Trends in Environmental Analytical Chemistry 44 (2024) e00245

Contents lists available at ScienceDirect

Trends in Environmental Analytical Chemistry

o %

ELSEVIER journal homepage: www.elsevier.com/locate/treac

Evaluation of European watch list contaminants in environmental matrices
and microplastics: Analytical strategies, mechanisms of adsorption
and occurrence

Ludovit Schreiber *, Radoslav Halko ", Sergio Santana-Viera ®, Nicolas Milan Michalides ",
Zoraida Sosa-Ferrera® , José Juan Santana-Rodriguez *

2 Instituto Universitario de Estudios Ambientales y Recursos Naturales (i-UNAT), Universidad de Las Palmas de Gran Canaria, 35017 Las Palmas de Gran Canaria, Spain
b Department of Analytical Chemistry, Faculty of Natural Sciences, Comenius University in Bratislava, Bratislava 84215, Slovakia

ARTICLE INFO ABSTRACT

Keywords: The European Union requires environmental monitoring to identify potential pollutants suspected of causing
4th European Watch List adverse effects, affecting not only aquatic organisms but also posing direct and negatively influence to human
microplastics

health. Comprehensive knowledge about their occurrence and impact of these pollutants in environmental
matrices, including microplastics, is essential for informed decision regarding their inclusion in surveillance lists.
This study focuses on reviewing and assessing the analytical methodologies employed in determine substances
listed in the last 4th European Watch List, in various environmental matrices, including water, soils, biota, and
microplastics. Additionally, the different interaction mechanisms of adsorption onto microplastics are discussed.
A dedicated section is also addressed to examine the occurrence of these substances in diverse environmental
matrices. The findings contribute to a better understanding of the presence and effects of these substances, aiding
in the development of effective surveillance strategies to mitigate their impact on the environment.

analytical methodologies
adsorption mechanisms
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1. Introduction therefore important to determine which substances belong or may
belong to this category.

Despite the obvious effort to improve the quality of the environment, The Commission Implementing Decision of European Union (EU) at

the trend of environmental pollution by human activity with substances first established defined 1st Watch List (WL) for substances in surface

harmful to the environment as well as to humans continues. It is waters (2015/495) under the Environmental Quality Standards
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Directive (EQSD - Directive 2008/105/EC) in March 2015 [1] and
contained 10 individual or groups of substances. The primary purpose of
the EU watch list is to identify emerging pollutants occurring in various
countries within the EU and to implement regulatory measures through
technical monitoring approaches of their occurrence and prevalence.
Emerging pollutants listed on the watch list are assessed for their po-
tential risks and managed accordingly. The process for selecting candi-
date substances for the WL is comprehensive, and includes several
factors such as hazard properties, ecotoxicology, and monitoring data.
Substances on the WL are chosen because they may pose a significant
risk to or through the aquatic environment, although they have not yet
been demonstrated to pose a real risk due to insufficient monitoring
data. Despite this, these substances are not regularly monitored even
though they are discharged into the aquatic environment [2].

The WL of substances has been updated several times since its
inception. Some substances that were included in the early versions,
such as diclofenac (an anti-inflammatory drug), and the hormones 17-
beta-estradiol (E2) and 17-alpha-ethinylestradiol (EE2), were later
removed. These removals can occur for various reasons, such as the
availability of better monitoring data indicating a lower risk or the
implementation of regulatory measures that mitigate the associated
risks. Similarly, updates to the WL have also involved the addition of
new toxic substances, such as metaflumizone, amoxicillin and cipro-
floxacin in 2018 and sulfamethoxazole and trimethoprim, venlafaxine,
o-desmethylvenlafaxine, dimoxystrobin and famoxadone in 2020. At the
same time, according to Article 8b of the EQSD, the continuous moni-
toring period for any WL substance should not exceed four years. The
last update the 4th WL of substances for Union-wide monitoring in the
field of water policy pursuant was established by the European Com-
mission (EC) on July 22, 2022 [3]. Finally, two antibiotics (clindamycin
and ofloxacin), three pesticides (azoxystrobin, diflufenican and fipro-
nil), group of sunscreen agents (avobenzone, octocrylene and oxy-
benzone) and the pharmaceutical substance for type 2 diabetes
treatment (metformin) and its transformation product guanylurea were
added to the WL. For both the antibiotics clindamycin and ofloxacin as
antibacterial agents, their widespread use in veterinary and human
medicine has been found to cause increased releases to waterways,
which may contribute to the spread of antimicrobial resistance (AMR) to
aquatic organisms. All mentioned three pesticides are persistent and
toxic to aquatic environment or organisms. Fungicide azoxystrobin and,
herbicide diflufenican are approved for use as plant protection products
(PPP) and insecticide fipronil is an approved for use as a biocide in the
European Environment Agency (EEA) and/or Switzerland. Avobenzone,
octocrylene and oxybenzone are used as UV filters in personal care,
cosmetics, and industrial products. They are bioaccumulative, persistent
and toxic, so their direct washing into any waters can be a major
problem. However, no experimental data on the standard long-term
toxicity of these substances are currently available. Since avobenzone
and octocrylene are highly hydrophobic, the recommended matrices for
their monitoring are sediment and biota as opposed to the less hydro-
phobic oxybenzone where it is water or sediment. Metformin is a human
drug used to treat type 2 diabetes and, along with the degradation
product guanylurea, has been determined in water to have demonstrable
estrogenic effects. The final composition of the 4th WL substances and
some of their properties are given in Table 1 [3]. In addition, it is crucial
to consider the toxicity of the watch list (WL) compounds. Many of these
substances, while not extensively studied in all contexts, have been
identified as hazardous due to their potential adverse effects on human
health and the environment. For instance, compounds such as
benzophenone-3, dimoxystrobin, famoxadone, fluconazole, imazalil,
metconazole, ofloxacin, penconazole, sulfamethoxazole, tebuconazole,
trimethoprim or venlafaxine and its metabolite, have been linked to
various toxicological concerns including carcinogenicity, endocrine
disruption, and neurotoxicity. Understanding the toxic effects of these
compounds is essential for developing effective regulatory measures and
mitigating their impact.
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The presence of these pollutant compounds in the environment is
more concerning considering that they do not appear individually, but
as a complex mixture, which could lead to unwanted synergistic effects.
From the point of view of monitoring the 4th WL substances it is
essential to conduct a detailed analysis across various environmental
matrices highlight their widespread distribution. This analysis should
extend not only in surface water [4] but also in other environmental
samples such as drinking water [5], wastewater [6], seawater [7], soil
[8], sediments [9] or biota [10].

The growing concern about the presence of these compounds in the
environment is clearly reflected in the significant increase in research
paper on this topic over the last 20 years. Fig. 1 shows the time evolution
of the number of papers published on this topic in the Scopus database
using the keywords such as watch list (OR) determination (OR) analysis
(OR) occurrence from 2000 to 2023. The number of articles has
increased from just over 200 in the year 2000 to more than 900 in 2023.
This not only highlights an increased awareness of potential environ-
mental impacts but also underlines the need to better understanding of
the associated risks and find sustainable solutions.

Moreover, an additional concern is related with the presence of
microplastics (MPs) in the environment. Their occurrence has been re-
ported in worldwide showing a widespread distribution, from remote
areas to densely populated regions and throughout the marine envi-
ronment. The MPs have been considered pollutants in themselves, about
the possible negative impact on the health of marine organisms [11].
However, it is also necessary to consider their behaviour as matrices,
due to their ability to adsorb organic and inorganic pollutants on their
surface and act as a transmission vehicle for these contaminants to the
organisms [12]. MPs can increase the bioavailability of these pollutants
in the organisms through of their Ingestion and then increase the dose of
contaminants to consumers. Several authors and research teams have
investigated the organic substances adsorbed onto MPs. However,
published studies often focus on specific groups of substances, such as
persistent organic pollutants, UV filters, and hormones. In addition,
other watch list compounds, such as miconazole and trimethoprim, have
also been studied.

Therefore, it is important developed analytical strategies that allow
the determination and presence of contaminants of interest from the 4th
WL substances in different environmental compartments, and those
adsorbed on the surface of MPs.

An important evaluation criterion for these analytical methods is
their sensitivity, preferably expressed as a limit of quantification (LOQ)
or limit of detection (LOD) value depending on the type of matrix [2].
Therefore, the combining extraction/preconcentration, highly perfor-
mance separation and sensitive detection methods are predominantly
used for this purpose.

In this review, it is offered to readers an overview of articles dedi-
cated to the determination and occurrence of 4th WL substances in
various environmental samples including water, soils, biota and
microplastics. Based on this revision, Fig. 2 illustrates the distribution of
contaminants from the 4th WL in different environmental matrices, with
approximately 68 % of the findings reported in liquid samples and 65 %
in solid samples, and 8 % in microplastics.

Firstly, the analytical methodologies used in this topic are critically
discussed and evaluated their advantages and disadvantages associated
with their sensitivity and the influence of different types of matrices on
the analysis. In the following, the interactions of 4th WL substances with
microplastics, such as their sorption mechanism, sorption kinetics, and
isotherms are described in detail. In a separate section, occurrence of 4th
WL substances in different environmental matrices is also overviewed.
The content of this work may constitute an important contribution in the
field of environmental impact of the substances studied.

