the complexity of seafront zones and aquatic environments
surveillance monitoring of ECs, namely PhaCs and PCPs [74]. The analytical procedure for
the detection and quantification of ECs in environmental samples is analogous to that for a
diversity of organic contaminants and require a suitable pre-treatment step (e.g., extraction,
purification) followed by an analysis using diverse separation and detection techniques.
The selection of the most suitable analytical platform depends of the physicochemical
properties of the target analytes and the sensitivity. As can be observed in the Tables
4 and 5, the most common extraction procedure and analytical platform used for the
assessment of ECs in environmental samples is solid phase extraction (SPE) followed by
liquid chromatography (LC) combined with mass spectrometry (MS). In the next sections
will be discussed the different microextraction techniques and analytical platforms used in
the extraction of ECs from environmental samples.

4.1. Extraction Techniques
4.1.1. Extraction from Coastal Liquid Samples

Samples from marine environments are complex matrices, which must be treated
before analysis in order to minimize the presence of interferences that could affect the deter-
mination step. Furthermore, PhaCs and PCPs are usually presented in coastal environment
samples at trace concentrations, which means that it is absolutely necessary to perform
preconcentration techniques to obtain extracts at measurable and confident concentrations.

In this regard, different preconcentration and extraction techniques are used consid-
ering the physicochemical properties of the studied matrices. As can be seen in Table 4
for liquid samples, solid phase extraction (SPE) is the most used extraction technique.
SPE has been established as extraction routine not only for marine waters, but also for
other many types of environmental liquid samples as wastewaters, river or lake waters or
even, groundwater [90,91]. Usually, PhaCs are analysed using multiresidue methodologies
which could be performed for more than 50 PhaCs in a single procedure [68,81,92,93].
Considering the variety of physicochemical properties of PhaCs, which present very dif-
ferent molecular structures, solubilities, polarities and acidity constants, it is necessary to
develop extraction procedures, which permit to extract as much compounds as possible.
For this reason, the selection of an appropriate sorbent is a key factor in the development
of extraction procedures. Silica C18 sorbents have reported good extraction yields for some
PhaCs such as non-steroidal anti-inflammatory drugs (NSAIDs) [94]. Nevertheless, when a
pharmaceutical multiresidue methodology is proposed, the best extraction efficiencies are
usually obtained with polymeric sorbents with a hydrophobic-hydrophilic balance such as
Oasis HLB cartridges. In this regard, in Table 4 it can be observed that most of the studies
use this type of sorbent and the differences between studies are in the weight of polymer
used. The weights of Oasis HLB are between 60 mg in small SPE cartridges (with a volume
of 3 o 6 mL) and 1 g, used as extraction polymer in the study of Munaron et al. (2012). In
this study, the authors did not use the Oasis polymer in a SPE procedure but used it as
extraction sorbent in a polar organic chemical integrative sampler (POCIS) device [95].
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Other authors have substituted Oasis cartridges by similar sorbents based on polystyrene-
divinylbenzene resins or similar polymers which present strong retention of neutral, acidic
or basic compounds [69,80,96–98].

Table 4. Extraction methodologies for (A) pharmaceuticals (PhaCs) and (B) personal care products (PCPs) present in coastal
liquid samples.

Studied ECs Sample Type and
Location

Extraction
Technique Extraction Conditions Recoveries

(%) Reference

(A) PhaCs
Caffeine and 8

steroid hormones
Seawater from Key Largo

Harbor (Miami, USA) LLE a SA k: 2 L
ES l: 3 × 50 mL DCM m – [99]

Enrofloxacin Seawater from São Luís
(Brazil) UA-DLLME b

SA: 8 mL
ES: chloroform
DS n: MeCN o

70 [100]

9 PhaCs
Waters from Yangtze

Estuary and its coastal
area (China)

SPE c
SA: 1 L water, 2 kg sediments

SPE cartridge: Oasis HLB (200 mg, 6 mL)
ES: MeOH p

51–103 [101]

33 PhaCs, cocaine
and its

main metabolite

Seawater from Santos Bay
(São Paulo, Brazil) SPE

SA: 1 L
SPE cartridge: Chromabond HR-X

(200 mg, 3 mL)
ES: 5 mL Acet q, 2 × 5 mL MeOH

– [96]

68 PhaCs

Waters from
Mediterranean coastal

lagoon (Mar Menor,
South East of Spain)

