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Abstract

The presence of organic micropollutants in the environment is a worldwide concern.
These pollutants, usually found at residual concentrations (ng L* to ug L1), are not
completely removed by the conventional wastewater treatment technologies and are
continuously discharged into receiving water bodies that might be sources for drinking
water (DW) supply. The occurrence of these compounds in such water matrices may
cause adverse ecological and human health effects and, to tackle this problem, the
monitoring of some priority substances (PSs, Directive 2013/39) and contaminants of
emerging concern (CECs, Watch Lists of Decisions 2015/495, 2018/840 and
2020/1161) has been recommended in the European Union (EU). Thus, the fate and
behavior of these PSs and CECs in water compartments require further investigation,
and the development of robust and reliable multi-residue analytical methods that
enable the determination of these pollutants is crucial in this context. Bearing this in
mind, the main objective of this PhD project is the development of an eco-friendly and
low-cost analytical tool to simultaneously determine a wide variety of PSs and CECs
defined in recently launched EU legislation.

The first stage of this work was dedicated to the optimization and validation of
analytical methodologies based on solid-phase extraction (SPE) followed by ultra-high
performance liquid chromatography coupled to tandem mass spectrometry (UHPLC-
MS/MS), for characterization of DW and surface water (SW). A green analytical
method for determination of twenty-one organic micropollutants was successfully
applied to tap, fountain, and well waters collected in different locations. The
occurrence of thirteen compounds was demonstrated and the hazard quotients

estimated for the quantified micropollutants suggested no adverse effects to humans.



This analytical method was also applied to characterize water samples before and
after bench-scale photolysis and ozonation experiments, with only eight of the twenty-
one spiked compounds being completely removed by these treatment options.

A spatiotemporal campaign in four stressed Portuguese rivers (Ave, Leca, Antud and
Cértima) was then performed to assess the variations and the distribution of a larger
group of analytes (thirty-nine) that included new CECs integrated in the Watch List or
identified as frequent in other countries. A widespread occurrence of micropollutants
was observed with twenty-six compounds being detected, thirteen of which present in
all rivers. Leca River was then considered as a case study for assessment of
fluorescence excitation-emission matrices and the results matched the spatial
distribution tendency of pollutants along the river, highlighting the industrial areas and
urban wastewater treatment plants (WWTPSs) as input sources of these substances.
The studies referred above allowed to establish reference methods for analysis of the
organic micropollutants and to select eight target multi-class compounds for
succeeding research works included in this thesis, based on their frequency of
detection and higher concentrations in DW and SW samples. Five pesticides
(acetamiprid, atrazine, isoproturon, metaflumizone and methiocarb), two
pharmaceuticals (carbamazepine and diclofenac), and one industrial compound
(perfluorooctanesulfonic acid - PFOS) were selected. In these following studies, the
investigation was focused on tailoring the texture and surface chemistry of carbon
materials aiming at the development of a multi-layer carbon-based SPE cartridge with
high selectivity/specificity for the target compounds pre-concentrated by SPE and
determined by UHPLC-MS/MS in water monitoring campaigns.

Pristine and functionalized multi-walled carbon nanotubes (MWCNTS) were the first
materials applied as sorbent in SPE for extraction of the target micropollutants. The

reusable SPE cartridge developed with pristine MWCNTSs gave recoveries higher than



60% for five out of eight target compounds, using a low amount of material (50 mg)
and a solvent considered more eco-friendly (ethanol) than the conventional ones.
Moreover, the controlled HNOs hydrothermal oxidation methodology applied for
functionalization of MWCNTs allowed to establish some important correlations
between both the synthesis conditions and the oxygen-containing surface
functionalities introduced on the material surface; as well as between the type and
amount of those functionalities and the recoveries obtained for the target compounds.
The introduction of oxygenated groups on the surface material affected the recovery
values in different ways. The recovery was improved for methiocarb and PFOS, and
dropped for acetamiprid, diclofenac and carbamazepine. In the specific case of
metaflumizone, pristine and functionalized MWCNTs were both ineffective options.
Pristine and oxidized carbon xerogels (CXs) were then synthesized and investigated
for extraction of the same target analytes. In this case, the introduction of oxygenated
surface groups in CXs resulted in a decline of the recovery for the vast majority of the
micropollutants. Interestingly, the recoveries were quite high for metaflumizone (69 +
5%), which was not recovered when MWCNTs were tested. Thus, a SPE carbon-
based cartridge with both materials (CXs and MWCNTS) in multi-layer configuration
was developed. This novel cartridge was reusable and capable of extracting all the
multi-class target compounds in a single procedure. Hence, an analytical
methodology based on SPE-UHPLC-MS/MS was validated with the multi-layer carbon
cartridges and used to monitor the target analytes in water samples collected before
(SW) and after three DW treatment plants. The potential of the developed method for
monitoring SW and DW was confirmed and six out of eight compounds were
quantified.

Summarizing, the multi-layer carbon-based cartridge fabricated in the framework of

this PhD thesis provides an analytical tool for monitoring PSs and CECs in SW and



DW, presenting advantages when compared with the marketed cartridges (i.e. being
cheaper, reusable, and more eco-friendly). Moreover, this work contributes to the
knowledge on the occurrence and fate of organic micropollutants in the aquatic
compartments, emphasizing that actions are needed to preserve a good

environmental status of stressed European waterbodies.
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Resumo

A presenca de micropoluentes organicos no ambiente tem sido alvo de preocupacéo
a nivel mundial. Estes poluentes, geralmente detetados em concentracfes vestigiais
(ng L't a pug L), ndo sdo completamente removidos nos processos convencionais de
tratamento de &guas residuais, sendo continuamente descarregados em cursos de
agua que por sua vez sédo utilizados como fontes de abastecimento de dgua potével.
A ocorréncia de micropoluentes organicos neste tipo de matrizes aquaticas pode
resultar em consequéncias adversas para 0 ambiente e para a saiude humana. De
forma a mitigar este problema, a monitorizagdo de substancias prioritarias (PSs -
priority substances, Diretiva 2013/39) e de contaminantes de preocupa¢édo emergente
(CECs - contaminants of emerging concern, da lista de vigilancia das Decisdes
2015/495, 2018/840 e 2020/1161) tem sido recomendada na Unido Europeia (UE). O
destino e os efeitos destes poluentes nos compartimentos aquaticos requerem
estudos adicionais e o desenvolvimento de métodos analiticos robustos e fiaveis, que
permitam detetar uma vasta gama de micropoluentes neste tipo de matrizes. O
principal objetivo do presente projeto de doutoramento consiste no desenvolvimento
de uma ferramenta analitica para a determinacdo simultinea de uma grande
variedade de PSs e CECs, estabelecidos no quadro legal da Unido Europeia.

A primeira fase deste trabalho foi dedicada a otimizacgao e validagcao de metodologias
analiticas baseadas na extracdo em fase soélida (SPE - solid-phase extraction)
seguida de cromatografia liquida de ultra-alta eficiéncia associada, em tandem, a
espectrometria de massa (UHPLC-MS/MS - ultra-high performance liquid
chromatography coupled to tandem mass spectrometry), para aplicagdo em agua

potavel e de superficie. Foi assim desenvolvido um método analitico que permitiu
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demonstrar a ocorréncia de treze dos vinte e um micropoluentes organicos em
estudo, em amostras de agua da rede de abastecimento, fontes e pocos,
provenientes de diferentes locais. Foram estimados os quocientes de risco para 0s
micropoluentes encontrados, ndo tendo sido revelados efeitos adversos para 0s
seres humanos. A metodologia desenvolvida foi também aplicada em amostras de
agua da rede, contaminadas com os vinte e um micropoluentes, para avaliar a
eficacia de diferentes processos de tratamento, a escala laboratorial, como a fotdlise
e a ozonizagdo. Os resultados obtidos mostraram que apenas oito compostos foram
totalmente removidos por estes processos.

No que diz respeito a andlise de dguas superficiais, realizou-se uma campanha de
monitorizacdo em quatro rios portugueses (Ave, Leca, Antud e Cértima), com o
objetivo de avaliar as variacdes e a distribuicdo espacial e temporal de um maior
grupo de micropoluentes (trinta e nove). Este grupo incluiu novos CECs e outros
compostos identificados como frequentes noutros paises. Observou-se uma
ocorréncia generalizada dos micropoluentes, no espaco e no tempo, com a dete¢céo
de vinte e seis compostos, dos quais treze foram determinados em todos os rios. O
rio Leca foi utilizado como caso de estudo para a avaliagdo de matrizes de excitagéo-
emissao de fluorescéncia. Os resultados obtidos corresponderam a tendéncia de
distribuicdo dos poluentes ao longo do curso do rio, destacando-se as areas mais
industrializadas e as estacdes de tratamento de aguas residuais urbanas, como
fontes de entrada de micropoluentes nos cursos de dgua superficial.

Os estudos referidos anteriormente permitiram estabelecer os métodos analiticos de
referéncia e selecionar os oito compostos modelo, com base na frequéncia de
detecdo e nas concentragBes mais elevadas encontradas em amostras de agua
potavel e de superficie, recolhidas em Portugal. Deste modo, para a continuagao

deste projecto foram selecionados como compostos modelo: cinco pesticidas
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(acetamiprida, atrazina, isoproturdo, metaflumizona e metiocarbe), dois compostos
farmacéuticos (carbamazepina e diclofenac) e um composto industrial (acido
perfluorooctanossulfénico). Os trabalhos desenvolvidos posteriormente centraram-se
no estudo da quimica de superficie e das propriedades texturais de materiais de
carbono para o desenvolvimento de um cartucho multicamada com elevada
seletividade/especificidade para a pré-concentracao por SPE dos compostos-alvo, e
posterior analise por UHPLC-MS/MS, em campanhas de monitorizacdo de cursos de
agua.

Os primeiros materiais estudados como adsorventes para a extracdo dos oito
micropoluentes selecionados foram as amostras originais de nanotubos de carbono
de parede multipla (MWCNTSs - multi-walled carbon nanotubes) antes e depois da
respetiva funcionalizacdo. O cartucho para SPE desenvolvido com os MWCNTSs
originais € reutilizavel e permitiu obter recuperagdes superiores a 60% para cinco dos
oito compostos em estudo, utilizando uma baixa quantidade de material (50 mg) e
um solvente mais ecolégico (etanol) quando comparado com alternativas mais
convencionais. A oxidacdo hidrotérmica controlada com HNOs e aplicada aos
MWCNTSs permitiu estabelecer algumas correlagdes importantes entre as condigbes
de sintese e os grupos funcionais oxigenados introduzidos no material; e entre o tipo
e quantidade desses grupos funcionais e as recuperagfes obtidas para os
compostos-alvo.

A introducao de grupos oxigenados na superficie do material afetou a recuperacao
dos compostos de diferentes formas, aumentando as recuperagcfes de metiocarbe e
acido perfluorooctanossulfénico e diminuindo as de acetamiprida, diclofenac e
carbamazepina. No caso especifico da metaflumizona, os MWCNTSs originais e

funcionalizados foram ineficientes como adsorventes para SPE.



Foram também sintetizados e testados xerogéis de carbono (CXs - carbon xerogels)
para a extracdo dos oito compostos-alvo ja referidos. Neste caso, a introducéo de
grupos oxigenados na superficie do material reduziu os valores de recuperagdo
obtidos para a maioria dos micropoluentes estudados. Curiosamente, as
recuperacdes foram bastante elevadas para a metaflumizona (69 * 5%), um
composto que néo foi possivel recuperar quando foram utilizados MWCNTs em vez
de CXs. Por este motivo foi assim desenvolvido um cartucho utilizando CXs e
MWCNTSs, posicionados em multicamada. Este cartucho inovador é reutilizavel e
capaz de extrair, em simultaneo, os varios micropoluentes organicos em estudo. Com
este cartucho foi validada uma metodologia analitica baseada em SPE-UHPLC-
MS/MS, que foi aplicada na monitorizacdo de amostras de &agua recolhidas a
montante e a jusante de trés estacdes de tratamento de agua para consumo. A
aplicabilidade deste método foi confirmada com sucesso, quantificando seis dos oito
compostos em estudo nas amostras de 4gua analisadas.

Em suma, o cartucho multicamada a base de materiais de carbono, produzido no
ambito da presente tese de doutoramento, fornece uma ferramenta analitica para a
monitorizacdo de PSs e CECs em cursos de agua, apresentando como vantagem ser
reutilizavel, mais econémico e ecolégico, quando comparado com os cartuchos
comerciais. Este trabalho foi fundamental para a aquisicdo de novos conhecimentos
relacionados com a ocorréncia e proliferacdo de micropoluentes organicos nos
recursos hidricos estudados, alertanto para a necessidade de serem implementadas

medidas de preservagdo do bom estado ambiental destes recursos.
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Chapter 1

1.1. Overview of the problematic

Nowadays, one of the major problems that humanity faces concerns about the
quantity and/or quality of water. Less than 1% of the Earth’s water is available for
human consumption and, according to the more recent report by WHO (World Health
Organization) and UNICEF (United Nations International Children's Emergency
Fund), around 10% of the world’s population had no access to basic drinking water
(DW) services in 2017: 206 million people used limited services (i.e., water from an
improved source for which collection time exceeds 30 min for a round trip, including
queuing); 435 million used unimproved sources (i.e., water from an unprotected dug
well or unprotected spring); and 144 million used surface water (SW) (i.e., water
directly from a river, dam, lake, pond, stream, canal or irrigation canal) [1]. The
improvement of the quality of life and the sustainable development of the world
depend on measures to meet the environmental protection and the correction of water
problems.

Throughout the past three decades, the research on the impact of water pollution has
been mostly centered on conventional pollutants, namely heavy metals and persistent
organic pollutants, and this subject was extensively reviewed [2-5]. The reduction of
emissions in the developed countries, through the launch of policy guidelines to
penalize illegal usages and/or discharges, took this type of substances from the
priority context [6]. However, in recent years, an increasing attention was raised about
the fate and effects of a large group of organic micropollutants on the water
compartments, some of them already outlined in the EU legislation. These pollutants
are found at trace or ultra-trace concentrations (ng L™ to ug L) and include
pharmaceuticals compounds, pesticides, personal care products, UV-filters, industrial

compounds, steroid hormones, drugs of abuse, among others [7, 8]. Some of these
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pollutants are considered “pseudo-persistent” since their transformation/removal
rates are overcome by their continuous introduction into the environment. Additionally,
their recalcitrant character together with their polarity favors their dispersion and
interchange between the aquatic environments.

Micropollutants are released into the environment through different sources (e.g.,
industry, agriculture/livestock, houses/hospitals) [8, 9]. Nonetheless, it is consensual
that the most significant entry route for micropollutants is the release from the
conventional wastewater treatment plants (WWTPs). Several studies have shown that
most of them are not completely removed by conventional treatments, being
discharged into receiving water bodies (rivers, lakes and seas), which may be used
as sources for DW supply [10-13].

A great concern about the occurrence of micropollutants in the aquatic resources and
the subsequent effects on humans and biota have been highlighted in the last decade.
It is difficult to predict which environmental and public health implications may arise
from the occurrence of organic micropollutants in freshwater ecosystems, since the
concentrations usually found in the environment are lower than those able to cause
direct negative effects [14]. The main problematic related to the frequent occurrence
of recalcitrant compounds is the long-term exposition that can lead to serious chronic
effects, as reported by several studies [15-17]. Their constant but imperceptible
effects can gradually accumulate, finally leading to irreversible changes on both
wildlife and human beings [18].

In this context, it is important to set up fast, sensitive and reliable analytical methods
enabling the determination of a wide range of these pollutants in aquatic
compartments, at residual levels usually found. Several analytical techniques have
been improved to achieve a high sensitivity and reproducibility for the detection of

organic micropollutants in the environment. Considering the wide resources and time
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consumption involved in this task, the novel developed analytical methods should
meet the multi-class purpose, being able to determine trace levels of a large number
of compounds (chemically heterogeneous) and simultaneously reduce the most time-
consuming cleanup and extraction step [8, 19].

The sample preparation to clean up the interferences and concentrate the target
compounds remains as one of the essential steps of the analytical procedure during
environmental analysis [20, 21]. Solid-phase extraction (SPE) is the most employed
sample preparation method for the pre-concentration of analytes and removal of
interferences in agueous samples. It is well known that the selection of the most
appropriate sorbent is the crucial step when using SPE. In regard to appropriate
sorbents, several materials have been studied, namely synthetic resins and its
derivatives, carbon materials and biological substrates [22]. Innovation in materials
science may provide new tools for analytical sample preparation. In recent years,
carbon-based materials have been investigated as sorbents in sample preparation
[22-25]. The characteristic structures of this type of materials allow them to interact
with organic molecules via non-covalent forces. These interactions and their hollow
or layered nanosized structures make them potential candidates for use as
adsorbents in SPE [23]. Filling the bridge between the materials science and analytical
chemistry by interdisciplinary studies in the area of carbon materials may be a step
forward to the development of a more efficient and eco-friendly analytical tool for SPE

procedures.

1.2. EU priority substances and contaminants of emerging concern

The increasing demand for water protection and treatment by environmental
organizations and population in general was one of the major reasons why the

European Commission (EC) set water protection as one of its top work priorities.
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Priority substances (PSs) are “individual pollutants or groups of pollutants presenting
a significant risk to or via the aquatic environment, including such risks to waters used
for the abstraction of drinking water”, according to Article 16 of the Water Framework
Directive (WFD) 2000/60/EC [26]. Furthermore, some pollutants not regulated yet
were now recognized as emerging compounds. The word “emerging” means that
these substances are still unregulated or in the process of regulation and have been
recently found in the environment or potentially cause negative effects on aquatic life
at environmental concentrations [27]. These types of pollutants are so-called
contaminants of emerging concern (CECs) due to the unidentified risk to the
environment and to the human health, related to their presence, frequency of
occurrence, or source [28]. Many pesticides, industrial compounds, pharmaceuticals,
steroids and hormones, disinfection by-products, among others, belong to the
definition of CECs.

Although there are no legal discharge limits for micropollutants, a few regulations have
been published. The Directive 2013/39/EU includes 45 PSs/groups of PSs (organic
micropollutants) and also certain other pollutants with defined environmental quality
standards to be considered [29]. In 2015, the EC published the Decision 2015/495/EU
on the establishment of the 15t watch list (WL) of substances for Union-wide monitoring
in SW bodies [30]. The 1st WL included 10 substances or groups of substances,
namely: 1 synthetic and 2 natural hormones, 1 pain killer, 5 neonicotinoid insecticides,
3 macrolide antibiotics, 1 sunscreen agent, 2 herbicides, 1 insecticide and 1 industrial
product. An extensive review on the occurrence of CECs from the 1t WL is presented
in Chapter 2, Part A. More recently, in 2018, a 2" WL (Decision 2018/840/EU) was
adopted, removing 5 substances from the previous WL (due to sufficiently high-quality
monitoring data already available) and recommending 3 new substances to be

monitored [31]. This 2" WL also gives the relevant Predicted No Effect
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Concentrations (PNECSs) and identifies possible analytical methods of analysis for the
substances included. More recently, a 3 WL listed in the Decision 2020/1161/EU was
approved by the EC [32]. This latest version maintains 3 substances present in the
2 WL (i.e., the insecticide metaflumizone and the antibiotics amoxicillin and
ciprofloxacin), and adds several other substances: 2 antibiotics, which are often
prescribed together to overcome antimicrobial resistance; 10 azole substances, used
as either pharmaceuticals or pesticides; an anti-depressant pharmaceutical and its
metabolite; and 2 pesticides used as fungicides.

The biggest focus of the WL is to better evaluate risks from chemicals found in SW
bodies, based on the mechanism introduced by the Directive 2013/39/EU. Member
states have to monitor this type of pollutants at least once per year for up to 4 years.
The monitoring of those substances should generate high-quality data on their

concentrations in the aquatic environment, improving the available data.

1.3. Analytical methods for determination of micropollutants in surface

and drinking water

Highly sensitive and reproducible methods are required to determine the trace levels of
micropollutants in environmental compartments, and several techniques have been
improved to reach this goal. Considering the wide resources and time consumption
involved in this task, the novel developed analytical methods should meet the multi-
residue or multi-class purposes, being able to determine trace levels of a large number
of different compounds and simultaneously reduce the cleanup and extraction steps [33,
34]. The setup of a multi-residue method implies a thorough overview of the diverse steps

involved in the analytical process. Two main issues can be distinguished during the
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development of a method for analysis of environmental samples: (i) sample preparation;
and (ii) analytical separation and detection.

Sample preparation, is often highly time-consuming, comprising limited automated
processes, which can jeopardize the reproducibility [35]. The main goal of sample
preparation is to obtain a sample extract enriched in target analytes and free of other
components present in the matrix, as far as possible. Basically, it encompasses the
following steps: (i) extraction of low amounts of the target analytes from the sample
matrix; (ii) concentration of those analytes; and (iii) removal of other substances which
may be co-extracted and simultaneously concentrated, consequently hampering the
efficiency of the analytical method [36, 37]. Entire effort in the development of this
analytical procedure may result in a considerable increase in the yield and quality of
the results obtained [35].

As referred above, SPE is the most popular sample preparation technique for
environmental samples. The principle of this technique involves partitioning between
a liquid phase containing the analytes and a solid sorbent phase. The SPE procedure
consists of five main steps: conditioning, sample loading, washing, dryness and

elution (Fig. 1.1.).
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Fig. 1.1. Schematic representation of an ideal SPE procedure, with pre-concentration of the
target analyte and an efficient removal of interferences.

The objectives of these stages are the extraction, concentration of the target analytes,
elimination of interferences, removal of the residual water and, finally, desorption of
the analytes. Owing to its high versatility, SPE is used for several purposes, such as
purification, trace enrichment, desalting, derivatization of analytes in the cartridge and
fractionation of the sample extract in different groups of compounds. To achieve
optimal SPE extraction conditions, the selection of the sorbent is an important factor
because it will affect the selectivity, affinity and capacity [38]. The choice depends
strongly on the nature of the analytes and their physical and chemical properties,
which define the interactions with the selected sorbent. Nevertheless, results also
depend on the sample matrix and its interactions with both sorbent and analytes [38].
It is still important to refer that the extraction efficiency is affected, not only, by the
type of sorbent, but also by the solvent used, sample pH and sample volume loaded.

These parameters have to be carefully optimized to obtain good results [39].
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After the optimization of the procedure of sample preparation, the analytical
separation and detection of organic compounds can be accomplished by liquid

chromatography (LC) (e.g., reversed-phase LC, hydrophilic interaction LC, mixed-

mode LC), supercritical fluid chromatography, ion chromatography, capillary
electrophoresis and gas chromatography (GC), according to the volatility, polarity and
thermal stability of the analytes [40]. Whilst volatile or semi-volatile compounds may
be analyzed by GC, more polar or thermolabile non-polar compounds are analyzed
by LC, with no need of prior derivatization [37]. Fast and high-resolution LC systems
are currently available, with high resolution and separation efficiency, as ultra-high
performance liquid chromatography (UHPLC), enabling to work at pressures up to
1300 bar using sub-2-um particle packed columns [41].

The detection of a wide range of organic contaminants at trace or ultra-trace
concentrations, including organic micropollutants in environmental matrices, is a
challenging task. Hyphenated chromatography-mass spectrometry (MS) techniques,
such as LC-MS, are presently the methods of election for the analysis of organic
micropollutants in water samples due to the notable improvement of the method

detection limits achieved by these techniques [41, 42].

1.4. Carbon-based materials for solid-phase extraction

Trends in sample preparation are centred on offering highly selective, reproducible,
fast and robust methods, with eco-friendly and cheap procedures, though the latter is
not so easily accomplished. In order to achieve this, the introduction of new sorbent
materials is possibly one of the most important research lines in this field. The
application of nanomaterials has allowed the development of a huge number of

research papers in which nanomaterials, with different properties (i.e., different
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physicochemical characteristics, morphologies, and compositions), have been
studied as extraction sorbents [25, 43, 44]. The use of new materials in SPE cartridges
has been explored to achieve more selective materials with higher adsorption capacity
and enrichment factors, and to expand the availability of cheaper, more easily
synthesized sorbents [43, 45].

Regarding the diverse types of nanomaterials available nowadays, carbon-based
nanostructured materials have been explored and many review articles [43, 44, 46-
52] addressed recently the importance of this type of materials to develop new
analytical sample preparation procedures, namely SPE [53], dispersive SPE [54],
solid-phase microextraction [55], and stir-bar sorptive extraction [56]. Carbon
materials are available in several allotropic forms, such as fullerenes, carbon
nanotubes (single-, double- and multi-walled), carbon nanofibers, nanodiamonds,
graphene and its derivatives (such as graphene oxide), carbon xerogels, aerogels,
and cryogels, among others. The large adsorption surface-to-volume ratios, high
affinity, easy modification with functional groups and easy covalent or non-covalent
functionalization, render carbon materials as a great option for their application as
sorbents in SPE cartridges for extraction of a wide range of analytes from different
matrices [23, 27].

The application of carbon-based materials as sorbent solutions in SPE for extraction

of organic micropollutants from water samples is discussed in Part B of Chapter 2.

11



Chapter 1

1.5. Scope and objectives

Several micropollutants (ng L to ug L) end up in environmental compartments, such
as surface, ground and drinking water. SPE is the most used pre-concentration
technique for determination of organic micropollutants in water samples. The main
motivation of this work is based on the lack of an eco-friendly and low-cost analytical
tool to simultaneously determine a wide variety of organic PSs and CECs defined in
recently launched EU legislation.

This PhD project is focused on tailoring the texture and surface chemistry of carbon
materials to develop a multi-layer carbon-based SPE cartridge with high
selectivity/specificity for adsorption/desorption of some target organic PSs and CECs,
in order to pre-concentrate by SPE and determine by UHPLC-MS/MS these
micropollutants in SW and DW, when monitoring EU water matrices.

Thus, the specific goals of this work can be listed as:

(i) To develop and validate analytical methodologies by using UHPLC-MS/MS for SW
and DW matrices;

(ii) To obtain different carbon materials with controllable texture and surface chemistry
for adsorption/desorption of PSs and CECs;

(iii) To develop and validate the concept of a SPE carbon-based cartridge layer-by-
layer assembled with different carbon materials as sorbents (i.e., presenting different
physical-chemical characteristics) to extract a wide range of multi-class PSs and
CECs;

(iv) To monitor PSs and CECs in SW and DW, by using a simple, efficient, and

timeless procedure.
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1.6. Thesis outline

The present thesis is organized in 7 chapters.

Chapters 2 (Part A), 3, 4 and 5 correspond to the work already published and Chapter
6 to one submitted for publication. The information presented in these chapters is
similar to that already published, with the exception of some formatting changes, in
accordance with the guidelines of the Doctoral Program of Chemical and Biological
Engineering (PDEQB). The original version of these works and the respective
supplementary information are presented in Appendices A — E.

In this introductory chapter, Chapter 1, a brief description is given to present the
problematic of EU-relevant organic micropollutants in water compartments and the
potential of carbon-based materials as sorbents in SPE to extract and pre-concentrate
this type of analytes before the UHPLC-MS/MS analysis. The scope and the major
purpose of this project are also presented.

Chapter 2 comprises the state-of-the-art and is divided in two different parts, namely
Part A and Part B. In Part A, a critical review on the occurrence and removal of organic
micropollutants is presented, focused on the CECs of the 1t WL (Decision
2015/495/EV). Part B provides a literature overview on reports dealing with the
application of carbon-based materials in SPE cartridges. This overview is based on
studies developed for determination of EU-relevant organic micropollutants in real
water samples.

Chapter 3 describes the entire optimization and validation of a green analytical
methodology (i.e., employing ethanol as solvent) for multi-class determination of 21
organic micropollutants (PSs and CECs) in DW samples. The offline SPE-UHPLC-
MS/MS method was successfully applied to samples from diverse sources (tap,

fountain, and well waters) from different locations in the north of Portugal, as well as
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before and after bench-scale treatment experiments of tap water samples spiked with
organic micropollutants at ng L levels.

In Chapter 4, a monitoring campaign of 39 EU-relevant organic micropollutants in 4
Portuguese rivers (Ave, Leca, Antud and Cértima) was performed. Contamination
levels of the target substances in these rivers were investigated during the dry and
wet seasons. SW samples were collected at different points on each river and
analyzed by an offline SPE-UHPLC-MS/MS method that was previously validated.
Chapter 5 explores the pristine and functionalized multi-walled carbon nanotubes
(MWCNTSs) as SPE sorbents for the simultaneous extraction of 8 EU multi-class
organic micropollutants in SW before UHPLC-MS/MS analysis. Careful optimization
of the parameters that influenced the extraction efficiency was performed. Moreover,
a systematic study of these extraction efficiencies upon application of a controlled
HNOs hydrothermal oxidation methodology to pristine MWCNTS is reported for the
first time.

In Chapter 6, carbon xerogels (CXs) are prepared, characterized and validated as
potential sorbents for SPE. CXs and MWCNTSs are loaded in empty SPE cartridges,
varying the multi-layer configurations (order/type of carbon layer). The most efficient
multi-layer carbon-based SPE cartridges are used to concentrate SW and DW
samples prior to the UHPLC-MS/MS. A monitoring campaign is also performed to
identify and quantify the target PSs and CECs before and after drinking water
treatment.

Finally, Chapter 7 is dedicated to the general conclusion and suggestions for future

work.
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Part A

Occurrence and removal of organic micropollutants: An overview of
the watch list of EU Decision 2015/49

Abstract

Although there are no legal discharge limits for micropollutants into the environment,
some regulations have been published in the last few years. Recently, a watch list of
substances for European Union-wide monitoring was reported in the Decision
2015/495/EU of 20 March 2015. Besides the substances previously recommended to
be included by the Directive 39/2013/EU, namely two pharmaceuticals (diclofenac and
the synthetic hormone 17-alpha-ethinylestradiol (EE2)) and a natural hormone (17-
beta-estradiol (E2)), the first watch list of 10 substances/groups of substances also
refers three macrolide antibiotics (azithromycin, clarithromycin and erythromycin),
other natural hormone (estrone (E1)), some pesticides (methiocarb, oxadiazon,
imidacloprid, thiacloprid, thiamethoxam, clothianidin, acetamiprid and triallate), a UV
filter (2-ethylhexyl-4-methoxycinnamate) and an antioxidant (2,6-di-tert-butyl-4-
methylphenol) commonly used as food additive. Since little is known about the
removal of most of the substances included in the Decision 2015/495/EU, particularly
regarding realistic concentrations in agueous environmental samples, this review
aims to: (i) overview the European policy in the water field; (ii) briefly describe the
most commonly used conventional and advanced treatment processes to remove
micropollutants; (iii) summarize the relevant data published in the last decade,
regarding occurrence and removal in aqueous matrices of the 10 substances/groups
of substances that were recently included in the first watch list for European Union

monitoring (Decision 2015/495/EU); and (iv) highlight the lack of reports concerning
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some substances of the watch list, the study of un-spiked aquatic matrices and the

assessment of transformation by-products.

Part A of this chapter is published as:

Marta O. Barbosa, Nuno F.F. Moreira, Ana R. Ribeiro, Manuel F.R. Pereira and Adrian M.T.
Silva, “Occurrence and removal of organic micropollutants: An overview of the watch list of EU
Decision 2015/495”, Water Research 94 (2016) 257-279. Reproduced by permission of

Elsevier. The original version is provided as Appendix A.
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2.A-1. Introduction

Water is a valuable resource, crucial to all living organisms and for multiple human
activities, such as domestic uses, agriculture and industry. However, several
contaminants of emerging concern (CECs) end up in vital aquatic compartments, such
as surface water, groundwater and even drinking water, at concentrations between
few ng L* and several ug L [1], with negative impact on water quality. The occurrence
of CECs in the environment is reported in thousands of publications during the last
decades and reviewed by many authors [2-10], demonstrating an increasing concern
about them. For instance, a series of periodic review articles focused on occurrence,
fate, transport and treatment of CECs were published annually since 2007 [11] until
2011 [7], and then works on occurrence, fate and transport of CECs were reviewed
separated from treatment since 2012 [10] until 2015 [6], due to the significant increase
in the number of publications dealing with this particular topic.

CECs can be natural or anthropogenic substances such as pesticides, industrial
compounds, pharmaceuticals, personal care products, steroid hormones, drugs of
abuse and others [12]. Sources of CECs include: (i) industrial wastewaters; (ii) runoff
from agriculture, livestock and aquaculture; (iii) landfill leachates; and (iv) domestic
and hospital effluents, from which micropollutants might follow many pathways [13],

as represented in Fig. 2.A-1.
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Fig. 2.A-1. Representative sources and routes of micropollutants in the environment.

The management of industrial effluents resulting from the production of
pharmaceuticals, personal care products, pesticides and other compounds, has been
properly done in several countries where regulations are already implemented, but
more strict regulations are still needed in other regions of the world. The runoff from
the agriculture and livestock areas is another important source of micropollutants,
particularly in the case of pesticides used to improve productivity, as well as steroid
hormones and antibiotics used for livestock [14, 15]. In addition, many contaminants
and their intermediates can reach the fields when they are irrigated with treated
wastewater and, as consequence, the receiving waters can also contain these
substances [16]. Other source of CECs is the leakage from landfills and sewage
treatment facilities, industrial waste systems and septic tanks [17]. The release of

effluents from municipal wastewater treatment plants (WWTPs) is other important
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route for the appearance of micropollutants in the aquatic environment [18], the
wastewaters treated in these plants mainly resulting from domestic and/or industrial
activities, as well as from hospitals.

In fact, most of the conventional WWTPs are not designed to completely eliminate
organic compounds at low concentration, making the treatment processes vulnerable
to such problem of pollution [18]. In this context, the non-degradable or partially
removed compounds in WWTPs are likely to be detected in surface waters. In the
cases of sewage sludge and soils, micropollutants can desorb and runoff to surface
waters or undergo direct leaching to groundwater aquifers with consequent
contamination of drinking water [19].

Agricultural reuse of sewage sludge in particular as fertilizer, is a common practice to
improve the soil structure and provide nutrients but can represent a source of
environmental contamination [20]. Moreover, sewage sludge solids sourced by
wastewaters can be considered a sink of hazardous substances (e.g., such as
pathogens, heavy metals and organic pollutants) that will accumulate in soils [20].
Due to the increasing concern about human health impacts, land application gained
interest to convert sludge into a safer material through the treatment by anaerobic
digestion, composting or other biological processes [21]. While composting is a
controlled bio-oxidative process that converts sludge into stable and humic like
materials, anaerobic digestion occurs in the absence of oxygen and has two main end
products, a methane-rich biogas used as renewable energy source and the digested
used as a fertilizer [21]. Removal of toxic organic contaminants by these processes
was reported; however, their complete mineralization is difficult due to the adsorption
mechanism and the formation of intermediates [21].

The fate and distribution of CECs will depend on the Dow, which is a pH-dependent

n-octanol-water distribution ratio that simultaneously considers hydrophobicity and
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ionogenicity [22, 23]. Although most regulators use octanol-water partitioning
coefficient (Kow) to evaluate the hydrophobic partitioning, the environmental fate and
transport should be based in the parameter Dow, which is more accurate for organic
ionizable compounds.

The contamination of environmental compartments, such as surface water,
groundwater and soils, which are continuously interrelated, may cause cumulative
negative effects along multigenerational exposure in aquatic organisms and/or
affecting the human’s health by drinking water contamination [24]. A great concern
about the occurrence of micropollutants in the aquatic resources and the subsequent
effects on humans and biota has been highlighted in the last few years. However, it is
difficult to predict which environmental and public health implications may arise from
the occurrence of CECs in freshwater ecosystems, since the individual concentrations
usually found in the environment are lower than those able to cause direct negative
effects [25]. For instance, concerning pharmaceuticals, toxicology studies have shown
that they might have direct toxicity towards certain aquatic organisms [26]. The main
issues related to the frequent occurrence of recalcitrant compounds are their
simultaneous presence as complex mixtures and the long-term exposition that can
lead to serious chronic effects, as reported by several studies [27, 28]. Their constant
but imperceptible effects can gradually accumulate, finally leading to irreversible
changes on both wildlife and human beings [29, 30].

Natural attenuation is a low-cost and simple process comprising physical, chemical
and/or biological mechanisms to reduce contaminants concentration [31, 32].
Volatilization, dispersion, dilution, sorption, photolysis, biodegradation/transformation
are the main natural attenuation processes [31, 32]. While volatilization has a minor
impact, dispersion and dilution can lead to a significant decrease on the concentration

of contaminants [33]. The dilution can decrease their concentration to levels where no
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significant effects are verified for aquatic organisms. Sorption to sediments and
suspended solids also reduce the concentration of CECs, but accumulation is
enhanced. Indirect or direct photolysis can lead to removal of contaminants but is
highly dependent on the presence of suspended matter and solar radiation. CECs can
also be degraded by biodegradation/transformation, by bacterial enzymes [32].

The upgrading of the treatment processes for effluents generated by conventional
WWTPs might minimize the discharge of micropollutants into the receiving waters and
can even improve the overall quality status of effluents for possible reuse [34, 35].
The design improvement of WWTPs to include advanced treatment technologies,
aiming to transform CECs into less harmful compounds or even to mineralize them,
is one of the promising strategies to achieve this aim, as recently implemented in
Switzerland. Advanced water treatment processes include adsorption (e.g., granular
activated carbon), membrane and advanced chemical/oxidation technologies [36].
Other option is the implementation of natural systems to depurate water, such as
riverbank filtration, aquifer recharge and recovery and constructed wetlands, which

are reviewed in the literature [5, 37, 38] and will not be discussed in this work.

2.A-1.1. European policy

Although there are no legal discharge limits for micropollutants, some regulations
have been published. The Directive 2000/60/EC was the first mark in the European
water policy, which set up a strategy to define high risk substances to be prioritized
[39]. A set of 33 priority substances/groups of substances (PSs) and the respective
environmental quality standards (EQS) were ratified by the Directive 2008/105/EC
[40]. Two years ago, the European Union Directive 2013/39/EU recommended
attention to the monitorization and treatment options for a group of 45 PSs [41],

meeting the protection of the aquatic compartments and the human health. In that
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Directive, two pharmaceuticals (the non-steroid anti-inflammatory diclofenac and the
synthetic hormone 17-alpha-ethinylestradiol EE2) and a natural hormone (17-beta-
estradiol E2) were recommended to be included in a first watch list of 10
substances/groups of substances for European Union monitoring, to be launched
within two years. In the first quarter of 2015, the Watch List of substances for
European Union-wide monitoring (as set out in Article 8b of Directive 2008/ 105/EC)
was amended in the Decision 2015/495/EU of 20 March 2015. Besides the
abovementioned substances (diclofenac, EE2 and E2), three macrolide antibiotics
(azithromycin, clarithromycin and erythromycin) were included, together with other
natural hormone (estrone E1), some pesticides, a UV filter and an antioxidant
commonly used as food additive, listed in Table 2.A-1. The frequent occurrence of
CECs in the environment and the inefficiency of conventional WWTPs to remove such
compounds, promoted the amendment of the framework to cover a larger set of
hazardous compounds, as well as further recommendations for wastewater treatment
steps or even new treatment scenarios. These actions should be implemented by the
European Commission and regulated by the European country authorities.

This review aims to summarize some relevant data of occurrence and removal in
aqueous matrices of the 10 substances/groups of substances (i.e., a total of 17
organic compounds) enlisted in the first watch list for European Union monitoring,
defined in the Decision 2015/495/EU. Studies on the occurrence of the referred
substances (3 estrogens, diclofenac, 2,6-di-tert-butyl-4- methylphenol, 2-ethylhexyl-
4-methoxycinnamate, 3 macrolide antibiotics, methiocarb, 5 neonicotinoids,
oxadiazon and triallate) are shown in Table 2.A-1, for different aquatic compartments,
namely wastewater, surface water and groundwater. Reports dealing with the removal
of these 17 substances, only in real matrices, are overviewed below. The search

comprised publications since 2005 (last decade) in Scopus database, using as
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keywords each substance and the treatments herein reported. Most of the works refer

to un- spiked aqueous environmental samples treated at lab, pilot or full scale, some

describing the removal of these substances on spiked environmental matrices, and

some including the comparison between the real matrix and ultrapure/deionized

water. The first step of sample preparation is usually the filtration of the samples, and

the works on occurrence take into account this step in the sample preparation protocol

of the analytical method. Before such literature overview, the next sections (2.A-1.2,

2.A-1.3 and 2.A-1.4) present a brief description of the most commonly used

conventional and advanced treatment processes.

Table 2.A-1. List of 10 substances/groups of substances (total of 17 organic compounds)
included in the watch list of EU Commission Decision 495/2015, and examples of their
occurrence in different aquatic compartments, namely effluents of wastewater (WW), surface

water (SW), and groundwater (GW). *n.a. refers to not available data.

Name of
substance/group
of substances

Concentration
(ng L)
Matrix

Locations
(number of
samples)

CAS (Substance)
number Structure

Ref.

17-Alpha-
ethinylestradiol
(EE2)

<1-8
Ww
Korea (n=120),
Germany (n.a.),
South Africa
(n=12)

0.2-1.9
SW
China (n=3),
Korea (n=120),
Germany (n.a.),
France (n=73)

57-63-6

HO

0.5-230
GW
France (n=73),
USA (n.a.)

[42-44]

[43,
45, 46]

[45-47]
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17-Beta-estradiol
(E2)

50-28-2

“oH

<1-88
Ww
China (n=3),
Korea (n=120),
Sweden (n=3),
UK (n.a.),
Germany (n.a.)

0.2-10.1
SW
China (n=3),
Korea (n=120),
Germany (n.a.),
Japan (n=517),
France (n=71)

0.3 -147
GW
France (n=73),
USA (n.a.)

[42,
43, 48,
49]

[43,
45, 46]

[45-47]

Estrone (E1)

53-16-7

<1-220
Ww
China (n=3),
Korea (n=120),
Sweden (n=3),
UK (n.a.),
Germany (n.a.)

0.5-69.1
SW
China (n=3),
Korea (n=120),
Germany (n.a.),
France (n=71)

0.7-79
GW
France (n=73),
USA (n.a.)

[42,
43, 48,
49]

[43,
45, 46]

[45-47]

Diclofenac

Cl

OH

15307-
86-5

4]

cl

34

14.9 — 4425
Www

Spain (n.a.), Italy
(n=3), USA (n.a.),

Portugal (n=4)

[50-53]
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0.8 -1043
SW
Spain (n.a.),
Vietnam (n.a),
Costa Rica
(n=86), Greece
(n=30)

1.17 - 380
GW
Spain (n=30),
France (n=70)

3, 54,
55]

2,6-di-tert-butyl-4-
methylphenol
(BHT)

128-37-0

49 - 620
SW
USA (n=19),
Sweden (n.a.)

[3, 45,
56]

2-ethylhexyl-4-
methoxycinnamate
(EHMC)

. /’T -
sa66-77- || g

3 |

4.7 -505
Ww
China (n=17),
Norway (n=5)

12 - 1040
SW
Japan (n=23)

770
GW
Spain (n=7)

(57,
58]

Macrolide antibiotics

Azithromycin

83905-
01-5

35

0.4 -1220
ww
Italy (n=3),
Slovakia (n=3),
USA (n.a.),
Portugal (n=4)

0.6 —90.8
SW
Vietnam (n=2),
China (n=24)

0.6 - 1620
GW

Spain (n.a), China

(n=69)

[59-61]

[62]
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54 — 1890
WW
Clarithromycin Spain (n.a.), Italy
(n=3), Slovakia
(n=3), USA (n.a)

0.01-778
SwW
Vietnam (n=2), [63]
Spain (n=18),
China (n=24)

81103-
11-9

0.2-20.5
GW
Spain (n.a.),
China (n=15)

16 — 147.9
Spa?/r:/\(/\r/l a.) [51,
Eryth [ "G
rythromycin Slovakia (n=3), 536;56;4,
USA (n.a.), China
(n=3)

0.28 — 2246
e SwW
: Vietnam (n=2),
Spain (n=18)

114-07-8

4.8-154.3
GW (66,
Spain (n=121), 67]
China (n=54)

6. . 4.73-14.92
Methiocarb 2033 65 ;@\ )j\ ww
o N‘H Spain (n=55)

2-34.44
ww
Spain (n=55)

Imidacloprid

105827- L1105
[56,

o 78-9 ~/§
Neonicotinoids 138261- .0\ )\‘N s .SW_24 67, 6]

413 )y - pain (n=24),

& K . USA (n=35),

" Greece (n=89),

Portugal (n.a.),

Australia (n=13)
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Thiacloprid
111988- (\ / ZOS_VCOO [50-52,
- N— N
49-9 c.@—/ N, Australia (n=13) 64]
/
N
Thiamethoxam 40 - 1580
SW
152337_19' > Brasil (n.a.),
% Vietnam (n=11),
N _/ \_<:|/ Australia (n=13)
Clothianidin
210880- - 20 S—ijo [66,
92-5 P : 67, 69]
. /\I\ Australia (n=13)
o i ) cl
Acetamiprid
135410- 20 — 380

20-7 SW

N
1660:20 i M= ) Australia (n=13)
\ 7/ \ /<
/
j@i 4 - 1440
Oxadiazon 19666- \7[\< /L Sw P

30-9 Canada (n=8) 671

Triallate 2303-17- J[ n.a. n.a.

2.A-1.2. Treatment by conventional processes
The efficiency of a conventional WWTP varies depending on the characteristics of the

pollutant and on the treatment process employed. The main mechanisms for removal
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of micropollutants occurring during the secondary treatment at WWTPs are biological
and/or chemical transformation and sorption [80, 81]. The most common employed
processes are conventional activated sludge (CAS) and membrane biological reactors
(MBRs).

The efficiency of a CAS system depends on the physicochemical characteristics of
the substances and on the nature of the microbial community. The most important
operational factors affecting the efficiency are the temperature, the hydraulic retention
time (HRT) and the sludge retention time (SRT) [37, 82], a higher HRT favoring the
removal of more refractory compounds and a higher SRT allowing a higher diversity
of microorganisms [37]. The usual SRT in the CAS systems is 7 — 20 days and the
biomass concentration 3 — 5 kg m3, with an HRT typically ranging from 2 to 24 h [80].
MBRs emerged as an alternative to CAS, integrating aerobic biodegradation and
membrane separation, modestly more efficient than CAS in the extent of removal of
several CECs [82]. MBR treatment differs mainly in the SRT that is normally longer
(15 - 80 days) and the commonly higher biomass concentration (8 — 10 kg m-3), HRT
being often between 7 and 15 h [80]. Other important difference is the final stage using
ultrafiltration (UF) or microfiltration (MF) membranes to separate the liquid from
sludge. Therefore, MBR overcome the constraints of CAS treatment related to the
sludge retention and settling characteristics, by applying these membranes to retain
the biomass [37], decreasing the chemical oxygen demand while enhancing the
removal of suspended solids and pathogens. Unlike the reports related to CAS,
studies focusing on the performance of MBR processes to remove CECs are limited
and difficult to compare due to the different operation conditions and target pollutants
[83]. Verlicchi et al. [80] reviewed extensively the occurrence and removal of
pharmaceutical compounds in municipal wastewater, comparing the effectiveness of

the secondary treatment by CAS and MBR, with much more studies employing CAS
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and using generally 24 h composite water samples, avoiding diurnal variability and
favoring the inter-studies comparison. Pharmaceuticals and hormones that are now
included in the watch list of Decision 495/2015 were referred in that review, where it
was concluded that average removals found in the literature were superior employing
MBR than CAS, namely between 26 and 44% for CAS and higher than 60% for MBR,

except for azithromycin [80].

2.A-1.3. Formation of intermediates

Overall, most studies on both CAS and MBR have been focusing on the parent
compounds and little attention has been given to the produced intermediates. It is
noteworthy that biological or chemical reactions occurring in the secondary clarifiers
might lead to the accumulation of metabolites/by-products [82]. There are also some
compounds (e.g., pharmaceuticals, hormones, drugs of abuse that are excreted by
humans and/or animals) that can be found at higher concentrations in the WWTPs
effluents than in the respective influents, due to their excretion as conjugates that are
broken in the WWTPs. These conjugates are generally metabolized during biological
treatment and the parent compound is released, often increasing the concentrations
of the parent compounds at the outlet of the WWTPs. For example, E1 can be
detected in the secondary effluent of a WWTP at a higher concentration than that
found in the raw influent, due to the oxidation of E2 that enters into the WWTP. This
fact explains the occasional negative removal efficiencies, sometimes at high extents,
with the greatest contribution of the biological transformation [80]. There are other
causes for negative removals occurring during the WWTP treatment. In most cases,
the sampling protocol does not consider the HRT and/or SRT and as consequence
effluent does not correspond to the same plug of influent [72]. Sometimes the

compounds can be released from particulate matter during treatment (e.g. macrolide
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antibiotics released from feces particles) [83]. There are already some reports
investigating the occurrence and removal of metabolites and/or intermediates;
however, it is crucial to develop more studies on this matter, comprising the parent
compounds, the possible by-products and the known metabolites in a broader and

more comprehensive approach.

2.A-1.4. Separation by membrane technologies

Membrane filtration is mostly used for the removal of microorganisms and salts from
water/wastewater. The most common membrane technologies include relatively low-
pressure systems, such as MF and UF operating at pressures up to 5 and 10 bar,
respectively, or high-pressure systems, namely nanofiltration (NF) operating at nearly
50 bar or reverse osmosis (RO) up to 70 bar (or 150 bar for high pressure RO
systems) [82, 84, 85]. Among these types, the high pressure systems are more
suitable for rejection of organic micropollutants, considering the size exclusion
mechanism, but larger pores can be employed if electrostatic repulsion or adsorption
are the main mechanisms involved in the process [82]. The parameters affecting the
efficiency of the process include the molecular weight cut-off (MWCO), some
membrane properties (e.g., hydrophobicity, surface roughness and charge) and
physicochemical characteristics of the compounds to be rejected (e.g., molecular
weight, pKa, octanol-water partitioning coefficient (Kow) and polarity), among others
[82]. Regarding the high pressure systems, the main characteristic of NF is the ion
selectivity, where monovalent ions can pass through the membrane and multivalent
anions are retained [85]. The rejection rates are high for organic compounds with
molecular weights above 100 — 200 g mol* [86]. This process is typically applied for
dye/color removal, but recent studies focused on the removal of emerging

micropollutants from drinking water and wastewaters [87]. In RO the organic and
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inorganic molecules are separated from the feed solution by their molecular weight
(normally, less than 200 g mol?), size, charge and inability to permeate the active
surface of the RO membrane [88]. The applications range from the production of
ultrapure water, to the desalination of seawater for drinking water production and the
treatment of industrial wastewaters [85]. More recently, RO was also applied for the
removal of micropollutants, the process depending on complex interactions (e.g.,
steric, electrostatic/repulsion and hydrophobic) between the contaminants, the
solution and the membrane [89]. Among the membrane processes, RO was
considered as the ultimate treatment step yielding highest pollutant rejection
efficiencies [90].