2. Analytical methods

The analysis of contaminants in environmental samples typically
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Table 1
Some characteristics of substances from the 4th European Watch List.
Substance Mr log Use Hazard properties Structure
[g Kow
mol 1]
Azoxystrobin 403.39 2.5 It is approved as a fungicide in It is very toxic to aquatic life AN
PPP and is also used for and aquatic life with long N |N
preserving construction lasting effects N
materials o o
CN H,CO.
CO,CH;
Benzophenone—3 228.24 3.79 Used in cosmetics as UV-filter in It is very toxic to aquatic life o)
(Oxybenzone) sunscreen products and coating and aquatic life with long
products, fillers, putties, plasters,  lasting effects, under
modelling clay and finger paints assessment as endocrine
disrupting P
HO O
Butyl 310.4 4.51 It is a full-spectrum UVA blocker, ~ Suggested that functions as a 0O (o)
methoxydibenzoylmethane widely used in cosmetic products ~ metabolic disrupting obesogen,
(Avobenzone) worldwide under assessment as persistent,
bioaccumulative and toxic
\O
Clindamycin 424.98 2.16 Pharmaceutical use as antibiotic It is suspected to be toxic to H SC\
(lincosamide) reproduction S Cl
Clotrimazole 344.84 6.26 Pharmaceutical use as an Causes harm if ingested, results N
antifungal medicine to treat skin  in serious eye irritation, skin « \
infections caused by a fungus irritation, and is highly toxic to N Cl
aquatic life l .
Diflufenican 394.29 4.90 It is herbicide used as PPP It is very toxic to aquatic life F
and aquatic life with long E
lasting effects F F
J O,
(e} N\
H
NN
Dimoxystrobin 326.4 3.59 It is mainly used as a fungicide Persistent, highly toxic,

used for disease control in cereals
and some other crops

suspected of causing cancer and
damaging fertility or the
unborn child, and is also an
endocrine disruptor

CH
HN" 2 CH,
N
HyCO™ o)
0
CHs

(continued on next page)
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Table 1 (continued)
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Substance Mr log Use Hazard properties Structure
[g Kow
mol 1]
Famoxadone 374.4 4.65 It is a fungicide for the control of It is a neurotoxicant and is a
various fungal diseases on plants ~ known eye and skin irritant, 0
(oxazolidinedione) also is highly toxic to aquatic
and terrestrial organisms >\ o
HN-N
O
@)
Fipronil 437.15 4.0 Veterinary use as an insecticide It is very toxic to aquatic life F F
with long lasting effects cl
F
N.
N=_~ N
F = Cl
F NH.,
S,
F 0]
Fluconazole 306.27 0.25 Pharmaceutical use as an It poses a risk if ingested, may N
antifungal medicine to treat harm the unborn child, and is \ R
infections caused by different highly detrimental to aquatic N=N
kinds of fungus organisms, resulting in long- N
term adverse effects HO ’}l - N
N
F F
Imazalil 297.18 3.82 It is a systemic fungicide It causes serious eye irritation, Cl —CH
(Enilconazole) inhibiting the biosynthesis of is harmful if inhaled, suspected _/_ 2
ergosterol and effectively of causing cancer and very toxic O
combats a broad spectrum of to aquatic life with long lasting Cl
fungal diseases in fruits, effects =
vegetables, and ornamental N
plants =N
Ipconazole 333.86 4.3 It is triazole fungicide used to It is classified as very persistent cl
control a range of soil and seed and toxic to terrestrial
borne seed diseases in a wide organisms and aquatic life with
range of crops acute and long lasting effects
HO
(N\
\_/
Metconazole 319.83 3.85 It is triazole fungicide used to It is harmful if swallowed or Cl
control a range of fungal inhaled, suspected of damaging
infections on fruit and other fertility or the unborn child,
crops and toxic to aquatic life with
long lasting effects OH
()
\_/
Metformin and its 129.16 —2.64 Pharmaceutical use as an It is harmful if swallowed, Metformin
transformation product 102.10 antidiabetic for the treatment of causes skin and serious eye

Guanylurea

type 2 diabetes

irritation

NH NH
\N)J\NJJ\NHZ Guanylurea
| H

NH O

HoN N NH
2 H 2

(continued on next page)
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Table 1 (continued)

Substance Mr log Use Hazard properties Structure
[g Kow
mol 1]
Miconazole 416.13 6.1 Pharmaceutical use as an It is harmful if swallowed, very N
antifungal medication used to toxic to aquatic life and aquatic f

treat fungal skin infections life with long lasting effects

N_//
Cl Cl Cl Cl

Octocrylene 361.48 6.88 Industrial and cosmetic use as It is currently under ECHA’s
UV-filter evaluation as a potential PBT
substance and is considered as a
o o}
suspected endocrine disruptor
O AN O/j/\/\
N

Ofloxacin 361.37 —0.39  Pharmaceutical use as an It is harmful if swallowed or in (o] (0]
antibiotic to treat bacterial contact with skin, may cause =
infections in the body allergy or asthma symptoms, OH
(fluoroquinolone) suspected of causing genetic |
defects and fertility or the l/\ N N
unborn child \) \/L%
/N @)
Penconazole 284.2 3.72 It is a triazole fungicide used to It is suspected of damaging —N
control powdery mildew by fertility or the unborn child, I/ >
inhibiting sterol biosynthesis in toxic if inhaled and swallowed, N\N/
fungi and very toxic to aquatic life al
with long lasting effects c
Hs
Cl
Prochloraz 376.7 3.53 It is an imidazole fungicide It is harmful by inhalation, in N
widely used in gardening and contact with skin and if Z/ »
agriculture swallowed, also very toxic to N Cl
aquatic life with long lasting )\
effects o N /\/O
H3C
Cl Cl
Sulfamethoxazole 253.28 0.89 It is a sulfonamide antibiotic that It may cause genetic defects, is N/O
aids in the treatment of various suspected of causing cancer and O\\ //O /
bacterial infections very toxic to aquatic life with S« /
long lasting effects ”
H,N
Tebuconazole 307.82 3.7 Itis a triazole fungicide that stops It is harmful if swallowed,
the growth of fungi by blocking suspected of causing harm to Nﬁ HO
the synthesis of sterols in plants fertility or the unborn child, <\ N
toxic to reproduction, and N~
highly toxic to aquatic life with
long lasting effects Cl
Tetraconazole 532.46  3.56 It is a chiral triazole fungicide It is harmful if swallowed or
widely used for preventing plant  inhaled, toxic to aquatic life
diseases in wheat fields with long lasting effects

£
&

(continued on next page)
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Table 1 (continued)
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Substance Mr log Use Hazard properties Structure
[g Kow
mol 1]
Trimethoprim 290.32 0.91 It is an antibiotic used to treat It is harmful if swallowed or NH 5
bladder or kidney infections, or inhaled, suspected of damaging |
ear infections caused by certain the unborn child and toxic to N N 0]
bacteria aquatic life with long lasting |
effects )\
Z e
H,N” N 0
(N
Venlafaxine and its 277.40 3.20 It is a serotonin-norepinephrine It is harmful if swallowed, Venlafaxine
metabolite 263.37 0.21 reuptake inhibitors used as causes serious eye irritation,
O-desmethylvenlafaxine antidepressant to treat may damage fertility, the |
depression, anxiety or panic unborn child or breast-fed N
attacks children and is toxic to aquatic -l H
life with I lasti ffe
ife with long lasting effects O-desmethylvenlafaxine
OH
| OH
_N
* PPP — Plant protection product; PBT — Persistent, bioaccumulative and toxic; ECHA — European Chemicals Agency
Documents by year
1000
800
2 600
o
(5]
£
>
Q
S 400
200
0
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
Year

Fig. 1. Evolution of the number of publications devoted to a given topic from the Scopus database from 2000 to 2023 (searched keywords: watch list, determination,

analysis, occurrence; accessed in December 2023).

demands intricate sample processing owing to the low concentrations at
which these contaminants are present. Extracting various contaminants
poses a significant challenge for scientists prior to their determination
process. Consequently, despite the frequent utilization of highly sensi-
tive and selective analytical techniques like chromatographic methods
coupled with tandem mass spectrometry (MS/MS) or high-resolution
mass spectrometry (HRMS), obtaining clean extracts is critical to miti-
gate potential instrumental issues or quantification errors. These errors

may stem from factors such as the matrix effect (ME) or interference
from other compounds.

The contaminants present in the 4th WL have different physical-
chemical properties, with polarities ranging from 0.21 (O-desme-
thylvenlafaxine) to 6.88 (Octocrylene) (Table 1), and therefore it is
necessary to select the appropriate extraction and determination tech-
nique. The applications of the techniques for the determination of 4th
WL substances are summarized in Table 2 in liquid samples and Table 3
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Fig. 2. Distribution of occurrence of contaminants from the 4th WL in different environmental samples.

in solid samples, and Fig. 3 shows the recovery percentages of WL
compounds from various liquid and solid samples.

The combination of solid-phase extraction, high-performance liquid
chromatography, and tandem mass spectrometry (SPE-LC-MS/MS) is
currently the most widely used analytical method in this field [13-16].
In some cases, the authors used a more efficient separation with
ultra-performance liquid chromatography (UPLC) instead of LC
[17-20]. However, spectrophotometric UV, Vis or diode array detector
(DAD) [21-23]and fluorescence detection (FLD) [24,25] can also be
used. Gas chromatography with mass spectrometry (GC-MS) is a suitable
alternative to LC-MS/MS for some substances such as fipronil, metco-
nazole, metformin and tetraconazole [26-28]. GC-MS is considered a
suitable alternative to LC-MS/MS for analysing volatile and
semi-volatile compounds that can be easily vaporized. This makes
GC-MS a valuable technique for substances with low molecular weights
and high vapor pressures. In contrast, LC-MS/MS is generally preferred
for compounds that are less volatile. Therefore, the choice between
GC-MS and LC-MS/MS depends on the physical-chemical properties of
the analytes.

Some articles focused on modern extraction techniques for example:
dispersive liquid-liquid microextraction (DLLME) [24], hollow fiber
solid-phase microextraction (HF-SPME) [29], salt assisted liquid-liquid
microextraction (SALLME) [30], magnetic solid-phase extraction
(MSPE) [31] etc. These modern extraction techniques are investigated
with the goal of improving sensitivity, accuracy in analysis, reducing
solvent use, and shortening extraction times. These methods align with
green chemistry principles and reduce environmental impact.

In this section, the most appropriate extraction/preconcentration
technique for each group of contaminants in each type of matrix, as well
as the determination technique used in each case will be discussed.

2.1. Liquid samples

2.1.1. Pesticides

Pesticides occupy a large part of the new 4th WL, with 12 out of 25,
which represents 48 % of the substances listed including fungicides,
herbicides, insecticides, etc., mainly used in agriculture, which, after
use, can reach surface or groundwater. Various extraction/preconcen-
tration procedures have been optimized for each compound to enhance
overall analytical performance and accuracy

Azoxystrobin is an example of a fungicide that has been extracted by
using different techniques from water samples such as magnetic effer-
vescent tablet-assisted ionic liquid dispersive liquid-liquid micro-
extraction (META-IL-DLLME) [35], air-assisted liquid microextraction
(AALLME) [32] or also via a passive sampler like Polar Organic

Chemical Integrative Samplers (POCIS) [34]. Regarding the recovery of
the extraction technique, very good values of this parameter were ob-
tained (between 82 — 104 %), probably because the procedures were
optimized for a low number of contaminants (3—12) with similar
properties [32,34,35]. When SPE with HLB cartridges is used as the
extraction technique, high recovery results are observed. Regarding the
use of a passive sampler like POCIS [34], the analyte concentration can
increase over the exposure time. In this specific case, the sampler was
deployed for 15 days. In relation to the matrix effect, it was mainly
studied when MS/MS was used as a determination technique, since it is
more influenced by interferences than DAD.