SPE
SA: 250 mL

SPE cartridge: Oasis HLB (60 mg, 3 mL)
ES: 6 mL MeOH

31–200 [102]

80 PhaCs Waters from southern
coast of Viti Levu (Fiji) SPE

SA: 500 mL
SPE cartridge: Oasis HLB (200 mg, 3 mL)

ES: 5 mL MeOH, 3 mL EtAc r
– [92]

4 antibiotics and
1 analgesic

Waters from shrimp
producing areas located

on the north coast of
Central Java (Indonesia)

SPE
SA: 800 mL

SPE cartridge: Oasis HLB (200 mg, 6 mL)
ES: 5 mL H2O : MeCN (10:90, v/v)

83–96 [103]

77 antibiotics Waters from coastal area
of Hangzhou Bay (China) SPE

SA: 0.5–2 L
SPE cartridge: Oasis HLB (200 mg, 6 mL)

ES: 10 mL MeOH
69–115 [93]

77 Antibiotics
Waters from Hangzhou
Bay, Xiangshan Bay and

Taizhou Bay (China)
SPE

SA: 1 L
SPE cartridge: Oasis HLB (200 mg, 6 mL)

ES: 10 mL MeOH
69–115 [81]

23 PhaCs (including
illicit drugs)

Waters from Guarujá
coast (São Paulo, Brazil) SPE

SA: 1 L
SPE cartridge: Chromabond HR-X

(200 mg, 3 mL)
ES: 2 × 5 mL MeOH, 5 mL Acet

– [80]

5 PhaCs
Marine surface waters
from the west coast of

Ireland
SPE

SA: 500 mL
SPE cartridge: Strata-X cartridges

(200 mg, 6 mL)
ES: EtAc : Acet (50:50, v/v)

56–110 [97]

32 PhaCs Coastal waters from
Costa Rica SPE

SA: 350 mL
SPE cartridge: Strata-X (200 mg, 6 mL)

ES: 2 × 3 mL MeOH
>70 [98]

7 NSAIDs–analgesic
and 2 metabolites

Waters from North
Portuguese coast

(beaches and cities)
SPE

SA: 500 mL
SPE cartridge: Strata-X (200 mg, 3 mL)

ES: 2 × 5 mL MeOH
– [69]

30 PhaCs Waters from Singapore
coast SPE

SA: 1 L
SPE cartridge: HLB (60 mg, 3 mL)

ES: 12 mL MeOH, 6 mL MeOH/Acet
(1:1, v/v)

70–130 [104]

10 PhaCs
Surface Water around

Liberty Bay, Puget Sound,
(Washington, USA)

SPE
SA: 1 L

SPE cartridge: Oasis HLB (200 mg, 6 mL)
ES: 5 mL MeOH : MTBE s (10:90, v/v)

– [105]
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Table 4. Cont.

Studied ECs Sample Type and
Location

Extraction
Technique Extraction Conditions Recoveries

(%) Reference

(A) PhaCs

4 Steroid
hormones

Seawater samples from
24 locations across Erebus

Bay (Antartica)
SPE

SA: 4 L
SPE cartridge: Oasis HLB (1 g, 20 mL)

ES: 6 × 5 mL DCM:MeOH (95:5)
95–143 [106]

78 PhaCs Coastal waters from the
Cadiz Bay (Spain) SPE

SA: 200–500 mL
SPE cartridge: Oasis HLB (200 mg, 6 mL)

ES: 10 mL MeOH
17–117 [68]

21 PhaCs Seawaters from French
Mediterranean coast SPE

SA: 1L
SPE cartridge: Oasis HLB (200 mg, 6 mL)
ES: 10 mL MeOH, 10 mL MeOH : DCM

(50:50, v/v), 10 mL DCM

75–105 [95]

17 PhaCs

Waters from
Mediterranean coastal
wetland (Pego–Oliva

marsh, Spain)

SPE
SA: 250 mL

SPE cartridge: Oasis HLB (200 mg, 6 mL)
ES: 6 mL MeOH

>70 [82]

43 PhaCs

Waters from shorelines of
German), Italy, Greece,

Turkey, USA, Israel
and Spain

SPE
SA: 500 mL

SPE cartridge: Oasis HLB (500 mg, 6 mL)
ES: 2 × 2 mL MeOH, 2 × 2 mL EtAc

80–110 [107]

8 PhaCs Waters from the Pearl
River Estuary (China)

Automated SPME
d

SA: 10 mL
SPME fiber: PDMS t

EC u: 80◦C, 60 min, 500 rpm
85–110 [108]