Forward osmosis (FO) and membrane distillation (MD) are some alternatives to the
membrane processes exclusively based on hydraulic pressure. FO is an osmotically
driven membrane process that consists on the osmotic pressure difference between
the draw solution and the feed solution. Recently, FO has been more intensively
investigated for water/wastewater treatment, as a single treatment or coupled to other
membrane processes [84, 91]. MD (mainly developed for desalination) is based on a
vapor pressure gradient across a porous hydrophobic membrane and can operate
under different possible configurations (e.g., direct contact, vacuum, air gap and
sweep gas MD) [92-94]. MD has also been studied to reject organic compounds in
water treatment [95] since a complete rejection of inorganic ions and non-volatile
substances is theoretically expected.

One of the major disadvantages in this type of processes is the production a
concentrate containing all the retained compounds [96, 97]. The disposal of the
concentrate can be performed by sewer disposal, evaporation ponds and deep well
injection [98], but direct discharge to water bodies (oceans, surface and groundwater)

is common and constitute potentially serious threat to ecosystems [99, 100]. Thus,
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careful environmental practices are recommended to handle such a concentrated
waste before discharge into the aquatic environment [101]. Different approaches for
the treatment of membrane concentrates have been investigated, mainly using AOPs,
but also coagulation/flocculation and adsorption with activated carbon were reported
[96, 97, 102]. However, most of these emerging technologies have been developed
at laboratory or pilot plant scale [99]. Good results have been achieved by AOPs for
the removal of organic pollutants and persistent compounds, but the cost of these

processes can limit their wide implementation at full scale [99, 101].

2.A-1.5. Degradation by advanced oxidation processes (AOPS)

Advanced oxidation processes (AOPs) are conceptually based on the production of
highly reactive oxidizing species, such as hydroxyl radicals (HO®). AOPs are able to
degrade unselectively organic pollutants [103] and can be used as pre- or post-
treatment of a biological process. As pre-treatment, the aim of a single or a sequence
of complementary AOPs is to obtain a more biodegradable effluent able to be treated
by a conventional biological process. AOPs can be used as post-treatment to remove
micropollutants and their by-products, ideally yielding as final products CO2, H20 and
inorganic ions, if the aim is the direct discharge in natural water courses. One
shortcoming often found in the application of AOPs for wastewater treatment is the
frequent presence of radical scavengers in the wastewater, limiting the attack of the
radicals to the organic pollutants. Commonly employed AOPs to investigate the
treatment of micropollutants in real matrices, include the Fenton and photo-Fenton
processes, (catalytic) wet peroxide/air oxidation, (catalytic) ozonation, heterogenous
photocatalysis, electrochemical oxidation or combination of them. For the catalytic
processes, different catalysts have been identified as the most active depending on

the reaction system, including metal oxides (based on Ti, Cu, Zn, Mn, Fe, Co and Bi,
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among others), supported noble metals (e.g., Ru, Pt, Pd, Ir and Rh), or even metal-
free carbon materials such as activated carbons, carbon xerogels, carbon nanotubes,
carbon foams and fibers and graphite [12].

Briefly, the Fenton process, based on the Fenton reagent [104], employs H202 and a
precursor of iron, generating HO® at atmospheric pressure and room temperature.
High efficiency, relatively cheap reagents, no need of energy to activate H.02 and the
consequent easy implementation and operation are the advantages of such
treatment. Some disadvantages are the generation of a secondary waste (sludge) and
the narrow range of optimal pH (2.5 e 3.0). The photo-assisted Fenton process can
be more efficient than Fenton alone, mainly due to the faster regeneration of Fe2*
[105]. Other related options are electro-Fenton, where Fe2* is produced from sacrificial
cast iron anodes [106], or even photo-electro-Fenton [107].

The concept of catalytic wet peroxide oxidation is similar to that of the Fenton process,
but in this case any catalyst can be used (not only iron species) and slightly higher
temperatures (50-70 °C) are typically employed (the operating pressure and
temperature dramatically increasing in the case of wet air oxidation).

Regarding ozonation, this process involves the direct attack of ozone (quite selective
for electron-rich organic molecules) mainly at low pH and/or indirect reactions through
HO* more prone at high pH [108, 109]. The main handicap of ozonation is the typical
low efficiency to mineralize the organic pollutants, while natural organic matter (NOM)
and carbonate ions can have a significant interference with the ozone decomposition
rate [110]. For this reason, different heterogeneous catalysts are under investigation
to improve the process [111-116].

Heterogeneous photocatalysis is other process that has been extensively investigated
for water/wastewater treatment and is based on the use of wide band-gap

semiconductors which generate electrons and holes (and subsequent chain reactions
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including HO*®) when irradiated with photons of energy higher than the semiconductor
band-gap (i.e., hy £ Eg) [117, 118]. TiOz is the most widely used reference
photocatalyst due to the outstanding activity, photochemical stability, good band gap
energy, low cost and relatively low toxicity [119, 120]. The possible use of sunlight
and the intrinsic anti-microbial ability of heterogeneous photocatalysis [121-124] are
counterbalanced by its main shortcomings, such as the fast recombination of electron-
hole pairs and the limited usage of solar light when bare TiO: is employed (i.e., only
the UV fraction, near 3—-5% of the overall spectrum) [125]. A recent approach is the
hybridization of photocatalysis with membrane processes, with emphasis in the
preparation of new filtration membranes with photocatalytic properties [126, 127].

Sonolysis, supercritical water oxidation, y-ray irradiation, microwaves and pulsed

electron beam are less commonly applied AOPs [12].

2.A-2. The Watch List: occurrence and removal

This section aims to overview the substances and group of substances of the watch
list for European Union monitoring, defined in the Decision 2015/495/EU, regarding
their occurrence in aqueous matrices as well as their removal by using the above-
mentioned treatments. Scopus database was used and the keywords were the name
of each substance and the following treatments: CAS, MBR (conventional processes);
RO, MF, UF, NF, FO or MD (membrane technologies); and UV- and peroxide-based,
Fenton-based, heterogeneous photocatalysis or ozonation-based processes (AOPS).
The studies selected for this review were performed using realistic matrices.
Considering the huge amount of literature available for estrogens (EE2, E2 and E1)
and for diclofenac, only some examples of studies related to treatment processes for

these particular substances (Tables 2.A-2 and 2.A-3) are included in this review.
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2.A-2.1. EE2, E2 and E1

Steroid hormones include highly active biological compounds able to induce the
therapeutic effect at very low doses. Within this group, estrogens are the most usually
found in the aquatic environment, existing either as natural or synthetic substances
and acting as endocrine-disrupting compounds (EDCs) [128, 129]. Estriol, E1 and E2
are natural estrogens mainly excreted from humans whereas EE2 is the most used
oral contraceptive, also excreted by humans, causing injurious effects to the
ecosystems such as feminization of male fishes, DNA and immunity alterations [3].
The effects of EDCs toward animals are well reported, for example, a 7-year
experiment was developed [27] and it was concluded that the chronic exposure of
fathead minnow to 5 — 6 ng L of EE2 led to feminization of male fish and altered
oogenesis in females. Some studies suggested that the effect of EDCs exposure on
human health includes a decrease in male sperm count, an increase in testicular,
prostate, ovarian and breast cancers and reproductive malfunctions [130]. The major
concern is related to fetuses and newborn babies, because of their higher vulnerability
[131]. Recently, Kabir et al. [132] reviewed extensively the mechanism of action and
harmful effects of EDCs on human health; and Fuhrman et al. [133] highlighted the
EDCs risk assessment, namely issues related to long-term and combined exposure,
transgenerational and mixture effects. Due to the potential deleterious effects that can
arise from their release into the environment, their occurrence is well described and
reviewed by several authors [3, 134, 135]. Table 2.A-1 summarizes some studies on
the occurrence of E1, E2 and EE2 (concentration, matrix and location), which are
frequently found in water matrices, namely wastewater, surface and groundwater, at

ng L1 levels.
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The removal of these hormones is reported in several studies (Fig. 2.A-2), varying
depending on the processes (Table 2.A-2). Biological treatments coupled with
membrane processes are reported as effective mean for elimination of these type of
compounds [136]. As example, more than 90% of EE2 was removed in an advanced
wastewater reclamation plant employing a biological treatment and MF [137]. Few
studies were developed using other membrane technologies to remove E1, E2 and
EE2 (Table 2.A-2), being highly removed by NF and/or RO [138, 139]. AOPs are
promising to remove this type of pollutants, with ozonation having the highest
efficiency (Table 2.A-2). Data regarding these compounds can be consulted in article
reviews that have been published in the last few years and that already encompass a
significant amount of information dealing with their removal from water [45, 140-144].
Concerning the studies on the removal of the substances of the watch list, it can be
concluded that E1, E2 and EE2 were the most studied in the last decade, employing

all the types of processes herein referred (Fig. 2.A-2).
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Fig. 2.A-2. Number of publications dealing with the removal of the 10 substances/groups of
substances included in the first watch list for European Union monitoring

(Decision 2015/495/EU). The search comprised publications since 2005 in Scopus database,
using as keywords each substance and the treatments reported in the previous sections,

namely (a) conventional processes (CAS or MBR); (b) membrane technologies (RO, MF, UF,

NF, FO or MD); and (c) AOPs (UV-and peroxide based, Fenton based, heterogeneous
photocatalysis or ozonation-based processes). In this particular search, any type of matrix
(realistic and non-realistic) was considered.

a7



Chapter 2, Part A.

Table 2.A-2. Some examples of studies dealing with the removal of E1, E2 and/or EE2. Pollutants included in these studies that are out of the
scope of 495/15/EU Decision are not discussed.

Compound Initial . Treatment and sampling conditions Concluding remarks Reference
concentration
3 pilot WWTPs, one employing CAS;
Average flow rate: 107 dm?3 d; -
E1 ng L level SRT 3d: HRT 7 h: tF:Se(;n(;;/;’;\IEelfnmency of CAS was greater than [145]
. . (V) .
24 h composite samples; Burlington Skyway
municipal WWTP; Ontario, Canada.
E2 145+45ng L1 Munlglpal WWTP with biological and
chemical treatment; Removals of 78% and > 47% were observed
EE2 n.d. — . [49]
E1 32+41ng LY Average flow rate: 20,000 m3 d-; for E1 and E2, respectively.
cxaing Kristianstad; South Sweden.
10 pg L (spiked Lab-scgle MBR gnd C.AS; E2 was almost completely removed (99%)
E2 Industrial-municipal mixed wastewater i [146]
wastewater) applying both treatments.
before secondary treatment.
The concentrations after the CAS and MBR
n.d./nd,; WWTPs: CAS or MBR coupled with UF or treatments were respectively: up to 0.81 and
El up to 23.2/21.2 MF; 4.9 ng L for E2 and up to 6.62 and 6.92 ng
E2 ng L 24 h composite samples composed by 4 h- Lt for EE2. MBR system was shown as [136]
EE2 up to 22.2/29.2 aliquots collected by an automatic device; good alternative to provide high-quality water
ng L. Granada, Spain. for reuse. MBR with MF was more efficient
for E2 removal.
Laong Ut ater WWTP WINCASME-GACozonation: o2 e U e e
EE2 9 Average flow rate: 227,000 m® d-; y ' [137]

primary clarifier).

Gwinnett County, GA, USA.

oxidized the remaining compounds by more
than 60%.
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Pilot-scale combination of MBR and NF or
RO;

Removal efficiencies higher than 70%

-1 . -2
EE2 8.73ng L 1 MBR perm.eate flux: 10.5 L m™h (constant (based on the detection limits) were verified [138]
El 20.69ng L flux mode); for E1 and EE2 with each treatment process
4-L samples of the influent and effluents of P '
each MBR, NF and RO process.
E1 150 ug L1 Lab-scale UF prior to NF;
E2 (s iki%l surface NF experiments were conducted at 10 bar High rejections (higher than 90%) were [147]
P and 3.6 cm s! of cross-flow velocity; obtained for E1, E2 and EE2.
EE2 water) .
Surface water from Tagus river, Portugal.
MF and RO or MF prior to a pilot-scale
E2 0.2 pug Lt (spiked  UV/H20; Removal of 99% was achieved in both [148]
EE2 wastewater) LP-UV lamp; cases.
H202: 3 mg L.
Rejection of 71% verified by NF (for all the
Multi-barrier approach; compounds). Direct photolysis led to high E1
E2 1 mg L (spiked Lab-scale NF followed by LP-UV (Amax=245  removal, while a removal > 74% was
EE2 surfeglce Wapt)er) nm) or indirect (H202-assisted) LP-UV; obtained by indirect (H202) photolysis. The [149]
El H202: 0, 20, 40, 60, 80 or 100 mg L'%; multi-barrier approach led to higher overall
Surface water. removals (80, 90 and 95% for E2, EE2 and
E1, respectively).
1.65-3. L .
£ : (friats d59 HI&" pilot plant Os; 0s/UV; O3/ H202 and
03/UV/H202; A removal higher than 99.7% was observed
E2 wastewater from ) . [150]
03:3.15g h; for the 3 estrogens.
EE2 the secondary . .
. 5% of ozone in gas mixture.
clarifier)
Lab-scale O3,UV,UV/H202,03/UV,03/ H202 A complete removal after 30 min was
3ugLt-5mg and Oz /UV/ H202; achieved, employing all processes, except
El L (spiked Annular reactor (750 mL); for UV (75 min). Ozonation achieved the [151]
wastewater) LP-UV lamp (Amax= 253.7 nm); higher removal rates of E1. Low TOC

03:0.33-1.31mg L?;

removal was observed for all the AOPs
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H202: 20, 40 and 60 mg L%;
Municipal wastewater (London, OR,
Canada).

tested, with the degradation rate decreasing
with higher TOC values.

Lab-scale UV, H202 and UV/H20z;
Reactor with continuous recirculation (800

E2, EE2 and E1 were removed respectively

E2 0.035mggtdw  mL); by 92%, 95% and 97%, after 2 min. UV/H202
EE2 0.150mggldw 75 W LP Hg lamp (Amax=253.7 nm); was more efficient than UV or H20: alone. [152]
El 0.125mggtdw  H202: 0.5 mol LY The sludge matrix influenced the

pH 3; degradation rate.

Spiked waste activated sludge.

Catalytic ozonation;

. 1.
Os: 20 mg L , EE2 was removed in less than 10 min,
Catalysts: 5 g of commercial y-Al2O3 or .
) regardless the matrix or the presence of
1 . synthesized C0304/Al20s; ) L .
10 mg L™ (spiked catalyst. Comparing with single ozonation,
EE2 Ultrapure water and secondary effluents pre- . . [153]
wastewater) . . catalytic ozonation enhanced the COD and
treated to remove its carbonate/bicarbonate . .
o TOC removals, especially in the presence of

content by stripping; the Co304/Al203 catalyst

Municipal wastewater from a WWTP; SRz yst

Badajoz, Spain.

Pilot-scale ozonation plant; L 1
EE2 <43-74nglt  Os:86—153 g Nm? :r—lrc]:feaagilcljc?r:g)?e(r);ci)\;glgoﬁilgszc()sgm ounds [154]
El 1.6-2nglL? O3z consumption: 0.6 and 0.9 g O3 g DOCo%; P

. . (to values < LOD).

Wastewater; Austria.
E2 10-250ng L* Ozonation; High removal (98 — 99%) after 10 min was
EE2 (spiked river 03:3-4mgL?; achieved by ozonation process for all [155]
El water) River water. estrogens.
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391.4.£59.3 ng

Lab-scale photolytic ozonation, ozonation
and photocatalysis;
O3 flow rate: 150 Ncm?® mint; Os: 50 g Nm3;

Complete removal by photocatalytic
ozonation was achieved for all estrogens,

-1
EEZ |i10.4 +55.4ng MP mercury vapor lamp (UV/Vis A > 300 wh_ile EE2 wgs not completely removed [156]
E1 L1 nm); using ozonation (77.2% only) and E1 was .
202+33ng L™ TiO2 photocatalyst: 0.5 g L™ load; not completely removed using photocatalysis
B Urban wastewater from the secondary (61.8% only).

treatment of a WWTP; North of Portugal.

Quartz photolysis tubes (1.4 cm i.d. x 20 cm) EE2 showed very high resistance to
EE? 2.0 uM (spiked at a 45° angle were used in microbial degradation while rapid [157]

surface water)

photodegradation experiments;
Lake water from Lake Quinsigamond.

photodegradation under sunlight irradiation
occurred (half-life of 23 h).

AOP, advanced oxidation process; CAS, conventional activated sludge; COD, chemical oxygen demand; DOC, dissolved organic carbon; dw, dry
weight; GAC, granular activated carbon; HRT, hydraulic retention time; LP, low pressure; MBR, membrane biological reactor; MF, microfiltration;
n.a., not available; n.d., not detected; NF, nanofiltration; RO, reverse osmosis; SRT, sludge retention time; TOC, total organic carbon; UF,
ultrafiltration; WWTP, wastewater treatment plant.
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2.A-2.2. Diclofenac

Regarding the non-steroidal anti-inflammatory drug (NSAID) diclofenac, it is
considered harmful to several species at environmental concentrations, as indicated
by Vieno et al. [158], who overviewed its occurrence, fate and transformation
processes during treatment in WWTPs. Diclofenac is often detected in WWTP
influents and effluents, surface waters and groundwater. Table 2.A-1 describes some
studies on the occurrence in these aquatic compartments, with diclofenac found up to
4.4 ug L. Information concerning the removal of diclofenac can be checked in article
reviews that have been published in the last few years and that already include
systematized data of its removal from water [159-163]. Diclofenac can be partially
adsorbed on sludge and is usually poorly biodegradable, which means low removal
rates during biological wastewater treatment (Table 2.A-3) [158, 164]. Membrane
technologies to remove diclofenac have been used, but more research is needed
(Table 2.A-3). Concerning AOPs, some studies dealing with heterogeneous
photocatalysis and/or photo-Fenton are described in Table 2.A-3, with a moderate
diclofenac removal, most using a pilot compound parabolic collector (CPC) plant and
a high reaction time. Ozonation as single process, or combined with photolysis and/or
photocatalysis, has been widely investigated showing a high performance for
diclofenac removal. Overall, diclofenac is the second most studied substance of the

watch list in the last 10 years, employing all the types of processes (Fig. 2.A-2).
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Table 2.A-3. Some examples of studies dealing with removal of diclofenac. Pollutants included in these studies that are out of the scope of
495/15/EU Decision are not discussed.

Initial diclofenac

. Treatment and sampling conditions Concluding remarks Reference
concentration
12.7ngL? WWTP with CA MBR I F or MF;
Up to ng wit C S o coupled to UF or ! Mean removal rates were between 54 and 71%
(CAS) 24 h composite samples composed by 4 h aliquots for MBR and approximately 79% for CAS [136]
upto 38 ng L (MBR) collected by an automatic device; Granada, Spain. PP Y '
Photocatalysis and solar photolysis; . _ .
Advanced lab-scale reactor immersion-well (UV-RS- Water quallty S.hOWEd high influence in the
) treatment efficiency.
1) made of Pyrex glass (cut-off <290 nm); . . .
A fe: . ) i For river water, solar photolysis showed higher
30 mg L (spiked Solution volume: 400 mL; . L
removal compared to TiOz photocatalysis, with [165]
surface water) MP Hg vapour lamp: TQ 150 Heraeus, Germany, .
150 W: 66% and 82% diclofenac removal for
TiOz load: 0.1 g L' photocatalysis and direct sunlight, respectively.
pH 6.2.
Kagithane Drinking Water Treatment Plant;
Flow rate: 700,000 m3 d1;
0.05 g L1 (spiked Lab-scale NF; Diclofenac overall rejection was approximatel
> HY P MF: cross-flow rate of 3 L min and water flux of ) P 4 [166]
surface water) 2 bl 61%.
137 L m?h7,
Raw water sources: Terkos Lake and Alibeykdy
Dam.
220 ng L1 (after WWTP with CAS_MF_GAC_OZ?”TIO”; Diclofenac was removed by CAS, between 51 and
rimary clarifier) Average flow rate: 227,000 m*d™ 80%, achieving the LOQ [137]
P Y Gwinnett County, GA, USA. > g '
. Removal was not observed in both treatments of
WWTP1: parallel CAS and MBR serving 28,000 :
. -1.
WWTP1: 507 ng L% inhabitants and treating 5,544 m3 d* by CAS and WWTP1 employing parallel CAS and MBR. [167]

WWTP2: 1450 ng L.

7,237 m3 d! by MBR,;

Almost no removal occurred in WWTP2, with
1391 ng Lt in the effluent of CAS.
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WWTP2: CAS serving 100,000 inhabitants and
treating 20,846 m3 d%;
24 h composite samples; Lede, Belgium.

15 WWTPs designed for 6,850 to 756,000
population equivalents;
Flow rates: 349 — 140,000 m3 d%;

Concentration of diclofenac was quantified up to

Up to 2400 ng L Discharge points: main Portuguese rivers and 670 ng L in the effluent. The mean removal of [53]
Atlantic Ocean; this substance was 45.6%.
24 h composite influent and effluent samples;
Portugal.
4 WWTPs impacted by effluents from mid-size
hospitals, corresponding to a WWTP inflow between
1 and 30%;
' WWTP 2 and 4, employing CAS or oxidation ditch
Upto 0.49 pg L? Flow rates: 1300 — 103,000 m_3 o activated sludgc::' Wepre):nogre efficient than the [168]
WWTP 1/3 - SBR and UV-tertiary treatment; others for the removal of diclofenac.
WWTP 2 — CAS; WWTP 4 - oxidation ditch
activated sludge process;
24 h composite samples; New York, USA.
4 WWTPs; Chongging, China; . " i
U 4 2 WWTPs: anaerobic/anoxic/oxic (A/A/O) activated f\lthough diclofenac was quantified up tq 47nglL [169]
pto6.34ngL , the removal was not assessed due to its
sludge process; detection in some cases, below than LOQ
1 WWTP: CAST; 1 WWTP: OD. ’ '
(’;/ill?rif::”:;sp;ig ;r;:vc;r;tler)l.uous operation (ca. 1% of Diclofenac was removed at an extent between 40
n.a. . ' ) and 50%. UV was evaluated as post-treatment, [170]
2 h composite influent and effluent samples; improved degradation achieved by applying H20x.
Luxembourg.
4™ largest WWTP in China, serving 1,540,000
equivalent inhabitants; 600,000 m3 d-1. The removal obtained after secondary treatment
6.01 ng L? CAST followed by chlorination; was 41.8% for diclofenac. Chlorination led to a [70]

Grab samples collected according to the residence
time in each treatment;

reduction of 8.6%.
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Southwest China.

Pilot-scale MF followed by RO;
MF: flow rate of 2 m3 h'* and flux of 323 L m2 h't;
Residence time 3 min;

High removal of diclofenac was observed. RO

361-911nglL? RO: flow rate of 1 m? h and permeate flux of reduced the concentration of o_Iiprfenac in t.he MF  [171]
34 L m? h': Residence time 50 min: permeate to levels below the limit of detection.
Treated effluent; Girona, Spain.
Pilot-scale NF and RO;
NF: Water flux between 12 and 62 L m2 h'l, RO was the most efficient treatment for the

57 -131ngL? depending on the type of membranes; rejection of diclofenac, reaching concentrations [172]
RO: Water flux of 23.5 L m? h'%; lower than ng L.
Treated effluent; Sydney, Australia.
Pilot-scale UF followed by a RO; Permeate UF: 69.7 ng L'!; and permeate RO: n.d.;

1041 4 UF permeate flux: 227 m3d?; Concentration of diclofenac considerably

AnglL ) . [173]

RO permeate flux: 82 m3 d; decreased by UF. RO completely removed
Ansan, Gyeonggi-do, Korea. diclofenac.
Pilot-scale NF;

750 ng L1 Flux: 1 —2L m?h?; Diclofenac decreased by at least 65%. [174]
24 h composite sample; Giessen, Germany.
2-L reactors at 25 °C;
UV/H202: 3 LP Hg lamps (Amax= 254 nm); UV/H20: exhibited higher performance than ozone

605 ng L H202 consumed ranged from 0.04 to in the removal of diclofenac, which had one of the [175]
0.72 mg H202 mg TOC™%; lowest initial observed kinetic constants probably
Ozonation: 10 g Oz Nm3; due to the matrix effects on the process.
RO concentrates from a municipal WWTP.
2-L reactors at 25 °C; .

) ' _ . Diclofenac was completely decomposed by UV,
935 ng L1 UV/H202: 3 LP Hg lamps (max= 254 nm); after the first minutes of treatment; it was also [96]

H202 consumed ranged from 0.01 to
0.90 mg H202 mg TOC™;

removed by UV/H202 and ozonation process.
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RO concentrates from a municipal WWTP in a
coastal area of Catalonia, Spain.

Biological activated carbon (BAC) process to treat
municipal wastewater RO concentrate;

54% of Diclofenac was removed by the BAC filter.
The integration of the UV/ H20: or the ozonation

283 ng L1 Lab scale during 320 days of operation; . [100]
BAC, combined UV/ UV/H205—BAC and 0zone— processes wgs necessary to obtain a complete
removal of diclofenac.
BAC.
Photocatalysis in a pilot-scale CPC plant under
> 750 ng L- _In_iaél:rﬁ)lasc;):lazglrr;zd:??;on, ‘Clié)cr)nnpqliite diclofenac removal was achieved after [50]
Effluents of the biological treatment of El Ejido ’
WWTP; Almeria, Spain.
Photo-Fenton in a pilot-scale CPC plant;
Fe?*: 5 mg L; pH: 3 and 10; Diclofenac was removed by 97% in the photo-
H202: 50 mg LY, Fenton process (pH 3), after 50 min. Photo-Fenton
671 —4941 ng L? Complexing agents (humic acid and with humic acids at neutral pH resulted in a longer  [176]
ethylenediamine-N,N’-disuccinic acid); treatment time required to reach a similar
Effluents of the secondary treatment in a municipal degradation.
WWTP; Almeria, Spain.
Bench-scale UV and UV/H202 (Amax = 254 nm);
H202: 7.8 mg L; .
=~70ng L1 Volume andgHRT: 35 L and 5 min, respectively; A complete removal of diclofenac was observed [177]
. for both processes.
Capacity: 10 m? day-%;
Municipal WWTP; Japan.
UV/H20: in a pilot plant with three parallel reactors
with MP, LP or dielectric barrier discharge UV
10 pg L (spiked lamps. The degradation of diclofenac was higher than [178]

surface water)

Pre-treated surface water (by coagulation,

flocculation and sedimentation in a natural reservoir,

micro-straining and dual layer rapid sand filtration)

80%.
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from Meuse River (Netherlands), spiked with a
mixture of 15 compounds.

Sulfate radical based homogeneous photo-Fenton
involving peroxymonosulfate as an oxidant, ferrous

PMS/Fe(ll)/UV—-Vis advanced oxidation system
using simulated solar irradiation has demonstrated

n-a. ron (F?(”)) as a.catalyst and simulated solar better kinetic performances over TiO2/UV—-Vis [179]
irradiation as a light source; o
Biologically treated domestic wastewater effluents. system for clothianidin.
Heterogeneous photocatalysis and Photo-Fenton;
Pilot-scale CPC solar plant at the Plataforma Solar Solar TiO2z photocatalysis showed complete
de Almeria (Spain); diclofenac degradation. 20 - 50% of degradation
0.1 mg L (spiked A: Photo-Fenton (pH 2 5 mg L* of Fe?*; 50 mg L* in demineralised water was achieved in the dark
wastewater) of H202; 5 mg L of TiO2); (Fenton process) and photo-Fenton was the most ~ [180]
B: no pH adjustment; 50 mg L of H202; 5 mg Lt of  effective treatment with a complete removal
Fe?* (demineralized water); 5, 15 and 55 mg L of observed after 20 min. In standard fresh water,
Fe?* (standard freshwater); 5 mg L of Fe?* diclofenac was removed by Fenton process.
(standard fresh water without NaHCO3).
Heterogeneous photocatalysis: Solardetox Acadus-
2006 CPCs with 3.0 m? irradiated surface and 24 L High diclofenac removal (= 88%) was observed
0.276 ug L* of irradiated volume; after 3 h of treatment (bellow LOQ) applying solar ~ [181]
TiO2 load: 0.2 g L; TiOz photocatalysis.
Effluent of a WWTP from the South East of Spain.
Catalytic ozonation;
03:20mg LY
Catalysts: 5 g of commercial y-Alz0s or synthesized  Diclofenac removed in less than 10 min,
10 mg L (spiked C0304/Al20s3; regardless the matrix or the presence of catalyst.
Ultrapure water and secondary effluents pre-treated = Comparing with single ozonation, catalytic [153]

wastewater)

to partially remove its carbonate/bicarbonate
content by stripping;

Wastewater from a municipal WWTP; Badajoz,
Spain.

ozonation enhanced the COD and TOC removals,
in particular with a Coz04/Al203 catalyst.
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30to 80 mg L*

UVA, O3, O3/UVA; O3/TiO2; O3/UVA/TIO2;
03:5-30gm3;
HP mercury lamp;

Complete removal of diclofenac by applying
photocatalytic ozonation within 6 min (60 - 75%
TOC reduction after 60 min, regardless the water

(spiked wastewater) TiOz2 load: 0.5and 2.5g L™ matrix used. Photocatalytic ozonation showed the [182]
Ultrapure water and urban wastewater from a lowest ozone consumption compared to the other
municipal WWTP; Badajoz, Spain. ozonation processes.

Single ozonation and catalytic ozonation;
03:10gm=3; pH =7, The catalysts had no significant effect on

30 mg L (spiked Catalysts: 1 g L™ of lab-prepared Mn-Ce-O or a diclofenac removal when compared with single [183]

surface water) commercial (N-150) catalyst; ozonation. However, both catalysts increased the
Synthetic effluent and river water collected from COD removal per mg of ozone applied.

Mondego River; Portugal.
Bench-scale photolysis;
150 W MP Hg, which emits radiation between 200 The degradation rate constants obtained for

n.a. and 450 nm; diclofenac in a filtered wastewater matrix were [184]
Municipal wastewater of secondary effluent of a lower than in a pure water matrix.
biological WWTP; Portugal.

Lab-scale TiO2 photocatalysis;

2.5 mg L (spiked 125 W black light fluorescent lamp (300 - 420 nm); TiO2 photocatalysis showed a high removal of [185]

wastewater) Catalyst load: 0.2-0.8 g LY, diclofenac (=98%).
Urban WWTP effluent.

Solar photo-Fenton in a pilot-scale solar CPC
100 pg Lt (spiked Ir—(|ezaoczodr£)se ~0—50mg L Diclofenac was completely removed (< LOQ) after [186]
wastewater) Fe = 5 mg L 34 min.
gL~
Municipal wastewater.
Lab-scale photolytic ozonation, ozonation and
464.8 +64.7 ng Lt g:oggzti:)slf For all processes in study, 100% removal was [156]

O3 flow rate: 150 Ncm? min‘t;
MP mercury vapor lamp (UV/Vis A > 300 nm);

achieved.
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TiO2 photocatalyst: 0.5 g L load;
Urban wastewater from the secondary treatment of
a WWTP; North of Portugal.

13.5-52.0 ug L2
(spiked wastewater)

Lab-scale ozonation;

03:5.5-8.5mg LY

O3 flow rate: 0.39 NL min?;

Urban wastewater samples from the secondary
clarifier of two WWTPs from West-Alcala and
Alcézar de San Juan; Spain.

High diclofenac removal (> 90%) was observed. [187]

970 — 2300 ng L

Pilot-scale ozonation plant;

03: 86 —153 g Nm3;

O3 consumption: 0.6 and 0.9 g Oz g DOCo%;
Municipal wastewater; Austria.

The application of 0.6 g Oz g DOC! increased the

removal of diclofenac (to values < LOQ). [154]

5—20 mg L (spiked
wastewater)

UV-A/TiO2 photocatalysis: 9 W lamp;

Catalyst load: 50 — 1600 mg L?;

H202 = 0.07 — 1.4 mM;

Treated municipal effluent from Limassol; Cyprus.

UV-A/TIOz is an efficient method for the
degradation and mineralization of diclofenac in [188]
treated municipal effluents.

BAC, Biological activated carbon; CAS, conventional activated sludge; CAST, cyclic activated sludge technology; COD, chemical oxygen demand;
CPC, compound parabolic collector; GAC, granular activated carbon; HRT, hydraulic retention time; LOQ, limit of quantification; LP, low pressure;
MP, medium pressure; MBR, membrane biological reactor; MF, microfiltration; n.a., not available; n.d., not detected; NF, nanofiltration; OD, oxidation
ditch; RO, reverse osmosis; SBR, Sequential Batch Reactor; TOC, total organic carbon; UF, ultrafiltration, WWTP, wastewater treatment plant.

59



Chapter 2, Part A.

2.A-2.3. 2,6-di-tert-butyl-4-methylphenol

The anti-oxidant 2,6-di-tert-butyl-4-methylphenol (BHT) has been used as a common
anti-oxidant to preserve and stabilize the freshness, nutritive value, flavor and color of
food and animal feed products, since the 1950s [189, 190]. BHT can also improve the
stability of pharmaceuticals and cosmetics and increase the durability of rubber and
plastics. Approximately 40 countries allow the use of BHT as a direct or indirect food
additive [190]. The use of BHT as a food additive does not appear to pose a public
health risk. However, in the natural environment, BHT is degraded biologically to 3,5-
di-tert-butyl-4-hydroxybenzaldehyde (BHT-CHO), reported by generating peroxides in
mice and rats and inducing cellular DNA damage [191]. The occurrence of the anti-
oxidant BHT in the aquatic environment has been demonstrated (Table 2.A-1), with
studies conducted in Sweden [57] and USA [58] reporting the presence of BHT in
surface waters up to 620 ng L1 and 49 ng L1, respectively. In other studies, BHT was
detected in wastewaters (between 22 and 258 ng L) [191], whereas higher values
were quantified in surface waters (up to 1560 ng L) and groundwater (up to
2156 ng L) in Greece and Germany [190-192]. Additional data are needed to support
assessments of human health risks associated with the exposure to this compound in
the aquatic environment and to establish possible pathways of removal in aquatic
systems. Considering the lack of studies on its removal (Fig. 2.A-2.), it is urgent to

study its elimination from water matrices.

2.2.4. 2-ethylhexyl-4-methoxycinnamate

Organic UV filters are chemical filters used in many personal care products, alone or
in formulations containing a physical filter like ZnO or TiO2 nanoparticles [193]. Their

occurrence in the environment has been described in several papers that have been
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given a great attention to the aqueous matrices. These CECs reach the environment
by two pathways, wash off from skin or through wastewater or swimming pool waters.
Organic UV filters are likely to be present in sediments [194], where they might induce
toxicological effects. Their known estrogenic effects on biota and humans was
recently reviewed by Ramos et al. [195], who highlighted not only the recognized in
Vivo and in vitro estrogenic activity to fish and mammals, but also other non-estrogenic
hormonal targets in such organisms. The UV filter 2-ethylhexyl-4-methoxycinnamate
(EHMC), included in the watch list for Union-wide monitoring, is an EDC and was
reported at concentrations levels of hundreds of ug kg in diverse organisms including
macroinvertebrates and fish [193]. Lake and rivers sediments are well characterized
regarding this contaminant, which is usually present at pg kg levels [60, 193, 194].
This compound was also detected up to 260 ng L in tap water from Barcelona
(Spain), one of the most frequently found of a group of five UV filters included in that
study [63]. Little is known about the removal of EHMC in the aquatic environment
(Table 2.A-4, Fig. 2.A-2), only three studies reporting its removal. The removal of
EHMC varied (30 — 50%), depending on the respective treatment applied at the
WWTP and season [61]. This UV filter was refractory to ozonation, without any
degradation being observed after 15 min [196] or after 22 min, but could be removed

by UV treatment [197].
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Table 2.A-4. Studies dealing with removal of 2-ethylhexyl-4-methoxycinnamate (EHMC). Pollutants included in these studies that are out of the
scope of 495/15/EU Decision are not discussed.

Initial EHM.C Treatment and sampling conditions Concluding remarks Reference
concentration
5 WWTPs equipped with different treatment levels:
preliminary screening, primary sedimentation, secondary
na treatment; UV-disinfection, chlorination, sand filtration and Removal of EHMC varied depending on the [61]
h RO; season in the range of 30 —-50%.
24 h composite or grab samples, depending on the plant;
Hong Kong.
Ozonation: nominal capacity of 3000 m3 h-1;
5 L glass reactor operating in semi-batch mode, at a i
Upto 234 ng L1 temperature of 25 oC and pH 8.5; ;hszl;:efllter EHMC was completely refractory [196]
WWTP located in Madrid, which treats a mixture of '
domestic and industrial wastewater.
UV, visible light, photocatalysis (visible light); Os;
15 W LP mercury vapour lamp (Amax = 254 nm); EHMC was removed up to 50% after 15 min of
Xe 150 Xe-arc lamp with spectral emission in the visible  UV-photolysis, mainly during the first 2 min.
region; Visible light Xe-lamp driven photolysis led to an
23.6+8.1ngL! Photocatalyst: ceria-doped TiO2 at 0.5 g L, EHMC removal near 20% after 15 min. Removal [197]
0O3: 22 g Nm3; was not enhanced, applying visible light Ce/TiO2

Mixture of domestic and industrial wastewater from the
secondary clarifier of a 3000 m® h"* WWTP placed in Alcala
de Henares; Madrid, Spain.

photocatalysis. EHMC was not significantly
removed by ozone.

n.a., not available; LP, low pressure; RO, reverse osmosis; WWTP, wastewater treatment plant.
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2.A-2.5. Macrolide antibiotics

Among the different classes of pharmaceuticals present in the environment, particular
importance has been given to antibiotics, which are the most often discussed
pharmaceuticals due to their potential role in the development of resistant
mechanisms by bacteria [198]. Macrolide antibiotics, such as clarithromycin,
azithromycin and erythromycin are widely used in human and veterinary medicine, as
well as in aquaculture, for the purpose of preventing or treating serious infections
induced by pneumococci, staphylococci and streptococci [198, 199]. The conventional
municipal WWTPs do not fully eliminate these drugs, which are found in WWTP
effluents [199] and in other aquatic systems [56, 66, 67, 69]. These antibiotics have
been extensively detected in wastewaters, surface and groundwater in several
countries at ng L levels, with some studies reporting antibiotics at several ug L
(Table 2.A-1). For instance, azithromycin, erythromycin and clarithromycin were found
in effluents of a WWTP in Slovakia at ng L levels [64]. Clarithromycin and
erythromycin were reported in surface water in Spain and Vietnam [66, 69]. Lopez-
Serna et al. [56] also reported the occurrence of the three macrolide antibiotics in
groundwater (Spain) at range 1.6 — 1620 ng L2.

Elimination of this class of antibiotics in the environment has been reported in the last
decade, for all the types of processes here discussed (Fig. 2.A-2). Biological
treatments occurring at WWTPs are normally insufficient to remove such recalcitrant
pharmaceuticals (Table 2.A-5). The combination of biological with advanced
treatments can be fruitful, as example MBR and RO led to elimination rates above
99% [89] for the macrolides included in the watch list. Hence, advanced methods
should be applied to deal with this environmental concern. Membrane technologies

alone are not enough for the complete removal of such micropollutants (Table 2.A-5).
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Studies reported in the literature employing AOPs for the removal of this type of
antibiotics in environmental samples are focused only on photocatalysis [181, 198],
revealing a lack of knowledge regarding the efficiency of other AOPs to remove this
compounds in real scenarios. In fact, some studies with other AOPs were already
published considering these compounds, but not using real matrices and, thus, they
are out of the scope of the present review; for instance, UV/TiO2 and ozonation were
studied for the removal of clarithromycin and erythromycin, ozonation apparently
being more effective for the parent compounds (complete degradation), while catalytic

ozonation improved the mineralization of erythromycin [199, 200].
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Table 2.A-5. Studies dealing with removal of macrolides (azithromycin, clarithromycin and erythromycin). Pollutants included in these studies that
are out of the scope of 495/15/EU Decision are not discussed.

Compound Initial concentration  Treatment and sampling conditions Concluding remarks Reference
Erythromycin was recalcitrant to the
WWTP with CAS-MF-GAC-ozonation; biological treatment, but it was
) 2600 ng L (after Average flow rate: 227,000 m? d-; removed at an extent of 74% by GAC
Erythromycin i o . . ) . o [137]
primary clarifier) 24 h composite samples; Gwinnett adsorption. Ozonation oxidized the
County, GA, USA. remaining compounds by more than
60%.
The combination of MBR and RO led to
removal rates above 99% for the target
Azithromycin 118 ng LY MBR coupled to RO; pollutants, with RO showing removal
Clarithromycin 2020 ng LY Coastal WWTP Castell-Platja d’Aro, rates always higher than 99%. MBR [89]
Erythromycin 49 ng L. Spain. removed 75 to 85% of the antibiotics,
and the remaining non-degraded
macrolides were removed by RO.
WWTP1 serving with secondary
treatment (anaerobic/an(?xic/oxic . Removal efficiencies were generally
(A/A/O) treatment + moving bed t.n.ofllm higher in the WWTP1 employing the
reactor (MBBR) + secondary clarifier)
) i . A/A/O-MBBR process than those
and tertiary treatment (rotary fiber disc obtained by the conventional WWTP2
Azithromycin 232.5-876.9 ng L, filters (RFDFs)). .
Clarithromycin >0.1pug LY WWTP2 with secondary treatment (C- adopting the C-Orbal OD process, [201]

Erythromycin

4.11-42.01 ng L%,

Orbal OD process + secondary clarifier)
and tertiary treatment (UV disinfection
and RFDFs);

24 h composite wastewater samples at
different sampling points; Wuxi City,
Jiangsu Province, China.

except for clarithromycin. The type of
biodegradation process was the
predominant factor in this study, the
better performance being obtained with
WWTP1.
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1 WWTP serving 500,000 population
equivalent, with an industrial inlet lower
than 10% of the total load; with
biological treatment, final clarification

No elimination was reported for
erythromycin in the liquid phase. This

H -1
Erythromycin 0-2HgL and tertiary treatment by phosphorus antibiotic was also not adsorbed on the [202]

precipitation; particulate matter or the sludge.

2 h composite influent and effluent

samples, during 24 h Nancy, France.

1 WWTP equped with MBR aqd uv The degraded fraction of azithromycin

treatment, serving 24,000 inhabitants; was approximately 49% and that of
Azithromycin, 406-611 ng LY, Membrane modules made of hollow- or thrcrn)rew cin wasyne "0 ible
Clarithromycin 785-941 ng LY fibre membranes; Clirithrori/w cin was nit?emc.)ved durin [83]
Erythromycin 164-210 ng L. Average flow rates: 8,800 m3 d-1; Y ) 9

g MBR treatment, being even formed
24 h composite influent and effluent .
during treatment.

samples; Canada.

15 WWTPs, designed for 6,850 to

756,000 population equivalents;

Average flow rates: between 349 and . . o

140 000 m? d-i- The concentration of azithromycin in
Azithromycin upto 719 ng L? ] ! . the effluent was up to 200 ng L'}, witha  [53]

Discharge points: Portuguese rivers

. mean removal of 94.6%.

and Atlantic Ocean;

24 h composite influent and effluent

samples; Portugal.

4 WWTPs impacted by effluents from

mid-size hospitals (250 to 600 beds) WWTP 2 and 4, employing CAS or OD
Clarithromycin upto 0.33 ug LY corresponding to a WWTP inflow activated sludge process were more [168]

Erythromycin

upto 0.13 pg L2,

ranging between 1 and 30%;
Average flow rates: between 1300 and
103,000 m3 d;

efficient than the others for the removal
of clarithromycin and erythromycin.
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WWTP 1/3 - SBR and UV-tertiary
treatment; WWTP 2 — CAS; WWTP 4 -
OD activated sludge process;

24 h composite samples; New York,
USA.

Azithromycin up to 661.9 ng L%

2 municipal WWTPs with
anaerobic/anoxic/oxic (A/A/O) activated
sludge process, one of them employing

WWTP using the OD biological
treatment process had the higher

[169]

Erythromycin upto 338.2ng L1 a cyclic activated sludge technology efficiency to remove the macrolide

(CAST) whereas the other having an antibiotics.

OD; Chongging, China.

Erythromycin was almost totally

MBR pilot plant in continuous operation  removed by MBR, while clarithromycin
Clarithromycin na ca. 1% of diurnal hospital sewage; was removed at extents between 40 [170]
Erythromycin h 2 h composite influent and effluent and 50%. UV was evaluated as post-

samples; Luxembourg. treatment, with improved degradation

obtained by adding H20x.

4™ largest WWTP in China, serving

1’54.0'000 eqU|vaIe3nt Thabltants and The removal obtained after secondary

treating 600,000 m* d. ) .

CAST (anaerobic/anoxic/aerobic treatment was 75.6% for azithromycin
Azithromycin 330.27-376.5ng LY; (AIAJA) treatment secondary clarifier) and 42.8% for erythromycin. [70]
Erythromycin 238.6-275.4ng L. o i Chlorination led to a reduction of 8.0%

followed by chlorination; . . .

. for azithromycin. Erythromycin was not
Grab samples collected according to . o
. L removed during chlorination.

the residence time in each treatment;

Southwest China.

fSo?JTgl'l?g Ki;:(ﬂfijgt;n;:gtgﬂzzm Removal efficiency of the macrolide

. . _ 1. o : . _

Azithromycin 160 — 279 ng L, prefecture (Japan): antibiotics were higher using CAS (39 [203]

Clarithromycin 1129 - 1570 ng L.

STPs employed a wide variety of
secondary treatment processes: CAS;

83%) and A/A (34 — 86%) processes
than using A/A/A (41 — 53%) process.
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anaerobic/anoxic/aerobic (A/A/A) and
anoxic/aerobic (A/A).

MBR followed by NF and RO;
Membrane surface of NF and RO
modules: 2.5 m?;

Clarithromycin was completely

Clarithromycin upto27.4 ug L* Operation: cross flow membranes; removed by RO and NF treatments (< [204]
NF/RO modules: maximum flux LOQ).
between 20 and 36 L m2.h'1;
Hospital wastewater, Germany.
Pilot-scale UF and RO treatments in
. . sequence; . .
+ 1.
e iieamll Uetmeormoarinin  RSenod e s s g
Y £oU9Ng L RO flux range of 22 — 31 L m? h'%; '
Municipal WWTP; Tel-Aviv, Israel.
Pllo-t-scale MF foIIOV\;ecLby RO; High removals were observed for these
MF: flow rate of 2 m® h't and flux of .
P . . o pharmaceuticals compounds. Even
323 L m* % Residence time 3 min; though the pharmaceuticals were
Azithromycin 187 — 367 ng LY, RO: flow rate of 1 m® h** and permeate ghihep
Erythromycin 180-191ngL? flux of 34 L m? h'l; Residence time present in the MF permeate at levels (71
' . ' higher than 100 ng L%, RO filtration
50 min; . 1
- o reduced their loads to the low ng L
Municipal treated effluent; Girona,
. range or to below the method LOQ.
Spain.
2-L reactors at 25 °C;
V/H202: 3 LP Hg | 254 ; . .
UVIHz02: 3 g lamps (254 nm); Clarithromycin was completely removed
H202 consumed ranged from 0.01 to by ozonation, but it was recalcitrant to
Clarithromycin 77 ng L. 0.90 mg H202 mg TOC™: y ' [96]

RO concentrates from a municipal
WWTP in a coastal area of Catalonia,
Spain.

UV (removal of 60%) and UV/Hz202
(removal of almost 80%).
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Biological activated carbon (BAC)
process to treat municipal wastewater
RO concentrate;

70% of clarithromycin was removed by
the BAC filter. Pretreatment of RO brine

; ; -1
Clarithromycin 46nglL Lab scale during 320 days of operation;  with UV/ H202 or ozonation led to the [100]
BAC, combined UV/ UV/H20.-BAC and removal of the pharmaceutical.
ozone—-BAC.
Pilot-scale photocatalysis: CPC plant Using a low TiOz load (29.2 mm
under natural solar irradiation; photo.reactor), the treatment W.as not
TiO2 load: 20 mg L effective due to the slow reaction rate;
Clarithromycin . - ' 85% of the pollutants were degraded
. <750ngL? Municipal effluents collected : . ; [50]
Erythromycin . . after 480 min. Increasing the light-path
downstream of the secondary biological
treatment of EI Ejido WWTP: Almeria, of the reactor, the performance was
Spain. enhanced (90% of thg pollutants
removed after 300 min).
Pilot-scale photocatalysis: Solardetox
Acadus-2006 CPCs; Removal was high for all the
Clarithromycin ~0.0275 pg LY 3.0 m? irradiated surface; 24 L
Erythromycin <0.05pug L™ irradiated volume; compounds after 3 h of treatment [181]
TiOz load: 0.2 g L*; (bellow LOQ).
Wastewater.
03/H202;
Os: 24 g O3 Nm3; Gas flow:
0.36 Nm? h™ The removal for azithromycin was
Azithromycin 1653.84 ng L? H202: 0.15 mL of a 30% (w/v) solution; 89 6% after 5 min [206]
Wastewater from the secondary clarifier ' '
from a sewage treatment plant of Alcala
de Henares; Madrid, Spain.
Bench-scale ozonation: at pH 8.5 Thg .elimination of clarithromycin was
Clarithromycin upto 0.1 pugL? (original) and at pH 7.0 (adjusted by efficient: when the ratio of 0/DOC was [207]

adding H2SOu);

higher than 0.5. The LOQ was achieved
and the removal was higher than 92%
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Os doses (g Os/g DOC): 0.25, 0.5, 1.0,
and 1.5;

H202/03 molar ratio = 0, 0.25, and 0.5;
24 h composite samples of hospital
wastewater effluents from a pilot MBR;
Baden, Switzerland.

at both pH conditions. The average
removal was 80% using a ratio of
Os/DOC of 0.25.

Ozonation of secondary effluent;

Azithromycin n.d. O3:3mgLY; N
. ) 1 The removal efficiencies of all the target
Clarithromycin 228 ng L, Samples were collected from a . o [208]
. 1 Ny i macrolides antibiotics were up to 80%.
Erythromycin 150 ng L. municipal sewage treatment plant;
Tokyo.
!_ab-‘scgle UV, UVIH0z, solar From the five different treatments
irradiation, Fenton, solar photo-Fenton; .
. - . applied, only the UV-based processes
UV-C irradiation (Amax = 254 nm);
i 1 were able to remove 80% of
H202: 25 mg L, ) . .
) 1 clarithromycin. After 30 min of
, ) 1 Fenton: 25 mg H202 L™t and . -
Clarithromycin 363 -469 ng L _— treatment, the oxidation was significant, [209]
5mg Fes* L o
. 4 verified by COD and TOC removals.
Photo-Fenton: 25 mg H202 L* and .
5 mg Fe* L1 For the cases of solar light, Fenton and
- ' . photo-Fenton processes, the
Municipal wastewater from Vidy dearadation rates were lower
WWTP; Lausanne, Switzerland. 9 ’
Solar Fenton treatment (natural solar Clarithromycin was completely
driven oxidation) in a pilot-scale CPC degraded, applying photolytic and solar
plant; Fenton experiments, with a removal of
Clarithromycin 469 ng L? H202:50 mg L™; 77% at the end of the treatment time [210]
Fe3*:5mg L™ (250 min), when present at low
Municipal wastewater from the El Ejido  concentrations and at low Fenton
municipal WWTP; Almeria, Spain. reagent dosages.
. . The application of 0.6 g O3 g DOC*
. Pilot-scal t lant; . .
Erythromycin 170 ng L rorsca’e ozonation pian increased the removal of erythromycin [154]

03: 86 —153 g Nm3;

(to values < LOQ).
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O3 consumption: 0.6 and
0.9 g O3 g DOCo?;
Wastewater; Austria.