On the contrary, Medina et al. [33] found matrix effect when
SPME-GC-MS was used, but it was not quantified. The LOD of the
method can be influenced by several factors such as recovery or matrix
effect, but in general a lower LOD is obtained when a higher enrichment
factor is achieved. Nevertheless, in the case of azoxystrobin, the lowest
LOD was obtained by POCIS, probably because it preconcentrates the
analyte over time. After comparison of the detection techniques used, it
is seen in general, that lower LODs were obtained using MS/MS
compared to DAD, since it is a more sensitive technique.

Several methods were developed for the extraction/preconcentra-
tion of fipronil with different results as well. For instance, Wan et al.
[38] extracted 1L of water sample by Oasis HLB SPE cartridges
obtaining a LOD of 10 ng L™, which may be considered high consid-
ering the preconcentration factor achieved and the absence of matrix
effect. Same cartridges were also used by Shi et al. [5] who obtained a
slightly higher LOD a bit higher (30 ng L™1) probably due to the use of
less volume of sample (only 500 mL). However, best LODs were ob-
tained using online SPE (0.1 - 0.5 ng L™ 1) [19] even though online SPE
utilized smaller sample volumes (2 mL). In contrast, De Toffoli et al.
[26] obtained an extremely high LOD (3100 ng LH using SPE (500 mL)
coupled with GC-MS, compared with previous papers that also used SPE
HLB cartridges (Supelco Analytical). As happen with the previous
compounds, most of the papers consulted obtained very good values of
recovery using SPE Oasis HLB cartridges, except Supowit et al. [39] that
obtained wide values of recovery (60 — 101 %) using SPE-GC-MS/MS
with Strata X cartridges, also with a 500 mL sample, achieving similar
LODs. The disparity in LODs may be attributed to factors such as dif-
ferences in sample volumes or instrumental sensitivity.

A new methodology using magnetic SPE was applied by Liu et al. [7]
for the analysis of ipconazole together with other 96 pesticides. LOD
obtained with this approach (0.13 - 0.42 ng L) were better than those
obtained by SPE disk (LOQ = 20 ng L) [4], but recovery was slight
lower (75 - 95 % [4] and 72 — 79 % [7]). It could be also due to the
difference in the number of compounds used in each work, which



Table 2
Analytical methods for substances from the 4th European watch list in liquid samples.
Analyte Category Sample Number of analytes Extraction Analytical technique Sensitivity Recovery Matrix effect Ref.
technique (%) (%)
Azoxystrobin Pesticide Surface water 3 AALLME LC-DAD 80 ng L' (LOD) 82.3—103.0 n.L [32]
(Pesticides)
Azoxystrobin Pesticide Surface water 6 SPME GC-pECD and GC-MS 30 ng L' (LOD) 99.5—104.2 n.l [33]
(Pesticides) 50 ng L' (LOQ)
Azoxystrobin Pesticide Surface water 7 POCIS LC-MS/MS 0.1—2.1ngL ' (LOD) nl n.l [34]
(Pesticides) *
Azoxystrobin Pesticide Surface water 4 META-IL- LC-DAD 20 ng L! (LOD) 98.1 n.L [35]
(Pesticides) DLLME
Diflufenican Pesticide Wastewater 2 DSPE GC-MS 1400 ng L™ (LOD) 99.5—104.7 33—106 [6]
(Pesticides) 4700 ng L' (LOQ)
Diflufenican Pesticide Surface and groundwater 69 SPE LC-MS 87 ng L' (LOD) 59.1 n.L [36]
(Pesticides) 204 ng L™! (LOQ)
Dimoxystrobin Pesticide Surface and drinking water 5 MSPE LC-MS/MS 10 ng L! (LOD) 81.8—109 n.L [31]
(Pesticides) 20—40 ng L™! (LOQ)
Famoxadone Pesticide Surface water and 3 SDME LC-UV 190 ng L™! (LOD) 75.2—81.8 n.l [37]
wastewater (Pesticides) 630 ng L™ (LOQ)
Fipronil Pesticide Drinking and ground water 5 SPE LC-MS/MS 0.02 ng L' (MDL) 82—95 n.l [5]
(Pesticide derivatives) 10 ng L' (LOQ)
Fipronil Pesticide Surface and drinking water 9 Online SPE LC-MS/MS 0.1—0.5ng L' (LOD)  91—104 -5.1—2.7 [19]
(Pesticides)
Fipronil Pesticide Surface and drinking water 10 SPE LC-MS-MS 10 ng L' (LOQ) 84.7-105 n.L [38]
(Pesticides) 0.01 ng L~!(MDL)
Fipronil Pesticide Surface water 4 SPE GC-MS 3100 ng L' (LOD) 100.93-106.95 n.l. [26]
(Pesticide metabolites) 10200 ng L.~ (LOQ)
Fipronil Pesticide Wastewater 5 SPE GC—EI-MS/MS and 0.05—0.77 ng Lt 116 n.L [39]
(Pesticide metabolites) LC—ESI-MS/MS (LOD)*
Imazalil Pesticide Wastewater 17 SPE LC-QqLIT/QTOF-MS/ 1.4 ng Lt (MDL) 81—89 6 [16]
(Pesticides) MS 3.1 ng L™ (MQL)
Ipconazole Pesticide Surface water 18 SPE LC-MS/MS 20 ng L1 (LOQ) 95 n. 1 [4]
(Antibiotics, pesticides
and drugs)
Ipconazole Pesticide Seawater 96 MSPE LC-MS/MS 0.19 ng L' (LOD) 72—79 1.1 [7]
(Pesticides) 1.0 ng L™ ! (LOQ)
Metconazole Pesticide Surface water >250 SPE LC-Q-Orbitrap-MS 2.5ng Lt (LOQ) 67—83 -13 [15]
(pesticides)
Metconazole Pesticide Drinking water 57 SPE LC-MS/MS 6ng L' (LOD) 70—120* n.l. [20]
(Pesticides) 20 ng L™ (LOQ)
Metconazole Pesticide Surface water and seawater 34 DLLME GC-MS 4.9 ng L' (LOD) 91—96 n.L [27]1
(Pesticides) 15 ng L™! (LOQ)
Penconazole Pesticide Surface water and 13 SPE LC-QqQ-MS/MS 50 ng L' (MQL) 102.2—108.4 -12 [40]
groundwater (Pesticides)
Penconazole Pesticide Surface water and drinking 4 SS-LPE GC-MS 330 ng L™! (LOD) 91.5—103.5 n.l [41]
water (Pesticides) 1100 ng L™! (LOQ)
Prochloraz Pesticide Wastewater 29 SPE QqLIT-MS/MS and 0.1 ng Lt (MDL) 83—103 8 [16]
target compounds QTOF-MS/MS 0.6 ng L' (MQL)
(Pesticides)
Prochloraz Pesticide Surface water 252 SPE LC-Q-Orbitrap-MS 2.5ng L™ (LOQ) 67—81 -13 [15]
(Pesticides)
Prochloraz Pesticide Surface water 21 Offline SPE LC-MS/MS 0.8 ng L' (LOD) 53 n.l [42]
(Pesticides) 6.0 ng L' (LOQ)
Tebuconazole Pesticide Surface water 13 SPE LC-MS/MS 5ng Lt (MDL) 77—96 94 [43]
(Pesticides) 25 ng L1 (MQL)

(continued on next page)
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Table 2 (continued)

Analyte Category Sample Number of analytes Extraction Analytical technique Sensitivity Recovery Matrix effect Ref.
technique (%) (%)
Tebuconazole Pesticide Surface water and 3 AA-IL-DLLME- LC-DAD 190—380 ng Lt 76.5—100.1 nl. [44]
groundwater (Triazole pesticides) SA (LOD)
650—1260 ng L ™!
(LOQ)
Tebuconazole Pesticide Surface water 2 QuEChERS SFC-MS/MS 0.12—0.19ng g’1 79.8—104.7 —99.30— [45]
(Pesticide enantiomers) (LOD) (—99.28)
0.38—0.65ng g '
(LOQ)
Tetraconazole Pesticide Groundwater 15 SPE LC-MS/MS 0.02 ng L' (LOQ) 52—82 n.o [46]
(Pesticides)
Clindamycin Antibiotic Drinking water 2 GO-d-SPE LC-UV 240 ng L™! (LOD) 94.2—98.6 n.l [17]
(Antibiotics) 710 ng L™! (LOQ)
Clindamycin Antibiotic Surface water, wastewater, 26 SPE HILIC-ESI-MS/MS 0.1—2ng L (LOQ) 102—148 29—179 [47]
groundwater and drinking (Pharmaceuticals and 0.5ng L' (IQL)
water metabolites)
Clotrimazole Antifungal Wastewater 16 SPE LC-MS/MS 0.01 ng L' (LOD) 63.8—121.0 n.l [48]
(Antibiotics and 0.03ng L' (LOQ)
antimycotics)
Fluconazole Antifungal Surface water 67 SPE LC-Orbitrap-MS 1.6 ng L' (LOD) 106.3 -5 [49]
(Pharmaceuticals and 5.0 ng L1 (LOQ)
antifungals)
Guanylurea Transformation Surface water, wastewater 5 Lyophilization LC-QTOF 10 ng L™ (LOQ) 70 n.l [50]
product of metformin and drinking water (Pesticide transformation
products)
Guanylurea Transformation Wastewater 2 SPE LC-UV-Vis/ESI/MS 4.6—9.8 ng L! (LOD) 44.4—60.1 5.8 [51]
product of metformin (Antidiabetic and 14.1—28.3ng L™}
transformation product) (LOQ)
Metformin Antidiabetic Wastewater 14 SPE LC-Orbitrap-MS 500 ng L' (LOQ) 4—24* n.L [52]
(Emerging organic (for 11 analytes)
contaminants)
Metformin Antidiabetic Wastewater and drinking 25 SPE LC-MS/MS 0.07—0.75 ng Lt 14.0-32.1 nl. [14]
water (Pharmaceuticals) (MDL)
0.22—2.25ng L™!
(MQL)
Metformin Antidiabetic Wastewater 1 SPE GC-MS 129 ng L' (LOD) 90.2—119.6 112.6—116.1 [28]
(Antidiabetic) 429 ng L™ (LOQ)
Miconazole Antifungal Surface water 9 LTPE LC-ESI-MS/MS 1.20 ng L (LOD) 90.26—110.20 7.9-37.4 [53]
(Pharmaceuticals) 3.85ng L~! (LOQ)
O-desmethylvenlafaxine Metabolite of Surface water 23 SPE LC-MS/MS 0.03 ng L~! (MDL) nl n.L [54]
venlafaxine (Chiral drugs) 0.09—0.1 ng L
(MQL)
Ofloxacin Antibiotic Surface water 42 SPE LC-MS/MS 25ng L' (LOD) 106—141 n.L [23]
(Pharmaceuticals) 50 ng L ™! (LOQ)
Ofloxacin Antibiotic Surface water 4 SPME LC-UV-Vis 6021 ng Lt (LOD) 96.9—109.6 nl [21]
(Antibiotics) 20020 ng L™ (LOQ)
Ofloxacin Antibiotic Surface water and drinking 12 MSPE LC-UV 1000 ng L~ (LOD) 88.1—101.0 n.l [55]
water (Sulphonamides 3400 ng L™! (LOQ)
and quinolones)
Sulfamethoxazole Antibiotic Surface water 2 SPE LC-UV/FLD/MS 10 ng L~ (LOD) 85—91 n.l [25]
(Antibiotics) 30 ng L™! (LOQ)
Sulfamethoxazole Antibiotic Surface water 2 SPE LC-MS/MS 0.4 ng Lt (LOD) 85—91 n.L [56]
(Antibiotic and its 1.2ng L' (LOQ)
metabolite)