7 PhaCs Waters from South China
Sea (China) SPME

SA: 8 mL
SPME fiber: PS/PEGDA v

EC: 80 ◦C, 12 h, 600 rpm
81–105 [109]

22 PhaCs Water samples from the
estuary of Bilbao (Spain)

Polyethersulfone
microextraction

SA: 120 mL
ES: 1 mL MeOH 75–105% [110]

(B) PCPs

Triclosan Seawater from Key Largo
Harbor (Miami, USA) LLE SA: 2 L

ES: 3 × 50 mL DCM – [99]

4 Benzophenone
UV filters

Surface water from
different beaches located

in the Mediterranean
coast (Spain)

DLLME e
SA: 5 mL

ES: chloroform
DS: Acet

65–222 [111]

8 UV filters

Seawater samples from
different beaches in

Western Mediterranean
Sea (Spain)

DLLME
SA: 5 mL

ES: chloroform
DS: Acet

87–117 [112]

6 UV filters and
13 musks

Seawater from Angeiras
Sul and Carneiro beach

(Portugal)
DLLME

SA: 6 mL
ES: 1,1,2-trichloroethane

DS: 2-propanol
80–120 [113]

4 Benzophenone
UV filters

Surface water from
different beaches located

in the Mediterranean
coast (Spain)

DLLME
SA: 5 mL

ES: chloroform
DS: Acet

65–222 [111]

3 UV filters Seawater from Kenting
National Park (Taiwan) LPME f SA: 500 mL

ES: 1-octanol : isooctane (2:8, v/v) 67–115 [114]

Triclosan,
salicylic acid

Coastal waters from
Costa Rica SPE

SA: 350 mL
SPE cartridge: Strata-X (200 mg, 6 mL)

ES: 2 × 3 mL MeOH
>70 [98]

Triclosan Waters from Singapore
coast SPE

SA: 1 L
SPE cartridge: HLB (60 mg, 3 mL)

ES: 12 mL MeOH, 6 mL MeOH : Acet
(1:1, v/v)

70–130 [104]
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Table 4. Cont.

Studied ECs Sample Type and Location Extraction
Technique Extraction Conditions Recoveries

(%) Reference

(B) PCPs

Oxybenzone and
triclosan

Surface Water around
Liberty Bay, Puget Sound,

(Washington, USA)
SPE

SA: 1 L
SPE cartridge: Oasis HLB

(200 mg, 6 mL)
ES: 5 mL MeOH : MTBE (10:90, v/v)

– [105]

Triclosan and
4 parabens

Seawater samples from
24 locations across Erebus

Bay (Antartica)
SPE

SA: 4 L
SPE cartridge: Oasis HLB (1 g, 20 mL)

ES: 6 × 5 mL DCM:MeOH (95:5)
82–124 [106]

7 Benzotriazole
UV stabilizers

Seawater from beaches
around the coast of Gran

Canaria (Spain)
On-line SPE

SA: 1
LSPE cartridge: Oasis HLB

(200 mg, 6 mL) direct connect HP
Column (2.1× 30 mm, 20 µm)

ES: 2 mL MeOH

60–89 [115]

2 Preservatives Water samples from the
estuary of Bilbao (Spain)

Polyethersulfone
microextraction

SA: 120 mL
ES: 1 mL MeOH 75–105 [110]

4 Benzophenone
UV filters

Seawater from Costa de
Caparica (Portugal) BAµE g

SA: 25 mL
EC: 4–16 h, 1000 rpm

ES: 1.5 mL MeCN/MeOH (1:1, v/v)
76–103 [116]

7 UV stabilizers
Seawater from beaches

around the coast of Gran
Canaria (Spain)

SBSE h
SA: 25 mL

Polymer: PDMS w

ES: ???
18–92 [117]

10 UV filters Seawater from a
bathing area USAEME i

SA: 10 mL
ES: chloroform

EC: 5 min, 25 ◦C, 35 kHz
73–105 [118]