Azithromycin

139.9+6.2ng L?

Lab-scale photolytic ozonation,
ozonation and photocatalysis;

Os: 50 g Nm3; Os flow rate:

150 Ncm?3 min't;

MP mercury vapor lamp (UV/Vis A >

Completely removal by photocatalytic
ozonation for all macrolide antibiotics,

Clarithromycin 116.4 £ 2.7 ng L 300 nm): while by ozonation only erythromycin [156]
Erythromycin 27.0+25ngL? . ' 4 was totally eliminated. Photocatalysis
TiO2 photocatalyst: 0.5 g L™ load; - .
was the less efficient process in study.
Urban wastewater from the secondary
treatment of a WWTP; North of
Portugal.
Lab-scale ozonation;
Osz: 5.5 - 8.5 mg L!; Os flow rate:
07- 09 uq Lt 0.39 NL min%; High removal of erythromycin (> 90%)
Erythromycin ' ~ Mg Urban wastewater samples (spiked) was observed for both wastewaters [187]

(spiked wastewater)

from the secondary clarifier of two
treatment plants from West-Alcala and
Alcazar de San Juan; Spain.

studied.

BAC, Biological activated carbon; CAS, conventional activated sludge; CAST, cyclic activated sludge technology; CPC, compound parabolic

collector; DOC, dissolved organic carbon; GAC, granular activated carbon; LOQ, limit of quantification; MBR, membrane biological reactor; MF,
Microfiltration; n.a., not available; n.d., not detected; OD, oxidation ditch; RFDFs, rotary fiber disc filters; RO, Reverse osmosis; SBR, sequential
batch reactor; UF, ultrafiltration; WWTP, wastewater treatment plant.
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2.A-2.6. Methiocarb

Regarding pesticides, their use plays an important role in harvest quality and food
protection, providing enormous benefits to increase production, as pests and diseases
are usually responsible to damage up to one-third of crops [211]. As consequence of
massive global consumption, pesticides and their degradation products spread
through the environment and can contaminate water resources. Surface and
groundwater located in intensive agricultural areas are more susceptible to pesticide
contamination, which is a major concern if the water is used for human consumption
[212]. The impact of these contaminants in the environment and to the wildlife is
demonstrated by several injurious effects, such as the enhancement of the incidence
of cancer, birth defects, genetic mutations, or other problems such as damage in the
liver or in the central nervous system [213]. The occurrence of pesticides in aquatic
compartments and their possible effects to public health are a topic of considerable
environmental interest.

Methiocarb (also known as mercaptodimethur, mesurol, 3,5-dimethyl-4-
(methylthio)phenyl methylcarbamate) is one of the most commonly used carbamate
pesticides worldwide. This pesticide has been applied since 1960s for a variety of
invertebrate pests and also as a bird repellent on fruit crops [214, 215]. The detected
concentrations of methiocarb in wastewater and groundwater are generally low
(Table 2.A-1); however, it poses a serious health threat to aquatic life and humans
considering its high toxicity [214]. A negative removal of methiocarb was reported in
a Spanish sewage treatment plant (Table 2.A-6), probably due to the limitations on
the sampling procedure, where both HRT (24 — 72 h) and SRT (7.5 — 25 days) were

not taken into consideration, consequently higher concentrations were found in the
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effluents than in influents [72]. Recent studies related to the removal of this compound

by advanced treatment options were not found in the literature.
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Table 2.A-6. Studies dealing with removal of methiocarb. Pollutants included in these studies that are out of the scope of 495/15/EU Decision are

not discussed.

Initial methiocarb

. Treatment and sampling conditions Concluding remarks Reference
concentration
377 —5.74 ng L The removal of methiocarb was negative. The higher
(2'010). ' 9 Sewage treatment plants monitored in  concentrations in effluents than in influents were attributed to
' 1 the four River Basins of Ebro River; the sampling limitations: influent and effluent samples were [72]
1.26 -105.31 ng L . . S
(2011) Spain. collected at the same day, without considering the HRT (24 —

72 h) and SRT (7.5 — 25 days).

HRT, hydraulic retention time; SRT, sludge retention time
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2.A-2.7. Neonicotinoids

In the last decade, the neonicotinoid group of insecticides has been one of the most
broadly adopted conventional management tools to deal with insect pests of annual
and perennial cropping systems. Benefits of the neonicotinoids include flexibility of
application, a wide range of active ingredients and broad spectrum activity [216, 217].
This group includes imidacloprid, thiacloprid, thiamethoxam, clothianidin and
acetamiprid, which are extremely toxic to all aquatic arthropods, except water fleas
[76]. However, as a result of structural differences in the polypeptide subunit
containing the neonicotinoid-binding region of the vertebrates’ nicotinic acetylcholine
receptors, neonicotinoids pose a relatively low risk to fish and mammals [76].
Neonicotinoids are systemic insecticides and are applied as seed dressings by
sprays, owing to their solubility in water. Therefore, the main sources of this class of
herbicides in the environment are the runoff from agriculture areas and leaching into
groundwater, with the consequent subsurface discharge into wetlands and other
surface waters [217]. As a result of their high water solubility and persistence in soil,
neonicotinoids cause a threat for water contamination, mainly after storm events that
produce runoff pulses [76]. Other sources of these compounds are soluble or insoluble
fractions transported via snowmelt, decay of treated plants in water bodies, and
deposition of treated seeds or soil into water bodies [217]. Recent studies from Spain,
Portugal, USA, Australia and other countries (Table 2.A-1) have confirmed the
occurrence of this group of pesticides in the aquatic ecosystems [72-78].

There is a lack of literature concerning the removal of this class of pesticides in the
environment (Fig. 2.A-2). The majority of the reports refer to the performance of AOPs,
dealing with their degradation at laboratory or pilot-scale conditions and mostly using

spiked water or spiked simulated water [218]. Photolysis, photocatalysis and photo-
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Fenton were applied to study the removal of these compounds from water,
photocatalysis being the most applied (Table 2.A-7). Studies dealing with real waters
and other treatment processes should be performed to bring a more realistic overview
of the elimination of this group of pesticides. Some other studies with these
substances were already published, but not using real matrices and, therefore, they
are out of the scope of the present review; for instance the degradation of imidacloprid
[219-223], thiamethoxam [219, 224, 225], clothianidin [219], and acetamiprid [226]

were studied with photo-assisted and ozonation processes
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Table 2.A-7. Studies dealing with removal of neonicotinoids (thiacloprid and acetamiprid). Pollutants included in these studies that are out of the
scope of 495/15/EU Decision are not discussed.

Initial

Compound . Treatment and sampling conditions Concluding remarks Reference
concentration
Pilot-scale photocatalysis: Solardetox
Acadus-2006 CPCs 3.0 m? irradiated ) .
surface; 24 L of irradiated volume; High removal for all the emerging
Acetamiprid <0.05pugL? . " Py ' contaminants after 3 h of treatment (bellow [181]
TiOz load: 0.2 g LY, LOO)
Water taken from the outlet of a WWTP '
from the South East of Spain.
Photocatalysis: Lab-scale reactor Very low degradation by direct photol¥5|s. A .
operated in a circular ‘closed-loop’ removal of 86.6% was observed for thiacloprid,
: i ithaznO | f2gL? H 6.8. Th
0.05-038mM  mode: Six 18 W UV lamps (Anax= 366 @ 2Zn0 load of 2g L™ and pH 6.8. The
. . . . efficiency of the thiacloprid removal in filtered
Thiacloprid (spiked spring nm); ; [227]
i and un-filtered thermal water was about two
water) ZnOload: 0.5-3.0g L™ . -
. times lower than from the distilled water,
Thermal water collected from the spring . .. .
. indicating that the removal was due to the
of Kistelek, Hungary. .
dissolved substances.
The removal rate of thiacloprid was influenced
Lab-scale UV and UV/H205. by the prgsence of HCOs". Very low .
o degradation rates were observed for single UV
125 W HP mercury lamp (emission . . .
and Hz202. High removal of thiacloprid was
bands A= 304, 314, 335, 366 nm) (Amax . .
0.32 mM (spiked =3 66 nm): achieved after 120 min of UV/H202. The
Thiacloprid : P - ’ removal rate for natural water was lower [228]

river water)

H202 concentration: 0 to 162 mM; pH:
2.8-9;

Spiked water from Begej river at ltebej,
Serbia.

compared with distilled water (45 mM H20>) at
pH 8.2. However, the removal in natural water
adjusted at pH 2.8 was higher than in distilled
water due to the naturally occurring
photosensitizers, i.e. dissolved organic matter.
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Sulfate radical based homogeneous
photo-Fenton involving

peroxymonosulfate as an oxidant, PMS/Fe(ll)/UV-Vis advanced oxidation system

Clothianidin na fgrrous iron (Fe(ll)) a.s g catalyst. and using simulated solar irradiation has [179]
simulated solar irradiation as a light demonstrated better kinetic performances over
source; TiO2/UV-Vis system for clothianidin.

Biologically treated domestic
wastewater effluents.

-1
- 109 Mg L Pilot-scale photocatalysis: CPC; The removal of acetamiprid was poor in the

Acetamiprid (spiked ; . . [229]

Wastewater of Almeria, Spain. wastewater matrix.
wastewater)

Pilot-scale CPC plant (60. L) Photolysis of the complexing agent generated
Fe(lll)-EDDS as complexing agent; radical species able to act independently of

Imidacloprid 60 mg L? Spiked tap water from the groundwater P P y [230]

carbonate scavengers that are present in

well of Plataforma Solar de Almeria,
natural waters.

Spain.

CPC, compound parabolic collector; EDDS, ethylenediamine-N,N’-dissucinic acid; HP, high pressure; LOQ, limit of quantification; WWTP, wastewater
treatment plant.
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2.A-2.8. Oxadiazon

The oxadiazole herbicide oxadiazon [5-tert-butyl-3-(2,4- dichloro-5-propan-2-
yloxyphenyl)-1,3,4-oxadiazol-2-one] has been habitually used to combat weeds in
various agricultural crops such as rice, cotton, soybean, potato, peanut and onion.
Oxadiazon is an organic contaminant causing a great environmental concern due to
its relatively long half-life [231]. Previous studies on the leaching of oxadiazon in soils
indicated that, the strong adsorption of the herbicide to soils reduces the displacement
towards the sub-surface layers [232]. However, oxadiazon was found in surface water
in Canada (Table 2.A-1) at ng L! levels [79]. In contrast, the removal of oxadiazon in

aquatic matrices is still unknown.

2.A-2.9. Triallate

Triallate (S-2,3,3-trichloroallyl di-isopropyl thiocarbamate) is a carbamothioate
herbicide widely used to control annual and perennial grasses in wheat, barley,
legumes and a number of other crops [233, 234]. This pesticide is often used in
mixture with other chemicals (chloridazon, isoproturon, metoxuron) and its use, in the
last decades, has exceeded 500 tons per year in some European countries [233].
Triallate has a high hydrophobic partitioning [235], therefore it adsorbs to loam and
clay soils and is not readily dissolved in water [236]. This information indicates that
this herbicide is not likely to move through the soil, even though it has a long soil half-
life (82 days). Nevertheless, if there is significant moisture and/or low levels of organic
matter in the soil, triallate may become desorbed from soil particles [234]. Leaching
and consequent groundwater contamination would be possible in such situations, but
Environmental Protection Agency (EPA) suggests that triallate leaching does not

cause a threat to the environment, since it is usually used where the water table is
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relatively low [237]. A lack of knowledge exists about its occurrence and removal in

the aquatic environment due to its chemical nature.

2.A-3. Conclusions

Despite the considerable amount of studies reported on the occurrence and removal
of E1, E2, EE2, diclofenac and macrolide antibiotics (azithromycin, clarithromycin and
erythromycin), a lack of knowledge exists concerning the pesticides (methiocarb,
neonicotinoids, oxadiazon and triallate), the UV filter (EHMC) and the antioxidant (2,6-
di-tert-butyl-4-methylphenol), which are included in the watch list of Decision
2015/495/EU for European Union monitoring. Thus, more investigation is needed
regarding the occurrence and removal of neonicotinoids, EHMC and 2,6-di-tert-butyl-
4-methylphenol and the performance of different treatments to remove the substances
included in the watch list under realistic conditions. These compounds are usually
present at residual concentrations, as mixtures in the different environmental
compartments (e.g., municipal wastewater, surface water, groundwater, solid
matrices) and comprehensive works considering it are scarce. As shown by different
studies, the efficiency of the treatment processes can decrease considerably when
realistic water matrices are used instead of simulated ones. For example, the
presence of carbonates and bicarbonates can decrease the efficiency of AOPs,
principally due to competition by HO®. Since multiple factors can affect the efficiency
of the treatments, experiments should be performed as close as possible to the real
conditions. Additionally, the formation of intermediates should be attempted in this
type of studies, considering that the produced by-products might be more toxic and/or
persistent than the parent compounds. Toxicological studies are needed to determine

the deleterious effects on the ecosystems and human health of parent compounds
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and by-products formed in real matrices. Considering the scale up of the treatment
option, these processes can be expensive both in the implementation and
maintenance, therefore it is of major importance to perform cost effectiveness analysis

for each of them under a common base of comparison.
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Analysis of organic micropollutants: An overview of carbon-based
materials for solid-phase extraction cartridges

Abstract

Solid-phase extraction (SPE) is the most used sample preparation technique for pre-
concentration and extraction of organic micropollutants in agueous matrices. To
achieve good SPE extraction conditions, the choice of the sorbent is a key step since
it will affect important parameters (selectivity, affinity and capacity). The development
of novel materials as sorbents for SPE has been extensively exploited to achieve more
selective materials with higher adsorption capacity, and to expand the availability of
cheaper, more easily synthesized sorbents. Carbon-based nanostructured materials
are interesting materials for sample preparation, due to their unique properties, such
as the high surface area and the possibility to be functionalized, which may increase
their affinity toward target compounds. This part of Chapter 2 aims to overview the
application of carbon-based materials as sorbents in SPE cartridges for extraction and

pre-concentration of EU organic micropollutants in realistic water matrices.

109



Chapter 2, Part B.

2.B-1 Introduction

Several analytical techniques have been improved to achieve high sensitivity and
reproducibility for the detection of organic micropollutants in the environment.
Considering the wide need of resources and great deal of time involved in this task,
novel analytical methods should allow (i) the simultaneous determination of different
chemical compounds in trace levels (i.e., meet the multi-class purpose), while (ii)
shortening the time required for dealing with the cleanup of sample matrix and the
extraction of analytes (i.e., the most time-consuming analytical steps) [1, 2]. Solid-
phase extraction followed by ultra-high performance liquid chromatography-tandem
mass spectrometry (SPE-UHPLC-MS/MS) is an advanced analytical method that has
been routinely used for quantification of organic micropollutants in environmental
samples. It is well known that the selection of the most appropriate sorbent is a crucial
step when using SPE since the enrichment efficiency of the target analytes relies on
the sorbent characteristics [3]. Several carbon materials have been studied for this
purpose, including graphene, fullerene, carbon nanotubes (single and multi-walled)
and carbon nanocones/disks [4-9]. Some of these materials have attracted increasing
attention in this field and several reports dealing with their application in conventional
SPE for extraction of PSs and CECs can be found in the literature. However, most of
these studies are focused on one single target compound or on a specific class of
compounds, generally pesticides [3, 10-16].

Part B of Chapter 2 intends to: (i) provide a comprehensive snapshot of the application
of carbon-based materials in SPE cartridges for extraction of EU-relevant PSs and
CECs from real water samples; (ii) highlight the lack of studies in this field; and (iii)

present and discuss the main difficulties and challenges on this research topic.
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2.B-2. Literature survey on the application of carbon-based materials in

SPE cartridges for extraction of EU micropollutants

Carbon nanostructured materials have unique physical and chemical properties which
make them excellent candidates as sorbents. Moreover, they can be tailored to
improve the sensitivity, enhance the selectivity and increase the analytical throughput.
Table 2.B-1 summarizes the literature reporting the application of carbon materials in
conventional SPE procedures. The search comprised publications in Scopus
database, using as keywords the name of each substance defined in EU legislation
(Directive 2013/39/EU, Decision 2015/495/EU, Decision 2018/840/EU and Decision
2020/1161/EU) and “carbon material” and “solid-phase extraction”. The publications
selected for this report were only those considering realistic water matrices. A total of
33 publications were found using the defined search criteria. Figs. 2.B-1 a) and b)
show the distribution of these publications in terms of the type of carbon material and

class of EU organic micropollutants studied, respectively.
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Table 2.B-1. Studies dealing with the application of carbon materials in conventional SPE:
type of carbon-based material, target analyte, matrix, and recoveries (%) obtained. Pollutants

included in these studies that are out of the scope of EU legislation are not discussed.

Carbon-based . Recovery
material Target analyte Matrix %) Ref.
Atrgzmg and Tap and groundwater 85-95 [10]
simazine
Atrazine and Surface and
. -11 1
metabolites underground water 86-110 [16]
Atrgzmg and River water 87-97 [17]
simazine
Atrgzmg and River, tap, reservoir 83-104 [15]
simazine and wastewater
. Tap, i
Atrazine ap, reservoir and 81-108  [13]
stream water
Mineral water,
. groundwater, and run-
— Chlorpyrifos off water from an 70-100 [12]
ulti-walle agricultural
carbon
nanotubes .
(MWCNT) Chlorpyrifos Well, tap and river 94-98 [18]
water
Atrazine Tap and reservoir 74-599 [14]
water
Methiocarb Tap and surface water 92-96 [11]
Alachlor Tap and river water 82-85 [19]
Thiamethoxam, Tap, ground and
acetamiprid and 88-110 [3]
imidacloprid reservoir water
a Diclofenac Surface and tap water 95-106 [20]
aPFOS Tap and river water 88-90 [21]
apCP River water 62-98 [22]
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PCP Tap and river water 97-109 [23]
PAHs Tap, river and 67-127 [24]
seawater
PAHs River, tap and 79-118 [25]
wastewater
Diclofenac River water 79-94 [26]
Atrgzmg and River, tap and na [27]
simazine wastewater
b 17-beta-estradiol Lake water 93-97 [28]
a Erythromycin,
azithromycin and Surface and 93-112 [29]
. groundwater
diclofenac
¢PCP Environmental water 110-120 [30]
¢PCP Pond and lake water 101-110 [31]
2 PAHS Rain, river and tap 85-110 [32]
water
Graphene- ¢ PAHs Pond and river water 89-114 [33]
based
materials: 4 PAHS Well, tap river and 95-101 [34]
graphene, wastewater
graphene
oxide, ¢ Chlorfenvinphos Water n.a. [35]
graphene
aerogel ¢ Diclofenac Wastewater 80-90 [9]
¢ Ciprofloxacin Tap and river water 72-108 [36]
e Estrone, 17-beta-
estradiol, estriol T dri ‘ 87-109 -
and 17-alpha- ap and river water - [37]
ethynylestradiol
Carbon Drinking, swimming
nanocones/ PCP pool, well and tank 93-104 [8]
disks water
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Drinking, river, rain,

Fullerene Ceo Benzene ground and n.a. [7]
wastewater
Asphalt-
derived
porous PAHs Tap water 88-98 [38]
activated
carbon

a carbon material chemically modified; ® molecularly imprinted poly(methacrylic acid)
grafted on an iniferter-modified MWCNT by living-radical polymerization; ¢ Graphene/
Graphene oxide with silica gel or supported on silica; ¢ Graphene oxide/
polydimethylsiloxane-coated stainless-steel mesh; © Graphene arerogel; n.a. is not
available; PFOS is perfluorooctanesulfonic acid; PAHs is polycyclic aromatic
hydrocarbons; PCP is pentachlorophenol.
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a) Other carbon materials
3
Graphene-based 9
materials
21 Multi-walled
carbon nanotubes
b)

Industrial compounds
Polyaromatic

1

hydrocarbons 6 ‘
Steroidal 2

'\ 18 Pesticides

estrogens

Aromatic 1
hydrocarbons

Pharmaceutical 5
compounds

Fig. 2.B-1. Number of publications reported in the literature dealing with the application of
carbon materials in SPE cartridges: (a) type of carbon material employed; and (b) class of EU
organic micropollutant studied. The studies selected for this review were performed using

realistic matrices.

Considering the application of carbon materials in conventional SPE for extraction of
organic micropollutants listed in the abovementioned documents, it is possible to
verify that carbon nanotubes, graphene and its derivates, fullerene, carbon
nanocones/disks and activated carbon were already tested. MWCNTs are the most
studied, followed by graphene-based materials (21 and 9 publications, respectively).
Both materials showed excellent characteristics as sorbents, with recoveries higher
than 62% in all studies herein reviewed (Table 2.B-1). Graphene may have some

limitations when employed as sorbent in SPE, including the higher possibility to be
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released from the SPE cartridge [39]. For this reason, the reports in Table 2.B-1
propose using silica as support of graphene. Fullerene, carbon nanocones/disks and
activated carbon were reported only once, suggesting that these materials have
attracted less attention for SPE in comparison with graphene or MWCNTSs. However,
the good recoveries obtained with these carbon materials make them interesting
candidates and, therefore, should be more studied in the future.

Carbon materials such as carbon nanofibers, carbon aerogels/xerogels among
others, have not yet been employed for the purpose here discussed, probably
because they are less common and also due to the limited number of research groups
preparing these materials [39]. Moreover, the application of chemically modified
carbon materials is even scarcer in the literature, only four studies being reported so
far (Table 2.B-1, publications marked with “2”) [20-22, 29].

Concerning the target analytes, pesticides are the most studied micropollutants in
water matrices, i.e., 18 of the 33 existing publications were focused on the extraction
of this type of compounds (Fig. 2.B-1b). Furthermore, it is important to refer that only
1 of the 33 publications found has considered EU pollutants of different classes [29].
Indeed, more studies on the other classes of organic micropollutants targeted in EU

legislation and/or considering multi-class compounds are missing in the literature.

2.B-3. Future perspectives

Carbon materials are good options to accomplish the urgent demand in analytical
methodologies for determination of PSs and CECs at trace concentrations. However,
it must be realized that the application of carbon-based materials is in its preliminary

stage of research to prepare SPE sorbents. Some challenges are expected in the
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development of carbon materials for sample preparation before the analysis of PSs
and CECs, such as: (i) the application of carbon materials is still restricted to a small
number of pollutants and many other important pollutants have not been tested with
these materials; (i) carbon materials must be prepared with tailored texture and
surface chemistry and high selectivity/specificity for adsorption/desorption of the
target organic micropollutants; and (iii) a better understanding of the interactive nature
of adsorption will provide valuable information for the preparation of adequate carbon
adsorbents for SPE cartridge, besides high purity and good stability. In fact, few
studies have been conducted on the application of MWCNTs and graphene
derivatives to assess the presence of organic micropollutants in diverse aquatic
matrices, and none specifically for a wide set of the target PSs and CECs. Among
these studies, an analytical methodology for extraction of multi-class compounds
using SPE with different carbon materials in a single and unique cartridge is not
reported yet. Further studies on a number of the aspects described above are required
to advance the application of carbon-based materials in conventional SPE for the

extraction of substances included in recently launched EU legislation.
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Chapter 3

Eco-friendly LC—MS/MS method for analysis of multi-class
micropollutants in tap, fountain, and well water from northern Portugal

Abstract

Organic micropollutants present in drinking water (DW) may cause adverse effects for
public health, and so reliable analytical methods are required to detect these
pollutants at trace levels in DW. This work describes the first green analytical
methodology for multi-class determination of 21 pollutants in DW: seven pesticides,
an industrial compound, 12 pharmaceuticals, and a metabolite (some included in
Directive 2013/39/EU or Decision 2015/495/EU). A solid-phase extraction procedure
followed by ultra-high-performance liquid chromatography coupled to tandem mass
spectrometry (offline SPE-UHPLC-MS/MS) method was optimized using eco-friendly
solvents, achieving detection limits below 0.20 ng L™1. The validated analytical method
was successfully applied to DW samples from different sources (tap, fountain, and
well waters) from different locations in the north of Portugal, as well as before and
after bench-scale UV and ozonation experiments in spiked tap water samples.
Thirteen compounds were detected, many of them not regulated yet, in the following
order of frequency: diclofenac > norfluoxetine > atrazine > simazine > warfarin >
metoprolol > alachlor > chlorfenvinphos > trimethoprim > clarithromycin =
carbamazepine = PFOS > citalopram. Hazard quotients were also estimated for the

quantified substances and suggested no adverse effects to humans.
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3.1. Introduction

Many micropollutants are not completely removed during conventional domestic
wastewater treatment and are discharged into water bodies (such as rivers) that are
then in turn used to supply drinking water treatment plants (DWTPs) providing tap
water.  Amoxicillin, naproxen, metoprolol, phenacetin, indomethacin,
sulfamethoxazole and caffeine, are some of these refractory micropollutants, and
despite their low concentrations in DW, they are of increasing public health concern
[1,2]. Moreover, even if public health effects are not expected, chemical compounds
may cause ecotoxicological adverse effects after long-term exposure, particularly
when present as complex mixtures [3,4].

Some regulations on water pollution have been published in the last years. In the
particular case of the European Union (EU), the requirements for a good chemical
status of groundwater have been set out in Directive 2006/118/EC [5] and the values
for a wholesome and clean water for human consumption in Directive 1998/83/EC [6].
Moreover, surface water protection was identified as one of the top work priorities at
EU, due to the increasing demand for water protection and treatment by
environmental organizations and population. Directive 2000/60/EC [7] was the first
mark in the European water policy, which set up a strategy to define high risk
substances to be prioritized. A set of 33 priority substances/groups of substances
(PSs) and the respective environmental quality standards (EQS) were ratified by
Directive 2008/105/EC [8]. In 2013, Directive 39/2013/EU [9] recommended attention
to the monitoring and the progress of innovative water/wastewater treatment
technologies, identifying 45 PSs to meet the protection of the aquatic compartments
and the human health. More recently, a set of substances for EU monitoring in surface

water bodies was defined in the Watch List of Decision 2015/495/EU [10]. The
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occurrence and removal of these substances has already been reviewed [11].
However, reports focused on the determination of organic micropollutants in DW, and
in particular regarding contaminants of emerging concern (CECs), are still scarce and
most countries do not have monitoring programs to routinely determine these
micropollutants. In fact, the analytical challenge of measuring pollutants at low
concentrations in environmental matrices, such as sludge and wastewater [12,13],
has been a major research focus for scientists in the last decades, but much less
attention has been given to DW [14]. In this context, it is crucial to develop sensitive
and reproducible analytical methods that enable the determination of organic
micropollutants belonging to different classes in DW.

The employment of an accurate and precise sample preparation as well as analytical
techniques with high standards of sensitivity and reproducibility, such as ultra-high
performance liquid chromatography (UHPLC), is required to assess the occurrence
and respective removal of micropollutants after water treatment. Hyphenated
chromatography-mass spectrometry techniques are presently the methods of choice
for DW analysis (Table B-S3.1), with only few works dealing with both
pharmaceuticals and pesticides [15,16], some with pesticides and/or their metabolites
[17-19], and most referring only to pharmaceuticals and/or their metabolites [14,20-
27]. Considering the resources and time consumed in these tasks, new analytical
methods should incorporate multi-residue and environmentally friendly approaches,
being able to determine trace levels of a wide range of chemically heterogeneous
compounds and simultaneously reduce the cleanup and extraction steps using green
solvents [28,29].

Green chemistry principles were introduced in the 90s, aiming to reduce the
environmental impact of diverse chemical activities, including those used in research

[30,31]. In this scenario, green analytical chemistry (GAC) plays an important role,
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e.g., by reducing hazardous wastes, using reusable materials and/or employing “eco-
friendly solvents” or “green solvents”. The last two terms have been applied to refer
the solvents that have associated a lower environmental impact resulting from their
production, use and disposal (life cycle assessment), and/or that allow minimizing
health and safety impacts [32]. The main goals of GAC include the multi-analyte
determination and the development of new (or modification of) analytical
methodologies, through the replacement of toxic reagents by smaller amounts of safer
reagents, preferentially obtained from renewable sources [29,32]. Several strategies
have been used in LC-MS/MS, such as the reduction of the internal diameter and
particle size (sub-2 pm) of chromatographic columns (to diminish eluent
consumption), and the replacement of conventional mobile phases (consisting of
acetonitrile and/or methanol) by environmental friendly alternatives like water, ethanol
and carbon dioxide in the particular case of Supercritical Fluid Chromatography
[30,33].

The aim of this work was the optimization and validation of an eco-friendly analytical
method based on offline SPE-UHPLC-MS/MS, for the multi-class determination of
organic micropollutants (12 pharmaceuticals, 1 metabolite, 7 pesticides and 1
industrial compound) in DW from northern Portugal. The targeted organic
contaminants (Table B-S3.2) were selected based on their inclusion in EU regulations,
some of the compounds being specified in Directive 2013/39/EU or in Watch List of
Decision 2015/495/EU. The selected micropollutants were previously reported as
toxic and frequently found in the aquatic environment [14,20,34]. The occurrence of
the multi-class contaminants was investigated for the first time in DW samples from
different sources (tap, fountain and well waters) and locations in northern Portugal, as
well as the related hazard quotients (HQs) were determined. The HQs evaluation for

these micropollutants could be a predictive way to assess the human health risk of
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exposure to CECs, but only a few reports focused this approach for organic
contaminants in DW [2,14,34-37]. The efficiency of two processes (UV and ozonation)
typically employed for DW disinfection and/or degradation of organic pollutants in

DWTPs was also verified using the analytical strategy proposed.

3.2. Experimental

3.2.1. Chemicals and materials

All reference standards (diclofenac sodium, tramadol hydrochloride, azithromycin
dihydrate, clarithromycin, trimethoprim, warfarin, clopidogrel hydrogen sulfate,
metoprolol tartrate, carbamazepine, citalopram hydrobromide, venlafaxine
hydrochloride, fluoxetine hydrochloride, norfluoxetine oxalate, alachlor, atrazine,
simazine, isoproturon, chlorfenvinphos, pentachlorophenol, clofibric acid and
perfluorooctanesulfonic acid; > 98% purity) were purchased from Sigma-Aldrich
(Steinhein, Germany). Individual stock solutions of approximately 1000 mg L* were
prepared in methanol, ethanol or acetonitrile, depending on the solubility of each
analyte. Two working standard solutions containing all the target analytes at
200 pg Lt and 20 ug L were prepared by diluting each stock solution in ethanol.
Surrogate standards (ketoprofen—d3, fluoxetine—d5 solution and atrazine—d5) were
purchased from Sigma-Aldrich (Steinhein, Germany). Individual stock solutions of
1000 mg L™ of the isotopically labeled internal standards ketoprofen—d3 and atrazine—
d5 were prepared in methanol, the same solvent of fluoxetine—d5 solution. An
ethanolic working solution containing 1 mg L of each isotopically labeled internal

standard was prepared.
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Methanol and acetonitrile (MS grade) were obtained from VWR International
(Fontenay-sous-Bois, France). Ethanol (HPLC grade) and ethylenediaminetetraacetic
acid (EDTA) (99%) were acquired from Fisher Scientific UK Limited (Leicestershire,
UK). Sodium thiosulfate and L-ascorbic acid (99%) were purchased from Sigma-
Aldrich (Steinhein, Germany). Ammonium acetate, ammonium hydroxide 25%,
sulphuric acid and formic acid were obtained from Merck (Darmstadt, Germany).
Ultrapure water was supplied by a Milli-Q water system (resistivity of 18.2 MQ.cm, at
25 °C). HPLC grade solvents were filtered with 0.22 um nylon membrane filters
(Membrane Solutions, TX, USA). Oasis® HLB (Hydrophilic-Lipophilic-Balanced),
Oasis® MCX (Mixed-mode Cation eXchange) and Oasis® MAX (Mixed-mode Anion-
eXchange) cartridges (150 mg, 6 mL), obtained from Waters (Milford, MA, USA), were
tested for SPE optimization. A pHenomenal® pH 1100L pH meter (VWR, Germany)

was used for the pH adjustments.

3.2.2. Sample preparation

Tap waters were collected from the water supply network for use as matrix for the
SPE optimization and validation of the method. The vacuum extraction and drying
devices LiChrolut® used for SPE procedure were acquired from VWR (Merck
Millipore, Billerica, MA, USA). In order to assess the best performance of SPE
cartridges to extract the overall compounds, SPE optimization was performed by
comparing Oasis® HLB, MCX and MAX cartridges. Oasis® MAX and MCX cartridges
were conditioned sequentially with 4 mL of methanol and 4 mL of ultrapure water at a
flow rate of 1 mL mint. For HLB cartridges, the conditioning was performed at the
same flow with 4 mL of methanol or ethanol and 4 mL of ultrapure water. The sample
pH was optimized for HLB cartridges using methanol as conditioning solvent, by

comparing the recoveries achieved with initial sample pH adjusted to 3, 7 and 9. For
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MAX and MCX SPE procedures, samples were respectively alkalinized to pH 9 or
acidified to pH 3, before loading. The pH adjustments were done with ammonium
hydroxide or sulphuric acid. Sample loading was carried out with 250 mL of blank and
spiked (35 ng L) tap water samples at a constant flow rate of 10 mL min-1, using the
vacuum manifold unit connected to a vacuum pump. The washing step was performed
with 4 mL of ultrapure water, 5% ammonium hydroxide aqueous solution, or 2% formic
acid aqueous solution, for HLB, MAX and MCX, respectively. After washing, the
cartridges were dried under vacuum for 45 min. The elution step was performed at a
flow rate of 1 mL min! with: 4 mL methanol or ethanol for Oasis® HLB cartridges,
4 mL of methanol to extract the neutral compounds and weak bases in the case of
Oasis® MAX and neutrals and weak acids in the case of Oasis® MCX. A second
elution was performed for mixed-mode cartridges Oasis® MAX and MCX, respectively
with a 2% formic acid methanolic solution (elution of acids) or 5% ammonium
hydroxide methanolic solution (elution of basics). The LiChrolut® drying device was
coupled to the vacuum extraction unit to evaporate the extracts to dryness with a
gentle nitrogen stream. The dry residues were reconstituted in 300 L of ethanol and
the ethanolic extracts were filtered using 0.22 ym polytetrafluoroethylene syringe
filters (Membrane Solutions, TX, USA). To assess the breakthrough volume, sample
loading was tested with three volumes of non-spiked (blanks) and 35 ng L spiked tap
water samples, namely 250, 500 and 1000 mL, using the optimized SPE procedure.
In order to improve the recovery rates, the chelating agent EDTA (100 mg L) was
tested as well as two dechlorination agents, ascorbic acid (10 mg L*) and sodium
thiosulfate (30 mg L1). Analysis of reuse efficiency for the optimized SPE protocol

was performed in three consecutive days.
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3.2.3. UHPLC-MS/MS

A Kinetex™ 1.7 ym XB-C18 100 A column (100 x 2.1 mm, i.d.) (Phenomenex, CA,
USA) was used and different mobile phases were tested (acetonitrile, ethanol or
methanol as organic phase and ammonium acetate, formic acid aqueous solutions or
water as aqueous phase). The optimized mobile phase was ethanol/water (70/30,
vilv), pH 7.0, performed at isocratic mode using a flow rate of 0.20 mL min-1. Column
oven and autosampler temperatures were set respectively at 35 and 4 °C and the
volume of injection was 5 pL. An electrospray ionization source was used operating
in both positive and negative ionization modes. The precursor ion and the two most
abundant fragments were used for quantification by selected reaction monitoring
(SRM) and identification (Table B-S3.3). The mass spectrometer parameters
declustering potential, collision energy and collision cell exit potential of each analyte
are described elsewhere [38]. The optimized conditions for MS parameters, using
argon at 230 kPa as CID gas were: 2.5 dm® min?! for nebulizing gas flow,
10 dm3 min? for drying gas flow, 0.5 kV for capillary voltage, 450 °C for source
temperature and 200 °C for desolvation temperature. Additional information is

presented in the Text B-S3.1. Instrumentation (Appendice B).

3.2.4. Quality assurance/quality control

The offline SPE-UHPLC-MS/MS method validation was performed according to the
international guidelines [39] and previous works [38, 40, 41], through the evaluation
of the following parameters: selectivity, linearity and range, limits of detection and
quantification, accuracy, precision and recovery. Chromatograms of non-spiked tap
waters (blank extracts), standards extracted from the spiked tap waters at 35 ng L*

and an ethanolic solution containing all the standards at a concentration

133



Chapter 3

corresponding to the theoretical concentration after SPE, were compared to assess
the selectivity. For recovery experiments, three quality control (QC) standard solutions
were prepared, in triplicate in three consecutive days, by extracting tap water samples
spiked with three different concentrations (3.5, 15 and 35 ng L1). The peak areas of
the standards extracted from the spiked tap waters were compared with those of
ethanolic solutions containing all the standards at the theoretical concentrations of
recovered extracts, to assess the recovery of each SPE procedure. For target
compounds detected in the blank matrix, the peak areas were subtracted from those
obtained with the spiked matrix.

The internal standard calibration method was used to define the linearity and range
for each target analyte. Triplicates of 250 mL tap water samples spiked with seven
different standard concentrations (0.75, 1.5, 2.0, 4.0, 8.0, 20 and 40 ng L) were
prepared, the pH was adjusted to 3 and sodium thiosulfate solution was added to
obtain a concentration of 30 mg L. 10 pL of a working internal standards solution of
1 mg L* was added to each sample. These standard solutions were extracted by the
optimized SPE procedure and reconstituted in 300 pL of ethanol to create the
calibration curves, by injecting 5 uL in the UHPLC apparatus. Method detection (MDL)
and quantification (MQL) limits were determined as described elsewhere [38,41]
spiking water samples prior to the SPE procedure with ethanolic standard solution to
achieve successively diluted samples. The minimum detectable amount of each
compound giving a signal-to-noise (S/N) ratio of 3.3 and 10 gave MDL and MQL,
respectively. The three triplicate QC solutions, described above, were also used to
evaluate the accuracy of the method as well as the precision (intra- and inter-batch).
The concentrations of the analytes in the SPE extracts calculated using the calibration

curves were compared with the nominal concentration, in percentage, to determine
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the accuracy. The relative standard deviation (RSD) of the intra-batch and inter-batch
replicate analyses expressed the precision of the method [42, 43] In order to evaluate
the possible carry-out effect, ethanol was injected after each set of triplicates. The
stability of the compounds was assessed by calculating the RSD of the three QC

extracts stored at 4 °C in the autosampler, 24 and 48 h after reconstitution.

3.2.5. Matrix effect

The post-extraction addition method was used to assess the matrix effect [38, 41, 43].
The method was carried out on tap water samples, by comparison of three post-spiked
extracts of blank samples and three extracts of non-spiked blank samples, using the
optimized SPE procedure. The matrix effect (ME) was calculated as the ratio of the
peak areas obtained for blank extracts spiked after SPE, subtracting those of the non-
spiked blanks (A) and the peak areas of the standards solution with a similar
concentration as the post-spiked extracts (B) through the following equation:
ME (%) = A/B x 100 [41, 43]. The absence of matrix effect, the ionization
enhancement and the ionization suppression are given respectively by values of

100%, > 100% or < 100%.

3.2.6. Application to drinking water samples and chemical treatment

Grab DW samples from different sources, namely tap water (n = 13), fountain water
(n =5) and well water (n = 5), were collected in the end of May 2015, from various
locations of Portugal northwest region and analyzed by the proposed method.
Samples were immediately stored at 4 °C until extraction, which was performed within
24 h. Before SPE, samples were acidified with sulphuric acid (pH 3) and sodium
thiosulfate was added to each sample (30 mg L1) to reduce any residual chlorine that

might be added as a disinfectant.
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Tap water samples collected from the water supply network were spiked with the
target analytes at 30 ng L1, to assess the applicability of the present UHPLC-MS/MS
method to assess the removal of the target micropollutants by chemical processes.
UV and ozonation experiments were performed as described elsewhere [44], and the
removal of the target micropollutants was evaluated after 30 min, using a 1 L reactor

loaded with 750 mL of the spiked samples, under magnetic stirring at 350 rpm.

3.2.7. Human health risk assessment

For those substances found in DW, a preliminary human health risk assessment was
performed through the estimation of the HQ, according to previous works [35, 45]. HQ
is given by the quotient of the estimated daily intake (EDI) and the acceptable daily

intake (ADI):

__EDI
T ADI

HQ (Eqg. 3.1)

where EDI values were calculated for the higher concentration of each substance

quantified in tap, fountain or well water, as follows:

__ Concentration X Ingestion rate

EDI =

Body weight (Eq. 3.2)

by considering an average body weight of 70 kg for adults based on the average life
expectancy at birth of the global population in 2013 of the World Health Organization,
and a water intake of 2 L day* [35]. ADI for each pesticide was based on the Australian
ADI list [46], whereas the values for pharmaceuticals were calculated from equation

3.3:

ADD
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where ADD is the average daily dose and AF is an assessment factor of 1000, which
accounts for 10 from intra species variability, 10 for sensitivity in susceptible
population groups and 10 for the differences between the ADD and the no observed

effect concentration [35, 37].

3.3. Results and discussion

3.3.1. UHPLC-MS/MS optimization

Chromatographic separation was optimized using a sub-2 uym particle Kinetex™
column, allowing short and high resolution chromatographic runs. Since the present
work deals with different groups of compounds with a vast range of physical-chemical
characteristics (Table B-S3.1), the ideal mobile phase for certain target compounds
might lead to low sensitivity for many other analytes. The mobile phase consisting of
ethanol and ultrapure water, gave the best signal intensity and symmetric peaks as
previously found for wastewater matrix [38]. The variation of organic/aqueous phase
proportion and flow rate was optimized and a mixture of ethanol and ultrapure water
(70/30, v/v), with a flow rate of 0.20 mL min-! at isocratic mode was used. The column
oven temperature was set at 35 °C, improving the resolution and peak shape of the
analytes and reducing the analysis time to 15 min, as raising the temperature reduces

the viscosity of the mobile phase.

3.3.2. MS/MS optimization

The tandem MS detection using a triple quadrupole enabled the simultaneous
guantification of the 21 analytes at trace levels, as well as confirming their identity.

The precursor ions of each compound were selected through the flow injection
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analysis of each target analyte in full scan mode, under both positive and negative
modes. From all the compounds studied in this work, 18 compounds and 2 internal
standards had a higher intensity under positive mode of ionization, with the protonated
molecular ion of each compound [M+H]* chosen as precursor ion, whereas 4
substances (3 compounds and 1 internal standard) were more intense in the negative
ionization mode, using the deprotonated molecular ion of each compound [M-H] as
precursor ion. Most compounds presented two or more SRM and the most abundant
product ion from each precursor ion (SRM1) was selected for quantification and the
second most abundant (SRM2) was monitored for identity confirmation (Table B-
S3.3), with a scan time of 100 ms per transition. In order to confirm the identity of the
compounds, both the retention time (Table 3.1) and the ion ratio (SRM1/SRM2) of
each analyte were used, according to European Commission Decision 2002/657/EC.
Two pharmaceuticals and one pesticide (tramadol, fluoxetine and pentachlorophenol)
had a poor fragmentation and only one SRM was monitored, a drawback overcome

by the internal standard calibration using the respective surrogate standard.
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Table 3.1. Retention time, range, linearity, method detection (MDL) and quantification (MQL) limits, accuracy, precision (intra- and inter-batch) and

matrix effect for each target analyte.

Retention Intra-batch Inter-batch Matrix
Class and . Range MDL®  MQLP  Accuracy . o
Analyte time r2 precision precision effect
sub-class
(min) (ng LY (ngLY) (ngL?) (%) RSD (%) RSD (%) (%)
Pharmaceuticals
B ) Diclofenac 1.27 0.75-40 0.9982 0.17 0.52 106.3+10.5 1.67-8.48 10.1 222+23
Anti-inflammatories
Tramadol 5.65 0.75-40 0.9976 0.07 0.22 103.7+9.3 2.28-3.55 12.9 117.1+£0.1
Azithromycin 8.08 0.75-40 0.9969 0.20 0.61 93.4+13.3 7.93-9.75 9.38 23.7+8.4
Antibiotics Clarithromycin 8.47 0.75-40 0.9957 0.11 0.32 1041+£6.1 7.75-10.0 11.2 26.4+11.5
Trimethoprim 4.00 0.75-40 0.9993 0.07 0.21 97.1+15.7 2.99-5.80 7.21 64.9+13.3
Anticoagulant Warfarin 1.28 0.75-40 0.9965 0.17 0.52 97.6+15.1 7.67-15.2 10.6 1934 +1.7
Antiplatelet agent Clopidogrel 2.11 0.75-40 0.9982 0.01 0.04 112.1+6.6 2.75-8.24 6.89 77.4+10.3
Beta-blockers Metoprolol 6.29 0.75-40 0.9984 0.05 0.15 109.3+0.7 3.26-14.0 13.2 113.1+£5.6
Carbamazepine 1.32 0.75-40 0.9966 0.19 0.59 100.6 £35 9.76 —15.0 8.38 304+84
) 1132 +
o Citalopram 6.06 0.75-40 0.9961 0.09 0.26 86.6 + 6.4 5.09-11.4 145
Psychiatric drugs 11.7
Venlafaxine 6.84 0.75-40 0.9978 0.10 0.32 105.2+54 1.11-4.60 14.5 108.9+2.1
Fluoxetine 8.86 0.75-40 0.9963 0.04 0.13 118.1+0.3 0.77-3.96 5.19 95.2+6.4
Metabolite Norfluoxetine 8.93 0.75-40 0.9975 0.05 0.16 119.0+0.2 3.04-6.79 6.99 95.2+4.4
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Pesticides
Chloroacetanilide Alachlor
o Atrazine
Triazine ) )
Simazine

Organophosphorus  Chlorfenvinphos
Phenylurea Isoproturon

Organochlorine  Pentachlorophenol

Herbicide Clofibric acid
Industrial
PFOS
compound

1.65
1.33
1.21
1.62
1.34
155
1.23

1.07

0.75-40
0.75-40
0.75-40
0.75-40
0.75-40
0.75-40
0.75-40

0.75-40

0.9975
0.9945
0.9983
0.9971
0.9968
0.9986
0.9995

0.9957

0.09
0.12
0.15
0.18
0.04
0.20
0.14

0.06

0.28
0.37
0.46
0.54
0.12
0.60
0.42

0.19

98.8+0.3
92.3+238
84.9+46
98.6 +6.2
99.2+ 3.4
94.1+£6.8
92.7+5.5

80.6 £6.2

6.39 - 14.9
2.60-6.47
3.86-9.23
5.01-147
2.00-4.10
7.75-13.2
6.20-11.0

5.30-135

8.97
7.86
8.35
14.8
5.02
8.65
6.57

4.51

99.2+10.3

525+154
49.8+24
96.9+2.0
34.4+94
57.5+£9.0
19.1+6.5

48.7+x1.4

2 MDL, method detection limit; ® MQL, method quantification limit.
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3.3.3. SPE optimization

A detailed optimization study was carried out on the most relevant parameters that
affect recovery rates and matrix effects, namely the sample pH, the extraction
solvents, the type of cartridges, the sample volume and the addition of chelating and
dechlorination additives. Preliminary studies were performed to evaluate the
performance of different sample pH, by extracting 250 mL of tap water samples
through the versatile Oasis® HLB cartridges. The water samples were adjusted to
different pH (3, 7 and 9) and extracted using a conventional solvent, i.e. methanol, as
conditioning and eluting solvent. Acidic pH provided higher recoveries for acidic
compounds, and in particular for pesticides and some pharmaceuticals (Fig. B-S3.1),
whereas basic analytes were recovered better at higher pH but a lower influence of
pH on the extraction efficiencies was found for these compounds. Thus, the best
compromise was to adjust the sample pH to 3, in order to get the best recovery for as
many analytes as possible.

Recoveries of Oasis® MCX cartridges useful for extraction of basic compounds and
Oasis® MAX adequate for extraction of acidic compounds were then compared to
Oasis® HLB cartridges. A recovery higher than 70% was achieved using Oasis® MCX
for the antidepressants (citalopram, venlafaxine, fluoxetine) and for trimethoprim (Fig.
3.1). These results were expected, due to the high pKa of these compounds (near 9).
Clofibric acid and diclofenac were highly recovered when extracted by Oasis® MAX
cartridges (Fig. 3.1), owing to their acidic nature (pKa values of approximately 4).
However, the versatile Oasis® HLB cartridges suitable for most compounds (acidic,
basic and neutrals), provided higher recoveries for most analytes (Fig. 3.1), as
observed in other works [15, 20]. Thus, Oasis® HLB was the adsorbent selected for

the next recovery experiments, using sample pH adjusted to 3.
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Different sample volumes were tested (250, 500 and 1000 mL) using Oasis® HLB
cartridges and sample pH adjusted to 3 to determine the breakthrough volume, the
volume that allows the maximum extraction efficiency and from which extraction
efficiency declines [41]. The sample volume of 250 mL provided the highest recoveries
for the majority of the compounds, except for fluoxetine and norfluoxetine, being
selected as the optimized sample volume (data not shown). Although a higher volume
would give a theoretical higher enrichment factor, the results showed that recovery
rates for most compounds decreased using higher sample volumes, due to the
aforementioned phenomenon of decrease of extraction efficiency above the so-called
breakthrough volume, as previously described [47]. Although a clean matrix was
studied in the present work, it is reported in other studies dealing with different
matrices that even when using the same method, the recovery is not always better for

matrices that are supposed to be cleaner [20, 48].
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Fig. 3.1. Recoveries obtained for the target analytes with the following SPE conditions: HLB,
MAX and MCX using methanol and extracting 250 mL of tap water samples, adjusted to pH 3
for HLB and MCX and pH 9 for MAX cartridges.