(continued on next page)
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Table 2 (continued)

Analyte Category Sample Number of analytes Extraction Analytical technique Sensitivity Recovery Matrix effect Ref.
technique (%) (%)
Sulfamethoxazole Antibiotic Drinking water and 2 MSPE UV-Vis 31700 ng L~ (LOD) 95.1 n.l [57]
wastewater (Antibiotics) 104000 ng L! (LOQ)
Trimethoprim Antibiotic Surface water 7 SALLME LC-UV 119200 ng L' (LOD) 101.12 n.L [30]
(Sulphonamide 361100 ng L™! (LOQ)
antibiotics) 7640 ng L~ (MDL)
Trimethoprim Antibiotic Surface, ground water and 18 Online SPE LC-qOrbitrap 0.3 ng L™ (MDL) 84.3—110 n.l [58]
‘wastewater (Antibiotics) 0.9 ng Lt (LOQ)
Venlafaxine Antidepressant Surface water, drinking 1 DLLME LC-FLD 24.2 ng L~! (LOD) 76—93 n.l [24]
water and wastewater (Antidepressant)
Venlafaxine Antidepressant Surface water and drinking 2 HF-SPME LC-DAD 30 ng L! (LOD) 86.4—90.1 n.L [29]
water (Antidepressant and its 100 ng L1 (LOQ)
metabolite)
Venlafaxine Antidepressant Surface water 5 MIP-SPE LC-QTOF 300 ng L' (LOD) 92.3—106.7 nl. [59]
(Pharmaceuticals) 1000 ng L' (LOQ)
Venlafaxine Antidepressant Surface water and 10 SPE LC-MS/MS 0.1 ng L1 (LOQ) nl 84—91 [60]
wastewater (Antidepressants and their
metabolites)
Benzophenone—3 UV filter Surface water 5 SPE LC-MS/MS 40 ng L' (LOD) 67 n.l [61]
(UV filters)
Benzophenone—3 UV filter Surface water 23 SPE GC-MS/MS 0.025 ng L1 (MDL) 110—139 n.l [62]
(Benzothiazoles and UV 0.083 ng L1 (MoL)
filters)
Butyl UV filter Seawater 24 SPE LC-MS/MS 3.00 ng Lt (LOD) nl n.l [63]
methoxydibenzoylmethane (UV filters and hormones) 10.00 ng Lt (LOQ)
Octocrylene UV filter Seawater 10 SPE LC-MS/MS 1.0 ng L' (MDL) 97—108 2 [13]
(Personal care products) 2.0 ng L~! (MQL)
Octocrylene UV filter Seawater and wastewater 8 SPE LC-MS/MS 12.7—45.6 ng Lt 50.6—89.5 n.L [64]
(UV filters) (MDL)
42.4—152.0ng L ™!
(MQL)
Octocrylene UV filter Seawater, surface and 11 USAEME GC-MS/MS 0.5ng L1 (LOD) 86.4—105 n.l [65]

drinking water

(UV filters)

1.7 ng L™! (LOQ)
50 ng L' (IDL)
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Table 3

Analytical methods for substances from the 4th European watch list in solid samples (soils, sediments, sludge, biota, plastics).

Analyte Category Sample Number of analytes Samples Analytical Detection sensitivity Recovery Matrix effect Ref.
treatment technique (%) (%)
Fipronil Pesticide Soil and sediment 4 UAE GC-MS 7.8 ng g ! (LOD) 92.92-102.76 nl [26]
(Pesticide metabolites) 25.5 ng g’1 (LOQ) (sediment)
100.33-110.18
(soil)
Fipronil Pesticide Biosolids 5 SLE LC—ESI-MS/ 0.02—0.24 ng g~ (LOD)* 48-90* n.L [39]
(Pesticide metabolites) SPE MS
Metconazole Pesticide Soil 4 QuEChERS LC-MS/MS 0.0073—0.0303 ng g ! 92.34—103.59 86.37—99.28 [8]
(Chiral pesticides) (MQL)
2.2—9.1 ng L™! (IDL)
Metconazole Pesticide Soils 10 QuEChERS LC-MS/MS 0.00023—0.00089 ng g’1 92.3—103.6 86.4—99.3 [66]
(Pesticides and their (MDL)
enantiomers)
Metconazole Pesticide Soil 4 QuEChERS LC-UV 240—590 ng g’1 (LOD) 97.19—104.91 1.06 [22]
(Pesticide stereoisomers) 1240—1860 ng g~ ! (LOQ)
Prochloraz Pesticide Sediments 21 QuEChERS LC-MS/MS 0.67 ng L! (LOD) 78 n.l [42]
(pesticides) 2.00 ng L1 (LOQ)
Tebuconazole Pesticide Soils 13 QuEChERS LC-MS/MS 0.1ng g~ (MDL) 95—103 92 [43]
(Pesticides) DSPE 0.4ng g~ (MQL)
Tebuconazole Pesticide Biota 2 QuEChERS SPE SFC-MS/MS 0.07—0.12 ng g’1 (LOD) 84.1—108.4 —99.18— [45]
(Zebrafish) (Pesticide enantiomers) 0.24—0.41 ng g’1 (LOQ) (—99.03)
Tetraconazole Pesticide Biota 302 QuEChERS GC-MS/MS 5ng g~ (LOQ) 98—111 +20%* [10]
(catfish) (Pesticides) Micro-SPE
Tetraconazole Pesticide Soil, sediment and 167 PLE LC-MS/MS 0.11 ng g’1 (MDL) 89.57 n.l [671
biosolids (Pesticides) EDGE
Clindamycin Antibiotic Soils and sediments 45 (Pharmaceuticals) PHWE LC-MS/MS 0.01 ng g’1 (MLD) 55—109 (soil) n.l [68]
SPE 0.2ng g~ ! (MLQ) 24 — 73 (sediment)
Clotrimazole Antifungal Microplastics and 19 UAE LC-MS/MS 7.64 ng g1 (LOD) 90—148 n.L [18]
plastic debris (Biocides) SPE 25.46 ng g1 (LOQ)
Clotrimazole Antifungal Biota 6 SLE LC-MS/MS 0.02—0.07 ng gfl (MDL) 40.6—52.9 —1-17—4.54 [69]
(fish) (Azole fungicides) LLE 0.07—0.24 ng g+ (MQL)
SPE
UAE
Guanylurea transformation product Biota 2 SLE CE-TOF-MS 34ng g~! (LOD) 84 —52—23 [70]
of metformin (fish) (Antidiabetic and its SPE 101 ng g~* (LOQ)
transformation product)
Metformin Antidiabetic Biota 81 UAE LC-Orbitrap-MS 0.01—0.99 ng g’1 (LOD) <20—64 —99—(-74) [71]
(fish) (Pharmaceuticals) DSPE 0.05—3.31 ng g~ ! (LOQ)
Miconazole Antifungal Sediments 36 QuEChERS LC-MS/MS 0.06 ng g~! (LOD) 66—93 —15-(-18) [9]
(Contaminants of DSPE
emerging concern)
Sulfamethoxazole Antibiotic Biota 16 QuEChERS SPE LC-MS/MS 0.05ng g ! (MDL) 66—82 -20 [72]
(fish, mollusc and (Emerging organic
bivalves) contaminants)
Benzophenone—3 UV filter Sediments 5 SLE LC-DAD 4.6ng g~ (LOD) 47 nl [61]
(UV filters)
Benzophenone—3 UV filter Sediment 23 UAE-SLE GC-MS/MS 0.51 ng g~! (MDL) 82—109 n.l [62]
(Benzothiazoles and UV 1.71ng g ! (MQL)
filters)
Benzophenone—3 UV filter Soils and biota 12 UAE GC-MS 0.163 ng g~! (LOD) for soil 85.9 (plant) n.L [73]
(plants) (UV filters) 0.727 ng g’1 (LOD) for plant 106 (soil)
0.544 ng g~ (LOQ) for soil
2.42 ng g~ ! (LOQ) for plant
Butyl UV filter Microplastic debris 12 UAE LC-MS/MS 0.13 ng g’1 (LOD) n.l n.l [12]
methoxydibenzoylmethane (UV filters and stabilisers) 0.43ng g~ ! (LOQ)
Butyl UV filter Sediments and biota 24 QuEChERS LC-MS/MS 0.05—12.12ng g’l (LOD) nl n.l [63]
methoxydibenzoylmethane (coral tissue) (UV filters and hormones) reverse-SPE 0.16—40.0 ng g’1 (LOQ)
Octocrylene UV filter Biota 10 QuEChERS LC-MS/MS 1.0 ng L' (MDL) 97—108 2 [13]
(mussels) (Personal care products) 2.0 ng L™ (MQL)

ID 12 J2q12.0Y2S T

SHZ002 (FZ0Z) bt Aosusy) PIADUY [DIUIULOLAUT Ul SPUIL],



~

. Schreiber et al.

Trends in Environmental Analytical Chemistry 44 (2024) e00245

Range of recovery obtained for pollutants of the 4th WL
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Fig. 3. Recovery percentages of 4th WL compounds from liquid and solid samples.

perhaps made the authors must make a compromise solution. QUECh-
ERS (Quick, Easy, Cheap, Effective, Rugged, and Safe), using MgSOa4 and
SiO:z as adsorbents, were also used for the extraction of this pesticide
from wastewater, obtaining a LOD close to the values obtained by SPE
(4 ng L™Y) and better recovery (83 — 94 %), although suppression of the
signal due to the matrix was observed. Differences in matrix effect
probably were related with the complexity of wastewater compared to
seawater [7] or surface water [4].