7 Benzotriazole
UV stabilizers

Seawater from beaches in
the southwest of Gran

Canaria (Spain)
FPSE j

SA: 25 mL
Coated FPSE: PDMDPS

EC: 2 mL MeCN : MeOH (50:50, v/v),
1000 rpm

9–51 [119]

a Liquid-liquid extraction; b Ultrasound-assisted dispersive liquid-liquid microextraction; c Solid phase extraction; d Solid phase mi-
croextraction; e Dispersive liquid-liquid microextraction; f Liquid-phase microextraction; g Bar adsorptive micro-extraction; h Stir-bar
sorptive extraction; i Ultrasound-assisted emulsification microextraction; j Fabric phase sorptive extraction; k Sample amount; l Extrac-
tion solvent; m Dichloromethane; n Dispersive solvent; o Acetonitrile; p Methanol; q Acetone; r Ethyl acetate; s Methyl tert-butyl ether;
t Polydimethylsiloxane; u Extraction conditions; v Styrene/ poly(ethylene glycol) diacrylate; w Poly(dimethyldiphenylsiloxane).

Regarding PCPs, many authors have used polymeric sorbents such as Oasis HLB or
Strata-X due to these compounds are usually determined with pharmaceuticals or other
emerging pollutants [98,104–106]. Oasis HLB sorbent have been used also in an on-line
SPE procedure developed for the extraction of 7 benzotriazole UV stabilizers. In this
study, the polymer is contained in special cartridges, similar to high performance liquid
chromatography (HPLC) columns where the extraction of target analytes is performed at
high pressures [115]. For both PhaCs and PCPs, sample volumes are very varied and are
related in most cases with the expected concentrations of these emerging pollutants. The
volumes of the consulted bibliography varied from 200 mL up to 4 L of samples used, for
example in the determination of PCPs in seawater from Antarctica [106].

Some studies have evaluated the efficiency of different extraction methods for PCPs
in coastal waters. Singh et al. (2010) used liquid-liquid extraction (LLE) with methylene
chloride (DCM) for the extraction of caffeine, triclosan and 8 steroid hormones from
seawater [99]. Nevertheless, in recent years, the alternatives to SPE have been focused in
the microextraction techniques and for this, many different microextraction techniques have
been developed for the determination of PCPs. Solid phase microextraction (SPME) is one
of the most studied miniaturized extraction techniques and has been satisfactorily applied
to the extraction of these compounds in marine samples. Some authors have reported
extraction procedures using polydimethylsiloxane or divinylbenzene fibers [108,120] while
others have prepared their own fibers as the case of Wang et al. (2020) that used a styrene
and poly(ethyleneglycol) diacrilate fiber [109]. Recently, other authors have reported
the use of different microextraction techniques for PCPs in marine aqueous samples.
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Mijangos et al. (2018) optimized a polyethersulfone microextraction for 22 PhaCs and
2 preservatives in estuarine samples [110] while Dias et al. (2021) developed a extraction
method for antibiotic enrofloxacin using dispersive liquid-liquid microextraction assisted
with sonication (UA-DLLME) [100], both with satisfactory results (recoveries over 70%).
Some of them are based on liquid extraction such as dispersive liquid-liquid microextraction
(DLLME) [111–113], liquid-phase microextraction (LPME) [114] or ultrasound assisted
emulsification microextraction (USAEME) [118] while other microextraction techniques are
based on the adsorption of the contaminants on a device that could be a bar such as stir-bar
sorptive extraction (SBSE) or bar adsorptive microextraction (BAµE) [116,117], or a fabric
device as using fabric phase sorptive extraction (FPSE) [119]. It is important to highlight
that most of these microextraction techniques are based on equilibrium processes and for
this reason the recoveries are not as high as using exhaustive extraction methodologies
such as SPE. Another important difference between the use of SPE and microextraction
techniques is the number of compounds extracted. Generally, microextraction technique
are able to extract up to 10 compounds while SPE is often used in multiresidue approaches.

4.1.2. Extraction from Coastal Solid Samples

Extraction methods for solid samples are not as standardized as SPE for liquid samples.
For marine samples, some authors have extracted PCPs by shaking with an organic sol-
vent [121,122]. Nevertheless, most of the consulted studies use instrumental methodologies
for the extraction of PCPs from marine sediments and sand such as ultrasound assisted ex-
traction (UAE), pressurized solvent extraction (PSE), microwave assisted extraction (MAE)
or recent developed extraction techniques such as quick, easy, cheap, effective, rugged and
safe (QuEChERS) (Table 5).

Table 5. Extraction methodologies for PPCPs present in coastal solid samples.