Afterwards, Oasis® HLB cartridges were employed to extract 250 mL of tap water
samples at pH 3 (optimized for methanol), using ethanol as conditioning and elution
solvent, due to the known toxicity of methanol, usually used for SPE. Ethanol (Fig.
3.2) gave recoveries slightly higher than methanol (Fig. 3.1) for the majority of
compounds. Moreover, ethanol is considered a “green” solvent, i.e., minimizes the
environmental impact resulting from the use of solvents, and follows the guidelines of
GAC [28, 29]. In fact, several methods reported in the literature employ solvents such
as methanol or acetonitrile, presenting high toxicity [14, 15, 20, 22, 23, 27]. Thus,
ethanol was selected as solvent for the next experiments. This is the first SPE
procedure proposed for extraction and cleanup of DW samples, employing ethanol as

extracting and eluting solvent.
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Subsequently, the chelating and dechlorination effects were studied. Whilst a solution
of EDTA was added to the water samples to test the chelating effect, acid ascorbic or
sodium thiosulfate were added to assess the dechlorination effect. Regarding to the
addition of EDTA, it was possible to verify a slight improvement in the extraction
efficiency of a few compounds (Fig. 3.2), compared with the results obtained for
samples without additive, namely for chlorfenvinphos, clofibric acid, trimethoprim and
diclofenac. This could be explained by the fact that these compounds might bind to
residual metals present in the sample matrix, resulting in low extraction recoveries
[20]. By adding EDTA, soluble metals bind to the chelating agent, increasing the
extraction efficiency of some compounds that are available to be extracted and
detected [20]. This phenomenon was previously observed in DW by several authors
[14, 20, 23]. Concerning the dechlorination agents, the addition of sodium thiosulfate
increased the overall extraction recoveries (Fig. 3.2), probably because it reduced the
residual chlorine that had been added as a disinfectant in the DW supply [22]. The
effects of filtering and/or aeration of the water samples and the simultaneous addition
of EDTA and sodium thiosulfate were also studied, however the recovery efficiency
was not improved. Therefore, sodium thiosulfate was used before SPE to enhance

the recovery rates.

144



Chapter 3

i_‘HLB (no additive) [IIMll HLB (sodium thiosulfate) [ JHLB (EDTA)

80 —

60

Recovery (%)

40

20

S RN R N -

e
BaSSaaaay—

=
N

Fig. 3.2. Recoveries obtained for the target analytes with the following SPE conditions: HLB
cartridges using ethanol, extracting 250 mL of tap water samples, adjusted to pH 3, without
additives, with sodium thiosulfate, or EDTA as additives.

The main objective of the optimization of the sample preparation methodology was
the development of a single SPE procedure, allowing the extraction of a large group
of compounds with different physical-chemical characteristics. As result, and
according to the higher recoveries obtained for most of the target compounds, the
selected conditions were: Oasis® HLB cartridges, ethanol as conditioning and eluting
solvent and 250 mL of water samples (pH 3) with sodium thiosulfate at 30 mg L! as
dechlorination agent.

The recoveries obtained for reuse performance assessment of the cartridges showed
that each reuse led to a loss of retention capacity of the cartridges, reflected by the
decrease of the recovery of the compounds. The first reuse of the cartridges led to an

average decrease of 14% on the recovery efficiency. The loss was higher for the
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second reuse, with a decrease of approximately 50% in the recovery rates. Here, it
was verified that although preconized by the supplier, reusing cartridges is not a good

practice for analytical purposes that require a high reproducibility.

3.3.4. Matrix effect

The matrix effect was determined by the post-extraction addition method, to assess
the influence of the matrix in the ionization process occurring in the ionization source
of the mass spectrometer [38]. The percentage ratio between the post-spiked blank
extracts and ethanolic standard solutions were between 19.1% and 193%. Although
DW is considered a clean and simple matrix, a wide range of values was found for the
matrix effect. Cotton et al. [49] also reported high matrix interferences for many
compounds, only less than half of the analytes had matrix effect values within 80-
120%. When LC-MS/MS methods are developed to determine various micropollutants
in different matrices, e.g., DW, surface water and wastewater, matrix effects are
usually calculated for only one of these matrices. Most compounds presented signal
suppression, i.e. matrix effect < 100%, namely diclofenac, azithromycin,
clarithromycin, trimethoprim, clopidogrel, carbamazepine, atrazine, simazine,
isoproturon, pentachlorophenol, clofibric acid and PFOS (Table 3.1). Tramadol,
metoprolol, citalopram and venlafaxine had a slight ionization enhancement (matrix
effect > 100%) while the signal of warfarin was highly increased. Compounds with
almost no matrix effect, under the conditions of the current work, were fluoxetine,

norfluoxetine, alachlor and chlorfenvinphos.

3.3.5. Quality assurance/quality control

The trends of GAC were applied in the chromatographic optimization, namely the use

of low volumes of non-toxic solvents [28, 29]. Enhanced productivity and reduced cost
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are the main objectives for routine analysis, being possible using stationary phases
with reduced column length and diameter [30, 33]. Also the new instruments operating
at higher pressure allow using more viscous solvents as ethanol, which is less volatile
than acetonitrile and has less toxicity and lower disposal costs than both acetonitrile
and methanol, complying with the trends of GAC. The short run time and the low
volume of a non-toxic organic phase as ethanol is a great achievement in the method
development, in comparison to chromatographic methods for DW analysis using
methanol [15, 20, 21] or acetonitrile [14, 22, 23, 27] as organic mobile phases, as well
as methanol as solvent for conditioning and eluting the SPE cartridges [14, 15, 20,
22, 23]. In the present work, 21 compounds with diverse chemical nature (7 pesticides,
1 industrial compound, 12 pharmaceuticals and 1 metabolite) were determined in a
single run (Fig. B-S3.2 (a, b)). In the limited literature for DW analysis, the number of
compounds analyzed by LC-MS/MS varies up to ca. 80, most reports deal with
pharmaceuticals [14, 20-23, 27], and a couple of them deal with both pharmaceuticals
and pesticides [15, 16].

The offline SPE-UHPLC-MS/MS method was validated according to the international
guidelines [39] and works published elsewhere [38, 41, 50], regarding recovery,
accuracy, intra and inter-batch precision (Table 3.1). The recovery of the target
analytes using the optimized SPE procedure was assessed, after pre-concentration
of blank samples and 35 ng L! spiked samples. The recoveries evaluated for the DW
matrix were reproducible and between 22.4% and 139% (Fig. 3.2). Peak areas of the
target analytes found in the DW blank matrix were deducted for recovery rate
evaluation. The dissimilar recoveries are owing to the wide chemistry nature of the
target compounds and were taken into account, using the matrix match calibration
curves and internal standards addition before SPE. For instance, Gros et al. [20]

developed a multi-residue analytical method, with similar recoveries values for DW,
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namely for cimetidine (24 + 17%). In that work, recovery values for the same
compounds were higher in other matrices such as surface and wastewaters. Lopez-
Serna et al. [48] also reported some low values of recovery (< 10%) for groundwater,
and higher recoveries for matrices presumably more affected by interferents.
Accuracy as well as intra and inter-batch precision were evaluated by analysis of the
QC extracts. The accuracy ranged from 80.6% to 119% (Table 3.1), which is within
the range of 80 —120%, according to the international criteria [39]. RSD of the triplicate
measurements of the three QC was used to guarantee the precision of the method
(Table 3.1), with intra-batch < 15.2% and inter-batch < 14.8%, meeting the
international guidelines (RSD lower than 15% or 20% for the lower concentration QC)
[39]. RSD of the triplicate analysis of the three QC samples after 24 and 48 h of
reconstitution was lower than 5%. The calibration curves were generated using the
internal calibration method through spiking samples with isotopically labeled internal
standards, before SPE extraction. Three internal standards were used for three sets
of compounds that were defined depending on the acid-basic nature (Table B-S3.3),
as other published works dealing with multi-class determination [14, 20, 27], which
use an internal standard for each set of compounds due to the high cost for routine
environmental monitoring and difficulty to find suitable internal standards for each
compound in a series of compounds with distinct properties. The coefficients of
determination of the calibration curve extracts were higher than 0.99 in the range of
0.75—-40 ng L for all compounds (Table 3.1). The MDL and MQL were between 0.01—
0.20 ng L* and 0.04-0.61 ng L%, respectively, allowing to detect the target

contaminants at residual concentrations (few nanograms per liter levels).
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3.3.6. Quantification of micropollutants in DW

The developed offline SPE-UHPLC-MS/MS method was applied to DW samples
collected at the end of May 2015, from various locations of Portugal northwest region
and from different sources (Table 3.2), namely tap water (n = 13) (Fig. B-S3.2 (c)),
fountain water (n = 5) and well water (n = 5). Of the 21 investigated chemicals, 13
were detected in DW samples at ng L levels, which is consistent with concentrations
reported in other studies [14, 15, 20-23, 27, 51]. The most common chemicals
observed were diclofenac, trimethoprim, warfarin, metoprolol, norfluoxetine, atrazine
and simazine.

Regarding tap water, diclofenac, warfarin, norfluoxetine, atrazine and simazine were
the compounds most frequently detected. The micropollutants found at highest
concentrations were diclofenac and the pesticide chlorfenvinphos considered a PS,
although well below 0.1 yg L1 preconized for single pesticides in the Directive
1998/83/EC [6]. Concerning fountain water samples, diclofenac and atrazine were the
most common micropollutants, being also found at the highest concentrations. The
results obtained for well water samples showed that diclofenac was quantified in all
the samples. Diclofenac, carbamazepine and the PS simazine were those found at
the highest concentrations.

The comparison of the results obtained in this work with similar studies conducted by
other authors (Table B-S3.4) is difficult, since the consumption of pharmaceutical
compounds as well as the intensity of agricultural and industrial activities, varies
among different regions. Carbamazepine, caffeine, ibuprofen and sulfamethoxazole
were often reported in DW, being carbamazepine the most frequently found up to
40 ng L1 [14, 15, 20-23, 27, 51]. Other compounds such as atenolol, clofibric acid,

azithromycin, erythromycin, fluoxetine and diclofenac were also detected but at very
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low levels [15, 20, 21, 23, 27]. It is important to emphasize the need of revision of the
European policy regarding tap waters, considering that Directive 1998/83/EC is
outdated in view of the studies reported in the last decade. The more recent Directive
2013/39/EU regulates surface waters, demanding more rigorous acceptable values
than Directive 1998/83/EC [6] regulating water for human consumption. The same
issue should be considered for groundwater regulated by Directive 2006/118/EC [5],
considering that fountain and well waters used for human consumption can be

sourced by this type of water.

3.3.7. Human health risk assessment

The maximum values of each micropollutant in DW were used to estimate the
respective HQ. This prediction give insights about the human health risk assessment,
by evaluating the probability of adverse effects: HQ values below 0.1 indicate no
expected adverse effects; values between 0.1 and 1.0 suggest potential for adverse
effects that should be considered, despite of the low risk; HQ values ranging from 1.0
to 10 indicate adverse effects or mild risk; a high risk is assumed only for HQ values
above 10 [32]. The maximum measured concentrations observed for the targeted
chemicals found in DW (Table 3.2) were used to calculate EDI, predicting the worst
case scenario. Even so, the HQ for all micropollutants found in DW samples were
between 4.56 x 106 and 4.49 x 10, well below 0.1, so adverse effects are not likely
to be expected at such concentrations. Risks assessment of simultaneous exposure
to multiple contaminants was not considered, although some of these compounds are
already recognized to trigger several additive, synergistic or antagonist effects [34,

36].
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Table 3.2. Concentrations of micropollutants (ng L) detected in tap, fountain and well water samples analyzed.

Class and Tap water Fountain water Well water
Analyte
sub-class (n=13) (n=5) (n=5)
] Concentration Frequency Concentration Frequency Concentration Frequency
Pharmaceuticals
(ng L) (ng L) (ng L)
- ] Diclofenac <MQL-7.87 7/13 3.95-7.66 4/5 1.60-36.20 5/5
Anti-inflammatories
Tramadol n.d. n.d. n.d. n.d. n.d. n.d.
Azithromycin n.d. n.d. n.d. n.d. n.d. n.d.
Antibiotics Clarithromycin <MQL 1/13 n.d. n.d. 1.14 1/5
Trimethoprim <MQL 1/13 <MQL 1/5 0.86 1/5
Anticoagulant Warfarin 0.39-3.89 5/13 4.07 1/5 11.2 1/5
Antiplatelet agent Clopidogrel n.d. n.d. n.d. n.d. n.d. n.d.
Beta-blockers Metoprolol <MQL 5/13 n.d. n.d. <MQL 1/5
Carbamazepine 3.34 1/13 n.d. n.d. 58.8 1/5
o Citalopram <MQL 1/13 n.d. n.d. n.d. n.d.
Psychiatric drugs )
Venlafaxine n.d. n.d. n.d. n.d. n.d. n.d.
Fluoxetine n.d. n.d. n.d. n.d. n.d. n.d.
Metabolite Norfluoxetine <MQL 13/13 <MQL 1/5 <MQL 1/5
Pesticides
Chloroacetanilide Alachlor <MQL 4/13 n.d. n.d. 3.07 1/5
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o Atrazine 1.14-2.24 6/13 1.59-103 3/5 1.66 1/5
Triazine Simazine <MQL-1.45 4/13 <MQL-2.20 2/5 2.84-28.4 2/5
Organophosphorus Chlorfenvinphos 2.46-6.50 2/13 0.49-3.89 2/5 n.d. n.d.
Phenylurea Isoproturon n.d. n.d. n.d. n.d. n.d. n.d.
Organochlorine Pentachlorophenol n.d. n.d. n.d. n.d. n.d. n.d.
Herbicide Clofibric acid n.d. n.d. n.d. n.d. n.d. n.d.
Industrial
compound PROS <MQL 1/13 n.d. n.d. 11.7 1/5

MQL, method quantification limit; n.d., not detected; PFOS, Perfluorooctanesulfonic acid.
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3.3.8. Removal of micropollutants in DW using UV radiation or ozonation

Tap water samples collected from the water supply network were post-spiked with the
target micropollutants at ng L level and submitted to UV radiation or ozonation to
assess the removal of the target micropollutants using the eco-friendly analytical
method (Fig. 3.3), since these processes are often applied in DWTPs.

Only 7 pharmaceuticals were completely removed by these water treatments: (i)
tramadol, venlafaxine and azithromycin by both processes, azithromycin recently
included in the first Watch List by the EU Decision 2015/495; (ii) clopidogrel,
carbamazepine and isoproturon by ozonation; and (iii) the metabolite norfluoxetine by
UV. Regarding the other micropollutants, the efficiency of the processes varied
according to the substance. The results showed that, in general, UV radiation was
more effective than ozonation for the removal of pesticides and for the industrial
compound, whereas ozonation performed slightly better for pharmaceuticals. The
feasibility of this UHPLC-MS/MS analytical method for monitoring chemical processes

used to improve the quality of drinking water was shown.
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Fig. 3.3. Removal percentage of the micropollutants in spiked DW after the bench-scale UV
or ozonation treatments.

3.4. Conclusions

The offline SPE-UHPLC-MS/MS that was developed and validated, to assess the
occurrence and removal of 21 multi-class micropollutants in DW, has the great
advantage of using an eco-friendly solvent (ethanol) for both SPE procedure and
UHPLC analysis, according to the recent concerns about GAC applied to
environmental analyses. Additional advantages presented by the method are: (i) low
detection limits (below 1 ng L1); (ii) short run time; (iii) low volume of eluent employed
for each analysis; (iv) the use of a single cartridge/SPE procedure to extract all the
target analytes; (v) and the low volume of sample used. The potential of the offline

SPE-UHPLC-MS/MS method for monitoring programs and evaluation of advanced
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treatment options (UV and ozonation) was demonstrated in the selected case studies.
For instance, analysis of tap, fountain and well water samples from different locations
of Portugal northwest region, showed a widespread occurrence of micropollutants in
such matrices, at ng L levels. From the thirteen micropollutants detected in DW
samples, the most common were diclofenac, trimethoprim, warfarin, norfluoxetine,
atrazine and simazine; the feasibility of the method for monitoring DW treatment

processes was also validated.
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Supplementary material
(Please see Appendix B)

Table B-S3.1. Hyphenated chromatography-mass spectrometry techniques for DW

analysis.

Table B-S3.2. Target analytes, describing their class, sub-class, chemical structure,

molecular weight (Mw) and pKa.

Table B-S3.3. Optimized mass spectrometer parameters for SRM analysis of the

target analytes.

Table B-S3.4. Comparison of occurrence data for the targeted pollutants in DW

samples (ng L), observed in the present study and reported in others.

Fig. B-S3.1. Recoveries obtained for the target analytes with the following SPE
conditions: HLB cartridges using methanol, extracting 250 mL of tap water samples,
adjusted to pH 3, 7 or 9.

Fig. B-S3.2. Total ion chromatograms of (a, b) QC sample spiked with the targeted
chemicals at 15 ng L?%; (c) tap water sample contaminated with atrazine,

chlorfenvinphos and warfarin.
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Spatial and seasonal occurrence of micropollutants in four Portuguese
rivers and a case study for fluorescence excitation-emission matrices

Abstract

The European Union (EU) has recommended the monitoring of specific priority
substances (PSs, Directive 2013/39) and some contaminants of emerging concern
(CECs, Decision 2015/495) in surface waterbodies. The present study provides
spatial distributions and temporal variations of a wide range of multi-class PSs and
CECs in four stressed rivers in Portugal (Ave, Leca, Antud, and Cértima). Thirteen
micropollutants were found in all four rivers, including the priority pesticide isoproturon
(up to 92 ng L1, various pharmaceuticals (up to 396 ng L), and the UV-filter 2-ethyl-
hexyl-4-methoxycinnamate (up to 562 ng L) identified in Decision 2015/495. The
industrial priority compound perfluorooctanesulfonic acid (PFOS) was found in three
rivers (Antud, Cértima, and Leca) below the method quantification limit, together with
four pharmaceuticals not included in these EU guidelines. The already banned priority
pesticide atrazine was detected in Ave, Antud, and Lega (up to 41 ng L'%) and simazine
in Cértima and Leca (up to 26 ng L). Acetamiprid and imidacloprid (included in
Decision 2015/495) were only detected during the dry season in the Ave. Leca river
was selected as a waterbody case study for assessment of fluorescence excitation-
emission matrices (EEMs). These results matched the spatial distribution trend of
micropollutants along the river, with stronger fluorescence response and higher
concentrations being found downstream of industrial areas and urban wastewater
treatment plants (WWTPSs). Moreover, the fluorescence signature of surface water

collected downstream of an urban WWTP aligned very well with that obtained for the
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respective  WWTP effluent. Thus, actions are needed to preserve a good

environmental status of these stressed European waterbodies.

This chapter is published as:

Marta O. Barbosa, Ana R. Ribeiro, Nuno Ratola, Ethan Hain, Vera Homem, Manuel F.R.
Pereira, Lee Blaney and Adrian M.T. Silva, “Spatial and seasonal occurrence of micropollutants
in four Portuguese rivers and a case study for fluorescence excitation-emission matrices”,
Science of the Total Environment 644 (2018) 1128-1140. Reproduced by permission of
Elsevier. The original version and supplementary material are provided as Appendix C.
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4.1. Introduction

Environmental contamination of aquatic compartments by organic micropollutants is
a subject of major concern in the last two decades [1, 2]. Surface waters are constantly
exposed to such contaminants, which mainly originate from agricultural runoff and
discharge of effluents from industrial and municipal wastewater treatment plants
(WWTPs), with the latter considered the major source of some classes of
micropollutants found in river waters [2, 3]. The occurrence of organic micropollutants
in rivers at residual concentrations [4-12] can lead to adverse effects for aquatic
wildlife and human health, limiting the use of water for recreation, irrigation, and
consumption [13, 14].

To tackle these problems, current European Union (EU) recommendations suggest
the regular monitoring of an extensive range of chemical and biological parameters in
surface waters [15], including a list of 45 substances for priority action (priority
substances, PSs) with environmental quality standards (EQS) set up for some
compounds [16, 17] and a Watch List of contaminants of emerging concern (CECs)
[18]. Moreover, Directive 2013/39/EU set the Maximum Allowable Concentration-EQS
(MAC-EQS), corresponding to the concentration that should not be exceeded at any
representative monitoring point for any given surface water body. In this context, the
monitoring of PSs and CECs in surface waters is a useful tool not only to assess
pollution sources, but also to ensure efficient management of water resources and the
protection of aquatic flora and fauna [1].

The occurrence of particular PSs and CECs in Portuguese rivers has been reported
in Ave river [19], Leca river [20], Douro river [21], Ria de Aveiro [22], and Guadiana
river [23]. However, an integrated study comprising the spatial distributions and

temporal variations of a wide range of PSs and CECs belonging to different classes
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has not been concurrently conducted in multiple rivers. Therefore, the purpose of the
present study was to perform two seasonal monitoring campaigns of 39 organic
micropollutants in four stressed Portuguese rivers: i) Ave; ii) Leca; iii) Antud; and, iv)
Cértima. Contamination levels of the target compounds in these rivers were
investigated during dry and wet seasons, and the water samples, collected at different
points on each river, were analysed by ultra-high-performance liquid chromatography
coupled to tandem mass spectrometry (UHPLC-MS/MS), after sample preparation by
solid-phase extraction (SPE).

Quantitative PS/CEC analyses require significant costs, which often limit the scope of
the sampling plan for specific projects. For this reason, quick, inexpensive screening
tools that provide insight into PS/CEC occurrence and concentration would not only
allow optimization of sampling strategies, but also elicit new research questions on
the occurrence and fate of PSs/CECs in surface water systems. Excitation-emission
matrix (EEM) analyses are increasingly being used to describe the fluorescence
properties of dissolved organic matter (DOM) for characterization [24], source-
tracking [25], and fate/transformation [26] purposes. We posit that EEM analysis may
serve as a useful screening tool for representative PSs/CECs given their chemical
similarity with select molecules in the DOM matrix. This concept has been previously
explored with respect to CEC occurrence [27] and transformation [28]. For example,
Yang et al. (2013) [27] found significant correlations for caffeine, sulfamethoxazole,
acetaminophen, and ciprofloxacin concentrations with the summed volume from
regions I, Il, and IV of the EEMs of water samples collected from the Pearl river
(China). Nevertheless, the correlation of other PSs/CECs with specific EEM regional
volumes needs to be explored to develop location-based screening tools for other
watersheds, especially as the DOM matrix and PSs/CECs use vary by watershed. In

this study, potential correlations between EEMs and PSs/CECs occurrence and
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concentration were investigated in the Leca river. This report is the first to evaluate
the spatiotemporal distribution of PSs/CECs and fluorescence EEMs, as well as the
correlations between these water quality parameters, in a Portuguese river, and the

results have important implications for other water systems around the world.

4.2. Materials and methods

4.2.1. Chemicals and materials

All reference standards (i.e., acetamiprid, alachlor, atenolol, atorvastatin, atrazine,
azithromycin dihydrate, bezafibrate, carbamazepine, ceftiofur, chlorfenvinphos,
citalopram hydrobromide, clarithromycin, clindamycin, clofibric acid, clopidogrel
hydrogen sulfate, clothianidin, diclofenac sodium, diphenhydramine, 2-ethylhexyl-4-
methoxycinnamate (EHMC), enrofloxacin, erythromycin, fluoxetine hydrochloride,
hydrochlorothiazide, imidacloprid, isoproturon, ketoprofen, methiocarb, metoprolol
tartrate, norfluoxetine oxalate, ofloxacin, perfluorooctanesulfonic acid (PFOS),
propranolol, simazine, thiacloprid, thiamethoxam, tramadol hydrochloride,
trimethoprim, venlafaxine hydrochloride, and warfarin; > 98% purity) and surrogate
standards (i.e., acetamiprid-d3, azithromycin-d3, atrazine—d5, diclofenac-d4,
fluoxetine—d5, ketoprofen—d3, methiocarb-d3, and ofloxacin-d3) were purchased from
Sigma-Aldrich (Steinheim, Germany). Methanol (MS grade) and ethanol (HPLC
grade) were acquired from VWR International (Fontenay-sous-Bois, France) and
Fisher Scientific (Leicestershire, UK), respectively. Formic and sulfuric acid were
obtained from Merck (Darmstadt, Germany), and ultrapure water was supplied by a

Milli-Q water system (resistivity of 18.2 MQ cm at 25 °C). Oasis® HLB (Hydrophilic-
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Lipophilic Balanced) cartridges (150 mg, 6 mL), used for sample preparation, were

purchased from Waters (Milford, MA, USA).

4.2.2. Sampling area

Two sampling campaigns were performed in the dry (September 2016) and wet
seasons (February 2017). During the sampling period, the weather was characterized
by a mean atmospheric temperature of 23 °C in September 2016 and 11 °C in
February 2017. The average precipitation was 24.3 and 113.5 mm in September and
February, respectively [29]. The selection of Ave, Leca, Antud, and Cértima rivers was
based on the following: recognized contamination due to adjacent land-use patterns
(i.e., residential, agricultural, and industrial areas); the existence of tributaries and
WWTPs that can have a negative impact on the quality of these water courses; and,
the presence of drinking water treatment plants (DWTPs) that may be affected by
surface water pollution. Sample collection was performed along the whole course of
the four target rivers (8 sampling points (SPs) for Leca and Cértima rivers and 9 SPs
for Ave and Antua rivers, Fig. 4.1), comprising locations near the source and mouth,
as well as strategic areas subject to impacts from urban, agricultural, or WWTP
activities. The GPS coordinates of the SPs for each river are given in Table C-S4.1,

Supplementary material.
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Fig. 4.1. Ave, Leca, Antud, and Cértima rivers (Portugal) and the location of each sampling
site.

4.2.2.1. Ave River

The Ave river, which is situated in the North of Portugal, has an extension of about
100 km and a drainage basin area of 1340 km2. The headwaters are located in
Cabreira Mountain (1260 m above mean sea level, a.m.s.l.), and the estuary is located
in Vila do Conde, along the Atlantic coast. The most important tributaries are the Este
and Vizela rivers at the right and left banks, respectively. The average flow in the Ave
river was 2.96 m3 s'in the dry season (September 2016) and 63.08 m? s'1in the wet
season (February 2017) [30]. The water resources are used for manufacturing and
irrigation of rural activities. Most of the river basin area is used for agricultural and
livestock activities [31]. Water quality problems observed in this area are associated

with high industrial density, including the textile sector (largest industry), leather
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tanning, rubber manufacture, and plastic production. Some industrial effluents are still

illegally discharged into the water courses without treatment [19].

4.2.2.2. Antua River

Antud river (extension of 38 km) has its source at Romariz, Santa Maria da Feira
(400 m a.m.s.l.) and drains into the Atlantic Ocean through the Ria de Aveiro. Antua
basin is one of the sub-basins of the Vouga river with a total area of approximately
149 km2. The main tributaries are Pintor stream, Cercal stream, and insua river on the
left bank and Arrifana stream on the right bank. Antud river is characterized by an
average flow of 4 m3 s, with the monthly average ranging between 0.6 m2 s in
August and 10 m3 s in February [32]. Low water quality in this river stems from
industrial and urban discharges, runoff from agricultural fields, and discharges from
livestock farms. Agriculture is the principal activity within the borders of the Antua river

basin, which is situated near the city of Estarreja [33].

4.2.2.3. Cértima River

The 43 km long Cértima river is located in North-Central Portugal and serves as a
sub-tributary of the Vouga river, which drains into the Atlantic Ocean through the Ria
de Aveiro coastal lagoon. The river source is at Bu¢caco Mountain (380 m a.m.s.l.),
and the basin drains an area of 538 km?. In its lower section, the river valley opens
widely to form Pateira de Fermentelos lake, a sensitive wetland classified as a Ramsar
site (i.e., wetlands of international importance designated under the Ramsar
Convention). The river narrows again at Requeixo, where the Cértima discharges into
the Agueda river [34]. The Cértima river has a flow rate of 7.17 m3 s’ at SP8 in the
wet season and 0.13 m? s during the dry season [35]. The main tributaries are the

Serra and Levira rivers and Ribeira do Pano [36]. Agriculture, domestic discharges,
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and industrial activities are the major sources of chemical pollution in the Cértima river

basin [13].

4.2.2.3. Leca River

On its flow towards the Atlantic Ocean, Lega river has an extension of 45 km and
drains an area of 190 km?2 [20], with an average flow of 3.4 m3 s1 [37]. The source of
Leca river is located at Monte Cérdova, Santo Tirso (475 m a.m.s.l.) and its mouth is
located at Leixdes Harbor basin, an important international harbor having dock
facilities for commercial, cruise, and fishing vessels and an oil terminal. The main
tributaries are Ribeira do Arquitecto and Ribeira do Leandro, both on the right bank.
The river receives effluents from several industries, some of which are untreated, and
urban WWTPs [38]. Leca river was selected as a case study to evaluate the
correlation of fluorescence EEMs to PS and CEC concentrations since it is located
between highly urbanized and industrialized regions belonging to the Porto
metropolitan area, which represents the largest Port in Northern Portugal. One sample
collected after the secondary biological treatment stage of an urban WWTP was also

analyzed for comparison with surface samples.

4.2.3. Sample collection and preparation

Surface water samples were collected in the middle of each river, using a bottle
sampler. Subsequently, samples were transferred to 1 L amber glass bottles and
stored at 4 °C until extraction, which was performed within 24 h. Leca river surface
water and wastewater effluent samples were frozen at -20 °C, until analysis of the
respective fluorescence EEMs. Several parameters, such as pH, conductivity,
oxidation-reduction potential, temperature, salinity, dissolved oxygen, and total

dissolved solids, were analyzed on site using a HI98194 Multiparameter Meter
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(HANNA® instruments; Woonsocket, RI, USA). Before SPE, all samples were filtered
through 1.2-uym glass-fiber filters (47 mm GF/C, WhatmanTM; Maidstone, United

Kingdom) and the pH was adjusted to 3 using sulfuric acid.

4.2.4. SPE-UHPLC-MS/MS method

An offline SPE-UHPLC-MS/MS method was applied for quantification of the target
organic micropollutants according to previous works [39, 40]. Briefly, Oasis® HLB
cartridges were sequentially conditioned with 4 mL of ethanol and 4 mL of ultrapure
water at a flow rate of 1 mL min~1. Sample loading of 500 mL of surface water samples
was carried out at a constant flow rate of 10 mL min~2, using a vacuum manifold unit.
The washing step was performed with 4 mL of ultrapure water, and the cartridges
were then dried under vacuum for 45 min. The elution step was performed at a flow
rate of 1 mL min~t with 4 mL of ethanol and the extracts were evaporated to dryness
in a Centrivap Concentrator® device (LABCONCO® Corporation, Kansas City, MO,
USA). The dried extracts were reconstituted in 250 uL of ethanol, and the resulting
solutions were filtered through 0.22 pm polytetrafluoroethylene syringe filters
(Membrane Solutions, Kent, WA, USA).

Surface water sample analysis was performed by UHPLC-MS/MS, using a Shimadzu
Corporation apparatus (Tokyo, Japan), consisting of an UHPLC (Nexera) with two
pumps (LC-30AD), an autosampler (SIL-30AC), an oven (CTO-20AC), a degasser
(DGU-20A 5R), and a system controller (CBM-20A) with proper software (LC Solution
Version 5.41SP1) coupled to a triple quadrupole mass spectrometer (Ultra Fast Mass
Spectrometry series LCMS-8040). Analytical separation occurred along a Kinetex™
XB-C18 100 A column (100 x 2.1 mm i.d.; 1.7 um particle diameter) supplied by
Phenomenex, Inc. (Torrance, CA, USA). The mobile phase consisted of (A) 0.1%

formic acid aqueous solution and (B) methanol operated in gradient mode. Column
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oven and autosampler temperatures were set at 35 °C and 4 °C, respectively, and the
injection volume was 5 pL. Selected reaction monitoring (SRM) transitions between
the precursor ion and the two most abundant fragment ions were evaluated to quantify
and confirm the identity of each compound. SRM1 was used for quantification
purposes and the ratio between SRM1 and SRM2 was used for qualitative
confirmation, along with the analyte retention time. Detailed analytical parameters and
method selectivity, linear range, and limits of detection and quantification are

described in the supplementary material (Tables C-S4.2 and C-S4.3).

4.2.5. Fluorescence excitation-emission matrices (EEMs)

Fluorescence EEMs of Leca river and wastewater samples collected during the wet
season were measured using a Horiba Aqualog fluorescence spectrophotometer
(Horiba Scientific; Edison, NJ USA). For all samples, 3-mL aliquots were added to a
1-cm quartz cuvette for analysis. Excitation wavelengths were incrementally
increased from 209 to 620 nm using 3-nm steps, and the emission spectrum was
recorded at 244-822 nm with 2.33-nm steps. Fluorescence EEMs of environmental
samples were blank-corrected using LC-MS grade water. Inner-filter effects were
corrected using the controlled dilution approach [41, 42]. The 1st and 2™ order
Rayleigh scattering lines were removed using the Horiba masking tool. A sealed
Raman water fluorescence standard (Agilent Technologies; Santa Clara, CA USA)
was used to convert all data to Raman Units [43]. Corrected EEMs were plotted in
Matlab (Mathworks; Natick, MA, USA), and regional volumes were calculated
according to Chen et al. [44]. The corrected EEMs were considered in terms of
tyrosine (region I), tryptophan (region 1), fulvic acid (region Ill), soluble microbial
product (region IV), and humic acid (region V)-like fluorescence. Pearson correlations

were conducted to assess relationships between CEC concentrations for the
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compounds detected at all sampling sites (i.e., azithromycin, carbamazepine, and
EHMC) and regional/total volumes from the EEM analysis. The correlations were
considered statistically significant at a 95% confidence interval (p-value < 0.05). All

statistical analyses were performed in R-studio 3.5.0.

4.3. Results and discussion

4.3.1. Physicochemical characterization

To assess the water quality and anthropogenic impacts in the four rivers,
physicochemical parameters, namely pH, temperature, dissolved oxygen,
conductivity, salinity, total dissolved solids, and turbidity, were measured at all
sampling sites in both seasons (Table C-S4.4). The pH values ranged between 5.0
and 8.1 in the Ave, between 6.3 and 7.2 in the Leca, between 6.7 and 7.4 in the Antu§,
and between 6.9 and 8.0 in the Cértima. This parameter affects the solubility of
nutrients, and the values measured in all rivers (between 5 and 8) are optimal for
plankton growth and nutrient availability [21]. The pH was generally higher during the
wet season in comparison to the dry season. The pH was constant during each
season along the Lega and Cértima rivers. In the Ave, pH increased from SP1 to SP9
(close to the mouth of the river), whereas pH increased slightly from SP1 to SP5 and
then decreased from SP5 to SP9 in the Antud. Dissolved oxygen concentrations
varied slightly in each season but were generally higher during the wet season, except
in the case of the Ave. In Ave and Leca, a gradient of conductivity, salinity, and total
dissolved solids was detected from SP1 until the last SP, where the values were
higher by at least one order of magnitude, since these SPs were located in the

estuary. The same increasing trend was not observed between SP5 and SP9 of Antua
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river or for SP2 to SP3 and SP5 to SP9 of the Cértima river. These three
physicochemical parameters (i.e., conductivity, salinity, and total dissolved solids)

were typically higher during the dry season in all rivers.

4.3.2. Distribution and seasonal variation of target micropollutants in

four Portuguese rivers

Thirteen micropollutants, namely azithromycin, carbamazepine, clarithromycin,
clindamycin, diclofenac, diphenhydramine, EHMC, fluoxetine, isoproturon,
metoprolol, thiacloprid, tramadol, and venlafaxine, were found in all four rivers (Table
C-S4.5). Many of these ubiquitously detected compounds are pharmaceuticals, and
their occurrence is related to overall consumption and recalcitrance to wastewater
treatment with domestic and hospital effluents being the main sources [45]. For
pesticides, isoproturon was found below 5.0 ng L1, except in Lega river, where it was
found at higher concentrations (9.42-92.5 ng L-1), but still below the 1.0 ug L™t MAC-
EQS set in Directive 2013/39/EU and the maximum admissible concentration for
pesticides in drinking water, established by Directive 98/83/EC as 0.1 pg L? for
individual pesticides and 0.5 ug L for their sum [46]. On the contrary, thiacloprid was
guantified above the maximum value allowed for individual pesticides in drinking water
at two SPs of Cértima river. Bezafibrate, enrofloxacin, PFOS, propranolol, and
trimethoprim were also identified in the Antud, Cértima, and Leca rivers. PFOS was
always below the MAC-EQS set in Directive 2013/39/EU. Acetamiprid and
imidacloprid were only detected in the Ave in the dry season, with acetamiprid below
the method quantification limit (MQL) at three SPs and imidacloprid quantified at SP6
and below the MQL at SP9. In this river, the pharmaceuticals, ketoprofen (also in

Cértima) and warfarin (also in Antud), were quantified at almost all SPs in the dry
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season. Atrazine was detected in the Ave, Antua, and Leca rivers. This banned
triazine pesticide was present at levels less than 1.58 ng L1, except at SP9 of Lega,
where it reached 41 ng L-1. Simazine, which is also a triazine pesticide, was detected
in Cértima and Leca rivers, with the highest concentration (26 ng L1) measured at
Leca SP9. Both triazine pesticides were always below their MAC-EQS (2.0 ug L™ for
atrazine and 4.0 ug L1 for simazine). The sum of all pesticides in any case was below
the maximum admissible concentration (0.5 ug L™1) for pesticides in drinking water,
defined in Directive 98/83/EC [46]. Atorvastatin was identified in the wet and dry
seasons in the Antua (up to 61 ng L) and Leca rivers (up to 24 ng L1). The
antidepressant drug citalopram was only quantified at 30 ng L in the Antua river.
Overall, the concentrations of the micropollutants were generally lower in the wet
season, which can be attributed to dilution effects associated with the higher flow rates
in all rivers. For select compounds, the opposite trend was observed, namely higher
concentrations were determined in the wet season. These findings may be attributed
to seasonal differences in consumption (e.g., antibiotics), as reported in other works
[47]. The lower temperatures and shorter daylight hours of the winter season may also
impede biodegradation and phototransformation mechanisms resulting in less

environmental transformation [48].

4.3.2.1. Ave River

Eighteen of the thirty nine target compounds were detected in the Ave. Figs. 4.2 and
C-S4.1 show the spatial distribution and concentrations of micropollutants in dry and
wet seasons. Some target compounds, namely acetamiprid, atrazine, clindamycin,
diphenhydramine, imidacloprid, ketoprofen, metoprolol, and warfarin, were only
guantified in the dry season, which may be related to the lower precipitation and flow

rates observed. From the target micropollutants, those with frequency of occurrence
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higher than 50% in the Ave were as follows: clindamycin, diphenhydramine,
fluoxetine, ketoprofen, and warfarin in the dry season; the macrolide antibiotics (i.e.,
azithromycin and clarithromycin) and EHMC in the wet season; and isoproturon,
thiacloprid, carbamazepine, and tramadol in both seasons. The highest
concentrations determined in this river corresponded to the anti-inflammatory
ketoprofen, which was found at all SPs during the dry season at concentrations
between 50 and 217 ng L1. This anti-inflammatory compound was also determined at
high concentrations in the Llobregat river (Spain) [49], due to its broad use in human
medicine. EHMC was determined during the dry season at four SPs (SP1-4) at
concentrations up to 168 ng L. This UV-filter was also detected at almost all SPs
during the wet season, with a maximum concentration of 132 ng L. Similar EHMC
concentrations were reported in other studies from Brazil (n.d. to 150 ng L), Spain
(mean: 24.2 ng L), Japan, China, USA, and Arctic (up to 150 ng L) [7, 50, 51]. The
occurrence of EHMC in Hong Kong river water samples was reported at higher levels
(4043 ng L) [7]. Although UV-filters are widely used in personal care products to
protect human skin from UV radiation, they are also applied in several materials, such
as rubber, plastics, and paints, to prevent degradation [7]. The occurrence of EHMC
in both seasons can be related to these applications. Downstream of SP6 in the Ave,
a marked increase was observed for the concentration of many micropollutants
(except for azithromycin, clarithromycin and EHMC), which can be explained by the
presence of two urban WWTPs, which are considered sources, and other
anthropogenic activities (e.g., agriculture and industry). Overall, the concentration of

pollutants generally increased from the headwaters to the mouth of the Ave.
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Fig. 4.2. Spatial distribution and concentrations of micropollutants in Ave river for dry
and wet seasons, determined above 30 ng L™ at least in one of the four rivers (for
other micropollutants in Ave river, please see Fig. C-S4.1).
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4.3.2.2. Antua River

Twenty-two target organic micropollutants were found in the Antud, including
seventeen pharmaceuticals, three pesticides, a UV-filter, and an industrial compound
(Figs. 4.3 and C-S4.2). Some of these analytes occur only in the dry season, namely
the antibiotics enrofloxacin and trimethoprim, bezafibrate, metoprolol, and warfarin.
The most frequently detected compounds (> 50%) in Antud river samples during the
two campaigns were the pesticides isoproturon and thiacloprid and the
pharmaceuticals atorvastatin, azithromycin, carbamazepine, clarithromycin,
clindamycin, diclofenac, diphenhydramine, fluoxetine, tramadol, and venlafaxine. The
highest concentration in this river was found for enrofloxacin in the dry season
(343 ng L1), which may be due to the livestock production in the surrounding areas.
In the wet season, venlafaxine registered the highest concentration at SP5
(199 ng L™1). A significant increase in the concentrations of many contaminants was
recorded downstream of Salgueiro WWTP (SP4). Several factors contribute to the
variation of micropollutant concentrations along this river and between the different
rivers investigated here. For instance, enrofloxacin and PFOS were determined in
Antud river and not detected in Ave river. Overall, flow rate, environmental factors
(e.g., temperature, sunlight, nutrients), and fate/distribution mechanisms, such as
adsorption to sediments or particulate matter, biodegradation, photodegradation,
other abiotic processes, and uptake by biota, affect the concentrations of these

compounds along the rivers of interest [52].
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Fig. 4.3. Spatial distribution and concentrations of micropollutants in Antud river for dry and

micropollutants in Antud river, please see Fig. C-S4.2).
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4.3.2.3. Cértima River

In Cértima river (Figs. 4.4 and C-S4.3), twenty compounds were determined at
concentrations up to 755 ng L during the wet and dry season monitoring campaigns.
The high concentrations observed in this river can be related to its low flow rate (ca.
0.13 m?3 s1) during the dry season. In fact, some target compounds, namely the
pharmaceuticals  diphenhydramine, propranolol, metoprolol, trimethoprim,
enrofloxacin, ketoprofen, and venlafaxine and the pesticide isoproturon, were
quantified only in the samples collected during the dry season. The most frequently
detected (> 50%) micropollutants in the Cértima varied by season: in the dry season,
diphenhydramine, isoproturon, ketoprofen, the antibiotic enrofloxacin, and the
neonicotinoid thiacloprid; in the wet season, azithromycin, bezafibrate, fluoxetine, and
the pesticide simazine; and across both seasons, clindamycin, carbamazepine,
diclofenac, EHMC, tramadol, and clarithromycin. The highest concentrations in this
river were recorded for the neonicotinoid thiacloprid in the wet season (755 ng L), a
finding which may be due to agricultural leaching caused by precipitation events, and
for the anti-inflammatory ketoprofen in the dry season (702 ng L1). With the exception
of thiacloprid and PFOS, the concentrations of organic pollutants increased at SP2.
The higher concentrations of most micropollutants in this area can be explained by

the presence of Mealhada WWTP.
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Fig. 4.4. Spatial distribution and concentrations of micropollutants in Cértima river for dry and
wet seasons, determined above 30 ng L™ at least in one of the four rivers (for other
micropollutants in Cértima river please see Fig. C-S4.3).
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4.3.2.4. Leca River

The levels of organic micropollutants determined in the eight SPs of Leca river are
reported in Figs. 4.5 and C-S4.4. Twenty-one compounds were observed, including
the antibiotics clindamycin, enrofloxacin, and trimethoprim, metoprolol, and the
pesticides atrazine and simazine quantified only during the dry season, and
azithromycin found only in the wet season. Twelve analytes, namely atorvastatin,
diphenhydramine, fluoxetine, propranolol, bezafibrate, clarithromycin,
carbamazepine, diclofenac, isoproturon, EHMC, tramadol, and venlafaxine, were
detected in more than 50% of the river samples across both seasons. During the dry
and wet seasons, tramadol was found at the highest concentration, with a maximum
of 396 ng L* and 233 ng L, respectively. This analgesic was frequently detected in
all four rivers up to hundreds of ng L1, as also recently reported by Burns et al. (2018)
[53] for two rivers in York (UK). EHMC, isoproturon, carbamazepine, diclofenac, and
venlafaxine were also found at high concentrations during the two sampling
campaigns and, together with tramadol, these micropollutants exhibited the highest

detection frequencies and concentrations.
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Fig. 4.5. Spatial distribution and concentrations of micropollutants in Lega river for dry and
wet seasons, determined above 30 ng L™ at least in one of the four rivers (for other
micropollutants in Leca river, please see Fig. C-S4.4).
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Parada and Ponte de Moreira WWTPs (SP4 and SP6, respectively) and the
associated industrialized areas (SP4 and SP7) seemed to directly influence the levels
of organic micropollutants in Leca river, increasing the concentration of most
compounds. These data were well correlated with the fluorescence EEMs of the
surface water and WWTP effluent samples (Fig. 4.6). The WWTP effluent sample
exhibited a strong fluorescence response in all regions, and the fluorescence
signature was similar to previous reports for wastewater [54, 55]. The fluorescence
signatures of SP1 and SP2 were minimal. SP3 showed minor fluorescence in regions
Il (fulvic acid-like) and V (humic acid-like). The fluorescence response increased in
all regions at SP4, downstream of the first WWTP. The SP5-8 samples showed similar
fluorescence signatures in all regions, although the signal was slightly lower than at
SP4. However, slight increases in the fluorescence response were observed at SP6,
which is influenced by a WWTP, and SP7, which is surrounded by a highly
industrialized area.

To better highlight the changes in fluorescence with sample location, the regional
volumes of the environmental samples were normalized by the corresponding
regional volumes from the WWTP sample. As indicated in Fig. 4.7, the relative
presence of aromatic protein-, fulvic acid-, soluble microbial product-, and humic acid-

like fluorescence increased between SP3 and SP4.
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Fig. 4.6. Fluorescence EEMs for the eight Leca river samples and one WWTP sample.

Downstream of SP4, the fluorescence response associated with regions | and Il
decreased, presumably due to biotic/abiotic degradation mechanisms. The
fluorescence in regions Ill, IV, and V remained fairly consistent from SP5 to SP8.

The similarity of CEC concentrations and regional EEM volumes along the Leca river
is shown in Fig. 4.7. Azithromycin and carbamazepine concentrations were
significantly, positively correlated with the EEM volumes for regions I-V; furthermore,
significant correlations were observed for EHMC concentrations with fluorescence
signatures from regions lll, 1V, V (Table C-S4.7 in the supplementary material).
Significant correlations were also observed for all three CECs with the total

fluorescence response, which was calculated as the sum of EEM volumes from
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regions I-V. Based on these results, the fluorescence intensity in regions lll, IV, and
V may serve as useful screening tools to inform the presence of PSs/CECs in the
Lega river. As DOM signatures and sources vary in other river systems, the EEM-

based screening tool needs to be evaluated and refined for other watersheds.
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Fig. 4.7. The relative regional volume of environmental samples (Le¢a SP1-8) as a function
of the WWTP sample for region | (tyrosine-like fluorescence), region Il (tryptophan-like
fluorescence), region Il (fulvic acid-like fluorescence), region IV (soluble microbial product-
like fluorescence), and region V (humic acid-like fluorescence). The average azithromycin,

carbamazepine, and EHMC concentrations are plotted to highlight the correlation in EEM
results and CECs concentrations.

While previous reports [25] have found correlations between the total and summed
(e.g., region |, Il, and 1IV) EEM volumes with particular CECs, the more specific
correlations with particular regions identified in this study may better reflect CEC fate

and transport along spatiotemporal gradients. In particular, strong correlations were
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observed for azithromycin, carbamazepine, and EHMC concentrations with the region
V fluorescence response, suggesting that these CECs exhibit similar fate and
transport behavior as humic acid-like substances. Yang et al. (2017) [27] highlighted
the use of parallel factor (PARAFAC) analysis to not only deconvolute fluorescence
EEMs into a finite number of components, but also predict CEC degradation. This
approach may provide further insight into the fate and transport of PSs/CECs in

Portuguese rivers.

4.3.3. Occurrence of target micropollutants in surface waters

The comparison of many target micropollutants found in this study with results from
other reports on seasonal surface water monitoring (Table C-S4.6) is complex since
the production and usage of industrial products, the application of pesticides in
agricultural activities, and the consumption of pharmaceutical compounds is different
between locations. However, the macrolide antibiotic azithromycin, the anti-
inflammatory chemicals diclofenac and ketoprofen, and the antidepressants fluoxetine
and venlafaxine have been reported in surface water at levels similar to those found
in the present work. For instance, azithromycin, fluoxetine, and venlafaxine were
found in Lis river (Portugal) up to 30 ng L, 20 ng L%, and 159 ng L, respectively
[52]. Diclofenac was quantified in surface water collected from China at a maximum
of 170 ng L [5]. Ketoprofen was detected in Spain up to 225 ng L [56]. These
findings indicate that a similar consumption pattern of these pharmaceutical
compounds may occur in different regions of the world.

The pesticides atrazine and simazine were quantified in other studies at maximum
levels well above those determined here. For example, in three different monitoring
studies performed in Spain [57], Brazil [58], and Thailand [59], atrazine was found at

maximum concentrations of 333, 320, and 800 ng L, respectively. These

192



Chapter 4

concentrations are more than one order of magnitude higher than those determined
in the present study (e.g., 40.6 ng L%). Simazine was found in Australia at
concentrations between 50 and 670 ng L1 [60] and in Spain up to 207 ng L* [57]. The
intense agricultural activity in those regions may explain the presence of triazine
herbicides in surface water, even after these chemicals were phased out, since they
can be illegally acquired and/or released from existing sediments/soils. In contrast,
the other target pesticide, isoproturon, was determined at higher concentrations in the
present study compared to values found in the literature [23, 61].

The UV-filter EHMC was determined in this work at a maximum value of 562 ng L
and a similar level was reported in Brazil (669 ng L) [50]. This compound was also
detected in surface water samples in Hong Kong at concentrations one order of
magnitude higher, i.e., 4043 ng L [7], than those determined in the present study.
Importantly, this compound has also been shown to accumulate in aquatic and marine
organisms [62], raising concerns about the high aqueous-phase concentrations
detected here.