DLLME has been also used in the extraction of the fungicide metco-
nazole prior its determination by GC-MS [27] obtaining a low LOD
(4.9 ng L™Y), in range of those results obtained by LC-MS/MS (6 ng L™1)
[20] and with LC-Orbitrap (LOQ = 2.5ng LY [15]. However, re-
coveries ranging from 91 — 96 % were obtained with DLLME, better than
the results obtained by SPE with Oasis HLB cartridges (70 — 120 %) [20]
and (67 — 95 %) [15]. Nevertheless, it must be considered the big
number of compounds analyzed by Casado et al. [15].

Contrary to previous pesticides, penconazole has mainly been
determined by GC-MS [41], with SS-LPE extraction technique. It has
been found that all of them share good recovery with values 91 —
103.5 %. However, when the extraction and determination were done
by SPE-LC-MS/MS [40], the recovery was 102 — 108.4 % and a the
sensitivity was significantly better with MQL of 10 ng L™}, compared to
330 ng L1 [41] where GC-MS was employed

Prochloraz was extracted in all cases by SPE, although with different
recovery in spite of using the same Oasis HLB cartridge (83 - 103 % [16]
and 67 —81 % [15]. However, as it was mentioned before, differences in
recovery may be due to the need of adopting a compromise solution for
all target analytes. LOD obtained by all authors were similar in their
determination by LC-MS/MS.

For the extraction of tebuconazole, three different extraction tech-
niques, SPE [43], AA-IL-DLLME-SA [44] and DSPE-LLE [45], were used
with practically the same recovery results (77 — 96, 76.5 — 100.1 and
79.8 — 104.7, respectively). However, when using SPE with Oasis HLB
cartridge the LOD was much lower (5ng L1 [43] versus
190-380 ng L ™! [44] or 120-190 ng L™} [45]), probably due to the
bigger volume of sample used in SPE. Furthermore, for this compound a
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strong matrix effect was observed when MS/MS was used as determi-
nation technique even when the same matrix was used [43,45].

Among the pesticides of the 4th WL, some of them were found to be
barely studied and difficult to compare, as is the case of diflufenican.
Only one extraction procedure has been optimized for this analyte [6],
using DSPE as extraction technique and GC-MS as determination tech-
nique. Results were very good in terms of recovery, but LOD obtained
was very high (1400 ng L™!). Dimoxystrobin has been extracted only by
microextraction techniques like MSPE [31], with range of recovery 82 —
109 %. LOD was also very different, however it could be due to the
determination technique, since in most of cases MS/MS has more
sensitivity than DAD. Famoxadone has been barely studied as well.
Amde et al. [37] optimized an extraction method based on SDME before
its determination by LC-UV. With both procedures good recoveries were
achieved (75 - 81 % and 75 - 106 %, respectively), but Orbitrap showed
better LOD (50 ng L) than DAD (190 ng L™Y). The fungicide imazalil
was extracted by ultrasound-assisted emulsification micro-extraction
(USAEME) obtaining good results in terms of recovery (92.9 %) and
LOD (0.2 ng L™Y), despite using DAD as detection system [74]. Very
similar results were obtained using SPE and LC-MS/MS, achieving a
recovery of 86 % and a LOD of 0.3 ng L™, with the added difficulty of
working with many compounds (51).

2.1.2. Pharmaceuticals

Antibiotics also have a strong presence in the new 4th WL. Clinda-
mycin has mainly been extracted with SPE [47]. Nejad et al. [17]
developed a different approach using GO-d-SPE and obtaining very good
values of recovery (96 — 102 %) compared to the previous ones with SPE
(102 - 106 % [47]). However, LOD obtained by Nejad et al. [17]
(240 ng L 1) was higher than with SPE procedures (0.1 - 2 ng L1, [47]
respectively). It could be due to the use of a different detector (UV) that
is less sensitive than MS/MS. Regarding matrix effect, and despite using
MS/MS, very different values were published by Boulard et al. [47], who
obtained a wide range of matrix effect (29 — 178 %).

Regarding ofloxacin, only two papers using UV and one using MS/
MS as detector have been reported; however, LOD obtained by UV was
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far higher (1000 [55] and 6021 ng L' [21]) than using MS/MS
(25 ng L™1) [23]. Recovery values were similar despite using different
extraction procedure: MSPE (98 %) [55], SPME (97 — 110 %) [21] and
SPE (106-141 %) [23].

Also, the determination of sulfamethoxazole has mainly been per-
formed by LC-UV [25,57], with great differences regarding the LOD,
ranging from 10 ng L1 [25] to 31700 ng L1 [57]. These differences
could be attributed to the extraction technique, since all three authors
used a different procedure: SPE [25] and MSPE [57]. Given that the
recovery obtained was high in all cases, the use of SPE seems to be the
best option [40] because, when it was used, much lower LODs were
obtained (10 ng L' [40] and 0.4 ng L [83) compared to those ob-
tained with MSPE (31700 ng L' [84]) and MASPE (500 ng L-* [85]).
LC-MS/MS was also used after SPE for the determination of sulfameth-
oxazole [56] obtaining the lowest LOD (0.4 ng L.

The last antibiotic of the 4th WL is trimethoprim, for which a novel
extraction method (SALLME) was also optimized [30]. In this case, UV
was used as detector combined to LC, obtaining a LOD higher
(7640 ng L_l) [30] compared to that found with Orbitrap detection
(0.3 ng L™1) [58]. Regarding recovery, SALLME procedure did not offer
neither a great improvement respect to SPE, since range of recovery was
87 - 115 % with SALLME [30] and 84 - 110 %, when SPE was used [58].

Other pharmaceuticals present in the 4th WL are antifungal, antidi-
abetic and antidepressants. Among the antifungals, only one extraction
method has been optimized for miconazole; LTPE [53], with very good
recovery results (90 — 110 %). Similar results were obtained for other
antifungals, fluconazole, but using SPE 106 % [49]. Regarding the LOD,
on all occasions MS/MS or HRMS was used, so low LOD were obtained
ranging from 1 — 1.6 ng L1 [49,53].

The antidiabetic metformin and his transformation product, guany-
lurea, has mainly been extracted by SPE, obtaining a wide range of re-
sults probably due to the polarity of these analytes that make them
difficult to retain in SPE cartridges. For instance, recovery obtained for
guanylurea ranged from 44 — 60 % [51] which are lower than the results
of Tisler & Zwiener [50] when used lyophilization (70 %). Metformin
also presented very low recovery when it was intended to be extracted
by SPE with Oasis HLB cartridge (4 — 24 % [52] and 14 - 32 % [14]). In
contrast, Yan et al. [28] obtained good values of recovery (90 — 120 %)
using Strata-X-CW cartridges. On the other hand, LOD obtained by Yan
et al. [28] using GC-MS were considerably higher (129 ngL™!)
compared to those obtained by LC-MS/MS (0.07 — 0.75 ng Lt [14D).
However, higher LOD were obtained using Orbitrap (500 ng L1 [52]).

The antidepressant venlafaxine and its metabolite O-desme-
thylvenlafaxine have been also studied, although the latter only in one
work, achieving MDL of 0.03 ng L™! when SPE-LC-MS/MS was used
[54]. Regarding venlafaxine, several extraction and determination
techniques were used. Thus, new approaches in extraction and pre-
concentration showed good values of recovery, especially when using
microextraction techniques (76 — 93 % with DLLME [24] and 86 — 90
with HF-SPME [29]). In the case of venlafaxine determination, higher
LOD value was obtained using QToF (300 ng LY [59] than optic de-
tectors such as FLD (24.2 ng L™!) [24] or DAD (30 ng L) [29].

2.1.3. UV filters

In relation to UV filters, octocrylene stands out above all of them. To
analyze it, in most of papers SPE and LC-MS/MS have been used
obtaining varied results of recovery (51 — 90 % [64] and 97 — 108 %
[13]) and LOD (12.7 — 45.6 ng L' [64] and 1 ngL™! [13]. In these
occasions, results were improved when USAEME was used as extraction
technique prior GC-MS/MS [65], obtaining a recovery ranging from 86 —
105 % and a LOD of 0.5 ng L™".

Regarding benzophenone-3, it was also analyzed by LC-MS/MS [61]
and GC-MS/MS [75] obtaining practically the same LOD (1.3 ng L_l);
however, in spite of using SPE in both study, recovery results were
different due to the type of cartridge (67 % [61]) and 91 % [75]),
achieving better results with Oasis HLB cartridges than with HyperSep™
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phenyl.

In summary, most of the selected work was based on the optimiza-
tion for a few contaminants, which traditionally leads to good recovery
results. Microextraction techniques usually obtain better recovery
values than SPE, but with a worse preconcentration or enrichment factor
which in many cases involves a higher LOD. Among the cartridges used,
oasis HLB continues to be the preferred one by the scientific community.
Analysing the LOD to establish the best determination technique is very
complicated, since it depends a lot on the work and/or the compounds
analysed. However, MS/MS or HRMS usually have greater sensitivity
than optical techniques, even though they are more susceptible to
suffering matrix effect. In this sense, it was found that in many optimi-
zations and validations of methods the matrix effect was not study.

2.2. Solid samples

Unlike studies in liquid samples, in which wastewater and surface
water were mainly studied, and the extraction was mainly carried out by
SPE, in solid samples very different matrices such as sediments, plants,
algae, fish, soil, sludge, microplastics, etc. may be found. This fact means
that the techniques used for extraction were more diverse, and,
furthermore, the number of published works was smaller, making their
comparison more complicated.

2.2.1. Pesticides

Among the pesticides of the 4th WL, several of them were studied
only in one work: diflufenican, dimoxystrobin, famoxadone, imazalil,
miconazole and prochloraz. The matrices analysed were also different:
biota, sediment, soil, sludge, etc. (Table 3). and the extraction tech-
niques used: QUEChERS, SLE and DSPE (Table 3); so, a comparison
between the works was not possible.

Clotrimazole is an antifungal that has been analysed in fish and MPs.
In both cases, UAE was used as extraction technique, followed by SPE as
clean-up step. The differences in the matrix cause the recovery in fish
(40-50 %) [69] to be much lower than in MPs (90-148 %) [18],
although the matrix effect found in the fish was very low (3.8 %).
Furthermore, the MDL obtained in the first work (0.06 ng g’l) [69] is
much better than the LOD obtained in MPs (7.64 ng g~!) [18]. Fipronil
was extracted using two different techniques, UAE [26] and SLE [39],
obtaining much better recovery results using UAE (93 — 110 %) [26]
than SLE (48 - 90 %) [39], although the LOD was better when
LC-MS/MS was used (0.02 — 0.24 ng g’l) [39] compared to GC-MS/MS
results (7.8 ng g_l) [26].