Studied ECs Sample Type and Location Extraction
Technique Extraction Conditions Recoveries

(%) Reference

3 PhaCs, 3 steroid
hormones,

oxybenzone, triclosan

Sediments from southern
California Bight (USA) Accel. shacking SA: 2 g 86–91 [122]

Parabens
Sediments from Sihwa lake

(Korea) and Tokyo Bay
(Japan)

Shacking
Clean-up: SPE a

SA h: 100–500 mg
EC i: 5 mL MeOH: H2O

(5:3 v/v), 60 minSPE cartridge:
Oasis MCX (60 mg, 3 mL)

Clean-up ES j: 5 mL MeOH k

81–119 [121]

77 antibiotics
Sediments from Hangzhou

Bay, Xiangshan Bay and
Taizhou Bay (China)

UAE b (x2)
Clean-up: SPE

SA: 2 g
20 mL MeCN l : EDTA

m-Mcllvaine Buffer (1:1, v/v)
SPE cartridge: Oasis MCX

(200 mg, 6 mL)
ES: 10 mL MeOH

– [81]

6 PhaCs and 2 musks
Eulittoral and infralittoral
sediments from Todos os

Santos Bay (Brazil)
UAE (x2) SA: 2 g

ES: 15 mL MeOH, 20 min >87 [123]

43 PhaCs
Sediments from Capbreton

Canyon (South-Eastern Bay of
Biscay, NE Atlantic)

UAE
Clean-up: SPE

SA: 0.2 g
EC: 1 mL MeOH, 1 mL

NH4Cl n, 0.2 mL Na2EDTA o,
20 min

SPE cartridge: Oasis HLB
(60 mg, 3 mL)

ES: 1 mL H2O : MeOH
(95:5, v/v)

22–134 [85]

84 PhaCs, triclosan
and triclocarban

Sediments from nearshore
sites in San Francisco Bay,

CA, USA

UAE
Clean-up: SPE

SA: 1 g
EC: aqueous phosphate

buffered (pH 2), MeCN p

SPE cartridge: Oasis HLB
(200 mg, 6 mL)

ES: MeCN

21–231 [124]
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Table 5. Cont.

Studied ECs Sample Type and Location Extraction
Technique Extraction Conditions Recoveries

(%) Reference

31 PhaCs, triclosan
and triclocarban

Sediments from Pearl River
Delta (China)

UAE (x2)
Clean-up: SPE

SA:2 g
EC: 5 mL citrate buffer (pH 3),

5 mL MeCN, 20 min, 25 ◦C
SPE cartridge: Oasis HLB

(200 mg, 6 mL)
ES: 10 mL MeOH

43–127 [125]

119 PPCPs
Sediments from Puget Sound

and Bellingham Bay,
Washington (USA)

UAE (x2)
Clean-up: SPE

SA: 1 g
EC: 20 mL of MeCN
SPE cartridge: HLB

ES: MeCN

– [126]

15 PhaCs and
triclosan

Sediments from mangroves
around Singapore UAE SA: 2.5 gEC: 20 mL MeCN,

30 min, 25 ◦C, 12,000 rpm 47–132 [127]

9 PhaCs
Sediments from Yangtze

Estuary and its coastal area
(China)

ASE c
SA: 2 kg

EC: 3 × 15 mL MeOH, 100 ◦C,
15 min, 100 bars

43–88 [101]

17 PhaCs

Sediments and solis from a
mediterranean coastal
wetland (Pego-Oliva

marsh, Spain)

PSE SA: 3g
EC: H2O, 90 ◦C >87 [82]

68 PhaCs

Sediments from a
mediterranean coastal lagoon

(Mar Menor, South East
of Spain)

PLE d

Clean-up: SPE

SA: 1 g
EC: 1 mL MeOH : H2O

(1:2, v/v), 100 ◦C
SPE cartridge: Oasis HLB

(200 mg, 6 mL)
ES: 1 mL MeOH : H2O

(25:75, v/v)

31–240 [102]

64 PhaCs
Sediments from Long Island
Sound (LIS) Estuary (New

York, USA)

ASE
Clean-up: SPE

SA: 2 g
EC: MeOH : H2O (1:2, v/v),

100 ◦C, 1500 psi
SPE cartridge: Oasis HLB

(200 mg, 6 mL)
ES: 8 mL MeOH

– [128]

47 PhaCs
Sediments from greater

Auckland region
(New Zealand)

ASE
Clean-up: SPE

SA: 1 g
EC: MeOH : H2O (1:2, v/v),

100 ◦C, 1500 psi
SPE cartridge: Oasis HLB

(500 mg, 6 mL)
ES: 2 × 4 mL MeOH

11–222 [129]