The concentrations of bezafibrate, carbamazepine, clarithromycin, and thiacloprid
described in the literature are slightly higher than those reported in the target
Portuguese rivers. The beta-blocker metoprolol was found at a maximum
concentration of 25 ng L in Ave river, while it was determined up to 448 ng L in
Beiyun river of Beijing, China [5, 63]. The maximum concentration of the antibiotic
trimethoprim in the current study was 64 ng L1 in Antud river in the dry season, which
was comparable to the maximum concentration (36 ng L) found in Llobregat river,
Spain [49] and lower than the maximum concentration (180 ng L) reported in a

monitoring study performed in the Los Angeles and San Gabriel rivers [64].
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4.4. Conclusions

In this first simultaneous survey of specific PSs and CECs defined by EU documents
in four stressed rivers (i.e., Ave, Lega, Antud, and Cértima) in Portugal, 26 out of 39
target micropollutants were found at least in one of the selected rivers. Of the detected
compounds, thirteen were consistently determined in all four rivers: azithromycin;
carbamazepine; clarithromycin; clindamycin; diclofenac; diphenhyhydramine; EHMC;
fluoxetine; isoproturon; metoprolol; thiacloprid; tramadol; and, venlafaxine. The
highest concentrations were verified for ketoprofen in Ave river, tramadol in Leca river,
enrofloxacin in Antud river, and thiacloprid in Cértima river. These data highlight the
different land-use patterns and contaminant sources found in the targeted rivers, with
the occurrence and concentration distributions along particular rivers depending on
location and seasonal variations. The increase in fluorescence response profiles for
specific locations of the Lecga river matched the distribution of micropollutants along
this river. Although some of these compounds are already prioritized or defined in the
Watch List, larger monitoring programs are needed for further prioritization and risk
assessment of such contaminants. Given the significant correlations found for EEM
regional volumes with CEC concentrations in the Leca river, preliminary EEM analysis

may help to inform the design of future monitoring studies.
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Solid-phase extraction cartridges with multi-walled carbon nanotubes
and effect of the oxygen functionalities on the recovery efficiency of
organic micropollutants

Abstract

Pristine and functionalized multi-walled carbon nanotubes (MWCNTs) were
investigated as adsorbent materials inside solid-phase extraction (SPE) cartridges for
extraction and preconcentration of 8 EU-relevant organic micropollutants (with
different pKa and polarity) before chromatographic analysis of surface water. The
recoveries obtained were > 60% for 5/8 target pollutants (acetamiprid, atrazine,
carbamazepine, diclofenac and isoproturon) using a low amount of this reusable
adsorbent (50 mg) and an eco-friendly solvent (ethanol) for both conditioning and
elution steps. The introduction of oxygenated surface groups in the carbon nanotubes
by using a controlled HNOz hydrothermal oxidation method, considerably improved
the recoveries obtained for PFOS (perfluorooctanesulfonic acid) and methiocarb,
which was ascribed to the hydrogen bond adsorption mechanism, but decreased
those observed for the pesticide acetamiprid and for two pharmaceuticals
(carbamazepine and diclofenac), suggesting -1 dispersive interactions. Moreover, a
good correlation was found between the recovery obtained for methiocarb and the
amount of oxygenated surface groups on functionalized MWCNTSs, which was mainly
attributed to the increase of phenols and carbonyl and quinone groups. Thus, the
HNOs hydrothermal oxidation method can be used to finely tune the surface chemistry
(and texture) of MWCNTSs according to the specific micropollutants to be extracted

and quantified in real water samples.
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5.1. Introduction

In the last decades, a growing interest has been raised about the fate and effects of a
large group of organic micropollutants (OMPs) on the aquatic environment. These
pollutants found at trace concentrations (ng L* to yg L) can be natural or
anthropogenic substances, such as pharmaceutical compounds, pesticides, industrial
compounds and steroid hormones [1]. Conventional wastewater treatment plants are
not designed to completely remove many of these organic compounds at low
concentrations, which are thus discharged into receiving water bodies, including
groundwater and surface water (SW), reaching drinking water for human consumption
[2]. Other sources of contamination include direct discharge and runoff, namely in the
case of industrial compounds, pesticides applied in agriculture, and veterinary
pharmaceuticals used for livestock and aquaculture [3, 4]. Most of these compounds
are pseudo-persistent since their transformation/removal rates are overcome by their
continuous release into the environment. Moreover, their recalcitrant character and
polarity favours the dispersion and interchange between aquatic compartments [4, 5].
The presence of such OMPs in the aquatic environment is considered an important
issue in terms of public health safety [6]. Therefore, the monitoring of specific priority
substances (PSs, Directive 2013/39) and some contaminants of emerging concern
(CECs, Decision 2018/840 and Decision 2020/161) in SW bodies has been
recommended within the European Union (EU). The comprehensive identification and
quantification of PSs and CECs in freshwater samples is crucial to collect information
on their sources, distribution and fate in the environment, to study the effects on
ecosystems and human health, and to update the water policy in this field. To achieve

this goal, it is important to set up fast, sensitive and reliable analytical methods
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enabling the determination of a wide range of OMPs typically found at residual levels
in aquatic compartments.

Despite the shortcomings of solid-phase extraction (SPE), such as the high volumes
of organic solvents needed in comparison with miniaturized techniques, time
consumption and high cost, this sample preparation technique is still the most
employed for preconcentration of OMPs in water matrices due to the efficient removal
of interferences, consequent reduction of matrix effects and high enrichment factors
and recoveries often yielded [1, 7]. SPE is an essential preconcentration step prior to
analysis by a sensitive and reproducible analytical technique such as ultra-high
performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS).
The type of sorbent, its structure and interactions with the target analytes play an
important role in SPE, reason why many carbon materials have been already reported
as good candidates as filling materials for this purpose [8, 9].

Multi-walled carbon nanotubes (MWCNTS) are the most studied carbon materials for
environmental applications of SPE. This fact can be attributed to: (i) the unique
structure of MWCNTSs that enables strong interactions with organic molecules through
non-covalent forces (i.e., hydrophobic interactions, hydrogen bonding, 1 -11 stacking,
electrostatic forces and van der Waals forces); (ii) their large surface-to-volume ratio;
(i) good thermal and mechanical stability; and (iv) the possibility to control their affinity
towards target compounds upon surface functionalization by chemical or physical
methods [10]. MWCNTs have been investigated as SPE sorbents for sample
preparation of water matrices and to pre-concentrate and extract OMPs such as
pesticides (e.g. [11-16]), polycyclic aromatic hydrocarbons [17, 18], industrial
compounds [19], macrolide antibiotics and nonsteroidal anti-inflammatory drugs [20,
21], with recoveries higher than 62%. However, the number of studies dealing with

multi-class PSs and CECs with different physicochemical properties are still very
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limited [20, 21]. Moreover, application of functionalized MWCNTSs in SPE for extraction
of EU-relevant OMPs is even scarcer in the literature. Only three studies were
reported, namely for: (i) pentachlorophenol using MWCNTSs oxidized with 8.0 mol L
of HNO3 [22]; (ii) the industrial compound perfluorooctanesulfonic acid (PFOS) using
amino-terminated alkyl-functionalized MWCNTSs [19]; and (iii) thirteen pharmaceutical
compounds, some of them defined in the EU Decisions (erythromycin, azithromycin
and diclofenac), using MWCNTs treated with high concentrations of HNO3
(4.0 mol LY), HCI (1.0 mol L'*) and KOH (4.0 mol L) [21], i.e. having pronounced
environmental implications and costs.

In the present work, pristine and modified MWCNTs were investigated as SPE
sorbents for the simultaneous extraction of 8 EU multi-class OMPs in SW before
UHPLC-MS/MS analysis. The target compounds, namely 5 pesticides (acetamiprid,
atrazine, isoproturon, metaflumizone and methiocarb), 2 pharmaceutical compounds
(carbamazepine and diclofenac), and one industrial compound (PFOS) were
strategically selected due to their high frequency of detection and/or their high levels
of concentration in water matrices observed during the monitoring sampling
campaigns performed by our research group in the last years [2, 6] and, in the specific
case of metaflumizone due to its presence in the recently 3 Watch List (Decision
2020/1161). A set of experiments was performed using pristine MWCNTS to study the
parameters that influenced the extraction efficiency of the 8 OMPs spiked in SW
samples, namely the sample pH and volume, the elution and extraction solvent and
respective volumes, and the amount of MWCNTs packed in the cartridge. After
optimizing these parameters, the cartridge packed with MWCNTSs and the commercial
cartridge Oasis HLB were compared, in terms of extraction efficiency, reusability, and
costs. Then, we attempted to investigate a HNO3s hydrothermal oxidation methodology

reported by our group [23] to obtain a series of MWCNTSs with meticulously introduced
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surface oxygen functionalities. This methodology allows the fine control of the type
and amount of surface groups introduced on carbon materials by adjusting the
concentration of oxidizing agent employed in the treatment (HNO3s concentration in the
range 0.01 — 0.30 mol L), as determined by different characterization techniques.
This distinctive feature allowed establishing correlations between both the synthesis
conditions and the oxygen-containing surface functionalities introduced on the
MWCNTSs; and the type and amount of those functionalities and the recoveries
obtained for the 8 target OMPs; while employing much lower concentrations of
oxidizing agent than those previously reported with similar hydrothermal
methodologies [23-26]. Therefore, the novelty of this study relies on (i) the
development of a systematic study, upon application of a controlled HNOs
hydrothermal oxidation methodology to pristine MWCNTS; but also on (ii) the use of
ethanol as elution solvent in the SPE procedure, when using MWCNT cartridges; and

(iii) the study of metaflumizone for the first time in real water compartments.

5.2. Experimental section

5.2.1. Chemicals and materials

MWCNTs (NC3100, powder) with an average diameter of 9.5 nm, average length of
1.5 um and > 95% purity were obtained from Nanocyl SA (Sambreville, Belgium). All
reference standards (acetamiprid, atrazine, carbamazepine, diclofenac sodium,
isoproturon, metaflumizone, methiocarb and PFOS; > 98% purity) and deuterated
compounds used as internal standards (acetamiprid—d3, atrazine—d5, diclofenac-d4,
fluoxetine—d5 and methiocarb-d3) were purchased from Sigma-Aldrich (Steinhein,

Germany). The physicochemical properties of the target compounds can be found in
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Table D-S5.1. Methanol and acetonitrile (MS grade), ethanol (HPLC grade), and
hydrochloric acid were obtained from VWR International (Fontenay-sous-Bois, France).
Individual stock solutions of 1000 mg L-! of each reference and internal standard were
prepared in methanol, ethanol or acetonitrile, depending on their solubility. Two
ethanolic working solutions containing the 8 target compounds (2.5 mg L1) and the 5
internal standards (5.0 mg L1) were prepared by dilution of the individual stocks.
Sulfuric acid and sodium hydroxide were obtained from Merck (Darmstadt, Germany).
Sodium chloride was purchased from José Manuel Gomes dos Santos. Ultrapure water
was supplied by a Milli-Q water system. Oasis HLB (Hydrophilic-Lipophilic-Balanced)
cartridges (150 mg, 6 mL) were obtained from Waters (Milford, MA, USA), and the
empty SPE cartridges (6 mL) with two frits (20 um) (Bond Elut) were purchased from
VWR International (Fontenay-sous-Bois, France). pH measurements were performed

with a pHenomenal pH 1100L pH meter (VWR, Germany).

5.2.2. Surface functionalization of MWCNTSs

Hydrothermal oxidation of the pristine MWCNTs was performed in a Teflon-lined
stainless-steel autoclave (Mod. 4748, Parr Instruments, USA) with 125 mL of capacity,
following the experimental procedure described elsewhere [27]. 75 mL of a HNOs
solution (concentration in the range 0.01 — 0.30 mol L™!) was transferred to a PTFE
vessel and 0.2 g of the pristine MWCNTSs was loaded. The PTFE vessel was placed
into the stainless-steel autoclave, which was sealed and placed in an oven at 200 °C
for 2 h. After this time, the autoclave was allowed to cool down until ambient
temperature. The recovered material was washed several times with distilled water until
a neutral pH of the rinsing water was attained, and then dried overnight at 120 °C.
Additionally, a blank hydrothermal treatment with distilled water instead of the HNO3

solution was performed. The resulting materials were labelled as MWCNT followed by
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a subscript number corresponding to the concentration of HNO3z employed in the
hydrothermal treatment in mol L (i.e., MWCNTo, MWCNTo.01, MWCNTo.05, MWCNTo.1,

MWCNTo.2, and MWCNTo.3).

5.2.3. Characterization of MWCNTSs

Temperature programmed desorption (TPD) was performed in a fully automated AMI-
300 Catalyst Characterization Instrument (Altamira Instruments), equipped with a
quadrupole mass spectrometer (Dymaxion, Ametek), as described elsewhere [27].
Briefly, TPD is a well-established advanced characterization technique assuming that
all oxygen-containing surface groups are decomposed into CO2 and CO upon heating
under controlled operating conditions [28]. In this case, a low heating rate of
10 ° C min, and a high helium flow of 25 cm?3 min! were set to minimize secondary
reactions during the experiments [26, 28]. The mass signals m/z = 28 and 44 were
monitored during the thermal analysis, the corresponding TPD spectra being obtained.
CO and CO:2 were calibrated at the end of each analysis with the respective gases. The
concentrations of the different oxygen containing surface groups were then obtained
by deconvolution analysis of the CO2 and CO TPD spectra using a procedure
established by our group [28, 29]. Accordingly, the peaks in the CO2 TPD spectra were
assigned to diverse functional groups, namely strongly acidic carboxylic acids (SA),
less acidic carboxylic acids (LA), carboxylic anhydrides (CAn), and lactones (Lac).
Similarly, the peaks in the CO TPD spectra were assigned to carboxylic anhydrides
(Can), phenols (Ph), carbonyls and quinones (CQ), and basic surface groups (Bas),
such as pyrones and chromenes. The width at half-height (W) of the peak was taken
the same for Can and Lac in the CO:z spectra, and the same W was considered for Ph
and CQ in the CO spectra whenever peak shoulders were unclear. Thermogravimetric

analysis (TGA) was performed in a Netzsch STA 490 PC/4/H Luxx thermal analyser, in
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which the powder sample was heated from 50 to 900 °C at 10 °C min-1, under an inert
(N2) gas flow. Regarding TPD and TGA analysis, selected experiments were performed
in duplicate, the standard deviations (SD) never exceeding the values given in the
caption of Fig. 5.3. Textural properties were determined from N2 adsorption-desorption
isotherms at -196 °C, as described in our previous work [23], and included specific
surface area (Sset), non-microporous specific surface area (Smeso), Micropore volume
(Vmicro) and total pore volume (Vwta). The pH at point of zero charge (pHpzc) was

obtained by pH drift tests [27].

5.2.4. MWCNTs SPE procedure

Commercial cartridge Oasis HLB were used for comparison purposes in this study
(Text D-S1). After preparing the cartridges with 50 mg of each adsorbent (Fig. D-S5.1),
the SPE protocol previously optimized (Text D-S2) for pristine MWCNTs (NC3100) was
performed. Briefly, ethanol (4 mL) and ultrapure water (4 mL) were used to condition
and equilibrate the cartridge at a flow rate of 1 mL min~1. 500 mL of blank or spiked
(200 ng L of each target compound) SW sample previously acidified to pH 3 was
loaded at 10 mL mint. 4 mL of ultrapure water was then added in the washing step,
followed by 45 min of vacuum drying. For the elution step, 4 mL of ethanol was used
and, after evaporation, the filtered reconstituted ethanolic extracts were analysed by
UHPLC-MS/MS. All experiments were performed in triplicate and relative standard
deviation (RSD) were estimated. For details on the SPE procedure, please see

Supplementary Material (Text D-S5.1 and D-S5.2; Fig. D-S5.1).

5.2.5. Evaluation of the SPE recovery efficiency

The recovery efficiency (%) is the most important parameter supporting the selection

of the optimal conditions for a given SPE procedure. Therefore, the performance of the
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off-line SPE method was assessed considering the recovery efficiency for the 8 target
analytes under study. The recovery was calculated as the ratio of the peak areas
obtained for extracted spiked sample (A) and the peak areas of the post-spiked

extracted sample (B), as described in Fig. D-S5.2 and Equation 5.1:

Recovery ef ficiency (%) = 100 x (A/B) Eq.(5.1)

Since the matrix effect is considered the same in both A and B, and thus not accounted
for, this approach allows evaluating exclusively the recovery promoted by the adsorbent
material. Total lon Current (TIC) chromatograms of the 8 target OMPs (200 ng L) after
SPE of a spiked sample and after post-spiking a blank extract using original MWCNT

packed cartridges are showed in Fig. D-S5.3 a and b.

5.2.6. UHPLC-MS/MS method

A Shimadzu Corporation UHPLC-MS/MS (Tokyo, Japan) consisting of a Nexera
UHPLC (two chromatographic pumps LC-30AD with a degasser DGU-20A 5R, an
autosampler SIL-30AC, an oven CTO-20AC, and a system controller CBM-20A with a
Shimadzu LC Solution Version 5.41SP1 software), and a Ultra Fast Mass Spectrometry
series LCMS-8040 triple quadrupole mass spectrometer, was used for SW analysis.
The chromatographic separation of the target compounds was performed by using a
column Kinetex XB-C18 100 A (100 x 2.1 mm i.d.; particle diameter of 1.7 ym) acquired
to Phenomenex, Inc. (Torrance, CA, USA) operating under gradient mode of flow of the
mobile phase water/ethanol (50/50, v/v). The column oven temperature was set at
35 °C. The autosampler temperature was set at 15 °C and the injection volume was
5 pL. The MS settings were: 2.5 dm® min of nebulizing gas flow, 12.5 dm?® min! of
drying gas flow, capillary voltage of 0.5 kV, 400 °C and 250 °C for source and

desolvation temperatures, argon at 230 kPa as CID gas. The quantification and
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confirmation of the identity of each analyte was performed by Selected reaction
monitoring (SRM). Along with the retention time of the analyte, the transition between
the precursor ion and the most abundant fragment ion (SRM1) was used for
guantification and the ratio between SRM1 and the transition between the precursor
ion and the second most abundant fragment ion SRM2 was used for identity
confirmation. All the analytical parameters used, namely SRM instrument parameters,
retention time, linearity, and limits of detection and quantification, are detailed in the

Supplementary Material (Tables D-S5.2 and D-S5.3).

5.2.7. Sample collection

SW samples (pH = 6.5 + 0.1) were collected from Cavalum River (tributary of the Sousa
River) located in Penafiel (40 km from Porto, Portugal). Samples were stored in amber
glass bottles (1 L) at 4 °C until extraction, which was performed within 24 h. Before
SPE, all samples were filtered through 1.2-um glass-fiber filters (47 mm GF/C,
Whatmam, Maidstone, United Kingdom) and the pH was adjusted using sulfuric acid
or sodium hydroxide solutions, according to the SPE procedure (Section 5.2.4, Texts

D-S1 and D-S2).

5.3. Results and discussion

5.3.1. Optimization of SPE procedure with pristine MWCNTs (NC3100)

cartridges

In order to study the performance of pristine MWCNTSs (NC3100) as SPE adsorbent for
the simultaneous enrichment of the 8 target EU OMPs with different pKa and polarity

range, the main experimental conditions affecting the extraction efficiency were
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optimized, namely the sample pH and volume, the elution and extraction solvent and
respective volumes, and the amount of MWCNTSs packed in the cartridge.

Regarding the sample pH (3, 7 or 9), it determines the state of the target micropollutants
in solution as ionic or molecular form, directly affecting the recovery efficiency of the
process. When using ethanol as solvent (Fig. 5.1a), an acidic pH enabled higher
recoveries of acetamiprid, atrazine, methiocarb and the industrial compound PFOS,
while the recovery of the pharmaceutical compounds carbamazepine and diclofenac
performed better at alkaline pH. Neutral pH led to lower recoveries, except for
isoproturon. Methanol and acetonitrile were also tested as solvents (Fig. 5.1b), but
ethanol (as conditioning and elution solvent) and an acidic sample pH allowed similar
or slightly higher recoveries for most of the target compounds, in comparison with the
other studied conditions. Moreover, ethanol is considered an eco-friendly (and greener)
solvent [30], and thus selected for the next experiments. Different amounts of the
adsorbent material packed in the SPE cartridge (between 25 and 150 mg) were then
investigated (Fig. 5.1c), and the highest recoveries for the target compounds were
obtained when using cartridges packed with 50 mg of MWCNTSs (except in the case of
the pesticide metaflumizone). Lower recoveries were obtained when using amounts
below 50 mg of MWCNTSs, which may be due to the limited adsorption capacity of this
carbon material at these conditions. Lower recoveries were also obtained for amounts
above 50 mg of MWCNTSs, which may be explained by a lower desorption of OMPs
from MWCNTSs during the elution step. Bearing this in mind, 50 mg was considered the
optimum amount of MWCNTS, and thus selected for the following experiments.

In what concerns the volume of the SW sample (Fig. 5.1d), the higher extraction
efficiencies were obtained for the majority of the compounds when using a sample
volume of 500 mL (except for atrazine and metaflumizone). The sample volume is

expected to be directly proportional to the sample preparation enrichment factor (i.e.,
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the ratio between the sample volume and the volume of reconstitution). However, the
recoveries obtained for most compounds decreased when the sample volume
increased from 500 to 1000 mL. This phenomenon may be ascribed to the SPE
breakthrough volume, which is the highest sample volume that allows the maximum
extraction efficiency, as observed in previous works [3, 6]. Using the optimum volume
of SW sample for most OMPs (500 mL), different volumes of eluent (4 - 10 mL) were
then tested (Fig. 5.1e). The recoveries obtained for the 8 OMPs under study slightly
increased with the volume of ethanol used in the elution step, a lower volume of eluent
being selected for the next experiments (i.e. lower costs) since the recoveries obtained
were quite similar.

The reusability of the MWCNT cartridge is confirmed in Fig. 5.1g, similar recoveries
being obtained in three consecutive cycles. Moreover, the recoveries achieved (> 60%)
for 5 of these EU multi-class OMPs analyzed simultaneously (acetamiprid, atrazine,
carbamazepine, diclofenac and isoproturon), using a low amount of adsorbent (50 mg
of MWCNTSs for 500 mL of SW samples at pH 3) and a conditioning and elution solvent
considered “green” (ethanol - 4 mL), were comparable to those reported in the literature
using more toxic solvents and a single compound or specific class of compounds (Table
D-S5.4). Thus, the next step was to functionalize the MWCNTSs in order to investigate

the influence of the surface chemistry on the performance of this analytical tool.
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Fig. 5.1 Recoveries obtained for micropollutants (200 ng L each), using: (a) different pH (3, 7
and 9) (fixed conditions: cartridges packed with 150 mg of MWCNTSs, 500 mL of SW and 4 mL
of ethanol as a solvent); (b) different solvents (4 mL of methanol, ethanol or acetonitrile) and
pH (3 and 9) (fixed conditions: cartridges packed with 150 mg of MWCNTSs, 500 mL of SW and
4 mL of solvent); (c) cartridges packed with different amounts of MWCNTSs (25-150 mg) (fixed
conditions: pH 3, 500 mL of SW and 4 mL of ethanol as a solvent); (d) different volumes (50 -
1000 mL) of SW (fixed conditions: cartridges packed with 50 mg of MWCNTSs, pH 3 and 4 mL
of ethanol as a solvent); (e) using different volumes (4 - 10 mL) of ethanol as elution solvent
(fixed conditions: cartridges packed with 50 mg of MWCNTSs, 500 mL of SW, pH 3); (f) MWCNT
optimized cartridge (50 mg) and commercial cartridge Oasis HLB (experiments performed with
500 mL of SW samples (pH 3) and using ethanol as solvent (4 mL); and (g) recoveries
obtained for micropollutants (200 ng L each), extracting 500 mL of SW (pH 3) with 4 mL of
ethanol as solvent, during consecutive reuse cycles performed with the same cartridge packed
with MWCNTSs (50 mg); n = 3 (RSD is represented as error bars).
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5.3.1.1. Comparison of optimized SPE procedures for MWCNT and

commercial cartridges

The comparison of enrichment performance of the MWCNT cartridge previously
optimized and the commercial cartridge Oasis HLB was performed with SW samples.
The optimized SPE methodology was applied and the recoveries of the 8 target
micropollutants (spiked at 200 ng L each) were obtained (Fig. 5.1f). A recovery higher
than 60% was achieved for 3 pesticides (acetamiprid, atrazine and isoproturon) and
the 2 pharmaceutical compounds (carbamazepine and diclofenac) when using both
MWCNTs and commercial cartridges. However, the commercial cartridge Oasis HLB
gave recovery values also higher than 60% for the industrial compound (PFOS) and
the other 2 pesticides (metaflumizone and methiocarb). Except for metaflumizone, the
overall recovery of the other 7 micropollutants was similar.

The textural properties of MWCNTs and Oasis HLB were investigated through N2
adsorption-desorption isotherms, as described in Section 5.2.3. The results revealed
that these materials have different porous characteristics (Table D-S5.5). Although the
total pore volume (Viotal) is similar for both adsorbents (1.264 and 1.284 cm?® g~' for
MWCNTs and Oasis HLB, respectively), the specific surface area (Sser) of Oasis HLB
(756 m2 g1) is ca. 3.8-fold higher than that of MWCNTSs (198 m? g1). Consequently, the
average pore diameter (dpore) of MWCNTS (25.5 nm) is almost 4-fold higher than that
of Oasis HLB (6.8 nm). Interestingly, the sorbent load in each cartridge Oasis HLB is 3
times higher than that of the cartridges packed with MWCNTSs, which have a Sger 3.8-
fold lower. However, the SPE performances obtained for MWCNTSs (Fig. 5.1f) cannot
be explained by one unique parameter. Instead, the adsorption followed by
elution/desorption of the organic micropollutants result from the interplay of many

factors: the textural properties of the adsorbent material (Table D-S5.5); the functional
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groups of the adsorbent and of the organic pollutants; the hydrophobic interactions
between the target micropollutants (log Kow of each target compound can be found in
Table D-S5.1) and MWCNTSs, and other adsorption mechanisms; the morphology of
the adsorbent material; and the sample characteristics (for example, the dissolved
organic matter present in the water matrix) [10].

In addition to the analytical performance of the SPE procedure, it is important to take
into consideration the cost of the adsorbent material. Considering 2020 retail prices,
each commercial cartridge Oasis HLB costs around 8 euros, while the whole cost
associated to each cartridge packed with 50 mg of MWCNTSs amounts to ca. 2 euros
(including the empty polypropylene cartridge and two frits). This represents a possible
cost reduction of 75%. Furthermore, these MWCNT cartridges are reusable, while

commercial cartridges often are single-use disposable devices [6, 20].

5.3.2. Textural and surface chemistry characterization of MWCNTs

The type and overall amount of oxygen-containing surface groups were determined
by TPD analysis, as described in Section 5.2.3. The CO2 and CO TPD spectra of the
hydrothermally treated MWCNTs (HNOs concentration in the range 0.01 -
0.30 mol L) are shown in Figs. 5.2 a and b, respectively. For comparison, the TPD
profiles determined for the pristine MWCNTs (original) and for MWCNTs after
hydrothermal treatment with water (i.e., [HNO3] = 0) are also included. The total
amount of surface groups (released as COzand CO) and the corresponding oxygen
content (calculated from the total amounts of CO2 and CO) are summarized in

Table 5.1.
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Fig. 5.2 TPD spectra of MWCNTSs subjected to hydrothermal treatment with different HNO3
concentrations: (a) COz and (b) CO evolution with temperature.

The amounts of CO2 and CO increase as the concentration of the oxidizing agent
increases (up to 0.30 mol L), confirming that MWCNTSs are suitable to the inclusion
of oxygenated functional groups through hydrothermal oxidation under mild
conditions. The high level of oxidation in this type of carbon material can be associated

to their structure, which provides a great number of defects where the oxidation
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process can be started [27]. Nevertheless, only a slight increase in the amount of
oxygenated surface groups is observed when the HNOz concentration is incremented
from 0.20 to 0.30 mol L (Fig. 5.3a and b, and Table 5.1). This phenomenon was
already reported in a previous work on HNO3z hydrothermal oxidation of carbon
xerogels [23] and suggests that there is a maximum extent of surface functionalization
achievable through this mild hydrothermal methodology. A prevalence of surface
groups released as CO was found in contrast to those released as COq2, the
[COJ/[CO] ratio being higher than one for all the MWCNTSs under study (Table 5.1).
The amount of oxygen follows the same trend of the surface groups released as CO:
and CO, as expected. Comparing the pristine MWCNTs and those hydrothermally
treated with water (blank), both have similar (and low) amounts of oxygen surface
groups, indicating that the hydrothermal treatment without addition of HNO3s has no

effect on the surface chemistry of MWCNTSs.
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Table 5.1 Properties of MWCNTSs subjected to hydrothermal treatment with different HNOs concentrations: amounts of CO2 and CO released by
TPD, [CO/CO2] ratio, percentage of oxygen obtained from the analysis of the TPD spectra (assuming that all the surface oxygen is released as CO
and/or COz2), amount of volatiles (determined by TGA), amount of carboxylic acids (CA; corresponding to the sum of SA and LA, as determined by

TPD), pH at the point of zero charge (pHrzc), specific surface area (Seer), non-microporous specific surface area (Smeso) and total pore volume

(Vtotal).
[HNO3] Parameters
(mol L) [CO7] [CO] 0] colico Volatiles [CA] H SBeT Smeso Viotal
(umol g?)  (umolg?)  (wt.%) [CONCO] (wt.%)  (umol g?) PRPZC m2gy  (m2gy)  (em3g?)

Original

MWCNT 59 72 0.3 1.2 2.87 n.d. 6.9 198 198 1.264

0 (Blank) 59 72 0.3 1.2 2.92 5 6.9 188 188 1.581
0.01 71 150 0.5 2.1 341 20 6.7 202 202 1.148
0.05 156 327 1.0 2.1 3.75 54 6.1 229 204 1.115
0.10 178 590 1.5 3.3 4.41 93 5.5 250 237 1.566
0.20 304 656 2.0 2.2 4.80 152 5.2 261 255 1.669
0.30 392 671 2.3 1.7 5.12 225 5.0 262 262 2.193

n.d.: Not determined.
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Correlations between the amount of oxygenated groups introduced on the surface of
the MWCNTS (released as COz and CO) and the concentration of HNO3s employed in
the hydrothermal treatment were obtained (Fig. 5.3a). Likewise, the contents of oxygen
and volatiles (determined by TGA under inert atmosphere; Table 5.1) are also given as
function of the HNO3 concentration (Fig. 5.3b). As observed, the evolution of all the
parameters under study can be described as function of the HNO3z concentration by
single exponential functions (r2in the range 0.972 — 0.999), which is in accordance with
our previous results on hydrothermally treated MWCNTs [24], single-walled carbon
nanotubes (SWCNTSs) [25] and carbon xerogels [23-25]. These correlations are very
useful to fine tune the surface chemistry of MWCNTS, as they allow a given amount of
oxygenated surface groups to be obtained by setting the proper concentration of HNOs

in the hydrothermal treatment.
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Fig. 5.3 (a) Amounts of CO2 (SD < 39 umol g) and CO (SD < 48 umol g) released by TPD
and (b) contents of oxygen (SD < 0.19 wt.%) and volatiles (SD < 0.49 wt.%) as function of the
concentration of HNOs employed in the hydrothermal treatment of MWCNTSs. Points represent

experimental data, while lines represent non-linear fittings.

Deconvolution analysis of the CO2 and CO TPD spectra was performed in order to
identify and quantify the amounts of the different functionalities (Figs. 5.4 a and b,

respectively, and Fig. D-S5.4, and corresponding results detailed in Tables D-S5.6 and
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D-S5.7). As a representative example, Figs. 5.4 a and b show the deconvoluted CO:
and CO spectra of MWCTNoz (i.e., the material obtained after hydrothermal treatment
with 0.30 mol L't HNOs). As observed, the surface groups released as CO2 were mainly
assigned to strongly acidic carboxylic acids (SA, 172 umol g1), followed by carboxylic
anhydrides (CAn, 84 pmol g1) and lactones (Lac, 84 pumol g1), and less acidic
carboxylic acids (LA, 53 umol g1). Regarding the CO spectrum, the main contribution
was assigned to carbonyls and quinones (CQ, 388 umol g1), followed by phenols (Ph,
148 pmol g?1) and carboxylic anhydrides (CAn, 84 umol g1). Moreover, a minor
contribution was found at high temperature, as revealed by the shoulder observed at
around 900 °C (Fig. 5.4b), which can be attributed to basic surface groups (Bas,
64 umol g*) [29]. Considering the results shown in Tables D-S5.6 and D-S5.7, the
concentration of the oxygen functional groups generally increases with the
concentration of HNOs employed in the hydrothermal treatment, as previously

observed for the total amounts of CO2 and CO.

0.30
—— MWCNT,, (b)
g — 025}
2 ‘n
—
o ".'cn 0.20
(_D —
£ 2 o5t
3 3
~ =
3 — 010
o 0
o )
= 0.05 AP
7 CArjy:\ . /ii}as
PP o \ 0.00 L A NN )
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
T(C) T(C)

Fig. 5.4 Deconvolution results of (a) COz2and (b) CO TPD spectra of MWCNTSs subjected to
hydrothermal treatment with 0.30 mol L't HNO3 (MWCNTo.3). Dashed lines represent peaks
assigned to strongly acidic carboxylic acids (SA), less acidic carboxylic acids (LA), carboxylic
anhydrides (CAn), lactones (Lac), phenols (Ph), carbonyls and quinones (CQ) and basic
surface groups (Bas), such as pyrones and chromenes. Red lines represent cumulative peak
fitting.
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The effect of the hydrothermal treatment on the overall surface charge (assessed
though pHpzc measurements) of the resulting materials, was also studied (Table 5.1).
As observed, materials with a more pronounced acidic character are gradually obtained
as the HNOs concentration increases (i.e., pHpezc is 6.9 for pristine MWCNTs and 5.0
for the MWCNTSs treated with 0.30 mol L-* HNOs). This continuous decrease of the
pHpzc values can be ascribed to the increasingly significant amounts of carboxilic acids
(CA) introduced on the carbon surface, as summarized in Table 5.1. A similar
conclusion was achieved in a previous publication of our group, upon a thorough
analysis of results obtained by Raman spectroscopy [31]. As shown in Fig. D-S5.5, the
intensity ratio of the D band relative to the G mode (Io/lc) obtained by Raman
spectroscopy plotted as a function of the total amount of functional groups determined
by TPD revealed a linear function when characterizing single-walled carbon nanotubes
treated with different HNO3s concentrations. Thus, data obtained by TPD correlate well
with data obtained by Raman spectroscopy or other techniques such as water
adsorption/desorption [31]. The effect of the hydrothermal treatment on the textural
properties of the MWCNTSs was evaluated through Nz adsorption-desorption isotherms.
All the MWCNTSs possess negligible microporosity (as revealed by the low adsorption
obtained at low Nz pressures); on the contrary, the prevalence of mesopores is revealed
by the high adsorption observed at higher N2 pressures (Fig. D-S5.6). The mesoporous
nature of the MWCNTSs is confirmed by the results given in Table 5.1. As observed, the
surface area (both Sger and Smeso) and pore volume (Vpore) increase as the
concentration of HNOs employed in the hydrothermal treatment increases. The average
diameter of the MWCNTs is 9.5 nm (technical description provided by the
manufacturer) and the average internal diameter of the tubes is around 4 nm [31], i.e.,

almost 2-fold higher than the maximum diameter of micropores (2 nm). Therefore, as
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expected, micropores were not found in the original sample (Vmicro = 0) and the values
were very low for the oxidized ones (i.e., within the error of the analysis).

Our results are in line with those previously reported in a study performed with
SWCNTSs, in which it was concluded that functionalization with HNO3s causes the
opening of the nanotube caps with no significant defects being additionally produced
[32]. The progressive increase of Sget, Smeso @and Vpore Can thus be ascribed to the
opening of the nanotube caps, which enhances the accessibility to the inner part of the
MWCNTSs, rather than defect creation. As stated in a previous work, a gradual increase
of both Sger and the amount of oxygenated functional groups is observed when the
hydrothermal oxidation treatment is performed with increasing HNO3s concentrations
[24]. This methodology leads to a slight increase of the Sger, around 32% when
comparing the pristine and the MWCNTo.3 sample, i.e. from 198 m? g in the pristine
MWCNTSs to 262 m? gt in the sample treated with 0.30 mol L-1 HNOs. This increase of
Seet as consequence of the hydrothermal oxidation treatment with HNOs3 is similar to
that obtained in a previous study of our group performed under similar conditions, i.e.,
27% [33]. In that study, both pristine and oxidized (0.3 mol L of HNO3) MWCNTs were
characterized by scanning electron microscopy (SEM) (Fig. D-S5.7), allowing to
conclude that both samples consist of agglomerated carbon nanotubes, with no
significant morphological changes being perceptible as a consequence of the HNOs
hydrothermal oxidation [33]. When the total amounts of CO2 and CO released by TPD
are normalized by the Sger (i.e., ([CO2]+[CO])/SeeT), and represented as a function of
HNOs concentration (Fig. 5.5), two distinct stages in the exponential curve are
observed: (i) in the first stage, the pronounced increase is associated with the
functionalization of the accessible surface area of the original MWCNTS; while (ii) the
final part of the curve corresponds to the functionalization of new surface area made

accessible during the HNO3s hydrothermal oxidation. The correlation obtained in Fig.
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5.5 (with r2 = 0.997) can be extended to other carbon materials obtained through the

same hydrothermal functionalization methodology.
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Fig. 5.5 ([COz] + [CO])/Seer as a function of HNOs concentration.

5.3.4. Application of functionalized MWCNTSs for extraction of EU multi-

class OMPs

The applicability of the original and hydrothermally treated MWCNTSs as sorbents for
SPE of the 8 target OMPs was studied, as well as the influence of both textural and
surface chemistry properties of these materials in the adsorption/desorption process.
For that purpose, the recoveries of the target compounds were determined as
described by Equation (5.1) (Section 5.2.5). The recoveries obtained revealed
different behaviors for the OMPs under study (Fig. 5.6) due to their distinct classes
and physicochemical properties. For instance, similar recoveries were achieved for
the pesticides atrazine and isoproturon (around 80 and 70%, respectively) with all the

samples of MWCNTSs that were tested, indicating that the adsorption/desorption
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process is not affected by the oxygenated surface groups introduced by the HNOs
hydrothermal treatment. The SPE cartridges packed with the original MWCNTSs
(recoveries > 60%) performed better than the materials treated with HNO3s for the
pharmaceutical compounds diclofenac and carbamazepine and the neonicotinoid
pesticide acetamiprid (recoveries < 60%). In the case of metaflumizone, the recovery
obtained is ineffective with the original and treated MWCNTs packed in the SPE
cartridges. On the other hand, performing SPE with MWCNTo.30 leads to a significant
improvement of the recoveries obtained for methiocarb and the industrial compound
PFOS, when compared to the original MWCNTS.

Several mechanisms may simultaneously control the adsorption/desorption process of
the organic pollutants on MWCNTS, including (i) r-17 interactions, i.e., the interactions
between bulk 1 systems present on the surface of MWCNTs and organic molecules
with their benzene rings or C=C double bonds; (ii) hydrogen bonds with functional
groups on the surface of the sorbent material; and (iii) electrostatic interactions due to
of the charged carbon material surface [10, 34].

However, each mechanism could be affected differently by the environmental
conditions, which makes the application of MWCNTs for SPE of different organic
compounds from aqueous matrices a challenging research topic. The obtained results
(Fig. 5.6) suggest that the HNO3s hydrothermal treatment applied to MWCNTSs affects
the SPE efficiency of the target OMPs in two distinct ways. In the case of acetamiprid,
diclofenac and carbamazepine, the dominant adsorption mechanism seems to be -1
dispersive interactions, which decrease with the increase of the oxygen-containing
functional groups, most of them with electron-withdrawing properties. In contrast, for
methiocarb and PFOS, the HNO3 functionalization leads to higher recoveries, possibly
due to the predominance of the hydrogen bond adsorption mechanism favored by the

increase of the oxygen surface groups.
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Fig. 5.6 Recoveries obtained for the target micropollutants (200 ng L-* each), when using
cartridges packed with MWCNTSs (50 mg) obtained after hydrothermal treatment with different
HNOs concentrations (0-0.30 mol L'1). Experiments performed with 500 mL of sample (SW;
pH 3) and using ethanol as solvent (4 mL); n = 3 (RSD is represented as error bars).

In the case of the carbamate pesticide methiocarb, it is interesting to observe the
continuous increase in the recovery values with the increase of the acid concentration.
Thus, the recoveries obtained for methiocarb were plotted as a function of the total
amount of functional groups introduced (CO+CO2) divided by the respective Sger (Fig.
5.7). A good linear correlation (r2 = 0.995) was obtained, i.e., the total amount of CO
and CO: divided by the Sger has proved to be a good predictor of methiocarb recovery.
For this carbamate pesticide, the HNOs functionalization of MWCNTSs led to a
continuous and significant increase in the SPE efficiency. In order to understand if this
correlation was associated with any specific functional group previously determined
by TPD, a similar analysis was made but with the amount of each surface group (SA,

LA, CAn, Lac, Ph, CQ and Bas), instead of the total amount released as CO and CO..
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Good correlations with Ph (r2 = 0.916) and CQ groups (r?2 = 0.918) were also obtained
(Figs. D-S8 a and b), suggesting that the presence of higher amounts of these

functional groups on the MWCNT surface increases the affinity for methiocarb.
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Fig. 5.7 Recovery obtained for methiocarb as a function of ([CO2] + [CO])/Sger.

In the literature, there are several studies reporting the possible mechanisms of
adsorption of some target compounds on MWCNTs. For example, in the case of
atrazine, T—T1 dispersive and polar interactions were appointed as responsible for the
adsorption on MWCNTSs [35]. Regarding the industrial compound PFOS, a study
conducted by Li et al. [36] concluded that hydrophobic interactions are the main
mechanism of adsorption of PFOS. The pharmaceutical compound diclofenac was
already studied, and diverse types of interactions were suggested, such as electrostatic
and hydrophobic interactions and hydrogen bonding [34, 37]. In the case of
carbamazepine, the -1 electron-donor-acceptor interactions, hydrogen bonding and

hydrophobic interactions had a key role in the adsorption on MWCNTs [34, 37].
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Therefore, the mechanism and the extraction performance result from the interplay of

the characteristics of each pollutant and the properties of the sorbent material.

5.4. Conclusions

Pristine and modified MWCNTSs were applied as adsorbent materials in conventional
SPE for enrichment of 8 EU multi-class OMPs in SW samples and analysis by UHPLC-
MS/MS. The optimized SPE procedure with pristine MWCNTSs has the great advantage
of using an eco-friendly solvent (ethanol) for both conditioning and elution steps.
Additional advantages of this carbon-based cartridge are the small amount of
adsorbent that is needed (50 mg), representing a ~75% cost reduction in comparison
with the commercial cartridge (while obtaining similar recoveries), and the ability to be
reused at least three times without substantial impact on the retention capacity of the
adsorbent. The oxidation of the MWCNT surface (and thus the introduction of
oxygenated functional groups) can affect the SPE recoveries in different ways. The
dominant adsorption mechanism seems to be -1 dispersive interactions in the case
of acetamiprid, diclofenac and carbamazepine (i.e. the recoveries were higher when
using the original MWCNTSs), whereas the hydrogen bond adsorption mechanism
(favored by the increase of the oxygen surface groups) seems to be predominant in the
case of methiocarb and PFOS. Moreover, a very good correlation between the recovery
of methiocarb and the functionalities created on the MWCNTs was found, which was
attributed to the phenol and carbonyl and quionone groups. The fine control of the
surface chemistry and texture of MWCNTSs, with the purpose of improving the selectivity
and specificity of these materials, opens a window of opportunity for the development
of more efficient and eco-friendly analytical tools for the analysis of EU-relevant OMPs,
for instance by mixing MWCNTSs with different textural and surface chemistry properties

in the same SPE cartridge.
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anhydrides (Can), phenols (Ph), carbonyls and quinones (CQ) and basic surface

groups (Bas), such as pyrones and chromenes.

Fig. D-S5.1. Schematic representation (a) and photograph (b) of the lab-scale packing
device designed to prepare MWCNT cartridges (6 at a time).

Fig. D-S5.2. Schematic representation of the experimental procedure carried out to

evaluate the extraction efficiency (i.e. recovery in %) of each SPE method.

Fig. D-S5.3. Total lon Current (TIC) chromatograms of the 8 target OMPs (200 ng L-
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cartridges packed with MWCNTSs (50 mg).

Fig. D-S5.4. Deconvolution results of (a, c, e, g, i) CO2 and (b, d, f, h, j) CO TPD
spectra of MWCNTs subjected to hydrothermal treatment with different HNO3
concentrations. Dashed lines represent peaks assigned to strongly acidic carboxylic
acids (SA), less acidic carboxylic acids (LA), carboxylic anhydrides (Can), lactones
(Lac), phenols (Ph), carbonyls and quinones (CQ) and basic surface groups (Bas),

such as pyrones and chromenes. Red lines represent cumulative peak fitting.

Fig. D-S5.5. Intensity ratio of the D band relative to the G mode (Io/lc) obtained by
Raman spectroscopy, as function of the total amount of evolved CO and CO:
determined by TPD when functionalizing single-walled carbon nanotubes with
different HNOs concentrations in the hydrothermal treatment. Lines designate the
linear fit. Reprinted (adapted) with permission from The Journal of Physical Chemistry
C, Vol. 115, G.E. Romanos, V. Likodimos, R.R.N. Marques, T.A. Steriotis, S.K.
Papageorgiou, J.L. Faria, J.L. Figueiredo, A.M.T. Silva, P. Falaras, Controlling and
Quantifying Oxygen Functionalities on Hydrothermally and Thermally Treated Single-
Wall Carbon Nanotubes, 8534-8546. Copyright 2011, with permission of American

Chemical Society.

Fig. D-S5.6. N2 adsorption-desorption isotherms at -196 °C of MWCNTSs subjected to

hydrothermal treatment with different HNOs concentrations.

Fig. D-S5.7. SEM micrographs of (a) pristine (MWp) and (b) functionalized (MWf)
MWCNTSs. Reprinted from The Journal of Membrane Science, Vol. 520, Sergio
Morales-Torres, Carla M.P. Esteves, José L.Figueiredo, Adrian M.T. Silva, Thin-film

composite forward osmosis membranes based on polysulfone supports blended with
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nanostructured carbon materials, 326-336, Copyright 2016, with permission from
Elsevier [License number: 4945340204301].
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Carbon xerogels combined with carbon nanotubes as an innovative
sorbent in solid-phase extraction cartridges to assess the occurrence
of organic micropollutants in surface and drinking water

Abstract

Carbon xerogels (CXs) were synthesized by polycondensation of resorcinol and
formaldehyde, followed by thermal annealing. Solid-phase extraction (SPE) cartridges
were prepared with CXs as filling material and tested for extraction and
preconcentration of eight multi-class organic micropollutants present in water samples
before chromatographic analysis. Five pesticides (acetamiprid, atrazine, isoproturon,
metaflumizone, and methiocarb), two pharmaceuticals (carbamazepine and
diclofenac), and one industrial compound (perfluorooctanesulfonic acid) were
considered in this study. The recoveries obtained with the pristine CX material were
relatively low for most of the compounds, except for metaflumizone (69 = 5%).
Moreover, the introduction of oxygenated surface groups in the carbon material led to
a decrease in the recovery values. It was concluded that the adsorption/desorption
process of the target micropollutants performed better on CXs with a less acidic
surface, as is the case of pristine CXs. Thus, carbon-based cartridges were then
prepared by adding pristine CXs and multi-walled carbon nanotubes (MWCNTS) in a
multi-layer configuration. This cartridge was reusable and able to simultaneously
extract the eight target micropollutants. The innovative cartridge was used to validate
an analytical methodology based on SPE followed by ultra-high performance liquid
chromatography-tandem mass spectrometry for monitoring these compounds (i) in

surface water collected in rivers supplying three drinking water treatment plants and
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(ii) in the resulting drinking water at the endpoint of the respective distribution systems.
Their widespread occurrence up to hundreds of ng Lt was verified in the following
order of frequencies: carbamazepine > diclofenac > isoproturon > metaflumizone >
atrazine ~ methiocarb. Therefore, the first study employing CXs and MWCNTs as
sorbent material in multi-layer SPE cartridges is herein reported for determination of

organic micropollutants in water samples.

This chapter is submitted for possible publication as:

Marta O. Barbosa, Rui S. Ribeiro, Ana R. Ribeiro, Manuel F.R. Pereira and Adrian M.T. Silva,
“Carbon xerogels combined with carbon nanotubes as an innovative sorbent in solid-phase
extraction cartridges to assess the occurrence of organic micropollutants in surface and drinking
water”. The supplementary material is provided as Appendix E.
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6.1. Introduction

Pesticides, industrial and pharmaceutical compounds, are widely used in diverse
activities, and many are indispensable in daily life [1]. However, some of these
compounds have been identified as priority substances (PSs, as defined in EU
Directive 2013/39) [2] or contaminants of emerging concern (CECs, as defined in EU
Decisions 2015/495, 2018/840, and 2020/1161) [3-5]. The recognized (PSs) or
suspected (CECs) impact of these organic micropollutants (OMPSs) in the environment
and human health have been reported [6-8], in particular when occurring in surface
(SW) and drinking water (DW). OMPs are released in effluents from conventional
urban wastewater treatment plants (WWTPs), which are not designed to eliminate
these compounds, and from several other activities (e.g., agriculture, livestock, and
aquaculture), reaching water bodies and courses directly and/or through surface
runoff [9, 10]. Therefore, the broad identification and quantification of PSs and CECs
in aquatic compartments are essential to compile the data needed to evolve regulatory
frameworks in the field of water policy (e.qg., transport and fate in the environment and
effects on human and ecological health).

Since OMPs are typically found at residual concentrations in the environment (ng L!
to ug L1), it is important to employ an accurate and precise preconcentration step
prior to the analysis by using a sensitive and reproducible analytical technique, such
as ultra-high performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS). Considering the wide resources and great deal of time involved in
this task, novel analytical methods would ideally allow: (i) the simultaneous
determination of several distinct chemical compounds at trace levels, thus meeting
the multi-class purpose; and (ii) shortening the time required for cleanup of the sample

matrix and the extraction of analytes, which are generally the most time-consuming

251



Chapter 6

analytical steps [1, 11]. Solid-phase extraction (SPE) is the most popular sample
preparation technique for environmental samples, recognized as a robust and
straightforward tool for obtaining sample extracts enriched with target analytes and
free of interfering species present in the matrix [12-14]. It is well known that the
selection of the most appropriate sorbent is the key step in SPE, since the enrichment
efficiency of the target analytes depends on the sorbent characteristics [15]. A wide
range of sorbents is currently available. Nevertheless, chemically modified silica gel,
polymeric sorbents and, more recently, carbon-based materials, are the most
commonly used [16-18].