Metconazole is a pesticide that has been studied in soils by different
authors, although all of them used QuEChERS for its extraction,
achieving very good values of recovery in all cases, ranging from 92 %
[8,66] to 105 % [22]. Extremely low MQL were obtained when
LC-MS/MS was used as determination technique (0.0002 -
0.0009 ng g~ [66] and 0.007 — 0.03 ng g~! [8]), especially compared
to LC-UV (240 - 590 ng g’l) [22] and taking into account the high
matrix effect in LC-MS/MS (86 — 99 %) [8,66]. Tebuconazole, another
pesticide, was extracted from soils and zebrafish using QUEChERS as
well. For this compound, very good recoveries were obtained with this
technique, ranging from 95 - 103 % in soils [43] and from 84 — 108 % in
biota [45]. Good MDL were obtained in soils (0.1 ng g~) [43] and
better were obtained in biota (0.07 — 0.12 ng g’l); however, matrix
effect was higher in biota (-99 %) than in soil (92 %). Finally, tetraco-
nazole was extracted from biota using QuEChERS [10], as
above-mentioned fungicides, but a different approach was also opti-
mized using EDGE for its extraction from soil, sediment and biosolids
[67]. Recovery obtained with this approach (90 %) [67] was similar to
those obtained by QuUEChERS (98-111 %) [10]; however, LOQ was
higher (5 ng g~!) when QUEChERS combined with GC-MS/MS was used
[10] than EDGE with LC-MS/MS (0.11 ng g’l) [67].
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2.2.2. Pharmaceuticals

Several pharmaceuticals have been extracted from solid matrix,
highlighting fish. However, these compounds were studied on few oc-
casions to draw conclusions. Among them, the extraction procedure for
clindamycin is worth mentioning due to the extraction method
employed (PHWE) [68]. Wide range of recovery was obtained (55 —
109 %) using this technique; however, it was in accordance with the rest
of the procedures (Table 3). For the determination of the pharmaceuti-
cals, LC coupled toMS/MS or HRMS was used in all cases, except in the
determination of guanylurea [70], which used CE for its separation. In
this work, a significantly higher LOD was obtained than the others
(Table 3), suggesting that LC is a better separation technique that allows
better detection. Nevertheless, due to the polarity of this compound,
applying and testing other separation techniques is very convenient.

2.2.3. UV filters

Three UV filters have been studied in solid matrix: benzophenone-3,
butyl methoxydibenzoylmethane and octocrylene, although the last one
in only one occasion. Benzophenone-3 was the most studied compound.
Its extraction was performed mainly by solid-liquid extraction, normally
assisted by ultrasounds (UAE), in the different matrix (sediments, soils,
plants, sludge, etc.). In most of cases the recovery achieved was close to
100 % (Table 3), except in one work (47 %) in sediments [61]. Previous
paper was also the only one that used LC-DAD for the determination of
benzophenone-3, since it was mainly determined by GC-MS/MS. Among
all papers summarized in Table 3, MDL or LOD were in the same range.
Butyl methoxydibenzoylmethane was determined in MPs [12], sedi-
ments and biota [63]. In both cases LC-MS/MS was used as determina-
tion technique, leading to LOD values ranging from 0.13 ng g * [12] to
12 ng g~ [63], probably due to MPs are a cleaner matrix than biota.

In summary, the extraction of contaminants present in solid samples
is more complicated than in liquid samples, involving different extrac-
tion techniques and usually cleaning steps. In general, it can be
concluded that the most used extraction techniques and that presents the
best recoveries are QUEChERS for biota and UAE for soils and sediments.
Likewise, MS/MS is the most common detection system which provides
the lowest LODs. However, many works fail to specify the matrix effect,
which is one of the main disadvantages of this technique.

Regarding the extraction of pollutants from MPs, it has been found
that the target compounds can be extracted using UAE with the same
efficiency as Soxhlet extraction or other conventional techniques. UAE
offers the advantages of reducing extraction time and minimizing the
use of organic solvents.

3. Watchlist compounds adsorbed on microplastics

The term "microplastics" (MPs) was officially coined in 2004 drawing
attention to the escalating issue of plastic pollution in the oceans. Sub-
sequently, its prevalence in the environment has garnered growing
concern from scientists, authorities, the general population, and the
media. While there is no universally accepted definition among authors,
microplastics are commonly described as plastic fragments measuring
less than 5 mm in any dimension, with an undefined lower limit.
Nowadays, MPs have already been ubiquitous reported in almost all
aquatic habitats of the planet, from the open seas to deep oceans, rivers,
lakes, the water column, and sediments and in other environmental
compartments [76]. Microplastics and other pollutants coexist in the
environment, raising growing concerns due to their simultaneous pres-
ence. MPs, known for their high sorption capacity, have been reported to
function as carriers of pollutants [77]. The ingestion of contaminated
MPs by organisms can exacerbate the desorption of pollutants, ampli-
fying their bioavailability and toxicity [78]. Understanding the behav-
iour and sorption mechanisms between naturally modified microplastics
and organic contaminants is crucial for evaluating their true impact on
the environment [79]. In this context, the study of adsorption of recent
organic compounds from the 4th WL constitutes an important
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contribution in this field.

3.1. Factors influencing adsorption behavior and sorption mechanisms of
microplastics

The factors influencing the adsorption of organic pollutants (OPs) on
microplastics could be categorized into three distinct groups [80]. The
first group pertains to the impact of microplastics (MPs) properties on
their adsorption capacity. The type of MPs plays a crucial role in various
factors, including polarity, size, crystallinity, and functional groups.
Environmental factors, such as weathering and aging, will influence MPs
properties too. The physicochemical characteristics of the organic con-
taminants themselves can be included in the second group of influencing
factors. Additionally, the third category is the environmental conditions,
including temperature, pH, and salinity, also play a role in affecting the
adsorption capacity of MPs. Fig. 3 provides a summary of how these
factors collectively influence the adsorption capacity of MPs [80].

3.1.1. Microplastics properties

Microplastics originate from a diverse range of polymer resins, each
possessing distinct physical and chemical properties. There are different
MPs types, according to their polymer composition: non-polar types
include Polystyrene (PS), polypropylene (PP), and polyethylene (PE)
while polar types include polyvinyl chloride (PVC), polyethylene tere-
phthalate (PET), and polyamide (PA) being considered strongly polar
[81]. MPs possess a relatively large specific surface area, allowing them
to adsorb organic pollutants on their surface. Thus, Polyethylene ex-
hibits the highest surface area, followed by PS, PVC, and PP [82].

While particle size plays a relatively minor role compared to other
factors, it can still influence adsorption rates and capacity [83]. Smaller
particle generally offers more adsorption sites enhancing their capacity
to adsorb pollutants. It was proven in several articles, that sorption ca-
pacities of all particles followed the size trend, despite differences in
polymer composition.

In the natural environment, plastic polymers typically exhibit a
combination of crystalline and amorphous regions. The crystalline re-
gion has a regular molecular possesses strong cohesion and compress-
ibility, while the amorphous region is irregular and loose, resembling a
viscous liquid [80]. The amorphous region of MPs attract organic pol-
lutants more strongly than the crystalline region, indicating that higher
crystallinity reduces adsorption capacity [84].

Recent studies show that MPs undergo aging and weathering pro-
cesses that affect their adsorption capabilities. Environmental factors
like UV radiation, water, and temperature alter their surface structure
and introduce oxygen-containing functional groups [135,136]. This
leads to a shift from hydrophobic to hydrophilic surfaces, enhancing the
adsorption of hydrophilic organic pollutants [137]. Additionally,
oxidation causes chain scission, expanding the amorphous region and
improving the diffusion and sorption of organic pollutants [138].

3.1.2. Properties of the organic pollutants

MPs adsorb contaminants from their surrounding environments,
with hydrophobicity being a key factor in sorption [85]. Initial research
focused on studying the adsorption on MPs for hydrophobic organic
pollutants (OPs), as they have suspect that to be the main substances
adsorbed. However, environmental factors, can create
oxygen-containing functional groups on MPs, leading to significant
adsorption of hydrophilic OPs as well [77].

Contaminants are classified based on their octanol-water partition
coefficient (Kow). Compounds with log K, < 3 are classified as weakly
hydrophobic or hydrophilic; those with 4 <log Kow < 5, are moderately
hydrophobic and strongly hydrophobic for log Koy > 5 [27].

(SOlute)actanol

(solute)

ow —
water
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Many researchers have studied the mechanisms of adsorb OPs by
MPs. In general, compounds having high LogK,, (>3) are more easily
absorbed by MPs through hydrophobic interactions [86]. However,
compounds like metformin and guanylurea, due to their high hydro-
philicity and polarity, have a low affinity for sorption onto MPs. This low
affinity suggests that these compounds are less likely to be transported
by microplastics in the environment. In contrast to this, pore filling,
electrostatic forces, hydrogen bonding, and n-n bond interactions, play a
crucial role in the behaviour and interactions of organic contaminants
with hydrophilic and polar groups in their structure [78].

The distribution coefficient (Kq) characterizes the adsorption ca-
pacity of OPs on MPs. Thus, Ky values of the hydrophobic compounds
are positively correlated with their octanol-water partition coefficients.
For instance, less polar and non-ionic compounds exhibited a higher Kd
value than polar compounds. Wu et al. [85] observed that the parti-
tioning of more hydrophobic pharmaceuticals on polyethylene (PE)
exhibited a linear relationship, which was directly correlated with their
distribution coefficient values. The K4 values ranged between 191 and
53,225 L kg ™! for carbamazepine and 4-methyl benzylidene camphor,
respectively, aligning with their respective hydrophilicities.

When the surface functional groups of MPs change, they can adsorb
more polar substances through different mechanisms such as electro-
static interaction, n-n interaction, hydrogen bonding, and van der Waals
force. Electrostatic interactions depend on the surface charges of MPs
and OPs. This dependency is particularly influenced by the environ-
mental pH [86]. n-r interaction, occurs between molecules with n-con-
jugated structure, but other functional groups can also affect their
intensity. Hydrogen bonds predominantly form between polar poly-
amide (PA) and hydrophilic organic pollutants, such as antibiotics, or
between MPs with halogen atoms (e.g., PVC) and organic compounds
like PCBs and DDT. Also, MPs, such as PE, PP and PS can adsorb OPs
(pharmaceuticals and PAHs) through Van der Waals forces. However,
since the van der Waals forces are weak, the adsorbed OPs can be easily
desorbed from the MPs when the environmental conditions change [87].