5 fluoroquinolone
antibiotics

Sediments from the
southwest coast of Gran

Canaria (Spain)
MAE e SA: 2 g

EC: micellar solution (HTAB) 73–96 [130]

7 benzotriazole
UV stabilizers

Sediments from three
touristic beaches of Gran

Canaria (Spain)

MAE
Clean-up: On-line

SPE

SA: 1 g
EC: MeCN

SPE cartridge: Oasis HLB
Direct Connect HP Column
(2.1 mm × 30 mm, 20 µm)
ES: MeOH with 0.1%, v/v,

formic acid

50–85 [131]

6 UV filters and
9 musks

Sediments from Capbreton
Canyon (South-Eastern Bay of

Biscay, NE Atlantic)
QuEChERS f

SA: 2 g
EC: citrate buffer salt mixture,
4 mL H2O, 10 mL EtAc q : Tol

r (75:25, v/v)

65–143 [85]

11 multiclass
ultraviolet (UV)

filters

Sand from beaches from
Atlantic Ocean coast (Spain

and Portugal)
SPME g

SA: 1 g
Fiber: PDMS/DVB s

EC: 1 mL H2O, 20 min, 100 ◦C
70–124 [120]

a Solid phase extraction; b Ultrasound assisted extraction; c Accelerated solvent extraction; d Pressurized liquid extraction; e Microwave-
assisted extraction; f Quick, easy, cheap, effective, rugged and safe; g Solid phase microextraction; h Sample amount; i Extraction
conditions; j Extraction solvent; k Methanol; l Acetonitrile; m Ethylenediamine tetraacetic acid; n Ammonium chloride; o Disodium
ethylenediaminetetraacetate dihydrate; p Acetonitrile; q Ethyl acetate; r Toluene; s Polydimethylsiloxane/ divinylbenzene.
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Ultrasound assisted extraction (UAE) have been widely used in PCPs present in ma-
rine samples. This technique uses the energy of the ultrasounds to transfer the compounds
adsorbed on solid samples to an extractant. This means a reduction of extraction times
and a lower volume or organic toxic solvents. The organic solvents used to extract PCPs
from marine sediments are usually methanol and acetonitrile, in some cases, buffered
with an aqueous solution considering the physicochemical properties or the target ana-
lytes [81,85,124,125]. Some authors reported a duplicate extraction to increase the extraction
recovery [81,123,125,126]. The extraction recovery was determined based on the relating
the known theoretical concentration added to the sample (Ctheoretical) to the experimental
concentration (Cexperimental) of each PPCPs in the sample, spiked at different concentra-
tions. The Cexperimental was calculated based on the variance between the peak areas of
the analytes in spiked and non-spiked samples. However, this procedure could promote a
dilution of the analytes, consequently additional steps (e.g., evaporation) could be required.
Another used extraction techniques for solid samples are based on pressurized solvent
extraction (PSE) which involves analyte extraction during short times with solvents at
elevated temperatures (up to 200 ◦C) and pressures (up to 3000 psi) [132]. For the extraction
of PCPs from marine solid samples, the different studies suggest the use of methanol, water
or a mixture of them at temperatures near boiling point of water (90–100 ◦C) and extraction
pressures around 100 bars. This technique has been used especially for the extraction
of PhaCs in multiresidue procedures [102,128,129], which indicate its versatility to com-
pounds with diverse physicochemical properties. Other instrumental extraction technique
is microwave assisted extraction (MAE). In this case, the extraction of the analytes from
solid samples is induced by the energy associated to microwaves producing a heat of the
extraction solvent and partitioning analytes from a sample matrix into the solvent [133].
This is an advantage, especially when it is necessary to heat a solvent mixture rapidly. This
methodology has been satisfactorily developed by Montesdeoca-Esponda et al. in sediment
samples for the extraction of PCPs such as fluoroquinolone antibiotics or benzotriazole UV
stabilizers [130,131]. Furthermore, in the extraction of PCPs using MAE, organic solvents
used as extractant could be substituted by greener solvents such as micellar solutions with
good extraction efficiencies [130].

Due to the complexity of marine solid samples, in many cases it is necessary to
perform a clean-up step that consist in a dilution of the extract and a following liq-
uid extraction methodology such as SPE. In this regard, many authors reported the
use of a clean-up step based on SPE for the isolation of PCPs present in marine solid
samples [85,102,121,124–126,128,129,131]. Due to the varied physicochemical character-
istics of PPCPs, this clean-up step is usually performed using hydrophilic-hydrophobic
polymers such as Oasis HLB.