Carbon xerogels (CXs) can be obtained by sol-gel polycondensation of resorcinol with
formaldehyde, followed by conventional drying and thermal annealing under inert
atmosphere [19]. CXs present some advantages when compared with other carbon
materials, such as the reproducibility of the synthesis procedure and the possibility to
control their textural and surface chemistry properties [20]. Furthermore, these
materials are characterized by having high porosity and surface area, controllable
pore size, and also having the possibility of being shaped as desired [21, 22]. These
attributes make CXs attractive materials for several applications, including fuel cells
[23, 24], catalysis [25-27], and adsorption for either water treatment [28, 29] or
analytical chemistry [30, 31]. Regarding water treatment by adsorption, some authors
have been studying CXs for removal of specific PSs and CECs: (i) Moral-Rodriguez
et al. [32] studied different CXs for the adsorption of diclofenac; (ii) Alvarez et al. [33]
applied CXs as adsorbents for the removal of caffeine and diclofenac; and (iii)
Carabineiro et al. [34] studied the adsorption capacity of CXs for the antibiotic
ciprofloxacin. In the field of analytical chemistry, only two studies were found in the
literature for the analysis of pollutants by using CXs in SPE: (i) one to determine the

effectiveness of an oxidized CX material as sorbent in SPE to preconcentrate lead

252



Chapter 6

from tap water samples [31]; and (ii) another to extract aryloxyphenoxypropionate
herbicides from aquatic environmental samples by micro-SPE [30]. However, studies
focused on the application of CXs as SPE adsorbent for extraction of other PSs [2] or
CEC:s listed in the Watch List of the EU Decisions [3-5] were not found.

In the present work, pristine and hydrothermally modified CXs were synthetized,
characterized, and applied as SPE adsorbents for the simultaneous extraction of 8
EU multi-class OMPs in water samples, namely 5 pesticides (acetamiprid, atrazine,
isoproturon, metaflumizone, and methiocarb), 2 pharmaceuticals (carbamazepine
and diclofenac) and 1 industrial compound (perfluorooctanesulfonic acid), followed by
analysis with UHPLC-MS/MS. In fact, SPE-LC-MS/MS is the most common indicative
analytical method suggested for these compounds in the abovementioned EU
legislations. Moreover, SPE cartridges packed with multi-walled carbon nanotubes
(MWCNTSs) performed well for 7 out of these 8 target compounds in our previous study
[35], but failed to recover metaflumizone, which is included in the very recent Watch
List of EU Decision 2020/1161 [5]. Therefore, the main goal of the present study was
to find a carbon material with a good performance for the recovery of metaflumizone,
aiming at the development of a SPE carbon-based cartridge in multi-layer
configuration performing well for all the 8 OMPs.

Additionally, an analytical method based on SPE-UHPLC-MS/MS was validated with
the optimized multi-layer carbon cartridge and used to assess the occurrence of the
8 multi-class contaminants in SW samples strategically collected at different locations
(i.e., nearby the admission point of 3 drinking water treatment plants - DWTPs - in
northern Portugal) and in the DW yielded by those plants. To the best of our
knowledge, this is the first time a (non-polymeric) multi-layer carbon cartridge was

prepared for the extraction and preconcentration of OMPs. Moreover, the pesticide
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metaflumizone listed in the recent Watch List of EU Decision 2020/1161 was

quantified for the first time in environmental water compartments.

6.2. Experimental section

6.2.1. Chemicals and materials

Formaldehyde solution (37 wt.% in water, stabilized with 15 wt.% of methanol) and
resorcinol (99 wt.%) were purchased from Sigma-Aldrich (Steinhein, Germany).
Commercial MWCNTs Nanocyl 3100 (NC3100™, powder), with an average diameter
of 9.5 nm, average length of 1.5 um, and > 95% purity were purchased from Nanocy!l
SA (Sambreville, Belgium). All reference standards (acetamiprid, atrazine,
carbamazepine, diclofenac sodium, isoproturon, metaflumizone, methiocarb and
perfluorooctanesulfonic acid - PFOS; > 98% purity) and deuterated compounds used
as internal standards (acetamiprid—d3, atrazine—d5, diclofenac-d4, and methiocarb-d3)
were acquired from Sigma-Aldrich (Steinhein, Germany). The physicochemical
characteristics of these analytes can be found in the Supplementary Material, Table E-
S6.1. Hydrochloric acid, ethanol (HPLC grade), and methanol (MS grade) were
purchased from VWR International (Fontenay-sous-Bois, France). Each stock solution
was prepared in ethanol with 1000 mg L of each reference or internal standard. The
working solutions comprising all the target compounds or the internal standards
(2.5 mg Lt and 5.0 mg L1, respectively) were prepared by dilution of the individual
stocks in ethanol. Sodium chloride was purchased from José Manuel Gomes dos
Santos (Odivelas, Portugal). Sodium hydroxide, nitric acid, and sulfuric acid were
obtained from Merck (Darmstadt, Germany). Empty SPE cartridges (6 mL) with two frits

(20 uym) (Bond Elut™) were purchased from VWR International (Fontenay-sous-Bois,
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France). Ultrapure water was provided by a Milli-Q water system, and the pH
measurements were performed with a pHenomenal® pH 1100L pH meter (VWR,

Germany).

6.2.2. Preparation and modification of carbon materials

Two types of carbon materials were used in this work, namely in-house prepared CXs
and commercial MWCNTs. More details (i.e., textural and surface chemistry
characterization) on the MWCNTs can be found in our previous publication [35]. The
pristine CX material was prepared by polycondensation of resorcinol with formaldehyde
using a molar ratio of 1:2, adapting the procedures described elsewhere [19, 21]. The
sol-gel step was carried out at pH 6.0, sodium hydroxide solutions being added
dropwise under continuous stirring until achieving the desired pH. This step is crucial
since the accurate control of pH was determinant for the development of the
mesoporous character of CXs [21].

The original CX material was modified by surface functionalization with HNOg3, following
the hydrothermal procedure described elsewhere [36]. Specifically, the hydrothermal
oxidation was conducted in a Teflon-lined stainless-steel autoclave (125 mL, Mod.
4748, Parr Instruments, USA). The HNOs solution (75 mL, at five different
concentrations varying from 0.01 to 0.30 mol L) was transferred to the PTFE vessel
and 0.2 g of CXs was loaded. The PTFE vessel was placed inside the stainless-steel
autoclave, which was sealed and kept in an oven at 200 °C during 2 h. Subsequently,
the autoclave was allowed to cool down until room temperature. The recovered CX
sample was washed with distilled water until a neutral pH of the rinsing water was
reached and then dried overnight at 120 °C. Moreover, a blank hydrothermal treatment
was performed with distilled water instead of the HNO3s solution. The six resulting

materials were denoted as CX followed by a subscript number corresponding to the
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concentration of HNO3z employed in mol L1, namely: CXo, CXo.01, CXo.05, CXo.10, CXo.20,

and CXo.30.

6.2.3. Characterization of carbon materials

The textural properties were determined from Nz adsorption-desorption isotherms at
-196 °C, as described in our previous work [21] and included the following parameters:
specific surface area (Sser), non-microporous specific surface area (Smeso) and total
pore volume (Viwta). Thermogravimetric analysis (TGA) was performed in a Netzsch
STA 490 PC/4/H Luxx thermal analyser, in which the CX samples were heated from 50
to 900 °C at 10 °C mint, under an inert (N2) gas flow. Temperature programmed
desorption (TPD) was performed in a fully automated AMI-300 Catalyst
Characterization Instrument (Altamira Instruments) with a quadrupole mass
spectrometer (Dymaxion, Ametek), as described elsewhere [36]. The pH at point of

zero charge (pHrzc) was determined by pH drift tests [36].

6.2.4. SPE procedure

6.2.4.1. Preparation of the SPE cartridges

Handmade cartridges with single (i.e., containing a CX sample only) and multi-layer
configuration (i.e., with both CX and MWCNT) were packed by using a device specially
created for that purpose [35]. This process comprises several successive phases,
namely: (i) a polyethylene frit (20 um) was positioned on the bottom of an empty SPE
cartridge (6 mL); (ii) a selected amount of carbon material was then introduced in the
cartridge; (iii) the carbon sample was protected with another frit; and (iv) a slight

compression was applied until a specific bed height was achieved. In the case of multi-
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layer carbon cartridges, the steps (ii) and (iii) were repeated, to introduce the second

layer of sorbent material.

6.2.4.2. Optimization of the SPE procedure

A design of experiments (DoE) was carried out for the optimization of SPE with CX-
cartridges. A definitive screening design (DSD), which involved 14 randomized
experiments with 5 factors (mass of sorbent material (mg), sample volume (mL),
sample pH, type of solvent and solvent volume (mL)) and 3 levels (-1, 0 and 1), was
applied in a first stage aiming the determination of the main parameters affecting the
recovery efficiency of the 8 target OMPs. Afterwards, a Box-Benkhen Design (BBD)
considering only the significant variables was employed (15 runs, random order) to find
the best operating conditions with a minimum number of assays. The designated coded
values for the variables, -1, 0 and 1, were used to represent low, middle, and high
levels, respectively, and the coded and actual levels of the variables are listed in Table
E-S6.2 for DSD and BBD. The DoE and data analysis were accomplished using
Minitab® 19 (Minitab® Statistical Software, Pennsylvania, USA).

Regarding the SPE procedure itself, the conditioning solvents ethanol or methanol and
ultrapure water were successively passed through the SPE cartridge at a flow rate of
1 mL min-t. Immediately, sample loading was carried out with a determined volume of
blank or spiked (200 ng L! of each target analyte) water sample at a constant flow rate
of 10 mL min-1, using a vacuum manifold unit connected to a vacuum pump. Then, the
washing step was performed with 4 mL of ultrapure water. The cartridges were dried
under vacuum for 45 min and the retained analytes were eluted with a specific volume
of solvent (ethanol or methanol). The extracts obtained were evaporated to dryness in
a Centrivap Concentrator® device (LABCONCO® Corporation, Kansas City, MO,

USA). The dried extracts were reconstituted in 250 uL of solvent (ethanol or methanol),
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and the resulting solutions were filtered through 0.22 um polytetrafluoroethylene
syringe filters (Membrane Solutions, Kent, WA, USA) and analysed by UHPLC-MS/MS.
All experiments carried out during the SPE optimization study were performed in
triplicate, the obtained relative standard deviations (RSD) being represented as error

bars in the corresponding Figures.

6.2.5. UHPLC-MS/MS method

The water sample analysis was performed in an UHPLC-MS/MS apparatus (Shimadzu
Corporation, Tokyo, Japan). This system consists of: (i) a Nexera UHPLC equipment
with two LC-30AD chromatographic pumps and a DGU-20A 5R degasser; (ii) a CTO-
20AC column oven; (iii) a SIL-30AC autosampler; (iv) a CBM-20A system controller
coupled to a Shimadzu LC Solution Version 5.41SP1 software; and (v) a Ultra-Fast
Mass Spectrometry series LCMS-8040 triple quadrupole mass spectrometer. A column
Kinetex™ XB-C18 100 A (100 x 2.1 mm i.d.; particle diameter of 1.7 ym) purchased
from Phenomenex, Inc. (Torrance, CA, USA) and operating under gradient mode of
flow of the mobile phase water/ethanol (50/50, v/v) was used for the chromatographic
separation of the target OMPs. The temperature of the column oven was set at 35 °C,
the autosampler temperature at 15 °C, and the injection volume was 5 yL. Regarding
the MS settings, these were defined to: argon at 230 kPa as CID gas, 400 °C and
250 °C for source and desolvation temperatures, capillary voltage of 0.5 kV,
2.5 dm® mintand 12.5 dm3 min of nebulizing and drying gas flow, respectively. An
electrospray ionization source was used operating in both positive and negative
ionization modes. Selected reaction monitoring (SRM) was applied to quantify and
confirm the identity of each target compound, by using SRM1 for quantification and the

ratio between SRM1 and SRM2 for confirmation (Table E-S6.3 of the Supplementary
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Material), along with the retention time of the analyte (Table E-S6.4 of the

Supplementary Material).

6.2.6. Quality assurance and control of the analytical method

The validation of the SPE-UHPLC-MS/MS methodology was implemented in
accordance with the international guidelines [37] and the previous works developed by
our group [1, 38]. The evaluation of the selectivity, linearity and range, instrument and
method limits of detection and quantification, accuracy, precision, recovery, and matrix
effect, were performed. These results are detailed in the Supplementary Material
(Tables E-S6.4 and E-S6.5).

The matrix effect was calculated as the ratio of: (A) the peak areas obtained for blank
extracts spiked after SPE, subtracting those of the non-spiked blanks and (B) the peak
areas of the standards solution with a similar concentration as the post-spiked extracts
- Equation 1 [1].

Matrix effect (%) = 100 x (A/B) Eq. (1)

The recovery efficiency, i.e., the parameter that supports the selection of the optimum

conditions for the SPE procedure, was calculated according to Equation 2.
Recovery efficiency (%) = 100 x (C/D) Eq. (2)

The recovery (%) was calculated as the ratio of: (C) the peak areas obtained for
extracted spiked sample and (D) the peak areas of the post-spiked extracted sample.
This approach for evaluating the recovery efficiency allows obtaining only the recovery
provided by the adsorbent material, as the matrix effect is considered the same in C

and D [35].
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6.2.7. Water samples collection and preparation

SW samples specifically used in the optimization of the SPE method were collected
from the Cavalum River located in Penafiel (40 km from Porto, Portugal), a tributary of
the Sousa River. SW and DW samples used in the monitoring campaign were collected
from 3 regions within the northwest of Portugal (served by 3 different DWTPs), in the
period of August to October 2020. Specifically, SW was collected nearby the admission
point of each DWTP, while DW was collected at an endpoint of the distribution system
served by the corresponding plant. All the water samples were stored at 4 °C in amber
glass bottles with 1 L of capacity until extraction (24 h). The samples were filtered
through 1.2-um glass-fiber filters (47 mm GF/C, Whatman™, Maidstone, United

Kingdom) and, when needed, the pH was adjusted before the SPE step.

6.3. Results and discussion

6.3.1. Optimization of SPE procedure with pristine CX-cartridges

There are several factors that can affect the efficiency of SPE, namely the mass of
sorbent material (mg), sample volume (mL), sample pH, type of solvent and solvent
volume (mL). Therefore, a multivariate approach is recommended for this type of
optimization involving a large number of parameters. However, some of the parameters
mentioned above may not significantly affect the extraction efficiency, so its use in the
analysis may be avoided. Thus, a screening study, preceding the optimization step,
would be helpful to evaluate the significant factors involved in the analytical sample
preparation method. With that goal in mind, a DSD was employed (please see Section
6.2.4.2 and Table E-S6.6), and the results were obtained for the 8 target compounds

analysed using Pareto charts (Fig. E-S6.1), which are very useful as they allow ordering
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the input factors by significance [39]. Regarding the results obtained, in general, the
amount of CX packed in the cartridge (factor A), the volume of sample (factor B) and
the sample pH (factor C) were the most determining factors for the recovery of the
target compounds. In the specific case of acetamiprid (Fig. E-S6.1a), no factor was
significant due to the low recoveries obtained. Overall, the results of this first screening
revealed that 3 significant factors (A, B and C) should be considered in the optimization
step and the 2 remaining factors should be fixed (i.e., factor D was selected as ethanol
and factor E was set to 8 mL of solvent).

BBD was then used (please see Section 6.2.4.2 and Table E-S6.7) to determine the
optimum operating conditions upon visual analysis of the corresponding response
surfaces and contour plots (an example is shown in Fig. E-S6.2 for metaflumizone). To
obtain the surfaces, 1 variable is always fixed. The results revealed that the regions of
maximum responses for all target compounds correspond to a mass around 50 mg of
CX sample (factor A), 1000 mL of water sample (factor B) and natural sample pH (factor

C). These values were thus fixed and used in subsequent SPE tests.

6.3.2. Textural and surface chemistry characterization of CXs

Figs. 6.1a and b show the respective CO2 and CO TPD spectra obtained with the
hydrothermally treated CXs (HNOs concentration in the range 0.01 — 0.30 mol L1).
The TPD profiles of the pristine CX material (original) and CXs after hydrothermal
treatment with water (i.e., [HNOs] = 0 mol L) are also shown for comparison
purposes. The total amount of surface groups released as COz and CO, and the

corresponding oxygen content are given in Table 6.1.

Pristine CXs and the CXs treated with water ([HNOs] = 0) have low amounts of oxygen

surface groups (ca. 2 wt.%), as shown in Table 6.1. The increase in the concentration
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of HNO:s (i.e., the oxidizing agent) leads to a rise in the amounts of CO2 and CO
released by TPD (Figs 6.1a and b, and Table 6.1) and, as a consequence, the oxygen
contents also increase (Table 6.1). This trend proves that CXs are appropriate carbon
materials for the incorporation of oxygenated functional groups through hydrothermal
oxidation with HNOs under mild conditions. Moreover, the [CO]/[CO2] ratio is above 1
for all the CX samples (Table 6.1). Thus, the surface groups released as CO are

dominant over those released as COa..
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Fig. 6.1. TPD spectra of CXs subjected to hydrothermal treatment with different HNO3

concentrations: (a) COz and (b) CO evolution with temperature.
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Table 6.1 Properties of the pristine CX material and CXs subjected to hydrothermal treatment with different HNO3 concentrations: amounts of CO2
and CO released by TPD, [CO/CO2] ratio, percentage of oxygen obtained from the analysis of the TPD spectra (assuming that all the surface
oxygen is released as CO and/or COz2), amount of volatiles (determined by TGA), pH at the point of zero charge (pHrzc), specific surface area

(Seet), non-microporous specific surface area (Smeso) and total pore volume (Viotar).

Parameters

[HNO3] -
[CO] [CO] O Volatiles SgeT Smeso Viotal

(mol L™ [COJ/[COg] pHpzc
(pmolg?)  (pmolg?)  (Wt.%) (Wt.%) (m2gt)  (m?2g?)  (cmig?)

(pristine CX) 174 626 1.6 - 2.32 7.4 699 256 1.267
0 (Blank) 112 1173 2.2 - 3.27 6.9 672 249 1.205
0.01 247 1326 2.9 5.4 4.80 6.6 637 246 1.225
0.05 770 2718 6.8 35 9.15 3.9 629 242 1.199
0.10 1752 4359 12.6 2.5 14.0 <2 716 249 1.247
0.20 1965 5357 14.9 2.7 20.3 <2 810 268 1.356
0.30 3920 7097 23.9 1.8 25.2 <2 797 287 1.337
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The amount of oxygenated groups released as CO2 and CO and the contents of oxygen
and volatiles (determined by TGA under inert atmosphere; Table 6.1) were correlated
with the concentration of HNOs used in the hydrothermal treatment of CX. As observed,
single exponential functions can correlate the evolution of all parameters under study
as a function of the HNO3 concentration (Figs. 6.2a and b). The correlations found are
helpful to tune the amount of oxygenated surface groups introduced, i.e. by fixing the
appropriate concentration of HNO3 in the hydrothermal treatment. These results are in
agreement with our previous studies on hydrothermally treated CXs [21], MWCNTSs [40]

and single-walled CNTs [41].
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Fig. 6.2. (a) Amounts of COzand CO released by TPD, and (b) contents of volatiles and
oxygen as a function of the concentration of HNOz employed in the hydrothermal treatment of
CXs. Points represent experimental data, while lines represent non-linear fittings.
When the total amounts of COz and CO are normalized by the Seger (i.e.,
([CO2]+[COY])/SeeT), and represented as a function of HNOz concentration (Fig. 6.3), a

good correlation is also obtained.
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Fig. 6.3. ([COz] + [CO])/SeeT as a function of HNOs concentration.

The effect of the hydrothermal treatment on the overall surface charge of the resulting
samples was studied by pHpzc measurements (Table 6.1). The results revealed the
markedly acidic nature of the CX samples treated with [HNO3z] = 0.10 mol L1, as inferred
from the values of pHpzc < 2.

Regarding the textural properties of the CX materials, the effect of the hydrothermal
treatment was evaluated through N2 adsorption-desorption isotherms. In general, the
surface area (both Sger and Smeso) and pore volume (Vwtar) 0f CXs increase as the
concentration of oxidizing agent used in the hydrothermal treatment increases
(Table 6.1). The mesoporous character of all these materials can be confirmed by the

high rise of adsorption of N2 at high relative pressures (Fig. E-S6.3).

6.3.3. Application of pristine and functionalized CXs for extraction of EU

multi-class OMPs

The pristine and hydrothermally treated CXs were tested as adsorbents for extraction

of the 8 target EU-relevant OMPs. The effect of surface chemistry and textural
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properties of the CX samples were evaluated in the adsorption/desorption process of
these compounds by comparing the recovery efficiencies of the target compounds
calculated by using Equation (2) (Section 2.6). The results showed that low recoveries
are obtained with the original CX material for most compounds, except for
metaflumizone (Fig. E-S6.4). Moreover, it was found that, in general, the HNO3s
hydrothermal treatment has a negative effect on the recovery of the target OMPs (Fig.
E-S6.4). Other solvents (ethanolic solutions of 5% NH4OH or 2% of CH202) and a
second elution step were tested (Fig. E-S6.5) in an attempt to improve the recoveries
obtained with the original CX material. However, no improvement was onserved, and
the subsequent tests were thus performed with the former conditions (8 mL of an eco-
friendly solvent, ethanol).

The PSs and CECs under study belong to different classes and possess different
physicochemical properties (Table E-S6.1). Thus, the mechanisms controlling the
adsorption/desorption of these compounds on CXs can be distinct. The main
interactions comprise: (i) electrostatic interactions due to the charged carbon material
surface; (ii) -1 interactions (between bulk 1 systems existing on the surface of the
adsorbent material and the organic molecules with their benzene rings) or C=C double
bonds; and (iii) hydrogen bonds with functional groups on the surface of the CX material
[42, 43]. It is important to highlight that each of the interactions described above can be
affected by the different constituents of environmental matrices. Therefore, performing
a mechanistic study on the extraction of multi-class OMPs from real water matrices is
a challenge. Nevertheless, the results obtained when employing the pristine and
functionalized CXs as SPE sorbents suggest that a less acidic surface (i.e., with a lower
amount of surface oxygen-containing groups) favors the adsorption/desorption process

of the target OMPs (Fig. E-S6.4). This trend is clearly identified in the specific case of
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the pesticide metaflumizone (Fig. E-S6.6) when the recoveries obtained for this CEC
are plotted as a function of ([CO2]+[CO])/SgeT.

Comparing the results obtained in the present study with those obtained with MWCNTSs
in our previous work [35], it is possible to conclude that the MWCNTSs are a more
effective option as SPE sorbent for 7 out of the 8 target OMPs. Nevertheless, the CX-
cartridges employed in the present study enable a better performance for the extraction
of metaflumizone (recovery > 60%; against 2% obtained in the previous study with
MWCNTSs) [35]. These results prompted the study reported in the following Section, i.e.
the application of a multi-layer carbon-based cartridge to extract the 8 target OMPs

from water samples.

6.3.4. Multi-layer carbon-based cartridges for determination of EU multi-

class OMPs: a proof of concept

In view of the results presented above, we decided to develop a multi-layer carbon-
based SPE cartridge with high selectivity/specificity for adsorption/desorption of the 8
target OMPs in water matrices. No studies were found in the literature considering (non-
polymeric) carbon materials in a multi-layer configuration inside SPE cartridges. The
only three studies addressing multi-layer cartridges to extract OMPs (from water and
olive oil) employs commercial materials developed by leading companies in this field:
(i) graphitized carbon black (GCB, ENVI-Carb), polymeric weak anion exchanger
(Oasis WAX), and polymeric weak cation exchanger (Oasis WCX) [44, 45]; and (ii)
zirconia-coated silica and C18 [46]. A compromise between the SPE procedure
optimized for CXs in the present work (relevant for metaflumizone) and the procedure
optimized in our previous work for MWCNTs (that is not recommended for

metaflumizone) was needed to obtain the best possible extraction efficiencies for all

267



Chapter 6

the 8 target compounds. On this basis, the SPE conditions selected for the next tests

were 1000 mL of water sample at neutral pH (7.0 £ 0.1).

6.3.4.1. Optimization of the multi-layer configuration

The selected materials (pristine CXs and MWCNTSs) were loaded in empty SPE
cartridges, varying the multi-layer configuration, namely the type of carbon material in
each layer (bottom and top) and load of sorbents (25 and/or 50 mg). The configurations
tested and the respective results are shown in Fig. 6.4. As observed, the order of the
carbon layers (i.e., CXs or MWCNTSs loaded on the bottom or top of the cartridge) has
no significant impact on the recoveries obtained. On the other hand, the quantity of
sorbent loaded has some influence on the recoveries of the pesticides atrazine and
methiocarb, for which a higher amount of carbon material provided a better
performance; and metaflumizone, for which the recovery increases around 20% with
the lower quantity of sorbent. Similar results were obtained for the other target OMPs

regardless of the sorbent load.

268



Chapter 6

100 -
Il Bottom: 50 mg MWCNTs; Top: 50 mg CXs
1 [ 1 Bottom: 50 mg CXs; Top: 50 mg MWCNTs
80 - I Bottom: 25 mg MWCNTSs; Top: 25 mg CXs
= [ ] Bottom: 256 mg CXs; Top: 25 mg MWCNTs
o
E 60 |
>
e
Q
@
X 40
20
0 -
& xS <« 2’ & N £
& 35 3 & S &
& <« o S S 3 N
é’ \'e 2 R (> Q‘~ A z\'
¢ & > o0 N &
v & A &
Vs <

Fig. 6.4. Recovery obtained for the target micropollutants (200 ng L each), when using
cartridges with different multi-layer configurations: type of carbon material (pristine CXs or
MWCNTS) in each layer (bottom or top) and load of sorbents (25 and/or 50 mg). Experiments
performed with 1000 mL of sample (SW; pH 7) and using ethanol as solvent (8 mL); n =3
(RSD is represented as error bars).

The recoveries obtained with the best multi-layer carbon-based cartridges, particularly
when considering metaflumizone (bottom: 25 mg of CXs; top: 25 mg of MWCNTS),
were compared with those previously obtained with CXs and MWCNTSs cartridges
independently (Fig. E-S6.7). A non-cumulative effect is observed, since the recoveries
obtained when the two carbon materials are packed together in the same cartridge are
nearly half of those obtained when CXs (in the case of metaflumizone) and MWCNTSs
cartridges (for the other 7 OMPSs) are used independently. Only the multi-layer carbon-
based SPE cartridge is able to simultaneously extract the 8 target OMPs in a single
procedure. Although the recoveries are low (> 20%), the procedure was proved to be

very precise (RSD < 6%). Therefore, the multi-layer carbon cartridge's reusability was
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studied, similar recoveries being obtained for the 8 OMPs during three successive
cycles (Fig. 6.5). These reusability features are characteristic of carbon-based SPE
cartridges [35], representing an advantage when compared to traditional single-use
commercial cartridges [1, 47]. Moreover, this multi-layer cartridge is able to extract all

the target analytes simultaneously, with a low load of sorbents and an eco-friendly

solvent.
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Fig. 6.5. Recoveries obtained for micropollutants (200 ng L* each), extracting 1000 mL of
water (pH 7) with 8 mL of ethanol as solvent, during consecutive reuse cycles performed with
the same multi-layer carbon-based cartridge (bottom: 25 mg of CX; top: 25 mg of MWCNT); n =
3 (RSD is represented as error bars).

6.3.4.2. Application in a monitoring campaign focusing on SW and DW

The developed multi-layer carbon-based SPE cartridge was used to concentrate and
cleanup water samples prior to the analysis by UHPLC-MS/MS, in order to identify and

guantify the target OMPs. A spatial monitoring program of SW collected from different
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Portuguese rivers was performed, providing a mapping on the occurrence of PSs and
CECs in the environment that persist and might contaminate DW. For this purpose, the
SW and DW samples were collected before and after 3 DWTPs, i.e., nearby the
admission point of each DWTP and at an endpoint of the distribution system served by
that same plant, respectively. The results obtained are given in Table 6.2. As observed,
6 out of the 8 target compounds were detected in the collected water samples: atrazine,
carbamazepine, diclofenac, isoproturon, metaflumizone, and methiocarb.

Regarding the target pesticides of this study, the neonicotinoid acetamiprid was not
detected. The banned triazine pesticide, atrazine, was quantified in SW-3 and detected
below the MQL in SW-1. Isoproturon was quantified in the 3 SW samples analysed (up
to 339 £ 29 ng L1). Metaflumizone was quantified for the first time ever in both SW
(SW-2 and SW-3) and DW (DW-2) samples. Methiocarb was found only once in SW-3
(138 £ 1 ng L1). Moreover, the industrial compound PFOS was not detected in this
study. In fact, the target compounds listed as PSs (atrazine, isoproturon and PFOS)
were always quantified below their maximum allowable concentration — environmental
quality standards (MAC-EQS), as defined in Directive 2013/39/EU for surface water
bodies. Additionally, the sum of all the pesticides was below the maximum admissible
concentration (i.e., 0.5 pug L) for this class of compounds in DW, as defined in Directive
98/83/EC.

The pharmaceutical compounds were detected at the highest concentrations and more
frequently in both matrices (SW and DW), possibly due to their high prescription/usage
nowadays. Carbamazepine, an anti-epileptic compound reported as recalcitrant in
several monitoring studies [48, 50], was quantified up to 83.8 + 6.6 ng L*! in SW and
15.3 + 2.4 ng Lt in DW samples. The anti-inflammatory diclofenac was quantified at a
high level in SW-1 (949 + 24 ng L1). This broadly consumed pharmaceutical was

withdrawn from the most recent Watch List (EU Decision 2020/1161). Nevertheless, it
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is one of the compounds most frequently found and at highest concentrations in water
bodies, being found even in DW samples [48, 53]. These results suggest that neither
the natural mechanisms occurring along the river course (i.e., photodegradation,
biodegradation, among others), nor the dilution factor are sufficient to completely
eliminate these analytes that are released into the environment.

Summarizing, the results obtained allow concluding about the feasibility of employing
this novel multi-layer carbon-based cartridge in a SPE-UHPLC-MS/MS method for
monitoring PSs and CECs in SW and DW.

Table 6.2 Concentrations (ng L) of target micropollutants found in SW and DW near to
the DWTP 1, 2 and 3; 2n.d. is not detected; ® MQL is method quantification limit.

Concentration (ng L)

Analyte DWTP-1 DWTP-2 DWTP-3
SW-1 DW-1 SW-2 DW-2 SW-3 DW-3

Acetamiprid n.d.?2 n.d. n.d. n.d. n.d. n.d.
Atrazine <MQL?® n.d. n.d. n.d. 198 + 2 n.d.
Carbamazepine 83.8+6.6 153+24 69.6+16.3 126+29 685+5.8 n.d.
Diclofenac 949+24 31.8+5.3 116 £5 n.d. 264 +3 n.d.
Isoproturon 168 + 5 n.d. 131 +£19 n.d. 339+29 n.d.
Metaflumizone n.d. n.d. 159 + 33 155+04 729+3.9 n.d.
Methiocarb n.d. n.d. n.d. n.d. 138+1 n.d.
PFOS n.d. n.d. n.d. n.d. n.d. n.d.

6.4. Conclusions

Pristine and HNOs hydrothermally treated CXs were synthesized and used as SPE
sorbents for the extraction of 8 multi-class OMPs from water matrices. The introduction
of oxygenated functional groups by oxidation of the CX surface negatively affected the

recoveries obtained for the target analytes, indicating that the adsorption/desorption
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process is more efficient on a less acidic surface. Overall, the recoveries obtained with
pristine and functionalized CXs were low, except for metaflumizone (> 60%). Taking
this into consideration, multi-layer carbon cartridges with pristine CXs and MWCNTs
were tested as a proof of concept in the present work. The optimized cartridge
configuration was able to extract the 8 target OMPs (with different pKa and polarity
range) at once, using an eco-friendly solvent and low load of sorbents. Moreover, this
cartridge can be reused at least three times without affecting the extraction efficiency.
Therefore, an analytical methodology based on SPE-UHPLC-MS/MS was then
validated using the innovative multi-layer carbon-based cartridge. The potential of this
method for monitoring EU-relevant OMPs was demonstrated through a monitoring
campaign focusing on SW and DW samples collected before and after DWTPs, which
confirmed the occurrence of a wide range of OMPs (at ng L levels). Among the OMPs
quantified (6 in total), the most commonly found were carbamazepine and diclofenac.
Metaflumizone, a CEC recently added to the Watch List in EU Decision 2020/1161,
was quantified in water courses for the first time, highlighting the importance of

including this new CEC in future monitoring programs.
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Supplementary material
(Please see Appendix E)

Table E-S6.1. Target compounds, class, structure, relative molecular mass (My), pKa,

and log Kow values and solubility in water.

Table E-S6.2. Selected variables and respective levels investigated in the definitive

screening design (DSD) and Box-Benkhen design (BBD).

Table E-S6.3. Selected reaction monitoring (SRM) instrument parameters for tandem

mass spectrometry analysis of target analytes.

Table E-S6.4. Retention time, range, linearity, instrument and method detection, and

guantification limits for each target analyte.

Table E-S6.5. Recovery, accuracy, precision (intra- and inter-batch), and matrix effect

for each target analyte.

Table E-S6.6. Design of trial runs (in coded form) for DSD and corresponding
recovery values for the 8 target compounds. All the experiments were performed with

pristine CX samples.

Table E-S6.7. Design of trial runs (in coded form) for BBD and corresponding recovery
values for the 8 target compounds. All the experiments were performed with pristine

CX samples.

Fig. E-S6.1. Pareto charts representation of the standardized effects originated by the
main factors (A, B, C, D and E) for each target compound; response is recovery (%);

a = 0.05. All the experiments were performed with pristine CX samples.

Fig. E-S6.2. Response surface and contour plots showing the effect of the mass of
sorbent material (mg) (factor A), sample volume (mL) (factor B), and sample pH (factor
C) on the recovery of metaflumizone: (a) Response surface and contour plots of
recovery as a function of factors A and B (hold value — C = 7); (b) Response surface
and contour plots of recovery as a function of factors A and C (hold value — B = 750
mL); (c) Response surface and contour plots of recovery as a function of factors B
and C (hold value — A= 100 mg). All the experiments were performed with pristine CX

samples.
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Fig. E-S6.3. N2 adsorption-desorption isotherms at -196 °C of CXs subjected to
hydrothermal treatment with different HNOs concentrations: the subscript number in

CXo, CXo.01, and CXo.0s corresponds to the concentration of HNO3s (mol L1).

Fig. E-S6.4. Recoveries obtained for the target micropollutants (200 ng L1 each),
when using cartridges packed with carbon xerogel (CX; 50 mg) obtained after
hydrothermal treatment with different HNOs concentrations (0-0.30 mol L%1).
Experiments performed with 1000 mL of surface water (SW; pH 7) and using ethanol

as solvent (8 mL); n = 3 (RSD is represented as error bars).

Fig. E-S6.5. Recoveries obtained for the target micropollutants (200 ng L each),
when using cartridges packed with CXs (50 mg) with different solvents (ethanol + 5%
of NH4OH, ethanol + 2% of CH202, and ethanol) and two elution steps (8 + 8 mL).
Experiments performed with 1000 mL of SW (pH 7); n = 3 (RSD is represented as
error bars).

Fig. E-S6.6. Recovery obtained for metaflumizone as a function of ([COz] +
[CO])/SBET.

Fig. E-S6.7. Recoveries obtained for the target micropollutants (200 ng L each),
when using cartridges packed with different carbon materials: multi-walled carbon
nanotubes (MWCNTSs), CXs and multi-layer (bottom: 25 mg of CXs; top: 25 mg of
MWCNTSs). Experiments performed with the optimized procedures for each type of

sorbent; n = 3 (RSD is represented as error bars).
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7.1. Final conclusions

The outcome knowledge obtained during this PhD project has allowed to reach the
proposed objectives that were based on groundbreaking and innovative features in
two different areas of research, namely analytical chemistry and materials chemistry,
and their combination in a single research topic of major international interest:
environmental pollution and policy. Specifically, this project was focused on the
development of analytical methodologies based on SPE-UHPLC-MS/MS for the
simultaneous analysis of PSs and CECs in water matrices by using an innovative SPE
cartridge layer-by-layer assembled with different carbon materials. The most relevant
conclusions of the works described in this thesis are summarized below.

In order to build knowledge on the occurrence and removal of OMPs in DW, an eco-
friendly multiresidue analytical method based on SPE-UHPLC-MS/MS was developed
and validated for the analysis of 21 micropollutants (Chapter 3). The proposed method
was successfully applied to tap, fountain, and well water samples from different
locations of northwest Portugal, showing the occurrence of 13 out of 21 target OMPs.
Additionally, the hazard quotients were estimated for the quantified micropollutants
and suggested no adverse effects to humans.

In a subsequent work (Chapter 4), spatial and seasonal variations of a wide range of
multi-class PSs and CECs were studied in Portuguese SW samples, and 26 out of 39
target micropollutants were found at least in one of the 4 stressed selected rivers. As
expected, the results indicate that the occurrence and distribution of the OMPs along
rivers are largely dependent on location and seasonal variations. This study was the
first to assess the spatiotemporal distribution of EU-relevant micropollutants and the
fluorescence EEMs, as well as the correlations between these water quality

parameters. The fluorescence EEMs of SW matched the distribution of
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micropollutants, indicating that preliminary EEM analysis may help to inform the
design of future water courses monitoring campaigns.

The lack of a reusable, eco-friendly, and low-cost analytical tool to simultaneously
determine multi-class organic PSs and CECs defined in recently launched EU
regulation has driven the study of carbon materials as SPE sorbents for pre-
concentration of these type of micropollutants. Thus, in the subsequent research work
(Chapter 5), pristine and HNO3s hydrothermal treated MWCNTSs were studied for the
extraction of 8 selected OMPs in SW samples before UHPLC-MS/MS analysis.
Recoveries higher than 60% were achieved for 5 out of 8 target micropollutants.
However, in the specific case of metaflumizone, the recovery obtained with this type
of carbon material is negligible. The SPE procedure optimized with pristine MWCNTs
presented great advantages when compared with the commercial cartridge, namely
the cost reduction (~ 75%) and the capacity to be reused at least three times without
substantial effect on the recovery values. The oxygen functional groups improved the
recoveries of some micropollutants, proving that the fine tune of the surface chemistry
and texture of MWCNTSs unlocks an opportunity for the progress of more efficient and
environmental friendly SPE procedures to analyse PSs and CECs in water.

Finally, pristine and oxidized CXs were produced and used as SPE sorbents in single
and multi-layer cartridges (Chapter 6). In order to achieve satisfactory recoveries for
the 8 target OMPs, a novel multi-layer carbon cartridge with pristine CXs and
MWCNTs were tested as a proof of concept. The optimized multi-layer carbon
cartridge presented several strengths: (i) the ability to simultaneously extract the 8
target OMPs (with different pKa and polarity range); (ii) the use of an eco-friendly
solvent; (iii) the low amount of sorbents required; and (iv) the possibility to be reused
at least three times. These cartridges were applied to a SPE-UHPLC-MS/MS

methodology for monitoring the 8 PSs and CECs in SW and DW samples collected
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before and after DWTPs and the results revealed that 6 compounds were quantified.
Carbamazepine and diclofenac were the most frequent micropollutants and
metaflumizone, a CEC recently listed in the 3 WL, was quantified in aquatic
compartments for the first time.

Although some of the compounds are already defined in the EU legislation, more
monitoring programs are needed for further prioritization and risk assessment of such
micropollutants. There is still a lot of missing information about many aspects of this
environmental issue, particularly about the occurrence and fate in the aquatic
compartments of this type of contaminants, and contamination prevention plans to
guide the development of new and restrict legislation including them. Accurate and
high quality data obtained in monitoring programmes is thus needed, which in turn
have to be based upon well developed and validated analytical methodologies.

The results of this PhD thesis may contribute to this end by increasing the information
available on the occurrence and fate of OMPs in water and providing a single
analytical method for Union-wide monitoring of SW pollution affecting EU and world

citizens.
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7.2. Perspectives

The analytical methods developed and validated in this research work can be helpful
in further studies concerning the water monitoring of the target OMPs. Particularly,
the validated SPE-UHPLC-MS/MS method with the multi-layer carbon cartridge was
established for future monitoring campaigns to provide a national mapping on the
occurrence of PSs and CECs in the environment that persist and might even reach
DW, assessing the performance of DWTPs.

For instance, a 1-year monitoring plan of some DWTPs can be now performed to
qguantify PSs and CECs at the different stages (influents, after each treatment step,
and effluents), allowing to evaluate the performance of such DWTPs and the
respective treatments applied (e.g., adsorption, coagulation, ozonation, UV,
chlorination).

Studies on identification of degradation products are crucial for proper assessment of
the environmental impact. Thus, efforts should be made to identify and include these
by-products in the developed SPE-UHPLC-MS/MS method.

Since additional pollutants are continuously identified and there is a continuous
updating of the WL for water monitoring, a number of other carbon materials (e.g.,
carbon nanofibers, graphene-derivates, nanodiamonds) with controllable texture and
surface chemistry might be produced and studied for the development of nhew multi-
layer cartridges with affinity/selectivity to extract the emerging compounds. Moreover,
the so-called “cocktail effect” in aquatic environments is much more complex, i.e.,
single substances that are individually present at inoffensive concentrations in the
case of mixtures may additively or synergistically pose a risk to ecosystems and
human health. Moreover, the pollutants entering SW can interact with natural mineral

salts and organic compounds, as well as with nutrients from WW, sewage, and
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agricultural run-off. Therefore, further measures are needed to tackle the presence of
“cocktail effect” substances in European water bodies. Bearing this in mind, an
interesting approach for the multi-layer carbon-based cartridges would be to extend
the study to extract other types of water contaminants and improve the overall
recoveries.

In conclusion, the methodologies must be aligned, the strategies must be established,
and several efforts must be pooled, in order to accomplish the mutual goal of aquatic

environmental pollution control.
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Althsough tsere are no legal discharge limits for micropolitants into the environment, some regl ations
leave been published in e st few years. Recently, 2 watch [t of sulstances for Ewnopsean Un ion-wide
mauitaring was reparted in the Decision 2005/495/EU of 20 March 2015. Besides the substances pre-
vioisly recommendsd 1o be incleded by the Diective 392013/E), namely twe il mscest cals
{(dichofena and the synthe tic homone 17-alpha- ethi nylestradiol (EE2)) and a natiural bomone | 17-beta-
estradiol (E2)), the first watch list of 10 substances/groups of substances also refers three macrolide
antibviot o (arithroomycin, cla it hroaomgcin and erythoomycin], othe rnatureal bormone (estrone (E1) |, some
pesticides (methiocarh, aadizzon, imidacloprid, thiscloprid, thisme thoxam, clothianidin, acetamiprid
amd triallate]). a UV filter (2-ethyilsesy-4-me thosyei nnamate) and an antioidant (2.6-di-ten-utyl-4-
methylplene ) commonly used a5 kod additive Since litde i keown about the removal of most of

the substances indwuded in the Decision 2015495 particularly regarding realiStic concentrations in
et environmental samples, thisreview aims | aveiview the Emmpean policy in the water field;
(i) briefy describe the mat commonly used conventional and sdvanded Ireslment processes o remoe
mvicropoll wants; (i) § ize the relevant data pubdissed in the st decade, reganding oo rene and
remaoval in squecis matrices of the 10 substancesigroups of substances that were recently incheded in
the firat watch 15t for Evropean Union moritoring (Decision 2015/495/EL; and (iv) lighlight the 1sck of
reports conceming some sulstances of the watch st the study of un-spiked aquatic matrices and the
Asmessme nt of translormation by-products
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1. Introduction

‘Water is a valuable resource, crudial to all living organisms and
for multiple human activities, such as domestic uses, agriculture
and industry. However, several contaminants of emerging concern
(CECs)endupin vital aquatic com parmments, such as surface water,
groundwater and even drinking water, at concentrations bebween
fewng L' and several pg L~! (Matamoros and Bayona, 2006), with
negative impact on water quality. The occurrence of CECs in the
environment is reported in thousands of publications during the
last decades and reviewed by many authors (Bell et al., 2011; Bu
et al., 2013; da Sha et al, 2012; da Silva et al., 201%; L et al.,
2015; Li, 2004; Liu and Wong, 2013; Sima et al, 2014; Zhang
et al, 2014a), demonstrating an increasing concern about them
For instance, a series of periodic review articles focused on oocur-
rence, fate, transport and treatment of CECs were published
annually since 2007 (Wells et al, 2007) until 2011 (Bell etal, 2011),
and then works on occurrence, fate and transport of CECs were
reviewed separated from treatment since 20012 (daSilva etal, 2012)
until 2015 (Li et al., 2015), due to the significant increase in the
number of publications dealing with this pardcular topic.

(ECs can be natural or anthropogenic substances such as pes-
ticides, industrial compounds, pharmmaceuticals, personal care
products, steroid hormones, drugs of abuse and others (Ribeiro
et al, 2015). Sources of CECs include: (i) industrial wastewater;
(i) runaff from agriculture, livestock and aquaculture; (iii) landfill
leachates; and (iv) domestic and hospital effluents, from which
micropollutants might follow many pathways (Mompelat et al,
2009, asrepresented in Fig. 1.

The management of industrial effluents resulting from the
production of pharmaceuticals, personal care products, pesticides
and other compounds, has been properly done in several countries
where regulations are already implemented, but maore strict regu-
lations are still needed in other egions of the world The runoff
from agriculture and livestock areas is another important source of
micropollutants, particularly in the case of pesticides used to
improve productivity, as well as steroid hormones and antibiotics
used for livestock (Birkett and Lester, 2002; Song et al, 2007) In
addition, many contaminants and theirintermediates can reach the
fields when they are irrigated with treated wastewater and, as
consequence, the recefving waters can also contain these sub-
stances (Pedersen et al., 2003). Other source of CECs is the leakage
from landfills and sewage treatment facilides, industrial waste
systems and septic tanks {Matthiessen et al, 2006). The release of
effluents from municipal wastewater treatment planis (WWTPs)is
ather important route for the appeamnce of micropollutants in the
aquatic ervironment { Tijani et al, 2013), the wastewater treated in
these plants mainly resulting from domestic and/or indusirial ac-
tivities, as well as from hospitals.

In fact, most of the corventional WWTPs are not designed to
completely eliminate organic compounds at low concentrations,
making the treatment processes vulnerable to such problem of
pallution (Tijani et al, 2013). In this context, the non-degradable or
partially removed compounds in WWTPs are likely to be detected
in surface water. In the cases of sewage sludge and soils, micro-
pollutants can desorb and runoff to surface waterorundergn direct
leaching to groundwater aquifers with consequent contamination
of drinking water (Feng et al., 2013).
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Az 1. Repesentaive sources and routes of micropol uants in the emvironment.
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Agricultural reuse of sewage sludge in particular as fertilizer, isa
Commaon practice to improve the soil structure and provide nutri-
ents, but can represent a source of environmental contamination
(Dichd et al, 2007). Moreover, sewage sludge solids sourced by
wastewater can be considered a sink of hazardous substances (eg.,
such as pathogens, heavy metals and organic pollutants) that will
accumulate in soils (Dicht et al, 2007). Due to the increasing
concern about human health impacts, land application gained in-
terest to convert sludgeinto a safer material through the treatment
by anasmbic digestion, composting or other hiological processes
(Zhang et al, 3014b) While composting i= a controlled hio-
oxidative process that comverts shidge into stable and humic like
materials, anaembic digestion oocurs in the absence of wogen and
has two main end products, a methane-rich biogas used as
renewable energy source and the digested used as fertilizer (Zhang
et al, 20Mb). Removal of tooic organic contaminants by these
processes was reported; however, their complete mineralization is
difficult due to the adsorption mechanism and the formation of
intermediates { Zhang et al., 2014hb).

The fate and distribution of CECs will depend on the Dge, which
is a pH-dependent n-octanol—water distribution ratio that simul-
taneously considers hydrophobicity and ionogenicity (Wells, 2006,
2007). Although most regulators use octanol—water partifoning
coefficient (K, to evaluate the hydmphobic partitoning, the
environmental fate and transportshould be based in the pammeter
D, which is more accurate for ionizable arganic compounds.

The contamination of environmental compartments, such as
surface water, groundwater and soils, which are continuously
intemrelated, may canse cumulative negative effects along multi-
generational exposure in aquatic organisms andfor affect the
human's health by drinking water contamination {Daughton, 2010
A great concern about the oocurrence of micropollutants in the
aquatic resources and the subsequent effects on humans and biota
has been highlighted in the last few years. However, it is difficult o
predict which envimnmental and public health implications may
arise from the oocurrence of CECs in freshwater ecosystems, since
the individual concentrations usually found inthe environment are
lower than those able to cause direct negative effects (Quinn et al,,
2009) For instance, concerning pharmaceuticals, toxicokogical
studies have shown that they might have direct toxicity towards
certain aquatic organisms (Crane ot al., 2006). The main issues
related to the frequent ocoumence of mecaldtrant compounds are
their simultaneous presence as complex mictures and the long
term exposition that can lead to serious chronic effects, as eported
by several studies (Kidd et al., 2007; Santos et al, 2010). Their
constant but impereptible effects can gradually accumulate, finally
leading to irreversible changes on both wildlife and human beings
(Daughton and Ternes, 1999; [jemba, 2006).

MNatural attenuation is a low-costand simple process comprising
physical. chemical andjor biological mechanisms to reduce con-
taminants concentrations (Khan et al, 2004; Kuppusamy et al,
2016). Volatilization, dispersion, dilution, sorption, photolysis,
biodegradation ftransformation are the main natuml attenuation
processes {Khan et al., 2004; Kuppusamy et al., 2016). While vola-
tilization has a minor impact, dispersion and dilution can lead toa
significant decrease on the concentrations of contaminants { Gum
and Reinhard, 2006). The dilution can decrease their concentra-
tion to levels for which no significant effects are verified for aquatic
organisme. Sorpton to sediments and suspended solids also reduce
the concentration of CECs, but accumulation is enhanced. Indirect
or direct photolysis can lead to removal of contaminants, but is
highly dependent an the presence of suspended matter and solar
radiation. CECs can also be degraded by biodegradationftrans-
formation, by bacterial enzymes (Khan et al., 2004 ).