Adsorption often involves multiples interactions, adding complexity
[88]. There is limited research on this topic. Gong et al. [89] found
higher adsorption capacity of fipronil on biodegradable MPs, such as
polylactic acid (PLA) and PBS, compared to non-degradable MPs (PE,
PS, PVC, and PP). This difference was attributed to the stronger
hydrogen bond interaction between fipronil and the carbonyl groups in
degradable MPs. Fig. 4. 5 shows the potential interaction mechanisms
between the OPs and MPs.

3.1.3. Environmental conditions

Exposure to natural conditions in aquatic environments can induce
alterations in MPs, including heightened surface oxidation and the for-
mation of micro-cracks, particularly evident in aged plastic. Kinetic
models and isotherms have revealed that the sorption capacity of MPs
subjected to natural modification processes surpasses that of pristine
MPs [79].

Electrostatic interactions play a crucial role in sorption processes
between microplastics and contaminants, influenced by their surface
charges and environmental pH [90]. Typical aquatic pH levels ranging
from 5 to 9, and changes in pH affect the ionization state of both the MPs
and the OPs, altering their affinity for each other. MPs tend to aggregate
in aquatic environments, a process controlled by surface charges and pH
conditions.

Weathering processes generally increase the negative charges on the
surface of MPs, enhancing the cationic sorption process. However, the
effect of weathering to electrostatic interaction is limited, as the equi-
libria of other contaminants also depend on pH, thereby influencing the
sorption capacity and rate [90]]. Wan et al. [91] observed a gradual
improvement in the adsorption of TCs, primarily in cationic form, by
negatively charged PS-MPs as pH increased from 2.0 to 7.0. Following,
an increase in pH from 7.0 to 9.0, the adsorption capacity gradually
decreased. Overall, pH variations primarily influence sorption capacity
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rather than structural modifications of MPs.

Salinity, temperature and dissolved organic matter (DOM) also
significantly affect the sorption behaviour of organic pollutants to
microplastics. Salinity can alter the electrostatic interactions and ion
exchange. Liu et al. [90] observed that elevated salinity levels led to a
higher concentration of Na+, which competes strongly with the cation
exchange sites on the surface of MPs. This competition ultimately results
in a reduction in the adsorption of OPs. Nevertheless, a distinct phe-
nomenon was observed by Llorca et al. [92], indicating that elevated
salinity can induce the salting-out effect of organic pollutants in solu-
tion. This results in a reduction of OPs solubility and promotes their
adsorption onto MPs.

Temperature affects the adsorption process mainly by changing the
structure of MPs, the solubility of OPs, and the interaction between
them. Generally, elevated temperatures increase the solubility of OPs
and reduce the adsorption energy enhancing the adsorption. A notable
increase in the adsorption affinity for antibiotic contaminants was
observed at temperatures above 45 °C compared to below 0 °C [93]. In
contrary, Li et al. [94] showed that the adsorption of TCS on PS-MPs had
no significant relationship with temperature, considering the ambient
temperature was in the range of 15-45 °C.

Regarding DOM, at increased concentrations, this leads to a reduc-
tion in sorption onto MPs due to competitive interactions for binding
sites and complexation with humic and fulvic acids, altering the parti-
tioning equilibrium between the solid surface and the water phase [83].

3.2. Sorption kinetics and isotherms

The organic pollutant sorption capacity of microplastics was found to
be approximately two to six orders of magnitude higher than that of
sediments and seawater in previous studies. Sorption is the process of
transferring chemicals from fluids (liquids and gases) to solids and in-
cludes adsorption and absorption [87]. During adsorption, chemical
molecules are confined to the solid-liquid interface, while they penetrate
the solid matrix during absorption, It is impossible to distinguish be-
tween adsorption and absorption because the two processes usually
occur simultaneously [87]. When the concentration of organic pollut-
ants in the environment is low, adsorption appears to be the predomi-
nant phenomenon, while at high concentrations, absorption primarily
occurs.

Adsorption kinetic models assess pollutant adsorption on MPs,
determining efficacy and rate-limiting steps. Typically, kinetics involve
four stages: bulk transport (fast), film diffusion (slow), intraparticle
diffusion (slow), and adsorption attachment (fast) according Ho et al.
[95]. Key models include pseudo-first order, pseudo-second order,
intraparticle diffusion, and film diffusion. Pseudo-first order and
pseudo-second-order models assess overall adsorption, while intra-
particle and liquid film diffusion models elucidate limiting steps. For
complex mechanisms, intraparticle and liquid film diffusion models
provide further insights beyond pseudo-first order and
pseudo-second-order models according to Fu et al. [80].

In most instances, the pseudo first-order model proves suitable for
describing the adsorption process of OPs onto MPs within the initial 20 —
30 minutes. This initial phase of adsorption is primarily influenced by
physical diffusion. However, some studies have shown that the pseudo-
second-order model performs better than the first order model in
describing the adsorption kinetics of OPs on MPs [96]. For example, the
adsorption of chlorophenol (CP) on polyethylene terephthalate (PET)
MPs [97].

Regarding adsorption isotherms, they elucidate the equilibrium
behaviour of adsorbents at constant temperature, taking into account
the characteristics of the adsorbate, the adsorbent, and the properties of
the adsorption solution, which encompass pH, ionic strength, and tem-
perature [90]. These isotherms play a fundamental role in predicting the
amount of adsorbate that can adhere to a solid surface and in discerning
whether the adsorption mechanism aligns with linear monolayer
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coverage or involves multilayer adsorption [79]. Common adsorption
isotherm models include the linear isotherm, Langmuir, and Freundlich
models. The Langmuir and Freundlich models are known to exhibit a
higher degree of fit.

For a linear isotherm, the sorption distribution coefficient (K4) rep-
resents the ratio between the concentration in the solid phase and the
equilibrium concentration in the liquid phase. However, the relationship
between solid and liquid phases may exhibit nonlinearity, necessitating
the application of alternative models.

Langmuir isotherm is employed for homogeneous surfaces,
describing a scenario in which the sorbate forms a monolayer with a
finite number of sorption sites. The Langmuir model postulates a uni-
form surface of the adsorbent, assumes no interaction among adsor-
bents, and posits that adsorption solely transpires on the outer surface of
the adsorbent, forming a monolayer [91]. The separation coefficient (k1)
within the Langmuir model serves as a crucial parameter for charac-
terizing adsorption behavior. A k; value below 1 indicates preferential
adsorption in the context of organic pollutants onto MPs.

Conversely, the Freundlich isotherm characterizes sorption onto
heterogeneous surfaces, where high-energy sites are preferentially
occupied and modeling of both monolayer (chemical adsorption) and
multilayer adsorption (Van der Waals adsorption) scenarios. Within the
Freundlich model, the adsorption coefficient kf is used to describe the
partitioning of organic pollutants between the surrounding aqueous
solution and MPs, which largely depend on interactions between organic
pollutants and MPs [77]. The parameter 1/n in the Freundlich model
serves as an indicator of adsorption intensity or surface heterogeneity,
revealing that adsorption diminishes as the sorbate concentration rises
due to the limited availability of sites on the adsorbent for further
sorption [90].

4. Occurrence in the environment

Based on the publications presented in previous sections, a detailed
data analysis was conducted, focusing on the occurrence of contami-
nants from the 4th WL in various kind of liquid or solid environmental
samples, such as surface water, wastewater, groundwater, drinking
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water and seawater, and the solid samples are soil, sediment, sludge,
biota, and microplastics. Of the total works listed in Tables 2 and 3,
slightly more than half was devoted to the analysis of environmental
samples, approximately 68 % for liquid samples and 27 % for solid
samples.

4.1. Liquid samples

Azoxystrobin is frequently analyzed in surface waters such as rivers,
lakes, lagoons, and reservoirs. High occurrence of azoxystrobin has been
recorded in southern Brazil in 78 % of analyzed samples, with a
maximum concentration of 2474 ng L. Its presence has also been
detected in rivers and lake in Argentina with relatively low concentra-
tions ranging from 11.1 to 61.9 ng L™} [34]. Conversely, higher con-
centrations of azoxystrobin ranging from table "0-4260 ng L™ were
found in water samples used for irrigating rice fields in Argentina [33].
These levels exceed the maximum residue limit (MRL) established by
European Union legislation of 100 ng L™} by approximately 5-42 times.
Fipronil was the most frequently detected target analyte in wastewater,
groundwater, and drinking water. Its presence was reported in 65.1 % of
drinking water samples and 75.5 % of groundwater samples in China,
with concentrations ranging from n.d. to 0.9 ng L™! [5]. Other studies
have reported its presence in industrial wastewater (28 ng LY [39],
drinking water from Montreal (5 ng L Hn 9], or lake water samples
from northern Vietnam (15.9 ng L’l) [38]. In all these cases, fipronil
concentrations exceeded either the chronic benchmark value of
11 ng L™ established in the United States or the threshold value of
0.07 ng L~ ! established in the Netherlands [98]. In the natural waters of
the Jumilla vineyard area in Spain, diflufenican was detected at con-
centration of 530 ng L™! [36], which is five times higher than the con-
centration limit of 100 ng L' established by European legislation.
Similarly, in samples from the Dongjiang River in South China, the
strobilurin group of fungicides, specifically dimoxystrobin, was found
with a maximum concentration of 2.05 ng L™1. A high concentration of
the pesticide imazalil was determined in surface waters of the Jtcar
River in Spain with a concentration of 222.45 ng L™}, as well as in
wastewater from the agri-food industry with concentrations ranging
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from 7038 to 19802 ng L~ [16]. In the Wietcisa River in Poland, a high
concentration of metconazole was detected at 5100 ngL™! [27],
significantly exceeding the limit of 100 ng L™! set by European Union
legislation for pesticide content in water [99]. Increased concentrations
of prochloraz were reported in water systems of the Albufera natural
park in Spain ranging from 2.1 to 3435 ng L' [42]. The triazole organic
compound tetraconazole was in groundwater in the Tidone Valley in
northwestern Italy with concentrations ranging from 3 to 20 ng L™}
[46]. Very low concentrations of pesticides were also found in seawater
from the mouth of the Jiulong River in China, including ipconazole with
concentrations ranging from n.d. to 0.966 ng L™! [7].