4.2. High Resolution Analytical Platforms

Chromatographic techniques, such as LC coupled to MS or MS/MS are certainly
the most frequently analytical platforms for the determination of ECs in environment
samples (Tables 4 and 5), mainly when isomeric mixtures are analyzed, providing a higher
selectivity. Traditional systems such as LC coupled with different detectors, such as diode
array detection (DAD) [116] and fluorescence detector (FLR) [100] have been used to deter-
mine 4 benzophenone UV filters and enrofloxacin in environmental waters, respectively.
The main advantages of these traditional systems are faster, easier to use, efficient, low-
cost and more accessible in common laboratories [100]. Perhaps, the lower sensitivity
obtained using these detectors, principally when analyzing complex samples, satisfactory
figures of merit were achieved, such as low LODs (few µg/L), high recoveries (>70%),
good repeatability and reproducibility with relative standard deviations (RSD) lower than
13%. Nowadays, DAD and FLR detectors have been replaced for more selective MS or
MS/MS detectors. MS detection allows the addition of multiple labeled internal stan-
dards before extraction procedure, which permit more accurate quantification of ECs in
environmental samples [124].
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Liquid chromatography–tandem mass spectrometry (LC–MS/MS) is becoming an
emergent analytical platform to determine ECs in environmental samples due to its great
separation resolution, ability of identifying compounds, sensitivity (low LODs) and does
not require any derivatization procedure previous to the analysis [96–98,104,108,110,123].
However, the main disadvantages of LC–MS/MS is the complexity of operation, cost and
strong matrix effects, which promotes in several cases the signal suppression or enhance-
ment [108,110]. More sophisticated analytical platforms, namely ultra-performance liquid
chromatography tandem mass spectrometry (UHPLC/MS-MS) have been recently applied
in the determination of ECs in environmental samples [68,81,93,102,111,117,119]. This
technique allows higher pressures, narrow peaks, improves chromatographic separation,
reduce significantly the time of analysis and solvent volumes [111,131]. Montesdeoca-
Esponda et al. [117] developed a sensitive UHPLC–MS/MS method that, under optimal
conditions, allowed the separation of 7 UV stabilizers in less than 1 min. Nevertheless,
the high cost of instrumentation and maintenance are the main drawbacks of this equip-
ment [100]. On the other hand, LC coupled to high resolution mass spectrometry (HRMS)
has gained an increased popularity as a powerful analytical platform in the identification of
novel emerging micropollutants in the aquatic environmental [134]. LC-HRMS compared
do LC-MS with unit mass resolution provides a screening for targeted (using reference
standard), suspect (exact mass as a previous information) and non-targeted (no preliminary
information) analyses in a single run, generating high-resolution accurate masses, their
isotopic patterns and MS2 spectra included in online databases [135]. Related to non-target
screening, several authors have been proposed a scheme for reporting the identification con-
fidence, where the interpretation of fragmentation pattern, retention time, mass accuracy,
isotopic pattern of the precursor ion are considered as supporting data in the identification
and elucidation of chemical structural [134,136,137]. Comtois-Marotte et al. [138] analyzed
31 PPCPs from surface water, wastewater, suspended particulate matter and sediments,
being the quantification performed in both full scan, and MS2 modes. Satisfactory figures
of merit (recovery, LODs, matrix effect) were achieved, which support the potentiality of
LC-HRMS in the identification and quantification of ECs.

Regarding to MS detector, the ECs were common detected and quantified using a
triple quadrupole mass spectrometer (QqQMS/MS) equipped with electrospray ionization
(ESI) source in multiple reaction monitoring (MRM) mode, with the selection of a precursor
ion and two ion products to quantify and qualify each compound [68,81,96,102,105]. ESI
is a softer ionization technique that provides information on the molecular ion, which
can be valuable in ECs determination, being the matrix effect its major drawback. On
the other hand, McEneff et al. [97] used an ion trap mass spectrometer equipped with
ESI source, in both ESI (+) and ESI (-) mode, in selected reaction monitoring (SRM) to
assess the distribution if 5 PhaCs in sewage effluent, receiving marine waters and ma-
rine bivalves. Good recoveries (56 to 110%), low LODs (3 to 225 ng L−1) and precision
(RSD < 11%) were achieved, which demonstrate the potentiality of this analytical platform
in the ECs determination.