The upgmding of the treatment processes for effluents
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generated by conventional WWTPs might minimize the discharge
of micropollutants into the receiving waters, and can even improve
the owerall quality stams of effluents for possible reuse
(Comninellis et al, 2008; De Lluca et al, 2013} The design
improvement of WWTPs to include advanced treatment technol-
ogies, aiming to tansform CECs into less harmful compounds or
even to mineralize them, is one of the pomising strategies to
achieve this aim, as recently implemented in Switzedand.
Advanced water treatment processes inclide adsorption (eg.
granular activated carbon (GAC)), membrane and advanced
chemical foxidation technologies (Sudhakaman et al, 2013). Other
option is the implementation of natural systems to depurate water,
such as riverbank filtration (REF), aquifer recharge and recovery
(ARR] and constructed wetands (OWs), which are eviewed in the
literature (Li et al., 2014; Petrovic et al., 2009; Zhang et al, 2014a)
and will not be discussed in this work

11 European policy

Although there are no legal discharge limit= for micropollutants,
some regulations have been published. The Directive 2000/ 60/EC
was the first mark in the Fumpean water policy, which set up a
strategy to define high risk substances to be pricritized (Directive,
200070, A set of 33 priority substances/groups of substances (PSs)
and the respective environmental quality standands (EQS) were
ratified by the Directive 2008/ W05(EC (Directive, 2008). Two years
ago, the European Union Directive 2013/39/EU recommended
attention to the monitorization and treatment options for a group
af 45 PSs (Directive, 2013 ), meeting the protection of the aquatic
compartments and the human health. In that Directive, two phar-
maceuticals (the non-stemid anti-inflammatory diclofenac and the
synthetic hormone 17-alpha-ethinylestradiol — EE2) and a natural
hormone (17-beta-estradiol — E2) were mcommended to be
included in a first watch list of 10 substances/groups of substances
for European Union monitoring, to be launched within two years. In
the first quarter of 2015, the watch list of substances for European
Union-wide monitoring (as set out in Article 8b of Directive 2008/
105/EC) was amended in the Decision 2015/495/EU of 20 March
2015, Besides the abowementioned substances (diclofenac, EE2 and
EZ), three macrolide antibiotics (azithromycin, darithramycin and
erythmmycin) wereincluded, together with other natural hormone
(estrone — E1), some pesticides, a UV filter and an antioxidant
commonly used as food additive, listed in Table L The frequent
occurrence of CECs in the environment and the inefficiency of
conventional WWTPs to emove such compounds, promoted the
amendment of the framework to cover a larger set of hazardous
compounds, as well as further recommendations for wastewater
treatment Steps or even new treatment scenarios. This actions
should be implemented by the Eumpean Commission and regu-
lated by the European country authorities.

This review aims to summarize some relevant data of ocour-
rence and removal in agqueous matrices of the 10 substances /groups
of substances {i.e, a total of 17 organic compounds) enlisted in the
first watch list for European Union monitoring, defined in the De-
dsion 2015495/ELL Smdies on the oocurrence of the referred
substances (3 estmogens, dickfenac  Z6-di-ten-burd-4-
methylphenaol, 2-ethylhexyl-d-methoxycinnamate, 3 macrolide
antibiotics, methiocarh, 5 neonicotinoids, oxadiazon and triallate)
are shown in Table 1, for different aquatic compartments, namely
wastewater, surface water and groundwater. Reports dealing with
the removal of these 17 substances, only in real matrices, are
averviewed below. The search comprised publications since 2005
{lastdecade) in Scopus database, using as keywonds each substance
and the treatments herein reported. Most of the wo ks refer toun-
spiked aqueous environmental samples treated at lab-, pilot- or
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Jinchided in thewatch list of EU Commission Decsion 4952015, and their soaurnencein difierent

aquatic mmpantments, namely efluens of waewater (WW) surfiee water [ SW), and groundwater (CW)L *na refers to notavailable data

Mame of substnaef AL (Substance) structure Concentration (ng L") Reference
group of substanaes  number Matrix
Loctians (number of samples)
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5230 {luoet 2l 201 &; Vullietet al, 2008; Vullietand Crenlive,
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France (n — 73), USA (na)
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Miclafenac 15307 »

145482
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LY (n =a)

E-1043

=W
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Spain (n — 30} France (n—70)
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4750
ww
y China in —
J' 121050

2-ethylhexyl4- 5466
methoyonmamae 773
17}, Morway (n— 5)
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China(n —3), Karea (n — 120} Sweden(n - 3),

120} Cermany (na}

Chinain —3). Karea (n —120). Swedenin— 3],

120} Cermany (na}
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al, 2017; Bolong ot al, 2009; Mie ot 2l 2012;
=t al, 2008)
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Zorita et 2l, 2005)
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(luoet al 201 4; Vullietet al, 2008; Vullietand CrenOlve,
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et d, 2015; Prieto-Rodriguez et 2l 2012)
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{(Bendzet al. 3008 ; Benotti ot al. 200)

(langford ot al. 201 5; Li o al 2000 Tsui ot al. 2301 4)

(Amine et al. 2012)

(Miazfne et &, 2012)
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Name of subx nee|
group of subs Gnaes

A% (Substan =) struchune oncenration (ng L") Refarence
mumber Matrix
actions (number of samples)

Methiszrh

HEW pgitheomygcin 41220 (Al Aukidy etal, 201 2; Birosova etal, 2014; Gibs etal
m-s 11, W 2013; Peyeira et al, 215)
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gy Partugal (n - 4)
= = G- S0 (Hoa et al, 2011; Tong et d, 2014)
L = W
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G- 1620 (Lopez-Setna =tal 2013; Maet al, 2015; Tong stal, 2014)
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Table 1 | contimued )

Mame of subsone]  CAS {Substanee) struchure Conceniration (ng L) Haferenme
group of substanaes  number Matrix
Loitions (number of samples)
Triallate nw . . e, s ma e
175

full-scale, some describing the removal of these substances on
spiked environmental matrices, and some including the compari-
son bebween the real matrix and ultrapure/deionized water. The
first step of sample prepamtion is usually the filtration of the
samples, and the works on occurrence take into account this stepin
the sample preparation protocol of the analytical method. Before
such literature overview, the nextsections {12, 13 and 1.4) present
a hrief description of the most commonly used conventional and
advanced treatment processes.

1.2, Tresmment by conventional proceses

The efficiency of a conventional WW T varies depending onthe
characteristics of the pollutant and on the treatment process
employed. The main mechanisms for removal of micropollutants
oocuming during the secondary treatment at WWTPs are biological
andfor chemical transformation and sorption (Radjenovic et al.,
2009; Verlicchi et al, 2012). The maost common employed pro-
cesses are conventional activated shidge (CAS) and membrane
biological mactors (MBR=s).

The efficiency of a CAS system depends on the physicochemical
characteristics of the substances and on the nature of the microbial
community. The most important operational factors affecting the
efficency are the temperature, the hydraulic retention time (HRT)
and the sludge retention time (SET) {Oulton et al., 2000; Petrovic
et al, 2009), a higher HRT favoring the removal of more re-
fractory compounds and ahigher SRTallowing a higher diversity of
microorganisms (Petrovic et al., 2009). The usual SRT in the CAS
systems is 7—20 days and the biomass concentration 3—5 kg m—=,
with a HRT typically ranging from 2 to 24 h {Vedicchi et al, 2002

MBRs emerged as an aliemative to CAS, integrating aerobic
biodegradation and membrane separation, modestly more efficient
than CAS in the extent of removal of severml CECs (Oulton et al.,
2010). MBR treatment differs mainly in the ST that is normally
longer (15—80 days) and the commonly higher biomass concen-
traton (E—¥0 kg m—3), HRT being often between 7 and 15 h
(Verlicchi etal., 2012). Other important difference is the final stage
using ultrafiitration (UF) or microfiltration {MF) membranes to
separate the liquid from shidge. Therefore, MBR avercome the
constraints of CAS treatment related to the sudge retention and
settling characteristics, by applying these membranes to refain the
biomass (Petrovic et al, 2008]), decreasing the chemical oxygen
demand while enhancing the removal of suspended solids and
pathogens. Unlike the reports related to CAS, smudies focusing on
the peformance of MBR processes to remove CECs are limited and
difficult to compare due to the different operation conditions and
target pollutants (Kim et al., 2014). Verlicchi et al. {2012) reviewed
extensively the ocourence and removal of pharmacentical com-
pounds in municipal wastewater, comparing the effectiveness of
the secondary treatment by CAS and MEBR, with much more studies
employing CAS and using generally 24 h compaosite water samples,
avoiding diumal variability and faworing the inter-smdies com-
parison. Pharmaceuticals and hormones that are now included in
the watch list of Decision 495/2015 were referred in that review,

where it was concluded that average emaovals found in the liter
ature were superior employing MBR than CAS, namely between 26
and 44% for CAS and higher than 60% for MBR, eccept for azi-
thromydin {Vedicchi et al., 2012}

1.21. Ineermediores formation

Overall most smudies on both CAS and MER have been focusing
an the parent compounds and little attention hasbeen given to the
produced intermediates. It is noteworthy that biological or chem-
ical ractions occurring in the secondary clarifiers might lead to the
accumulation of metabolites/by-products (Oulton et al, 20007
There are also some compounds (eg, pharmaceuticals, hormones,
dmgs of abuse that are excreted by humans and/or animals | that
«can be found at higher concentrations in the WWTPs effluents than
in the respective influents, due to their excretion as conjugates that
are broken in the WWTPs. These conjugates are generally metab-
alized during biological treatment and the parent compound is
released, often increasing the concentrations of the parent com-
pounds at the outlet of the WWTPs. For example, E1 can be
detected in the secondary effluent of a WWTP at a higher con-
centration than that found in the raw influent, due to the oxidation
of EZ that enters into the WAWTP. This fact explains the occasional
negative removal effidencies, sometimes at high extents, with the
greatest contribution of the biological transformation (Verlicchi
et al, 2012Z). There are other causes for negative removals ooour-
ring during the WWTP treatment In most cases, the sampling
protocol does not consider the HRT andjor SRT and as consequence
effluent does not correspond to the same plug of influent { Campo
et al, 2013). Sometimes the compounds can be released from
particulate matter during treatment (e macrolide antibiotics
released from feces particles) (Kim et al., 2014). There are already
s0Me reports investigating the occurrence and removal of metab-
alites and/or intermediates; however, it is crucial to develop mome
studies on this matter, comprising the parent compounds, the
possible by-products and the known metabolites in a broader and
maore comprehensive appmach

1.3. Separaton by membrane technologies

Membrane filtration is mostly used for the remaval of micm-
organisms and salts from waterfwastewater. The most common
membrane technologies include relatively low-pressure systems,
such as MF and UF operating at pressures up to 5 and 10 bar,
respectively, or high-pressure systems, namely nanofiltration (MF)
operating at nearly 50 bar or reverse osmosis (RO) up to 70 bar (or
150 bar for high pressure RO systems) (Coday et al, 2014; Oulton
et al, 20M0; Peters, 2010). Among these types, the high pressure
systems are more suitable for rejection of organic micropollutants,
considering the size exclusion mechanism, but larger pores can be
employed if electrostatic repulsion or adsorption are the main
mechanisms imvolved in the process (Oulton et al., 2010). The pa-
rameters affecting the efficiency of the pmocess include the mo-
lecular weight cut-off {MWCD), some membrane properties (e.g.
hydrophobicity,  surface  roughness and charge)] and
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physicochemical characteristics of the compounds to be rejected
(e.g. molecular weight, pKaKew and polarity), among others
(Oulton etal., 2010). Regarding the high pressure systems, the main
chamcterstic of NF is the ion selectivity, where monovalent ions
can pass through the membrane and multvalent anions are
retained (Peters, 2010 The rejection rates are high for organic
compounds with molecular weights above #00-200 g mol™’
(Hillis, 2000). This process is typically applied for dyejoolor
removal but recent studies focused on the removal of emerging
micro palutants from drinking water and wastewater( Baker, 2012
Inthe case of RO, theorganic and inorganic molecules are separated
from the feed solution by their molecular weight (normally, less
than 200 g mal~"}, size, charge and inability to permeate the active
surface of the RO membrane (Lee o al, 2012). The applications
range from the production of ulirapure water, to the desalination of
seawater for drinking water production and the treatment of in-
dustrial wastewater (Peters, 2010). More recently, RO was also
applied for the removal of micropollutants, the process depending
on complex interactions (eg. sterc electrostatic/repulsion and
hydmphobic) between the contaminants, the solution and the
membrane (Dolar etal., 20012). Among the membrane processes, RO
was considered as the ultimate treatment step yielding highest
pollutant rejection efficiencies (Theepharaksapan et al, 2011).

Forward osmosis (FO) and membrne distillation (MD) are some
altematives to the membmane processes exclusively based on hy-
draulic pressure. FO is an osmotically driven membrane process
that consists on the osmotic pressure difference between the draw
solution and the feed solution. Recently, FO has been maore inten-
sively imvestigated for water/wastewater treatment, as a single
treatment or coupled to ather membrane processes (Coday et al.,
2014; Liv et al, 2015) MD (mainly developed for desalination) is
based on a vapor pressure gradient across a porous hyd o phobic
membrane and can operate underdifferent possible configurations
(e.g., direct contact, vacuum, air gap and sweep gas MD) (Drioli
et al, 2015; Siha et al., 2015; Wang and Chung, 2015} MD has
also been studied to reject organic compounds in water reatment
(Alkhudhiri et al, 2012) since acomplete rejection of inorganic ions
and non-vaolatile substances is thearetically expected.

One of the major disadvantages in this type of processes is the
production of a concentrate containing all the retained compounds
(Bagastyo et al, 2011; Justo et al, 201). The disposal of the
concentrate can be performed by sewer disposal, evapomtion
ponds and deep well injection (Umar et al., 2015), but direct
discharge to water bodies (oceans, surface and groundwater) is
commaon and constitute potentially serious threat to ecosystems
(Justo et al, 2015; Pérez-Gonzdlez et al., 2012). Thus, careful enwvi-
ronmental practices are recommended to handle such a concen-
trated waste before discharging into the aguatic environment
(Westerhoff et al, 2009). Different approaches for the treatment of
membrane concentrates have been imvestigated, mainly using
AOP=, but also coagulation/flocculation and adsorption with acti-
vated carbon wer reported (Bagastyo et al, 2011; Justo et al,
2013b, X014). However, most of these emerging technologies
have been developed at laboratory or pilot plant scale (Perez-
Conzdlez et al, 2012) Good results have been achieved by AOPs
for the removal of organic pollutants and persistent compounds,
but the costof these processes can limit their wide implementation
at full-scale (Pérez-Gonzalez et al., 2012; Westerhoff et al., 2009)

14. Degradation by advanced axidation processes (AOPs)

Advanced oxidation processes { ADPs) are conceptually hased an
the pmduction of highly reactive cxidizing species, such as hy-
drmogyl radicals (HO®). AOPs are able to degrade unselectively
organic pollutants {Hoigne, 1997) and can be used as pre- or post-
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treatment of a biological process. As pre-treatment, the aim of a
single or a sequence of complementary ADPs is to obtain a more
biodegradable effluent able to be treated by a conwentional hio-
logical process. AOPs can be used as post-treatment to remove
micropollutants and their by-products, ideally yielding as final
products 05, H:0 and inorganic ions, if the aim is the direct
discharge in natural water courses. One shortcoming often found in
the application of AOPs for wastewater treatment is the frequent
presence of radical scavengers in the wastewater, limiting the
attack of the mdicals to the organic pollutants. Commaonly
employed ADPs to investigate the treatment of micropollutants in
real matrices, include the Fenton and photo-Fenton processes,
(catalytic) wet peroxide/air cocidation, (catalytic) ozonation, heter-
ogenous photocatalysis, electrochernical oxidation or combination
of them. For the catalytic processes, different catalysts have been
identified as the most active depending on the reaction system,
including metal cxides (based on Ti, Cu Zn, Mn, Fe, Co and Bi,
among others), supported noble mietals (eg. Ruw Pt Pd, Ir and Rh).
ar even metal-free carbon materials such as activated carbons,
carbon erogels, carbon nanotubes, carbon foams and fibers and
graphite (Ribeiro et al, 2015).

Briefly, the Fenton process, based onthe Fenton reagent (Fenton,
1824 ), employs Hz0z and a precursor of iron, generating HO® at
atmospheric pressure and room temperature. High efficiency,
relatively cheap reagents, no need of energy to activate HzOr and
the comsequent easy implementation and operation are the ad-
vantages of such treatment. Some disadwantages are the genemtion
of a secondary waste (sludge) and the namow range of optimal pH
(2.5 —3.0). The photo-assisted Fenton process can be mare efficient
than Fenton alane, mainly due to the faster regenertion of Fe*
{Pastrana-Martinez et al, 2015). Other related options are eleciro-
Fenton, where Fe is produced from sacrificial cast iron anodes
{Midheesh and Candhimathi, 201Z]), or even photo-eleciro-Fenton
{Umar et al., 2010),

The conceptof catalytic wet perccide oxidation is similar to that
of the Fenton process, butin this case any catabyst can be used (not
anly iron species) and slightly higher temperatures (50—70°C) are
typically employed (the operating pressure and temperature
dmmatically increasing in the case of wet air coddation ).

Regarding ozonation, this process invohves the direct attack of
azone {quite selective for elecron-rich organic molecules) mainly
atlow pH and|orindirect reactio ns through HO® more prone at high
pH{lkehata and El-Din, 2004; Munter, 2001). The main handicap of
ozonation is the typical low efficiency to mineralize the organic
pollutants, while natural organic matter (MOM ) and carbonate ions
«can have a significant interference with the czone decom position
rate (Saquib et al., 2010). For this reason, different heterogeneous
catalysts are under imvestgation to im prove the process (Fariaetal.,
2008, 2009; Gongalves et al, 2013; Gongalves e al, 2000; Orge
etal, 2012; Restivo et al, 2012)

Heterogeneous photocatalysis is other process that has been
extensively investigated for water/wastewater treatment and is
basedonthe useofwide band-gap semiconductors which genemte
electrons and holes { and subsequent chain reactions including HO® )
when irmdiated with photons of energy higher than the semi-
conductor band-gap (ie., kv > Eg) (Frank and Bard, 1977 ; Fujishima
and Honda, 172) TiD; is the most widely used reference photo-
catalyst due to the outstanding activity, photochemical stability,
good band gap energy. low cost and relatively low todcity
{Hoffmann et al, 1995; Kabra et al, 2004). The possible use of
sunlight and the intrinsic anti-microbial ability of heterogensous
photocatalysis { Marin et al, 2011 ; McCullagh et al,, 2007 ; Monteiro
et al, 2015; Rincdn and Pulgarin, 2004 ) are counterbalanced by its
main shortcomings, such as the fast moombination of elecoro-
n—haole pairs and the limited usage of solar light when bare Ti0; is




Appendix A

e M. Borbar ot ol | Witer Resemrch 94 (2008) 257279
Table 2
Some eamples of studies dealing with the remowal of E1, E2 and jor EE2_Poll utanis inchuded in these studies that ane out of the sopeaf £85/15/EU Dedsion anenot dscussed.
Compound Initizl concentration Trexment and sampling onditons Conduding remarks Refaene
El ngl~! lewel 3 pillot WWTPs, ane emplo ying CAS; Remaval efficency of CAS was greaier than G55 far E1. {Opunlaja
flow rate: 107 dm? d- and Parker,
HTIL HRTT Iy 2015)
24h mmpasite samples; Burlingon Skyway
mumnicipal WAWTP; Ontaria, Canada
E2 145 + 45 ngL Municipz] WAWTP with biaksgical and Removals of 781 and »47 T wereabserved for E1 and E2 respectively. (Zorita ot al
EE2 md. chemical treatment; 2009)
E1 3z adingl! Awerage flow rate: 20000 m* 4715
Krisfianstad; South Sweden
B 10 g L~ (spiked Lab-scale MBR and CAS; E2 was almost compleiely remaved (355) app lying both restments. (lopes
wastewater) ind ustrizl-maun icpal mived wasewaer Femnainder
before sacondary tremtmant. a.2013)
El ndjnd; WANTES: CAS ar MBR cmupled with UF ar MF; The concentrations afier the CAS and MUR ireatments wene {Camacho.
E2 upto2az@i2 mgl™; 24 h ompasits samples mmpossd by 4h-  respectively: up to 081 and 49 ng L' for E2and up ta 662 and Munazetal,
EE2 upta 2222 ng Ll diquots milacted by an automatc device;  GS2ng L' for EE2 MBR system was shown as good alternative o 2012)
Cramada, Spain. jprovid e high-quality water for reuse. MER wi th MF was mare sffident
for E2 remaoval
EE2 140ng L' (after primary  WWTP with CAS-MF-GAC-azanation; After CAS and MF, the conaentration of EE2 decreated by mare than (Yang ozl
clarifier) Awerage flow rate: 227,000 m? 41 S (mnation oxidized the remaining mmpounds by more than~ 20171)
Cwinnett County, CA, LEA. .8
EE2 473 ngL”! Pilot-scale mmbinatonof MBR and NFar  Remaval efficdences higher than 70 (hased on the detechion limits) {lee ot al,
El A ng L R were verified for E1 and EE2 with each treaiment promss. 2008)
MER permeate flux: 105 Lm " ' (@nstant
flux made);
-1 samples of the influent and effluents of
emch MER, NF and RO proess.
E1 150mg L~ (spiked surface lab-scale UF priar to NEF; High rejections (higher than () were obtained for E1, E2and EEZ (Sanches
E2 water) NF experiments were conduched 2t 10 bhar et d, 2012)
EEZ and 36 an s~ of goss-flow velacity;
Surfer waier fram Tagus river, Partugal
E2 02 g L' (spiked WF and RO or MF prior to 3 pilat-scae V] Removal of 292 was achieved in both cases. {james ot al,
EE2 wastewater) Hellz; 2m 4y
LPUY lamp;
Halh: 3 mg ot
B 1 mg L' (spiked surce W lti-harrier apprazch; A rejection of 712 was verified using NF (for al the @mpoundsy.  (Persra
EE2 water) Lahescale NF fallowed by LRV Direct phaotatysis led i high E1 removal, while 2 removal » 742 was =t 2012)
E1 (e = 245 mm) ar indlinect (Ha(h -sisted) obtained by indirect (Ha0z) photolysis. The mult-harrier approach
P led ta higher overall removals (80 50 and 955 for B2, EE2 and E1.
oty 0, 20, &0, 60, 80 o7 100 mg L% e pectively].
Surkce waler.
E1 16535 g L~ (treated  Pilat plant Ou, Ga LV, OufHo0hand o UV] A removal higher than 99 7% was abserved for the 3 esmogens. [ Pesoutava
E2 wastewater from the Hyly; etal, 2014y
(55 secandary darifier) Op3lsgh';
5% of apone in g2 mocture.
E1 el - smg L Lahescale €y, LV, LV HzOx OnfLV, OafHa0z A complete remaoval after 30 min was achisved, smploying all {Sarkar
(=i ko] wastewaiter) and Ol ViH Oz jproces ses, exceptfor LV (75 min). (zonation achieved the higher =t 2014)
Annular reachar {750 ml); remaval rates of E1. Low TOE removal was abserved far all the APs
LRV lamp (e = 2537 mimi; fested, with the degradation rate decressing with higher TOC values.
Oy B 13N mg L,
Holhy: 201, &0 and 60mg L~
M nicipal wswater (London, OR, Canada)
E2 amEsmgg idw) Lab-zcale UV, HaOz and LVH02; E2 EE2 and E1 wene removed respectively by S22, 955 and 974, after (Zhang and
EE2 a1s0mgg " (dw) Reactor with continuous reciroulation 2 min_ UAJH;3; was more effid entithan UV ar Hy(; alane. The shidge 1, 2014)
El aizsmgg (dw) (®0 mly mmatrix influenced the degrad ation rate.
75W LP Hg amp (e — 2537 nmy
Halla: 05 mal L%
pHE
Spiked waste activated shidge.
EE2 10 mg L~ {spiked Cailytic ozanatian; EE2 was remaved in less than 10 min, regardless the matrixor the | Foasiles
wastewater | Oy 2mg L' jpresence of ctadyst Comyaring with single amton, caabytic etad, 2011)

Catabysts: 5 g of commendal y-Abih ar
synthesized Lo 4Alty;

Ultrapure water and sscondary efflusnts pre-
treated to remave its carbanate i arbonare
ne=nt by sripping;

Wi nicipzl wastewater from 2 WwiTE;
Hadajor, Spain

ammation enhanced the (00 and TOC remavals, espeially in the
presence of the Goy Oy Al0h catlyst.
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Table 2 jcontnued )

Eompound Initid coneen ration Treatment and sampling conditions Canchuding remarks Reference
EEZ A3-FAng L Pilat-scle omnaton plant; The appliction of 06 gy g DOC™ increzsed the removal of these  (Schaar
El 16-2ngl} Oy 86153 g Nm ™ compounds (i not deiecied). etal 2010

0 consumption: 0.6 and 08 g, g DOCFY;

Wastswaler, AU,
E2 10250 ng L' {spiked  Ozonation; High removal (98-95%) after 10 min was achieved by conation  (Wiesterhaff
(55 Tiver waer) Oy 34mglh; proess for al estrogens. etal 2005)
E1 Riwer water.
EE2 FALEIngl Lab-scale phoiolytic azonation, azonation  Complete removal by photocatalytic aoonation was achieved forall (Mareira
E2 1104 £ 554 ng L™ and photocatabysic; 5, while EEZ was nat complesely removed using czonation  etal, 2015)
El 22+ 1Ingl! 0 florw rate: 150 Nam™ min " : (77 2% only) and E1 was not completely removed using

SlgNm™; phatocatalysis {6152 anly}

MF Hg vapor limp (UVVis & = 300 nmj;

Tild; photocatalyst: 0% g L' load;

Urhan wasiewater from the sem ndary

treztmentofa WWTP, Narthof Portugal.
EE2 20pM (spiked surface Quzrtz phatolysis tubes (1.4 an id. = 20 cm) EE2showed very high resistnce o micobizld sgradation while rapid (Zuo et al

water)
expeTiments;
Lake waiter from Lake (uinsiganand.

ata 45 angle wereussd in photodegradation photodegradation under sunlight irradistion ocourred (holf-life of  2013)
23h}

AOP, advaneed oo dation process; CAS, mnventional aotivated sludge; COD, chemical axygen demand ; DOC. dissohved arnganicarban; dw. dry weight GAC. granularactvated
carban; HRT, hydraulic retention time, L, kow pressune, MER, membrane biologicl reactar; MF, microfiltration; MP, medium precsure; na, notavailable; nd_, notdetected;
NF, nanafil ration; RO, reverse osmasis; SKT, shudge retention time T0C, &l onganic @rbon; UF uhrafilraton; WAWTE, was ewater tretment plant.

employed (ie. only the UV fraction, near 3—5% of the overall
spectrum) (Andreczzi et al, 1999). A recent approach is the hy-
bridization of photocatalysis with membrane processes, with
emphasis in the prepamtion of new filtration membranes with
photocatalytic properties (Athanasekou et al, 2015; Pastana-
Martinez et al., 2015).

Sonolysis, supercritical water oxidation, y-ray irradiation, mi-
crowaves and pulsed electron beam are less commonly applied
AOPs(Ribeiro et al., 2015).

2 The watch list: ooourrence and removal

This section aims to overview the substances and group of
substances of the watch list for Furopean Union monitoring,
defined in the Decision 2005 495 [ELL regarding their occurrence in
agqueous matrices as well as their removal by using the above-
mentoned treatments. Scopus database was used and the key-
words were the name of each substance and the following
treatments: CAS, MBR (conventional processes); RO, ME, UF, NF, D
or MD {membrmane technologies); and UV- and peroxide-hased,
Fenton-hased, heterogeneous photocatalysis or ozonation-based
processes (ADOPs). The studies selected for this review were per-
formed using realistic matrices. Considering the huge amount of
literature available for estrogens (EEZ, E2 and E1) and for diclofe-
nac, only some examples of studies related to treatment processes
for these particular substances (Tables 1and 2)are included in this
review.

2.1 EE2, E2 and E1

Steroid hormones include highly active biclogical compounds
able to induce the therapeutic effect at very low doses. Within this
group, estrogens are the most usually found in the aquatic envi-
ronment, existing either as natural or synthetic substances and
acting as endocrine-disrupting compounds { EDCs) (Barreiros et al,
2016; Rocha et al, 2008). Estriol, E1 and E2 am natural estrogens
mainly excreted from humans whereas EE2 is the most used oral
contraceptive, also excreted by humans, cansing injurious effects o
the ecosystems such as feminization of male fishes, DNA and im-
munity alterations (Li, 20%4 ). The effects of EDCs toward animals
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are well reported, for example, a 7-year experiment was developed
(Kidd etal, 2007 ) and itwas concluded that the chronic expaosure of
fathead minnow to 5—6 ng L~' of EE2 led to feminization of male
fish and altered oogenesis in females. Some studies suggested that
the effect of EDCs ex posure on human health includes a decrease in
male sperm count, an increase in testicular, prostate, ovarian and
breast cancers and eproductive malfunctions (Joffe, 2001). The
major concern is related o fetuses and newhorn babies, because of
their higher vulnerability {Sharpe and [rvine, 2004). Recently, Kabir
et al. (2015) reviewed extensively the mechanism of action and
harmful effects of EDCs on human health; and Furran Fuhrman
et al. (2015) highlighted the EDCs risk assessment, namely issues
related to long-term and combined exposure, transgenerational
and mixture effects. Due to the potential deleterious effectsthat can
anise from their release into the environment, their oocurrence is
well described and reviewed by several authors (Khanal et al.,
2006; Li, 2014; Teske and Arnold, 2008). Table 1 summarizes
some studies on the occumrence of E1, EX and EE2 (concent@tion,
matrix and location ), which are frequently found inwater matrices,
namely wastewater, surface and groundwater, at ng L' levels,

The remaoval of these hormones are reported in several studies
(Fig. 2). varying depending on the processes (Tahle 2). Biological
treatments coupled with membrane processes are reported as
effective mean for elimination of these types of compounds
{Camacho-Munoz et al, 2012). As example, more than 90% of EE2
was removed in an advanced wastewater reclamation plant
employing a biological treatment and MF (Yang et al., 2011). Few
studies were developed using other membrane technologies to
remove E1, E2 and EEZ(Table 2), being highly removed by NF and/
or RO (Cheng et al, 2010; Lee et al., 2008). ADPs are promising to
remove this type of pollutants, with czonation having the highest
efficiency (Table 2). Data regarding these compounds can be con-
sulted in article reviews that have been published in the last few
years and that already encompass a significant amount of infor-
mation dealing with their mmaoval from water (Basile et al., 2011;
Jung et al., Kaplan, 2013; Liu et al, 2009; Luo et al., 20W4;
Yu ef al, 2013). Concerning the smdies on the removal of the
substances of the watch list. it canbeconcuded thatE1, EZand EEZ
were the most studied in the last decade, employing all the types of
processes herein referred (Fig. 2).
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Fig. 2. Number of publications dealing with the remova of the X substances fgroups of substances incloded in she first watch list for European Union monitoning (Decision 2015]
495 fE). The search comprised publications since 2005 in Scopus daghase, using as keywords each substance and the Teatments repared in the previous sectons, namely (3)
comvensonal processes (CAS or MBR ; (b) membrane ®chnologies (RO, MF, UE, NE FO or MD); and (¢) AOPs (UV-and peraade hased Fenton hased, heerogeneous phomcatalysis or
czonason based processes) In this particular smarch, any type of maix (realissc and non.realisoc) was considered.

22. Diclofenac

the oidal anti-infl ry drug (NSAID)
diclofenac, it is considered hammful to several species at environ-
mental concentrations, as indicated by Vieno and Sillanpda (2014 ),
who overviewed its occurrence, fate and transformation processes
during treatment in WWTPs. Diclofenac is often detected in WWTP
influents and effluents, surface water and groundwater. Table 1
describes some studies on its occurrence in these aquatic com-
partments, with diclofenac found up to 4.4 pg L~ Information
concerning the emoval of diclofenac can be checked in article re-
views that have been published in the last few years and which

alrady included systematized data of its removal from water
(Barra Caracciolo et al,, 2015; Cherik et al,, 2015; Fatta-Kassinas
et al, 2011; Petrie et al., 2013; Ziylan and Ince, 2011). Diclofenac
can be partially adsorbed on sludge and is usually poorly biode-
gradable, which means low removal rates during biological
wastevater treatment (Table 3) (Vieno and Sillanpai, 2014; Zhang
et al., 2008). Membrane technologies to remove diclofenac have
been used, but more researchis needed(Table 3). Concerning AOPs,
some studies dealing with heterogeneous photocatalysis and/or
photo-Fenton are described in Table 3, with a moderate diclofenac
removal most using a pilot compound parabolic collector (CPC)
plant and a high maction time. Ozonation as single process, or
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Table3
Same examples of stud ies dealing with removal of dido fernac. Pallutants included in these studies that are out of the sope of 455/ B Dedsion arenot discussed.
mital diclafena Treatment and sampling conditions Conduding remarks Reference
@mc=niration
Up i 127ngl™"  WWTP with CAS ar MBR mupled i LIF ar MF; Mean removal rates were between 54 and 712 for MBR and  (Camacho-Munoz
(CAS) 24h samples pased by 4 h alig llzct=d by =ty 7% for CAS. et al, 2012)
up o an autamatic dewvice; Cranada, Spain
TWng L' (MBR)
3mgl~' (spiked Phototalysis and salar phatalysis; ‘Water quality showed high influsnce in the tretment (Kanakargu et al.
surface water)  Advanaed kb-scads rmcor immersion-well (LV-RS-1) made of effidency. 2014)
Pyrex ghies (cutoff <20 nm) Far river water, salur phatobysis chowed higher nemoval
Salution valume: 200 mi; @mpared o Tid; phoo atalysis, with 663 and 222 didofenac
MP Hg vapor lemp: T 150 W Heraews, Geamany; removal for photocatalysis and direct sunlight. respectively.
Tid baad: 01 gL
PHE&2.
005 pg L (spiked Kagithane Drinking Water Treutment Plant; Diclafenar averall rejection was approcdmaiely 614 (Vergili, 2013)
surface water)  Flow rase: 700000 m"d-;
Lak-zcale NF;
MF: goss-flow raie of 3 Lmin~" and water flux of
IECIE
Haw water sourees: Terkns lake and Alibeyksy Dam.
720 ng L7 (after  WWTP with CAS-MP.GAC-cronation; Diclofenac wias remaved by CAS, between 51 and 808, achieving (Vang et al, 2011)
primary darifier) Average flow rate 227,000 m” d'; the L0,
Cwinnatt County, GA, LUSA.
WANTE WWTPT: paralle]l CAS and MBR serving 28000 inhahints and Removal was not ohserved in both trestments of WWIP1 (Vergemst et al,
07 g LY treating 5544 m” d~" by (A% and 7237 m" 4! by MBR; emplaying paralie] CAS and MER Almast no remaoval ocourred 2015)
WANTEZ: WWTF2: CAS serving 1000 inhabint and reating in WANTFZ with 1351 ng L™ in the effluent of CAS.
1450 mg L1 2084m” d-';
24’h cmmposite sampiles; Lade, Belgium.
Up i 2400 mg L~' 15 WWIPs designed for 6850 i 756,000 populstion Cancentration of did ofenac was quantified up to 67 ng L' in {Pereira et 2,
equivalents; the effluent. The mean removal of this substance was 4565 2015)
Flow raies: 345150000 m? 4%
Discharge paints: main Portugusse rivers and Atlantic Oaan;
24h mmposite influent and effluent samples; Pontugal
Up o Q48 171 & WWTPs impacted by efluents from mid-siee hospitals, WWIP 2and 4 employing CAS or axidation dich activated  (Oliveira =t 2l
carresponding to 2 WWTP inflow betwesn 1 and 38 shudge, were mare eficent than the others for the remaval of 2015)
Flow raies: 1300~ 108,000 m” d-%; diclafenac
WWTP 1/3 — SHR and UV-tertiary treatment;
WWTP 2 — CAS WWTP & — aidation ditch activaied shidge
promss;
24h compasite samples; MNew Yok, USA.
Up b 634ngl™ 4 WWIPs; Changging, China; Although didaferc was quantified up to 47 ng L™, the {¥an et d, 20143}
2 WwTEs : anaerob i anocc jo xic | AJAIO) activated chdge removal was not astesced due o its detection in some Gses,
promEss; below than LOOL
1 WOWTP: CAST: 1 WAWTP: Gl
ma MER pilot plant in contnuous operaton (. 13 of diurnal Diclodenac was removed at an ermt'nemeenuumd SEL UV (Kohler e al,
haspisl sewage] was evaluaied 25 post- 1 <] was i mproved by 2012)
2 heompasie influent and efluent smples; luxembowrg.  applying Hal,
a0 ng L = Largest WWTF in China, s=rving 15400000 squivalent The remaval obiinad after secondary treatment was 41 8% far (Yan =t al, 20140)
inhalignts; GOL000 m 4. dickfanac Chiarination led to 2 reduction of 865
CAST followed by chlorination;
Crab symples collected acoord ing to the residence §me in each
treatment;
Southwest Chinza
31-911 ng 17! Filot-scle MF followed by RO; High removal of diclofenac was observed RO neduced the (Rodriguer-Mazz
MF: flow rate of 2 m® h" and flux of 323 Lm~ h~'; Residence ameentration of dida fenac in the MF permeate to levels heow =t 21 2015)
time 3 min; the limit of detection_
R flow rate of 1 m? b~' and permeae flux of 34Lm~2h,
Residence time 50 min;
Treated effluent; Cirona, Spain.
57131 ngL™! Filot-scle NF and RO; RO was the most efficient treatment for the rejecton of (Shanmuganathan
NE Water fluxbetween 12and 62 Lm ™ h™ ', depending an the diclafnac neaching concentrations lower than 5 ngL=". et al, 2015)
type of membranes;
RO: Waer flucof 235 Lm 3 Y
Treated effluent; Sydney. Australia
1041 ng Lt Filot-szle UFfallowed by 2 R; (Chaon et al, 2013)
UF permente flux: 227 m' 475 Conaenation of did ofenac @nsiderdbly decrezed by UF
RO permeate flux: 82 m? d-Y; {permeste comeentration: $57 ng L'} R @mpl dely remaoved
Ansan, Cyeonggi-do, Korea diclafenac

(comtnusd onnext page)
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nitd dickfenas  Tremtment and sampling conditons Conduding remarks Reference
@nceniration
750 ng 17 Filotscale NF; Dicladenac d ecreased by at lesst 655 {Rahricht et 2l
Hux: 1-2 Lo *h%; 2000)
24h mmpasite sample; Ciessen, Cermany.
05 ng ! 2.1 remciors at 25 4C; U/ Hpt0y exchibited hi gher performance than azane in the (Justo et 2l 207 3a)
U H20z: 3 1LP Hg bamyps (g = 254 nm); removal of diclafenar, which had ane of the lowest nitial
Halh comsumed ranged from 004 & 072 mg Halh mg TOC ! abserved kinetic omstantsprobably due to he matr xeffecs an
trnnation: 10 g 0h Mm™; the proess.
RO sonaentrates from 2 municipal WWTP
3% ng 17 2.1 remcioTs at 25°C; Diclkidenacwa ampleiely demmpased by UV, after the first  {Justa et al, 2014)
UNVH 05 3 LP Hg lamps (3, — 254 nm); minuies of meatment; it was lso remaved by LVIH(, and
H); consumed ranged from 001 o 050 mg Ha: mg TOC ' azonation process.
RO conentrates from & mumicipsl WWTP in 3 mastl area of
Catloniz, Spain.
283 ng L7 Hiologic] adtivated carhon (BAC) process to treat municipal 543 of diclofenac was removed by the BAC filter. The integration (justa =t al, 215)
wastewater RI concentrate; of the LV[Hh or the ozonabon proesses was neesay o
Lah scale during T2 days of aperation; aibtzin 2 complete remaval of diclofenac
BAC, combined UV H O;— BAC and azome—BAC.
750 ng L~ Photocatalysts in 2 pilot-scale P plant under natural solar  Comple didafenac removal was achieved e 480 min.  ( Pristo-Rodriguer
irrad iatiam; etal, 2012)
Tilk: load: 20mg L7
Effluents of the bialogial tredment of El Ejido WWTE; Almeria,
Spain.
6714941 ngL™"  Photo-Fenton in 2 pilot-scale CPC plant Dickfenacwa removed by 97% in the photo-Fenon praeess  (Klamerth =t 2,
B 5 mg 177 pH: 3 and 11, {pH 3), Jfter 50 min. Photo-Fentan with humic acds at neutral 2013)
Hy,:50mg LY pH resultsd in 2 longer treatment tme requined to reach 2
Complexing agents (humic aid and ethylmnediamine- NN~ similar degradation.
disuerinic acd );
Effluents of the secondary trestment in 2 municipa WWTF;
Almeria, Spain.
=70ng 7L Benchescale UV and LW/ Hyy (g = 254 nmj; Ammplets removal of dido ferac was abserved for bath (Kim et 2l, 2005)
Hplh: 78 mg L1 [proceses
Viohme and HRT: 35 Land & min, respectively;
Capadty: 10 m® d-';
Mumnicipal WAWTP; japan
10 g L~" (spiked UM% ina pilot plantwith three paralle] reciorswith MP, LP The degradation of didafenac was higher than 8. { Lekkerkerker.
surface water)  ar dielectric barier discharge UV lamps. Teunissen et al,
Pre-treated surface water (by cosgulation, flacoul aton and 2m3)
sedimentation ina natura reservair, mico-straining and dual
Layer rapid sand filtration) from Meuss Kiver (Netherlnds )
spiked with 3 mixture of 15 compounds.
na Siliste radicdl based homogeneous photo-Fenton imvohving  PMS/Fe{ I)ANV—Vis achaneed modstion system using simul dted (Ahmed etal
peraxymanosulfae 25 oxidnt, fermous iron (Fefll ) as aolyst  salr irmadiation has demonstrated beatter kinstic performanaess 2014)
and simulated solar drrad iation as light sourcs; aver Tilz UV Vis system for didofenac.
Binlogically treated domestic wastewaier afflusnts;
a1mg L~ (spiked Hetmogmeous phomaglysisand Photo-Fenom; Salar Tz photoctalysis showsd complete diclfenac (Klamerth 2t d,
WRITEWREET ) Filot-scale (PC solar plant at the Plataforma Solar de Almeria  degradation. 20— S of degradation in demineralised waer  2008)
(Spain; was achieved in the dark {Fentan process) and phoio-Fenton
A Photo-Fenmon (pH 2; 5 mg 177 of B S0mg L of Hy0,;  was the most effective meatment with 2 mmplete remaoval
Smg L~ of Tih ) observed after 20 min. in standard frech water, dido fenac was
B: no pH adjustment; 50 mgL~" of Hydy; 5 mg L' of F©*  removed by Fenion promss.
(demineralized water); 5, 15 and 55 mg L' of Fe®* {standard
freshwaier); 5 mg L™ of Fe™ (standard fresh water without
MNaHLh )
0 pg L Hetmogeneous phomalysis: Solardetox Acdus-2006 CPGs High didodenac removal (= 5%) was observed after 3 hof  (Bernabeu st al
with 3 m” irradisted surfce and 24 L of imadizted volume,  treztment (bellow 104 applying solr 15 phobnalysi.  2011)
T, laad: 25 LY
Effluent of 2 WWTP from the South East of Spain.
10 mg L~ {spiked  Caialytic azonation; Diclafenac was remowed in less than 10 min, regandless the  (Pocastales ot al.
wastewaer) Oy Hmgl™h matrix ar the pressnce of catibyst. Compari ng with single 2011)

Catlysts & g::lu:mnmh‘--l-hﬂ:l ar synthesed Coly

20
Ultrapure water and sscond ary effluenis pre-treated to partia by

remove it @rbonate hiarbonate mnent by stripping:
Wastewader from & mamic pal WOWT P, Badajar, Spain.

athytic h. d the CODand TOC
remavals, in particular with 2 Coylly A0 Gtabyst.
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Table 3 jcomtinued |

imitial diclofenx  Treztment and sxmpling monditians tonduding remarks Hafarance
«mncen ration
3-8 mgl™ UVA (3. SafUVA 0a/Ti02. OaJUVATTIO tamplet remaval of diclafenacwas verified by applying (Aguinam et al.
[ Oy 530 gm™ photoctalyiic ozanation withiné min (60—75% TOC reduchon. 2012)
WRSTEW T ) HP Hg lamp; after 60 min, regard less the water matrix ussd). Photocatalytic
Tidh boad 105 and 251" aromation showed the lowest amne mnsumptian compared to
Ubtrapure water and urban wastewater from 2 manicpal the ather omnaton proesses.
WWTF; Radajor, Spain
30mgL~" (spiked Single czonation and @talytc azonation; The cabysts had no significnt effect on didofenac removal  (Martns =t 2l
surface water) Oy Wgm™;pH =7; when mmpared with singleaznaton However, both catalysts 2015)
Catalysts: 15 L af lab-prepared Mn—C2—0 or 3 commercial  increased the COD removal per mg of amne applisd.
(N1 50) catalyst;
Synithetc effluent and river waker milsced from Mandego
River; Partugal
na Henchscale photo hysis; The degradation rate constants obiined for dickfmacina  (Salgada et al
150 W MP Hg lamp, which emits radiztion between 200 and  filtened wastewater matrix were lower than ina pure water  2073)

450nm;

Mumicipal wasEwater of semmdary effluent of 2 bialagical
WWTP; Partugal

Labescale Tilh phoicatalysis;

125 W bl ack light fluaneseent lamp ( 300-£30 am);
Catalyst boad: 0208 g%

Urban WwTF effluent.

2% mg L~ (spiked
wastewakT)

100 g L~ {spiked
WastEWIlET )

Salar phato-Fenton in a pilat-scle sala CAC reacior;

—5mgl™
Municipal wasewaer.

4648 3 647 ng L' Labescale phomlytic azonation, azanation and photocatbysis;
Oy S0 g Nm™;

O flow rate 150 Nam® min™";

MF Hg vapor lamp (UVVis 3 > 300 nmj;

Tit, phatacatatyst: 0.5 g L' laad;

Urhan wax ewater from the sscondary treatment of 2 WwTE;
HNarth of Portugal

Labescale ommation;

Oy 5585 mg L'

0 flowrate 039 Ndm' min~ '

Urhan ws ewater samples fram the secondary darifier of two
WWTEs from West-Akcald and Alcizar de San juan; Spain.

125520 '
piked

wastewaeT)

gi0-2:0ang L' Pilot-smle ozmaton plant;

Oy 81535 Nm™

Oy mmsumption: 06 and 08 g 0y g DOCF';
Mumicipal wasiewater; Austria.

UVATI; phobatlycic: 9 W bmp;

Catalyst boad: 50— 1600 mg 1°';

Halh = 01714 mbk

Treated mumicipal effluent from Limassol; Cyprs.

S—2mg L™
(spiked
wastewaier)

matric.

Tt phoicatlysis showed 2 high remaval of diclafenac
{m i)

(Rizzo et al, 20089 )

Diclafenac was comypl ebely nemaved (<LOK) after 34 min (Klamerth etal.
200a)

Far all progesses, the complete remaoval was achieved. (Mbareira et al,
a5y

High didafenac remeoval (>50%) was observed. {Rodriguer et al,

2012)

The application of 06 g 0, § DOG ' ingeased the removal of  (Schaar 2 al,
diclafenac(to values « 1OQ) 2000)

UV-A[TiO; was efficient for the degradation and mineralization (Achilleas etal,
af diclafenar in trexted municipal effluents. 2070y

BAC, Hiological activated carbon; CA%, mnventiona activated shudge CAST, opclic activated shudge technalogy; 0D, chemical oxygen demand; (°C, compound parabakic
callectar; DX, dissahved anganicarban; GAC gramila activated rban; HRT, hydraulic reiention time; 163, limit of quantification; LP, law pressune; MP, medium pressurs
MHR, membrane biologia] reactar; MF, microfiliration; na. not availshle nd_ not deiecied; NE nanofiliration; Ol oxidation ditch; RO, reverse asmasis; SR, Sequential

Batch Remctor; TOC, tol arganic crban;

combined with photolysis andfor photocatalysis, has been widely
investigated showing a high performance for didofenac emoal.
Overall, diclofenac is the second mast studied substance of the
watch list in the last 10 years, employing all the types of processes
(Fig. 2).

23, 26-di-tert-bu tyl-4-methylphenal

The anti-xidant 26-di-tert-butyl-4-methylphenal (BHT) has
been used asa common anti-oxidant to preserve and stabilize the
freshness, nutritive value, flavor and color of food and animal feed
products, since the 1950 (Fries and Pitmann, 2002; Tombesi and
Freije, 2002 ). BHT can also improve the stability of phamaceuticals
and cosmetics and increase the durability of rubber and plastics.
Approximately 40 countries allow the use of BHT as a direct or

F. ultrafiltration, WWIT P, wastswater treatment plant.

indirect food additive ( Fries and POttmann, 2002). The useof BHT as
a food additive does not appear to pose a public health risk.
Howewver, in the natural envimnment, BHT is degraded hiologically
o 3 5-di-tert-butyl-4-hydraxybenzaldehyde (BHT-CHO), reported
by generating peroxides in mice and rats and inducing cellular DMNA
damage (Fries and Pittmann, 2004). The socurrence of the ant-
axidant BHT in the aquatic environment has been demonsirated
{Tahble 1), with studies conducted in Sweden (Bendz et al, 2005)
and USA (Benott et al, 2009) reporting the presence of BHT in
surface water up to 620 ng L' and 49 ng L, respectively. In other
studies, BHT was detected in wastewater (between 22 and
258 ng L") (Fries and Pittmann, 2004), whereas higher values
were quantified in surface water (up to 1560 ng L~ ') and ground-
water (up to 215 ng L™') in Greece and Germany (Fries and
Plttmann, 2002, 2004; Papadopoulou-Mourkidou et al, 2001).
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Table 4
Studies dedling with remaval of 2-.cthylhexyl-4-methaycnmamat (EHMO)L Pollunts induded in thee studies that are out of the scope of 49515 U Decision ar= nat
disaussed.
mitid EHMC  Treatmentand sampling canditions tanduding remarks Feference
@neenration
na. 5 WWTPs squipped with different treatment levels: preliminary Rernowal of EHMC varisd depending on the ssasoninthe rangeof (Tl = 2l
scTeing, primary ssdimentation, second ary tretment; UV- - N 2m4)
dizinfection, chl orination, sand filtration and RO;
24 hcompositee or grab amples, depending on the plant; Hong Kang.
Up i 234 ng L~ Cronation: nominal apacity of 3000 m' b~ The UV filter EHMC w completely refractary to azone. (Rosal ezl
5 L glaxs reactor operating in semi-hach mode, & 2 temperature of rijli}]
25 CandpHEs;
WWITP located in Madrid, which treats a micture of domesticand
indusirial wastewater.
236 + 81 ng 7" UV, visible light photocattysis (vishle light), On; EHMC was removed up o S0 after 15 min of UV-photalysis,  (Santago
15 W LF Hg vapor lamp (3, — 258 nm} manly during the first 2 min_ Visible light Xe-lamp driven Marales
Xe 150 Xe-arc lamp with s pectral emistion in the visible region; jphotalysic led to an EHMC removal near 20:afer 15 min et 2013y

Phooatayst ceria-doped Ti, 205 gL
Oy 22 g Nm™;
miture of domestic and industriz] wastewater from the ssondary

Remaval was not enhanced, applving visible light C&Ti0,
photomtaysis EHME was not signifiantly remaved by azone

darifier of 2 3000 m” h~" WWTF placed in Alcald de Henares; Madrid,

Spain

na, not availshle; L, low pressure; RO, reverse osmasis; WWTE, wastewater treatment plant.