The processed data show that the highest number of occurrences of
pharmaceutically active substances from the 4th WL was founded in
surface waters. Antibiotics such as clindamycin [47], ofloxacin, sulfa-
methoxazole [25], and trimethoprim [58] were the priority group of
pharmaceuticals. The presence of all antibiotics mentioned has mainly
been described at different locations of surface water, but have also been
found in wastewater [47,58], groundwater [47,58] and drinking water
[47]. Found antibiotic concentrations in real water samples are different
depending on matrix, but usually they are very low and often in the
range of units to hundreds of ng L™, as in the case, for example, of
clindamycin: 86ngL~! for WWTP, 42ngL~! for surface water,
1.2 ng L™! for groundwater and less than 0.1 ng L™ for drinking water
[47]. The presence of antifungals at concentration levels of ng L~ such
as clotrimazole 0.28-547.94 ng L1 [48], and miconazole n.
d.~116.9 ng L™! [53] has also been confirmed in wastewater or flucon-
azole 7.5 ng L~ [49] in surface water.

An analysis of 21 WWTPs in 19 cities in Northeast China showed that
the consumption of metformin, a widely used type 2 antidiabetic drug, is
steadily increasing, but also depends on the economic situation of the
population [28]. Metformin was detected in all wastewater samples with
concentrations in the range of 2.42-53.6 mg L™'. Another study has
been performed on wastewater and drinking water samples by
Kot-Wasik [14]. In this study, a significant difference was found between
the concentration of metformin in wastewater (8101.4 ng LY and
drinking water (2.7 ng L™1). In addition to the determination of met-
formin in wastewater [52], it is also important to determine its trans-
formation product guanylurea [50,51], as it is not completely removed
in the wastewater treatment and is continuously released into the
aquatic environment. The European Union, the United States, Canada,
Australia, and other countries do not have specific limits for metformin
or guanylurea in water. Currently, no strict regulatory limits or
maximum concentrations have been established for these substances in
water.

The commonly utilized antidepressant venlafaxine [24,60] and its
metabolically product O-desmethylvenlafaxine [54] have been found in
different surface waters and wastewater in the concentration range of ng
L™L. Interestingly, the O-desmethylvenlafaxine as metabolite was found
at higher concentrations than venlafaxine in a work of Coelho et al. [54].
For venlafaxine and its metabolites, there is no specific concentration
limit in water established by European or global legislation.

UV filters, are mainly released into the aquatic environment at hol-
iday destinations, so most research has focused on the determination of
UV filters from the 4th WL in surface waters such as lakes and coastal
bays [60], rivers [62,65], and in seawater samples [64], especially in
tourist areas in the Mediterranean [13], or in the Canary Islands [64]. A
minority of research on the occurrence of UV filters was found in
wastewater [64] and drinking water [65]. Only, two organic UV filters,
namely benzophenone-3 [61,62] and octocrylene [13,64,65], were
investigated in all these studies. The weakly hydrophobic
benzophenone-3 was found in surface water of Lake Villeneuve in
France at around 3 ng L' [61] and in two water source rivers at mean of
concentrations of 1.2 or 11.2ng L' [62]. Hu et al. determined
benzophenone-3 in surface water in the Pearl River in Guangzhou with
concentrations up to 6 ng L™ and two WWTPs where the concentration
of this UV filter varied by orders of magnitude depending on whether it

18

Trends in Environmental Analytical Chemistry 44 (2024) e00245

was wastewaters (90.5 and 54.8 ng L) or effluent wastewaters (7.54
and 15.3 ng L1). Benzophenone-3 is listed among chemicals that are
monitored, but specific limits for its concentration in water are not
explicitly defined. Hydrophobic octocrylene was found in marine waters
at three Mediterranean coastal sites located in the Gulf of Lion along the
French Mediterranean coast impacted by diurnal recreational activities
in summer, with different highest concentrations of 369, 102 and
59 ng L1 at three different sites studied [13]. Cadena-Aizaga et al. [64]
focused not only on the determination of organic UV filters including
octocrylene in seawater (171 mg L) but also on its determination in
wastewater from three WWTPs from Gran Canaria Island (Spain). In this
study it was found that octocrylene represented the highest mass load in
all the influent samples into the WWTPs (12 327 pg d~1.1000 inhab-
itants™!). Octocrylene was also the most frequently found UV filter in
open-air swimming pools, aquaparks and seawater in summer in a study
by Vila et al. [65] in Spain. For octocrylene, no specific concentration
limits in water have been established by EU or global regulations.

4.2. Solid samples

Pesticides form a significant part of the 4th Watch list of substances
and are most found in the environment in soil and sediment samples,
mostly at low concentrations in ng g~'. Given that there are several
published papers, only a few values found for selected analytes will be
presented.

Shen et al. determined metconazole in soil from China, with values
up to 72 ng g~ ! and imazalil 3.3 ng g~! [66]. Calvo et al. determined
prochloraz and tebuconazole from sediment samples of the aquatic
systems of the Natural Park of the Albufera of Valencia (Spain) during
the rice cultivation period, with values of 27.4 and 9 ng g}, respec-
tively [42]. Zaidon et al. [43] focused their work on the whole group of
azole compounds, they succeeded in determining several pesticides and
fungicides with values of 0.44-34.81 ng g~!, from rice fields demon-
strating that the soil has a suppresive matrix with matrix effect values of
67-87 % for Watchlist compounds.

Pesticides of 4th WL have positive log K, values in the range of
(roughly 1-6), indicating that they could also accumulate in living or-
ganisms. Several papers describe new methodologies for the determi-
nation of pesticides, fungicides, and herbicides [10,67] in biota, but
their occurrence in real samples has not been determined, except for
tebuconazole. Liu et al. [97] chose “zebrafish" as a typical model or-
ganism. The determined values of tebuconazole in the fish samples
ranged from 0.33 to 3.67 mg kg ™!, an order of magnitude shift from the
soil samples, but the differences in values are not evaluated in the paper
itself for the inherent environmental risk. There is currently no scientific
work available that monitors pesticides or herbicides in microplastics, or
values are below the detection limits of analytical methodologies [18],
but it is possible anticipate that this will change in the near future as
microplastics and their properties are the subject of increased scientific
interest.

The main source of pollution of soils and biota by pharmaceutical
active compounds is through wastewaters from populated areas and
near pharmaceutical factories. This has been amplified in the post-covid
era, particularly by the widespread use of antidepressants. Venlafaxine,
together with its degradation products (O-desmethyl venlafaxine), have
been the most frequently detected in marine fish (fishponds and pro-
tected areas) at concentrations of 20.8 ng g_1 [71]. Antibiotics and an-
tifungals have been the most monitored in soils, where they could
become overconcentrated. In the determination of antibiotics in soils,
the concentrations determined were at very low levels e.g. trimethoprim
n.d-0.25 ng g~! [9], sulfmethoxazole n.d-1 ng g~* [72].

Microplastics as a vector of contamination by polar organics is a
relatively new phenomenon in the field of environmental protection.
Several scientific works are available that also focus on "emerging" or-
ganics. For example, the determination of antibiotics in microplastics,
found concentration ranges of n.d-9.81 ng g~ for miconazole [18] and
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90-101 ng g~ ! for trimethoprim [96]. It can also be seen from the
research works that microplastics research is concentrated in the
developed parts of the world and mainly in areas where tourism is the
dominant source of income such as Hawaii, Macaronesia (this includes
the Azores, Madeira, Canary Islands and Cape Verde Islands) and the
Mediterranean region. It was quite interesting to find out that although
there are several scientific works focusing on the development of
analytical methods for the determination of guanylurea and metformin
(active substances in antidiabetic drugs) [70,71], their real occurrence
in soils, biota or microplastics is still poorly known, or they have not
been determined in real samples.

Scientific research focusing on the determination and monitoring of
UV filters also comes from areas where seaside tourism is dominant.
Because of their non-polar properties and thus bioaccumulation capac-
ity, several works have focused on their determination in fish liver or
mussels (octocrylene 73-967 ng g~ 1) [63], which are also a kind of in-
dicator of the purity of the waters in which they are found. BP-3 is the
most commonly determined with concentrations of n.d-240 ng g [73]
where the authors have determined bioaccumulation factors of 50 and
31.3-261.8 ng g~ ! for selected plants, respectively [63]. A few studies
on this topic come from China and other countries of Asia, where the
chemical and textile industries are close to rivers and may consequently
be a potential source of pollution. In these studies, Benzophenone-3 has
been determined most frequently in soils with concentrations ranging
from n.d. to 70ng g~ and 4.6-13.3ng g ! [73]. In addition, avo-
benzone was also determined at levels of n.d-75 ng g~ [61].

From the preceding sections, all groups of substances from the 4th
WL are present in soils, biota as well as adsorbed on MPs surfaces. Their
measured values are very low (ng g~ ! or less), but it would be interesting
in the future to see more scientific works focusing on the risk assessment
of bioaccumulation in living organisms.

5. Conclusions and future perspectives

The investigation about the presence of compounds from the latest
4th European Watch List (WL) across diverse environmental matrices,
from literature published between 2000 and 2023, has revealed their
widespread occurrence. These compounds, primarily of anthropogenic
origin, are intricately linked to human consumption, chemical and
pharmaceutical industry, as well as agricultural activities involving
herbicides, insecticides, and fungicides. Collecting data on the presence
of these substances in the environment is crucial to assess and evaluate
whether they pose an ecological risk and, consequently, if they should be
included in the list of priority substances to be identified.

Another significant concern is related to the presence of micro-
plastics (MPs) in the environment and their ability to absorb organic
contaminants from their surroundings. Studies have demonstrated that
the coexistence of MPs and organic contaminants can intensify each
other’s toxicity, resulting in more pronounced adverse effects on the
health and survival of living organisms.

This review provides a summary of the analytical methodologies
used to determine these substances in various environmental matrices,
including water, soil, biota, and microplastics. The evaluation of these
methodologies offers a comprehensive overview of the available tech-
niques for their determination. It offers a holistic view of the tools
available for the identification and determination of these contaminants
in different media, including MPs, which is crucial for environmental
management and protection.

The different adsorption interaction mechanisms of pollutants on
microplastics were discussed. This understanding is crucial for evalu-
ating the transport and bioaccumulation of these substances in living
organisms. Furthermore, the presence of substances from the WL was
examined in various environmental matrices.

It is necessary to broaden the knowledge about environmental risks
as well as the toxicity of compounds of the WL in the environment and
living organisms. To achieve this, futures research should focus on:
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1. Establishing methodologies for the accurate detection of these
compounds on different environmental matrices as well as adsorbed
on MPs.

2. Understanding the adsorption/desorption mechanisms between MPs
and pollutants adsorbed on them, as well as the effect of MPs
weathering and degradation state on the adsorption of these chem-
ical pollutants.

3. Examining the combined toxicity of MPs, along with other pollutants
(such as pharmaceutical, personal care products and pesticides) on
different environmental compartments.

These studies will contribute to a better understanding of the pres-
ence and effects of substances from the European Watch List, which in
turn aid in the development of effective surveillance strategies to miti-
gate their impact on the environment and human health.
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