Gas chromatography (GC) combined with MS [69,99,106,113,139,140] or MS/MS [118,120]
has also been used in less proportion, when compared to LC-MS/MS, in the assessment of
ECs in environmental samples. A possible explanation for this occurrence can be the total
time of analysis as well as the derivatization procedure required in GC analysis to promote
the volatility and decrease the polarity of the analytes [106,108]. Possibly, LC systems show
low peak capacities and separations when compared to GC that continue to be the preferen-
tial analytical platform in the determination of PhaCs and PCPs in environmental matrices
due to its cost and availability. The most common chromatographic conditions used are
a capillary column coated with 5% phenyl-95% dimethylpolysiloxane, helium as carrier
gas at flow 1.0 to 5.5 mL min−1, under temperatures program starting from 80 to 300 ◦C
in a total time of analysis ranging from 9 to 45 min, whereas MS operates at 70 eV in the
electron impact (EI) ionization using mode selected ion monitoring (SIM) [88,106,108,118].
In case of GC-MS/MS multiple reaction mode (MRM) was used [113,118]. All these GC-MS
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showed satisfactory figures of merit in terms of recovery (>70%), precision (RSD < 10%),
LODs (few ng L−1) and LOQs (few ng L−1). In spite of the use of a robust technique
(e.g., GC-MS/MS, LC-MS/MS), preconcentration and cleaning techniques are still required
to increase the analytical performance [100].

5. Conclusions and Future Trends

Emerging pollutants are present in the developed societies and their growing pro-
duction and continuous introduction in the environment is a fact that needs be faced.
Since their concentrations will inevitably grow in the oceans, it is mandatory to know the
pathways of entry in the environment, the processes of dilution, precipitation, change or
degradation that they suffer, as well as the final accumulation that these products have in
each natural compartments.

Advances analytical techniques are required to determine these pollutants at such low
concentrations. Extraction techniques that not only isolate but also preconcentrate target
analytes from the matrix are required for a reliable identification and quantification. For
seawater samples, SPE is the preferred technique, given the easily of the procedure and
the variety of different sorbents commercially available that are able to extract pollutants
with a wide range of characteristics. The possibility of using lab-made sorbents is also an
advantage of this extraction technique. Microextraction techniques have also been used but
their efficiencies of the extraction are lower since they are based on equilibrium processes
instead to be exhaustive. For solid samples such as sediments, procedures applying high
energy conditions such as microwave or pressurised solvent extraction are used to break
the interaction between analyte and matrix. Regarding detection techniques LC coupled
to MS or MS/MS is the common analytical platform to determine PhaCs and PCPs in
environmental samples since showed a great separation resolution, ability of identifying
compounds and high sensitivity and does not require any derivatization process previous
to the analysis.

Once released to the environment, emerging pollutants will be incorporated and
bioaccumulated by the marine organisms depending on their characteristics, being able to
biomagnificate them to the upper levels of the food chain reaching even the humans. For
this reason, is also important to evaluate the risk associated to the concentrations found
in the ocean and assess the hazard for different coastal species. The combined effect of
different emerging pollutants must be also taken into consideration, given the synergists
that could occur.

According to the reviewed literature, the information regarding the toxicity of PhaCs
and specially of PCPs towards marine species are still very scarce. Thus, the environmental
risk assessment is often carried out considering ecotoxicological data for freshwater or-
ganisms. This risk evaluation also has limitations, such as the lack of reliable of long-term
toxicological studies and the difficulty in carrying out chronic studies during the life of
some organisms. Moreover, since a mixture of pollutants is present in the environment,
synergistic effects could be expected, resulting in a risk greater than that calculated.

It is noticeable that there is a lack of information regarding the fate and impact of
some PhaCs and PCPs in the environment, so efforts must be focused on the study of the
occurrence and risk of all families of emerging compounds to obtain a whole picture of
the problem.

Given the main entry of these pollutants is related to sewage discharges, parallel
research should be carried out to develop more efficient treatment systems and monitoring
programmes, especially for indispensable pharmaceuticals.

Regarding the ingredients of PCPs, the most urgent issue is identifying the more
dangerous substances and find more biodegradable replacement for them. In this sense, it
is expected that countries will follow the trend driven by several normatives implemented
to protect the environment, for example, the ban of some UV filters.
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