Additional data are needed to support assessments of human
health risks associated with the exposure to this compound in the
aquatic ervironment and to establish possible pathways of remaonval
in aquatic systems. Considering the lack of studies on its remaoval
(Fig. 2], it is urgent to study its elimination from water mairices.

24. 2-ethyihexy-4-me thocpcinnamare

Organic UV filters are chemical filrers used in many personal
care products, alone or in formulations containing a physical filter
like Zn0 or Ti0z nanoparticles (Kaiser et al., 2012a). Their oocur-
rence in the environment has been described in several papers that
have been given a great attention to the aqueous matrices. These
CECs reach the environment by two pathways, wash off from skin
or through wastewater or swimming pool water. Organic UV filters
are likely to be present in sediments {Kaiser et al., 2012h), where
they might induce toxicological effects. Their known estrogenic
effectson biotaand humans was recenty reviewed by Ramos et al.
(2015), who highlighted not only the recognized in vive and in vimo
estrogenic activity to fish and mammals, but also other non-
estrogenic hormaonal targets in such organisms. The UV filter 2-
ethylhecyl-4-methogycinnamate (EHMC), included in the watch
list for Union-wide monitoring, is an EDC and was reported at
concentrations levels of hundreds of ug kg~ in diverse organisms
including macminvertebrates and fish (Kaiser et al., 2012a). Lake
and rvers sediments are well characterized regarding this
contaminant, which i usually present at pg kg~' levels (Kaiser
et al, 2012a, 2012h; Langford et al, 2015) This compound was
also detected up to 260 ng L~ in tapwater from Bareelona (Spain ),
one of the most frequently found of a group of five UV filters
included inthat study (Diaz-Cruz of al, 2012). Little is known about
the removal of EHMC in the aquatic environment (Table 4, Fig. 2],
only three smidies reporting its removal. The removal of EHMC
varied (30—50%), depending on the respective treatment applied at
the WWTP and season (Tsui et al., 2014) This UV filter was re-
fractory to czonation, without any degradation being ohserved af-
ter 15 min{Rosal etal., 0) or after 22 min, but could be removed
by UV treatment (Santiago-Morales et al, 2013

25 Macrolide antibiotics

Among the different classes of pharmaceuticals present in the
environment, particular importance has been given to antibiotics,

which are the mast often discussed pharmacenticals due to their
potential role in the development of msistant mechanisms by
bacteria {(¥ekoukoulotakis et al, 2000 ). Macmlide antibiotics, such
as darithromycin, azithromycin and erythromycin are widely used
in human and veterinary medicine, as well as in aquaculture, for the
purpose of preventing or treating serious infections induced by
preumecocd, staphylococci and streptococd (Lange et al, Z006;
¥ekoukoulotakis et al, 2000). The conventional municipal
WWTPs do not fully eliminate these drugs, which are found in
WWTP effluents (Lange et al, 2006) and in ather aquatic systems
{Gracia-Lor et al, 2011; Hoa et al., 2011; Lopez-Serna et al, 2013;
Tong et al., 2014). These antibiotics have been extensively detected
in wastewater, surface and groundwater in seveml countries at
ng =" levels, with some studies reporting antibiotics at several
pg L= (Table 1). For instance, azithromycin, erythromycin and
clarithromycin were found in effluents of a2 WWTP in Slovakia at
ng L' levels (Birosova et al., 2014). Clarithromycin and erythmo-
mycin were reported in surface water in Spain and Viemam
{Gracia-loret al, 2011; Hoa et al, 2011} Lopez-Serna et al. (2013 )
also reported the ocourrence of the three macrolide antibiotics in
groundwater (Spain] in the range 16—1620 ng L.

Elimination of this class of antibiotics in the ervimnment has
been reparted in the last decade, for all the types of processes here
discussed (Fig. 2). Biological treatments ocourring at WWTPs ae
normally insufficient to remove such recakcitrant phamaceuticals
{Tahle 5). The comhbination of hiological with adwanced treatments
can be fruitful, as example MER and RO led to elimination mates
above 99% (Dolar et al., 2012) for the macrolides included in the
watch list. Hence, advanced methods should be applied to deal with
thiz environmental concern. Membrane technologies alone are not
enough far the complete removal of such micropollutants(Table 51
Smdies eported in the literature employing AOPs for the remaoval
af this type of antihiotics in envimnmental samples are fomsed
only on photocatalysis (Bemabeu et al, 2011; Xekoukoulotakis
et al, 2010), revealing a lack of knowledge regarding the effi-
ciency of other ADPs to remove this compounds in real scenarios. In
fact, some studies with other AOPs were already published
considering these compounds, but not using real matrices and,
thus, they are out of the scope of the present review; for instance,
UWTidy and ozonation were studied for the emoval of clari-
thromycin and erythromycin, ozonation apparently being more
effective for the parent compounds (complete degradation), while
catalytic ozonation improving the mineralizaton of erythromycin
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Table 5
Stuchies denling with removal of mamalides (azihramycin, darithmmycin and erpthromyan) Pollusnis induded in these studies that are out of the smpe of 445/14/E0
Diecision are not disussed.

Compo und mitial Tretment 2nd sampling conditions Conduding remarks Redenence
@neentration
Erythromydn 2600 ng L' WANTP with CAS-MF-CAC-azanatian; Erythramycin wa recaldtrant i thebiological treatment, but (Yang =t al,
fafter Awerage flow rate: 227,000 m' d it was removed atan extant of 745 by CAC adsarptian. 20m1)
|primary 24h @mposite samples; Cwinnett County, CA, LEA Omonztion oockdized the remaining compounds by mare than
larifier) .
Asthromycin 118ngl”  MER cupled b R The cmbination of MBR and B led to removal rabesabhove  (Dolar et
Garithromycin mng:." Cnastal WWTP Castell-Platja d Ara, Spain. 2ery far the target pollutnis, with RO showing removal rates 2l 2012)
Erythromydn 4Engl” ahways higher than 595 MER removed 75 85% of the
antimotics. and the remaining non-degraded maca lides were
removed by B0
Azithromycin  ZI2%-8769  WANWTF] with second ary treatment (anzenabic ano wicfocic (Al Removal efficiencies were geneally higher in the WWIF1  (Yuanetal
g L~ A7) freament + moving bed hiofilm reachor (MBER) + employing the AJAJO-MBBR process than thase obtaned by 201%)
Clarithromycin =01 gL~ ssmmdary clarifier) and ertiary tregment (rotay fiber disc  the comventio nal WWTF2 adopting the C-Orbal OD proess,
Erythromycn 411-4201  filbers {(RFOFs)L exceptfor clarithromycin. The type of biodegr adation proces
g L WANTF2 with secondary trestment (C-Orbal OO proess +  was the predominant facior in this study, the better
semndary clarifier) and ertiary tregment (UV disinfection  performance bang abmined with WWIP1.
and RFDFs)
24h mmposite wastewater samples 2t different sampling
jpainis; Wi Gity, Jangsu Province, China
Erythromydn 02 gL~ TWWITP serving S00.000 population squivalant, with an Mo elimination was reparied for arythromydn in the hiquid  (Pasguini =t
ind ustrial inlet lower than W of the total lad; with jphase_This antibiotic was 2lso not adsarbed an the perbionlis 2l 2014)
ialogical treatment, final darification and tentizry treatment matter ar the shidge.
v phisp harus precipitatian;
2 h compo site: influent and effluent amples, during 24 h
Mancy, France.
Azithromycin, &06-611ng 1 WWIF equipped with MER and UV reatment, serving Thedegraded fraction of arithramycn was approcdmats y 456 (Kim =t 2l
g 24000 inhabitants; and that of erythromycin was neghigible. Clari thromydn was 2014)
Carithromycin 785-941 ng  Membrane modules made of hallow-fiber membranss; nat removed during MER treatment, being even formed
L fwerage flow rates: 8800 md"%; during freatment
Erythromydn 164-210 ng 24 h compasite influsnt and efluent cmples; Canads
-t
Azithromycin - up i 719 ng 15 WWTPs, designed for 6850 to 756,000 population The aneniration of azithromydn in the effluent was upio  {Persita ot
(e equivalents; 200 ng 1", witha mean removal of S4 6% al. 2015)

Awerage flow rates: henwem 348 and 1S000m7 47
Discharge paints: Portuguese rivers and Atlntic Ocan;
24h @mposite influent 2nd eifluent comples; Portugal

arithromycin up o 0033 gg 4 WWITPs impacted by effluents from mid-size hospitals (250 WWTP 2 and 4 employing CAS or O activaied sludge proess (Ol iveira =t
=

— 10 beds) carrespon ding ta 2 WWTP inflow ranging betwem were mare effid et than the athers far the remaval of al. 2015)
Erythromyan up o 013 gz 1and 205 darithromyan and erythromyan.
Lt Awerage flow rates: betwem 1300and 102000 m 4

WAWTE 1f3 — SBR and LV-tertiary trestment; WWTF 2 — CRE;
WAWTE & — 0D activated shudge proess;
24h mmpasite mples; New York LSA.
Azthromycin up o 6619 2 munidpal WwiPs with anaerobic Enoxiciods (AJAKD ) WWTF using the OD biological treatment process had the  (Yanet al,
mg L™ activated shidge process, ane of them employing 2 oeclic higher effidency © remowve the macralide an tibiotics. 20143
Erythromydn upio 3382  activared shudge iechnalogy (CAST) wheress the other having

mg L an O0; Chongging, China.
Carithromycin na MER pilot plant in <o tnuous aperation <a. 1% of diurnal Erythramycin was almast totally remowed by MHR, while (Kaohler =t
Erythramyan haspital sewage: darithromyan was removed a extents between 40 and S0 2l 2012)

2 h mposite influent and effluent cmples; luxembourg. UV wa evd waied 2« post-reatment, with improved
degradation abtained by adding Helk:.

Azthromycin 330027 4th largest WWTPin China, ssrving 1550000 squivalent  Theremovalobinsd fier ssmndary trstmentwas 75 6%6r (Yan et al,

—3765ngl~" inhabignts and reating GO0O00 m7d- L azithromycn and 252 for erythromycn. Chiorination led to 2014h)
Erythromydn Z386- 2754 CAST (anaemobigianoi o asrabic (AJAJA) meatment semndary 2 redudtion of 80% for azithromydn. Enythromycin was not

ng L darifier) fallowed by chlarination; remaved during chlarinatian.

Grab mmples collected accarding to the resid ence time in each
treatment; Southwest China

Azithromycin  160-279 ng Samiples were ool lected in winier fram four WWITP locted in Remaval efficiency of he macralide antibiotics were higher  (Ghash et
o

Kyoto and Shiga prefecture {fapan); using CAS( 3 -&3)and AJA (34— 86T ) promesses than using Af al, 2008)
Carithromycin 1121570 WWTPs amployed 2 wide variety of ssondary trestment AJA (41 -53%) process.
ng L prace ses: CAS; anasrob ifanodc faerabi o[ A Ajand anaxidf
asmabic(AJAL

(comtnusd onnext page)
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Compound  Initial Tregtment and smpling conditians Canchuding remarks Heference
N en ration
Carithramycin w0 Zidng MR fallowed by NF and RO Clari thramycin was mmpletely remaved by ROand NE (Beieratal,
Membrane surface of NF and B modules: 25 m?; tregments ( <LOGL 210)

Dperation: cross flow membranss
Wmmds:mmmﬂubmmmuﬂzﬁLm':h":
Hos pita] wastewater, Cermany.
[Erythromycin 3!7}_15.2ng?:htxdew-mdmmemaqum=.
UF flux range of 2547 Lm 3 h~Y;
Clarithramycin 377; 309 ng RO flux range of 22-31 Lo 20 Y
ot Municpa WWTP; Tel-Aviv, bsrasl

Pilot-scale MFfallowed

mﬂawmd::n’h' mdﬁlxuf!ﬂlm"zh" Residence
ame 3 man;

B:I:ﬂcmﬂned1 m? h~* and permeate fluxaf 340 m= b
Residence tme 50 min;

Municipal treated efflusnt; Cirona, Spain

Azithromydn 187367 ng
e

Erythromycin 1!?—191 nE
=

Clarithramycin 77ng L™ 2L reactars at 25 “C;

UNjH20z: 3 LF Hg amps (e — 254 nmy

Hyi3 comsumeed ranged from (L01 o (.90 mg Ha02 mg 10
#) coneenmates from 2 mumnicipa] WAWTP in 2 cos il s of

High removal rates weneachisved after RO(SER for macralides (Sahar =t
antibiots) a.20m)

High remamvals were ohserved for these pharmautiml (Hodngues

cumpclmds ‘ven though the p harmareutic s wene presentin Mamz st
MF permeate at levels higherthan 100mg L', RO filtration al, 201%)

rachlcndmeu'hadsmt)ehwngr'wurwbabwﬂr

methad 10G,

Clarithromyan was ampletely remaved by ozanatin, but i (Justo =t 21
was recalcitrant to LV removal of 666z and UV Ho0; (removal 2014 )
af almast S0

f

Catalomia, Spain.
Clarithramycin 46 ng L™ Hinlogiz] actvated carbon (HAL) proess apal
wastewaier RO concentraie;

lLab sle during 320 days of operation;
BAL combined LVILW/H20;— BAC and omone—HAC.

Clarithramycin <750 ng L™ Pilotscdle phomaalysis: (PC plant under natural salar
[Erythromycin irradiation;
Tith boad: Mmg L'
Municpa effluents callecid downstream of the seamdary
binlogicl treatment of Bl Ejida WWITP; Almeriz, Spain
Carithromycin =(LI27% gz Pilot-scale phonaehysis: Solardston Acd us-2006 CPCs;
ot 20 m” imadizted surface; 24 L irradiated volme;
Erythromycin o008 gg L' T baad: G2 g LY
Wastewater.
Azthromydn 165384ng  OyfH0z;
! ;24 g Nm~™; Gas flow: 036 Mm h~';

Halla: 015 ml of a 30 (w ) salhution;
Wastewater fram the secmdary clarifier from 2 sewage
treatment plantof Alcalid de Henares ; Madrid, Spain

Bench-sale apanation: 2t pH &% (ariginal) and at pH 70
{actjusted by adding Hz50);

O dases (5 Ol DOC): 025 05, 10,303 15;
01300, malsr afio — 0, 0125 and 05,
zahcmnpunemnplsdhuspnjwammd’hmum
a pilot MBE; Haden, Switzerland

Cranation af secondary effluent;

Oy 3mglh

Sample were collscted from 2 municpal sswage treatment
plznt; Takya

lahescale LV, LV/H:02, solar imadiation, Fenion, sola phom-
Fenmm

(LTS t]n’du.bumt]" = 254 nm;

Hiy: Bmg L)

Feniom: 25mg Hah L' and SmgFe® L7
Photo-Fenton: 25 mg Hyl, L' and & mg Fe™ L%
Municpal wastewater fram Vidy WAVTE; Laisanne
Switzerland.

Zalar Fenton treatment (natural solar driven axcidation)in 2
jpilot-scale CPC plant;

Ha)z: S0 mg L
S mg Y
Municpal wastewater fram the El Ejido municpal WWIP;
Almeria_ Spain_

Filot-scde conmation plant;

Oy 86 —153gNm Y

h consumyption: 0.6 and 0.9 g 0 g DOGY;

‘Wastewster; Austria.

Curithramyein up i 01 55
U

Amtromysn nd
larithromycin 228 ng L'
[Erythromycin 150 ng L™

Carithramycin BC?-OI.‘E ng
=

Qarithramyein 468 ng L~

1 ng L™

Erythramycin
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0 was remaoved by the BAC filter. (Justa =t al,
Pretreatment af R0 brine with UV H,0; orezonation led to the 2015 )
remanval of the pharmaceutial

Uising 2 low Ti; load (22 mm photareactor) the eatment (Priso.
was not effective due to the =low readtion rate; 5% of the Rodriguez
palhitants were degraded afier 480 min_ Incresing the lght etal 2013)
pamdu.em the perfarmance was mhanced (S of the
pallutants removed after 200 min L

Remowal was high for 21l the compounds afrer 3h of meatment (Hernahen

(el LOGY etal 211
The removal for azithromycin was 82068 after 5 min. (Rodrigusr
etal, 2011)

Theelimination of clarithramycn was efficentwhenthe ratio (Les et al,
af Oy DOC was higher than 0.5 The LOQ was achieved and the 2014}
removal was higher than 928 & both pH cond iions. The

average removal was S0 using 2 atio of Chf DIC af 025

The remaval efficiencies af all the tangst macrolides antihiotics (Makada et
weeTe U to SO a, 2067

Pmmd:ﬁredﬁlutummwlﬁﬂmh-d:whﬂ (Ciannakis
WETE, wan. Afer 20 =tal, 2015)

mdmmtﬂeundabmmﬂgmﬁmi,mdhy

€00 and TOC removals. Far thecases of solar light, Fenton 2nd

jphato-Fentan processes, the degradation raes were lower.

Clarithromyan was camy letely degraded, applying phatalytic (Karaliz =t
and solar Fenion experiments, with 3 removal of 77t at e d, 2014)
end of the trestment time (250 min ), when present at low
concentrationsand at low Fenion reagent dasages.

The appliction of 06 § Oy § DOC™ ineased the remanal of (Schasr et
erythramycin (to valuss = LOQL a2
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Table 5 jcomntnued |
Compound  Inatial Trentment and sampling condiions Cand uding remarks Rafrance
N cemtration
Azithramycin 1z|_=|,_u_zng lah-scale phoin hytic ozonation, amnation and phatomtalysis; I was verified 2 omplete removal by phoicatabytic {Mareira et
0y 50 g Nm™; O flow raie: 150 Mem® min~'; ozomation for al macralide antibiotics, while by amonation  al, 201%)

Carithromycin HM:_LT-‘ng MP mETOury vapar I.lm'p[Lr\rJ\ﬂs A 300nmy
Ti; photocatalyst: 0.5 g L~ laad;
Erythramydn ZT.U;Z_‘;I@
=

anly erythromydn wa oally diminats. Photocatlysi s was
the lexs efficent process in study.

Urhan was ewater from the sscond ary treatment of 2 WAWTE;

High remowal of erythromyd n (»906 ) was observed for both (Rodrigues
wastewaters studied etal 2n2)

Northof Portugal
Erythromwyon 0709 @ lab-scale azonation;
I (spiked Oy 5585 mg L O flow rate: 039 Ndm” min~!
wastwater)  Urhan wasewater samples (spiked )from the secandary

carifier of two treatment planis from West-Alki and Alcaar

de Sam Juan; Spain.

BAC, Hiol ogicl activated carbon; CAS, o mventional activated sludge; CAET, cpdicactivated shudge tachnalogy; CRC compound parabolic collectar; DOC, dissohed angamic
carban; GAC, granular activated arhom; LK), limit of quantfiation; MBR. membrane hialogical reacinr; MF. Micrafiltration; na, not available nd. not detected; OO,
ecidation ditch; REIFs, rotary fiber disc filbers; RO, Reverse osmosis; SER. sequeniizl baich rescior; UF, ul rafi liration ; WWTE, wastewater ireatment plant.

(Dermuiche et al, 2013; Lange et al, 2006)
26, Methiocarh

Regarding pesticides, their use plays an important mle in har-
wvest quality and food protection, providing enormous benefits to
increase production, as pests and diseases are usually responsible
o damage up to one-third of crops (Herrero-Herndndez et al.,
2013). As consequence of massive global consumption, pesticides
and their degradation products spread through the environment
and can contaminate water resources. Surface and groundwater
located in intensive agricultural areas are more susceptible to
pesticide contaminaton, which is a major concern if the water is
used for human consumption (Masia et al., 2013). The impact of
these contaminants in the environment and to the wildlife is
demanstrated by several injurious effects, incuding the enhance-
mentof the inddence of cancer, birth defects, genetic mutations, or
other problems such as damage in the liver or in the central ner-
wvous system (Dabrowski et al, 2004 ). The accurence of pesticides
in aquatic compartments and their possible effects to public health
are a topic of considerable environmental interest.

Methiocarb (also known as meraptodimethur, mesuml, 3.5
dimethyl-4-{methylthio)phenyl methylcarbamate] is one of the
most commonly used carbamate pesticides wordwide. This
pesticide has been applied since 1960s for a variety of invertebate
pests and also as a bird repellent on fruit crops { Altinok et al., 2006;
Qiang et al., 2014). The detected concentrations of methiocarb in
wastewater and groundwater are generally low (Table 1); however,
it poses a serious health threat to aquatic life and humans consid-
ering its high toxicity (Qiang et al, 201 ). A negative removal of
methiocarb was reported in a Spanish sewage treatment plant
(Tahle &), probably due to the limitations on the sampling proce-
dure, where both HRT {24—72 h] and SRT (7.5—25 days) were not
taken into consideration, consequently higher concentmtions were
found in the effluents than in influents (Campo et al., 2013 Recent
studies related to the emoval of this compound by advanced
treatment options were not found in the literature.

27 Neanicotingids

In the last decade, the neonicotinoid group of insecticides has
been one of the most broadly adopted conventional management
tools to deal with insect pests of annual and perennial cropping
systems. Benefits of the necnicotineids indude flexibility of appli-
cation, a wide range of active ingredients and broad s pectrum ac-
iwity (Huseth and Groves, 2004; Morrissey et al, 2015). This group
includes imidacloprid, thiacloprid. thiamethoxam, clothianidin and
acetamiprid, which are extremely toodic to all aquatic arthropods,
except water fleas (Sanchez-Bayo and Hyne, 2014) However, asa
result of structural differences in the polypeptide subunit con-
taining the neonicotinoid-hinding region of the vertehmates’ nico-
tinic acetylcholine receptors, neonicotinoids pose a relatively low
risk to fish and mammals (Sinchez-Bayo and Hyne, 2014). Neon-
icotinoids are systemic insecticides and are applied as seed dress-
ings by sprays, owing to their solubility in water. Therefore, the
main sources of this class ofherbicides in the environmentare the
runoff from agriculture areas and leaching into groundwater, with
the consequent subsurface discharge into wetlands and other sur-
face water {Morrissey et al, 2015). As a result of their high water
solubility and pemsistence in soil, neonicotinoids cause a threat for
water contamination, mainly after storm evenis that produce
runoff pulses (Sanchez-Bayo and Hyne, 2014) Other sources of
these compounds are soluble or insoluble fractions transported via
snowmelt, decay of treated plants in water bodies, and deposition
of treated seeds or soil into water bodies (Morrssey et al., 2015).
Recent studies from Spain Portugal, USA, Australia and other
countries (Table 1) have confirmed the occurrence of this group of
pesticides in the aquatic ecosystems (Campo etal., 2013; C
2015; da Rocha et al, 2015; Gonzalez-Rey ot al_, 2
2013; Papadakis et al, 2015; Sinchez-Bayo and Hyne, 2004).

There is a lack of literature conceming the removal of this dass
of pesticides in the ervimonment { Fig. 2). The majority of the reports
refers to the performance of ADPs, dealing with theirdegmdation at
laboratory or pilot-scale conditions and mostly using spiked water
or spiked simulated water (Pena et al, 2011). Photolysis,

Table &
Studies dealing with nemoval of methiomrh. Palhstants included in these studdes that are out of the saope of 495] 15 B Dedision are not disaussed.
initial methiomrh  Treatment and ampling conditions Cancluding remarks Referenae
«mncen ration
A77-574ngl”" Sewage treatment plants moniiored in the  The remaval of methiogrh was negative. The higher concentrations in efflusis than i {Campa
2oy four Hiver Baxins of Bbro River; Spain. influents were attributed i the sampling kmitztons: influent 2nd efluent sanples were ot .
126 callected & the same day, without cmsidering the HET (24-72 h)and SRT (7525 days). 2013)
~10531 ng L~
[=LIE NN

HET, hydraulic netention time; KT, sludge netention time.
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Table 7

Studies dealing with remaval of nennicotinaids {imidadoprid, thiscloprid. clothisnidin and acetamiprid). Pollutnts incuded in these studies that areout of fhe sopeof 485

15/EU Decision are not discussed.

Compound  nitizl
concentration

Treatmentand sampl ing conditians

Conduding remarks Reference

Acetamiprid 005 gg L7 Hlmsﬂleﬁmuly:u Solardetox Acadus -2006 (PCs

30m? irradiated ﬂrﬁm 24 Lofirradiated vahme;
Tz boad: 02 g

High removal was obtained for all the emeTging contaminants (Hanabeu
after 3h of reatment (odlow LOG)L aal. 2m1)

-
wamﬁoenfmm ﬁewtle'tcrflwwfmmtlrmﬁ Extaf

Spain.
Thiacloprid 005
—038 mM
{ spikoedd

Inap’ mad; So0 18 W UV 13mps (o — 366 Tm);
#ni) load: 05-30g 1Y

Fhotoctal ysis: Lab-scale reactar operated in 2 droular chosed - Very low degradation was werifisd by direct photalysic. A

(Abramawic
removal of 8 6.6% was obs erved for thizdopnid withaZnlload = al. 2013)
of 2 g L' and pH 68 The dficency of the thizdoprid removal

spring waieT) ﬁmlwmmlhmd fram the spring of Kistelek, Hungary. in filtersd and un-filtened thermal water was sbouttwo tmes

Thialoprid 022 mM Lab-scle UV and LV H 0y

kower than from the distilled water, indicting that the
removal was due to the dissohed substance

The removal rateof thixloprid was influenced by the prasence (Alrzmavic

(spiked river 125W HP Hg lamp (emission bands 3 — 304, 314 335 366 nm) of HOO3. Very low degradation rates wers ohserved for single = 2l 2010)

water) {Aerux = 366 nm}
Hz{; concentration: 0162 mM; pH: 28-9;
Spiked water from Hegs river at itebej Serbiz.
Jothizmidin na Sulfate radicl based homogeneous phoi-Fenion invalving

perax ymon asulate 25 an oxidant, ferrous iron (Fe(lI) as 2
catalyst and simulaed solar irradiaion a5 2 light source;

Hialogical ly treated domestic wawater effluenis.

Filats @l phatoctalysis: CPC
WasiEwater of Almeria, Span

Acetamiprid 100 gg L™
{ spilkoedd
wastewater)
imidacioprid 60 mgL~'  Pilatscle PC plant (G0 L);
Fefl 1)-EDIT a5 complexing

agent;
Spiked tap water fram the groundwater well of Plazforma

Solar de Almeria, Spain.

UV and Hy (. High removal of thizd oprid was achieved fier
120 minaf UV[H:0:. The remaval rate for natural water was
lower compared with distilled water (45 mM Ha0z) atpH 82
However, the removal in natural water adjusted atpH 28 was
higher than in distilled water due to the naturally o curming
phobsemsitirers, ie. diwaohed arganic matta.

PME P11 UV— Viis advaneed ooddation system using (Ahmed

simulated <olar irradiation has demonstrated better kinetic = 2l 2014)
perfrmances over THI/LW-Vis system far dathianidin

The remaval of acetamiprid was poar in the waEwater (iménez
maTc et al. A5y

Phool ysis of the complexing agent generatead radical speges  (Papoutsakis
ahble to act independently of carborate scavengersthatare o al 3015)
|present in natural water.

AL compound parabolic allectar; £ D05, ethyleediamine- NN .dissucnic acid; HP, high pressure; OGO, imit of quantificaion; na, not available; WWTP, wastewaier

treatment plant.

photocatalysis and photo-Fenton were applied to study the remaoval
of these compounds from water, photocatalysis being the most
applied (Table 7). Studies dealing with real water and other treat-
ment processes should be performed to bring a more realistic
overview of the elimination of this group of pesticides. Some ather
studies with these substances were already published, but not us-
ing real matrices and, therefore, they are out of the scope of the
present review; for instance the degradation of imidacloprid { Peng
et al., 2015; Tang et al., 2011; Wang et al, 2014; Zahar et al_, 2012;
Zarora et al, 2000, thiamethoxam (Mir et al, 2013; Sojic et al,
2012; Zabar et al, 2012), clothianidin (Zabar et al, 2012) and
acetamiprid (Mitsika etal_, 2013) werme studied with photo-assisted
and ozonation processes,

28 Oxadiozon

The oxadiazole herbicide oxadiazon |5-tert-butyl-3424-
dichlore-5-propan-2-yleoypheny )-1.3.4-oxadiazol-2-one| has
been habitually used to combat weeds in various agricultural crops
such as rice, cotton, soybean, potato, peanut and onion. Chadiazon
is an organic contaminant causing a great envimonmental concern
due to its relatively long half-life (Rahman, 2010). Previous studies
on the leaching of oxadiazon in soils indicated that, the strong
adsorption of the herbicide to soils mduces the displacement to-
wards the sub-surface layers (Pinilla et al, 2008). However, oxa-
diazon was found in surface water in Canada (Table 1) at ng L~
levels { Furtula etal., 2006 ). In contrast, the removal of cxadiazon in
aquatic matrices is sl unknown

20 Triglate

Triallate (§-2.3 3-trichloroallyl di-isopropyl thiocarbamate) is a
carbamothicate herbicide widely used to control annual and
perennial grasses in wheat, barley, legumes and a number of ather
crops (D'Orazio et al, ¥99; Volpe et al, 2004). This pesticide is
aften used in mixture with other chemicals (chloridazon, iso-
proturon, metoccuron | and its use, inthe last decades, has exceeded
500 tons per year in some Eumpean countries (Volpe et al, 20047
Triallate has a high hydrophobic partiioning { Homshy et al, 1996],
therefore it adsorbs to loam and clay soils and is not readily dis-
solved in water (Bernal et al, ¥96). This information indicates that
this herbicide is not likely to move through the soil even though it
has along soil half-life (82 days). Nevertheless, if there is significant
maoisture andjor low levels of organic matter in the soil, triallate
may become desorbed from seil particles (D'Omzio et al., 1999)
Leaching and consequent gmundwater contamination would be
paossible in such situations, but Environmental Protection Agency
{EPA) suggests that triallate leaching does not cause a threat to the
environment, since it is wsually used where the water table is
relatively low (Kamrin, 1997 ) A lack of knowledge exists about its
occumence and emoal in the aguatic environment due to its
chemical nature,

3. Conclusions

Despite the considerable amount of studies reported on the
occurence and removal of E1, E2, EE2, diclofenac and macmlide
antibiotics {azithromycin, darithromycin and erythromycin, a lack
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of knowled ge exists concerning the pesticides {methiocarh, neon-
icotinoids, cxadiazon and triallate], the UV filter (EHMC) and the
antioxidant  [26-di-tert-butyl-4-methylphenol), which am
included in the watch list of Decision 2015 /495 [EL for Furopean
Union menitoring. Thus, more investigation is needed reganding
the occumrence and removal of necnicotinpids, EHMC and 26-di-
tert-butyl-i-methylphenol and the performance of different
treatments to remove the substances included in the watch list
under realistic conditions. These compounds are usually present at
residual concentrations, as mixtures in the different ervironmental
compartments  (eg., municipal wastewater, surface water,
groundwater, solid matrices) and comprehensive works consid-
ering it are scarce. As shown by different studies, the efficiency of
the reatment processes can decrease considerably when realistic
watermatrices are used instead of simulated ones. Forexample, the
presence of carbonates and hicarbonates can decrease the effi-
ciency of AOPs, principally due to competiion by HO®. Since mul-
tiple factors can affect the efficiency of the treatments, experiments
should be performed as close as possible to the real conditions.
Additionally, the formation of intermediates should be atternpted
in this type of studies, considering that the produced by-products
might be more toxic andfor persistent than the parent com-
pounds, Toxicological studies are needed to determine the delete-
rious effects on the ecosystems and human health of parent
compounds and by-products formed in real matrices. Considering
the scale up of the treatment option, these prooesses can be
expensive both in the implementation and maintenance, therefore
it iz of major importance to perform cost effectiveness analysis for
each of themn under a common hase of comparison.
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Abstract Organic micropollutants present in drinking water
(DW) may cause adverse effects for public health, and so reliable
analytical methods are required to detect these pollutants at trace
levels inDW. This work describes the first green analytical meth-
odology for multi-class determination of 21 pollutants in DW:
seven pesticides, an industrial compound, 12 phammaceuticals,
and a metabolite (some included in Directive 2013/39/EU or
Decision 2015/495/EU). A solid-phase extraction procedure
followed by ultra-high-performance liquid chromatography
coupled to tandem mass spectrometry (offline SPE-UHPLC—
MS/MS) method was optimized using eco-friendly solvents,
achieving detection limits below 0.20 ng L™", The validated an-
alytical method was successfully applied to DW samples from
different sources (tap, fountain, and well waters) from different
locations in the north of Portugal, as well as before and after
bench-scale UV and ozonation experiments in spiked tap water
samples. Thirteen compounds were detected, many ofthem not
regulated yet, in the following order of frequency: diclofenac >

norfluoxetine > atrazine > simazine > warfarin > metoprolol >

alachlor > chlorfenvinphos > trimethoprim > clarithromycin =

carbamazepine = PFOS > citalopram. Hazard quotients were al-
so estimated for the quantified substances and suggested no ad-
verse effects to humans.

Electronic supplementary material The online version of this article
(doi:10.1007/500216-016-9952-T) contains supplementary material,
which is available to authorized users.
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Introduction

Many micropollutants are not completely removed during
conventional domestic wastewater treatment and are
discharged into water bodies (such as rivers) that are then used
to supply drinking water treatment plants (DWTPs) providing
tap water. Amoxicillin, naproxen, metoprolol, phenacetin,
indomethacin, sulfamethoxazole, and caffeine are some of
these refractory micropollutants, and despite their low concen-
trations in DW, they are of increasing public health concern
[1. 2]. Moreover, even if public health effects are not expected,
chemical compounds may cause ecotoxicological adverse
effects afier long-term exposure, particularly when present as
complex mixtures [3, 4].

Some regulations on water pollution have been published in
recent years. In the particular case of the European Union (EU),
the requirements fora good chemical status of groundwater have
been set out in Directive 2006/118/EC [5] and the values for
wholesome and clean water for human consumption in
Directive 1998/83/EC [6]. Moreover, the EU identified surface
water protection as one of the top work priorities due to the in-
creasing demand for water protection and treatment by environ-
mental organizations and the general public. Directive 2000/60/
EC [7] was the first mark in the European water policy, which set
up astrategy to define high-risk substances to be prioritized. A set
of 33 priority sut ‘groups of (PSs) and the re-
spective environmental quality standards (EQS) were ratified by
Directive 2008/105/EC [8]. In 2013, Directive 39/2013/EU [9]
recommended attention to the monitoring and the progress of
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immiow ative waterwastewater treatment technobo mes, identifiing
45 PSs 1o meet requirements for the protection of the aquatic
compartments and human heakth, More recently, a set of sub-
stamces for EL monitoring m surface water bodies was defined
in the Watkch ListofDecision 201549 5/EL [10]. The occurrence
and removal of these substances was already reviewed [11].
However, reports focused on the determination of organic
micropolutants in DW, and in particular reganding contaminants
of emergmg ooncem (CECs), anestill scarce mdmostcouniries do
not have monitoring programs to routingly determine these
micropollutants. In fact, the malytical challenge of measuring
pollutants at kow concentrations in emvironmental matrices, such
a5 sludzeand wasewater] 12, 1 3], hasheen amajor rsearch focus
for scientists in recent decades, but much less attention has been
givento DW[14]. In this context, itis arucial o develop smsitive
andreproducible analytical methods that ensble the determination
of organic micropol nants belon ging to different classes in DW.

The employment of an accurate and precise sample prepa-
mtion as well as analytical technigues with high standards of
sensitivity and reproducibility, such as ultm-high-performance
liquid chromatogmphy (UHPLC), is required to assess the
oceurrence and respective removal of micropollutats after
water trestment. Hyphenated chromatogmphy-—mass spec-
trometry techniques are presently the methods of choice for
DW analysis (Electronic Supplementary Material (ESM)
Table 51, with only few works dealing with both pharmaceu-
ticals and pesticides [1 5, 16], some with pesticides andor their
metabolites [ 17-19], and most refering only to pharmacanti-
cals andor their metabolites [ 14, 20-27). Considenng the re-
sourees and time consumed in these tasks, new analytical
methods should incorpomte multi-residue and environmental-
ly friendly spproaches, being able to determine tmee levels of
a wide range of chemicully heterogeneous compounds and
simultmeously reduce the cleamp and extraction steps using
green solvents [28, 29].

Cireen chemistry principles were introduced in the 1990s,
aming toreduce the environmental impact of diverse chermcal
activities, mcluding those used nresearch [30, 31]. In this sce-
mario, green analytical chemistry (GAC) playsan importintmole,
eg., by reducing hazardous wasies, using reusable materials,
and'or employing “eco-fiendly solvents™ or “green sobvents™,
The last two terms refer to solvents that have a lower emviron-
mental mpactresulting from their production, use, md dis posal
(life cycke assessment), andfor that allow health and safety im-
pacts to beminimized [32]. The mamn goals of GAC inchide the
multi-analyte determination and the development of new (or
maodification of) malytical methodologies through the replace-
ment of toxic reagents by smaller amounts of safer reagents,
pre ferentially obtwned from renewable sources [29, 32
Several strategiss have been used in LC-MS/MS, such as the
reduction of the intemal diameterand particle size (sub-2 pmjof
chromatographic columns (o diminish ehent consumption ),
and the replacement of conventional mobile phases (conssting
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of acetonitrie andlormethanol) by environmental Fendly alter-
natives like water, ethanol, nd carbon dioxide in the particular
case of supercritical fluid chromaw graphy [30, 33].

The aimofthis work was the optimization and validation of
an eco-friendly analytical method hased on offline SPE-
UHPLC-MS/MS for the multi-class determination of organic
micropollutants (12 pharmaceuticals, one metabaolite, seven
pesticides, and one industrial compound) in DW from north-
ern Portugal. The targeted organic contaminants (ESM
Table 52) were selected on the basis of their inclusion in EU
regulations; some ofthe compounds are specifisd in Directive
200 ¥39EU or in the Watch List of Decision 201 5495/ EL.
The selected micropollutants were previously reported as tox-
i and frequently found in the aquatic environment [14, 20,
34]. The ocourrence of the multi<lass contuminants was in-
wvestigated for the first ime in DW samples from different
sources (tap, fountam, nd well waters) and locations mnorth-
ern Portugal, and the rdated hamrd quotients (HOQs) were
determined. The HQs evaluation for these micropollutants
could be a predictive way to assess the human health risk of
exposure to CECs, but only a few repors focused on this
approach for organic contaminants in DW [2, 14, 34-37].
The effidency of two processes (UV and meonation) typically
employed for DW disinfection and/or degmdation of organic
pollutnts in DWTPs was also verified using the malytical
strategy proposed.

Experimental
Chemicals and materils

Allrefarace stindands (diclofmac sodium, tmmadol by drochlo-
ride, mrithrmycin dibydrate, clanthromyein, rimethoprim, war-
farin, clopidogrel hydmgen sulfate, metoprokol tartrate, carba-
mazeping, citalopram hydrobromide, venlafiine hydrochlo-
ride, fluoxetne hydrochlonde, nofluoxetine oxalate, alachlor,
atmzine, simazing, isopomron, chlorfenvinphos, pentachloro-
phenal, clofibric add, nd perfluorooctinesul fonic acid: 98 %
purity) were purchased from Sigma-Aldrich (Steinhein,
Germany). Individual stock solutions of approximately
1000 mg L™ were prepared in methanol, ethanol, or acetonitrile,
depending onthe solubility of each anabyvte. T working stan-
dard solutionscontainng all the trgetanalytesat 200 gl and
2pg ! were prepared by diluting each stock solntion m eth-
anol, Surrogate stand ards (ketoprofen-ds, luoxetine-ds solution,
and atmzine-ds) were purchased from Sigma- Aldrich (Steinhein,
Germany), Individual stock solutions of 1000 mg L™ ofthe
soipically labeled intemal stindands ketoprofen-ay md atma-
#ine-ds were prepared in methanol, the some solvent as the flu-
oxetine-ds solution. An ethanolic working solution containing
1 mg L™ of each isotopically labeled internal standand was
preparsd
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Methanol and acetonitrile (MS grade) were obtained from
VWE Intermational (Fontenay-sous-Bois, Franes). Fthanol
(HPLC grade) md ethylenediaminetetmacetic acid (EDTA)
(99 %) were acquired from Fisher Scientific UK Ltd.
(Leicestershire, UK). Sodium thiosulfite and L-ascorbic acid
(%9 %) were purchased from Sigma-Aldrich (Steinhein,
Grermany). Ammonium acette, ammonum hydmoxade 25 %,
sulfuric acid, and formic acid were obtained from Merck
(Darmstadt, Germuny). Ultrapure water was supplied by a
Milli-C} water system (resistivity of 182 MO em, at 25 *C).
HPLC-grade solvents were filtersd with 0.22-pum my lon mem-
brane filiers (Manbrane Solutions, TX, USA). Oass® HLB
(Hydrophilic-Lipophilic-Balanced), Ousis® MCX (Mixed-
mode Cation eXchange), md Ouasis® MAX (Mixad-mode
Anion-eNchange) cartridges (150 mg, 6 mL), obtained from
Waters (Milford, MA. USA]J, were tested for SPE optimiza-
tion. A pHenomenal® pH HIOOL pH meter (VW R, Germany )
was wsed for the pH adjustments.

Sample preparation

Tap water samples were collscted from the water supply net-
work for use as matrix for the SPE optimization md method
validation, The vacuum extraction and drying devices
LiChrolut® used for SPE procedure wene acquired from
VWR (Merck Millipore, Billerica, MA, USA). In onder to
assess the best performance of SPE cartridges to extract the
ovenll compounds, SPE optimization was performed by com-
paring Ousis® HLB, MCX, and MAX cartridges. Ouasis®
MAX and MCX cartridges were conditioned sequentially
with 4 mL of methmol and 4 mL of ultrapure water at a flow
rate of | mL min~", For HLE cartridges, the conditioning was
performed at the same flow with 4 mL of methanol or ethanol
and 4 mL of ultmpure water. The sample pH was optimized
for HLB cartridges using methanol as conditioning solvent by
comparing the recoveres achieved with initial sample pH ad-
Justed to 3. 7, and 9. For MAX and MCX SPE procedures,
surmples wers respectively alkalined to pH 9 or acidified to
pH 3, before loading. The pH adjustments were done with
ammaonium hydmoxide or sulfuric acid. Sample loading was
carried out with 250 mL of blark and spiked (35 ng L) tap
water samples at 2 constant flow mte of 10 mL min™'
the vacunm manifold unit connected to a vacuum pump. The
washing step was performed with 4 ml of ultrapure water,
5 S ammomnium hydroxide aqueous solution, or 2 % formic
add aqueous solution for HLB, MAX, and MCX, respective-
ly. After the washing sieps, the cartridges wers dried under
vacuum for 43 mm. The elution step was performed at a flow
mte of | mL min™" with 4 mL of methanol or ethanol for
Orasis® HLB cartridges, 4 mL of mathanol to extract the neu-
tral compounds and weak bases in the case of Oasis® MAX,
and neutrals md weak acids in the cise of Oasis® MCX, A
second elution was performed for mixed-mode cartridges
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Ousis® MAX and MCX with o 2 % formic acid methanolic
solution {elution of acids ) or 5 % ammonium hydmoxde meth-
anolic solution (elution of basic compounds), respectively.
The LiChrolut® drying device was coupled to the vacuum
extmetion unit to evapomte the extmcts to dryness with a
gentle nitmogen stream. The dry residues were reconstituted
m 300 pL of ethanol and the ethanolic extmots were filiersd
using 0.22-um polytetrafluoroethy lene syringe filters
(Membmne Solutions, TX, USA). To assess the breakthrough
volume, sample loadng was tested with three volumes of non-
spiked (blanks) md 35 ng L™ spiked tap water samples, name-
Ly 250, 500, and 1000 mL., using the optimzed SPE procedure.
In order to improve the recovery rates, the chelating agent
EDTA (100 mg L™) was tested as well as two dechlorination
agents, ascorbic acid (10 mg L™") and sodium thiosulfate
130 mg L") Analysis of reuse efficiency for the optimized
SPE protocol was performed in three consecutive days.

UHPLC-MS/MS

A Klingetex™ 1.7 pm XB-C18 100 A colurmm (100 % 2,1 mm,
i.d) (Phenomenex, CA, USA) was used and different mobile
phases were tested (acetonitrile, ethanol, or methanol as or
gani¢ phase md ammonium acetate, formic acid aqueous so-
lutions, or water as agueous phase). The optimized mobile
phase was ethanoliwater (70:30, v/v), pH 7.0, parformed
isocratic mode using a flow rate of 020 mL min™. Column
oven and mitosampler tempemtunes were st nespectively at 35
and 4 “C, and the volume of injection was 5 pl. An
electms pray ionization source was used operating in both pos-
itive and negative ionization modes, The precursor ion and the
two most abundant Fagments were used for quantification by
selectad reaction monitorng (SRM) and identificaion (ESM
Table §3). The mass spectometer parmmeters declustering
potential, collision energy, and collision cell exit potential of
eachanalyte are described elsewhers [38]. The optimized con-
ditions for MS parameters, using argon at 230k Pa as CID gas,
were 2.5 dm min ! for nehulizing gas flow, 10 dm® min~! for
drying gas flow, 0.5 kV for capillary voltage, 450 °C for
source temperature, and 200 “C for desolvation temperature,

Quality assurance/quality control

The offline SPE-UHPLC-MS/MS method validation was
performed according to the mtemational gudehnes [39] and
previous works [38. 4, 41], through the evahation of the
following pammeters: selectivity, linearity and rmge, limits
of detection and quantification, accumcy, precision, and re-
covery. Chromatograms of non-spiked tap waters (blnk ex-
tracts), standards extracted from the spiked tap waters at 35 ng
L™, and an ethanolic solution containing all the sendards at a
concentration corresponding to the theoretical concentration
after SPE were compared to assess the selectivity, For
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recovery experiments, three guality control () standard so-
lutioms were preparsd intriplicate in three consscutive days by
extrcting tap water samples sploed with three different con-
centrtions (3.5, 15, and 35 ng L), The peak areas of the
standards extracted from the spiked tap waters wene compared
with those of ethanolic solutions contaning all the stindards
at the theoretical concentmtion of recoverad extmets to assess
the recovery of each SPE procedure. For target compounds
detected in the blank matrix, the peak areas wene subtmcted
from those obtained with the spiked matrix.

The internal standard calibmtion method was used to de-
fine the limearity and rnge for each target analyte. Triphicates
af 250 mL tap watersamples spiked with seven different stan-
dard concentrations (0.75, 1.5, 2.0, 4.0, 80,20, and 40ngL™")
were prepared, the pH was adjusted to 3, and sodium thicsul-
fute solution was added to obtain a concentration of 20 mg
L. Then 10 pL of a working intemal standards solution of
1 mg L™ was added to each sample. These standard solutions
were extracted by the optimized SPE procedurs and
reconstituied i 300 pl of ethanol to create the calibmtion
curves by injecting 5 pl into the UHPLC apparatus.
Method detection (MDL) and quantification (MQL) limits
were determined a5 dessaribed elsewhere [38, 41, spiking wa-
ter sumples prior tothe SPE procedure with ethanolic stndard
solution to achieve successively diluted samples. The mini-
murm detectable amount of each compound giving a signal-to-
noise (8/N) ratio of 3.3 and 10 gave MDL md MOL. respec-
tively. The three triphicate QC solutions, descnibed above,
wire also used to evaluate the accumacy of the method as well
as the precision (intra- and interhatch). The concentrations of
the analytes in the SPE extracts calculated using the calibra-
tion curves were compared with the nominal concentration, in
percentage. to determine the accumcy. The relattve stndard
deviation (RSD) of the intmi- and interbatch replicate malyses
expressed the precision of the method [42, 43]. In order to
evaluate the possible camy-over effect, ethmnol was imjected
after each set of mplicates. The stability of the compounds
wias assessed by clculating the RSD of the three QC extracts
stored at 4 *C in the autosampler 24 and 48 h after
reconstitution,

Matrix effect

The postextraction addition method was used to assess the
mmatrix effect [38, 41, 43]. The method was carned out on tap
water samples, by comparison of three post-spiked extracts of
blank samples and thres extracts of non-spiked blank samples,
using the optimized SPE procedure, The matrix effect (ME)
wis cakulated as the mtio of the peak areas obtamed for blank
extrets spiked after SPE, subtmeting those of the non-spiked
blanks (4) and the peak areas of the standands solution with a
similar concentration as the post-spiked extracts (8) through
the following equation: ME (%)= A/B = 100 [41, 43]. The
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ahsence of matrix effect, the ionization enhancement, and
the ioniztion suppression are given raspectively by values
of 100 5, =100 %, or <100 %.

Application to drinking water samples and chemical
treatment

Grab DW samples from different sources, namely tp water
(n=13), fountain water (n=5), and well water (n =5), were
collscted at the end of May 2015 from varous locations in
northwest Portugal and malyzed by the proposed method.
Samples wene immediately stored at 4 °C until extraction,
which was performed within 24 h. Before SPE, samples were
acidified with sulfuric acid (pH 3), and sodium thiosulfite was
added to each sample (30 mg L™") to reduce any residual
chlorine that might be added as a dismfectant.

Tapwatersamples collected from the wat e supply network
were spiked with the target analytes at 30 ng L™ to assess the
applicability of the present UHPLC-MS/MS method to assess
the removal of the target micropo lutants by chemical process-
es. UV and oxonation experiments were performed as de-
seribed elsewhere [44], and the removal of the target
micropollutants was evahuated after 30 min using a 1 L reactor
loaded with 750 mL of the spiked samples under magnetic
stirnng at 350 rpm.

Human health risk assessment

For those substances found m DW, a preliminary human
health risk asssssment was performed through the estimation
of the HQ according to previous works [35, 45], HQ s given
by the quotient of the estinated daily intake (EDI) and the
acceptable daily intake (ADI):

_EDI

HQ = ADI

(1)

where EDI values wene calaulated for the higher concentration
of each substance quantified in tap, fountain, or well water a5
follows:

Concentration » Ingestion rate
Body waght

by considering an average body weaght of 70 kg for aduls
hased on the average life expectancy at hirth of the global
population in 2013 of the World Health Organization and a
water intake of 2 L day™" [35]. ADI for each pesticide was
basad on the Australian ADI list [46], whensas the values for
pharmacenticals were calculated from Eg. 3

ADD
AF

EDI =

(2)

ADI = (3)
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where ADD is the averge daily dose and AF is an assessment
factor of 1000, which accounts for 10 from intraspecies vari-
ability, 10 for sensitivity in susceptible population groups, and
10 for the differences between the ADD and the no observed
effect concentration [35, 37].

Results and discussion
UHPLC-MS/MS optimization

Chromatographic sepamtion was optimized using a sub-
2-pm-particle Kinetex™ column, allowing short and highres-
olution chromatographic mns. Since the present work deals
withdifferent groups of compounds with a vast range of phys-
icochernical characteristics (ESM Table 523, the ideal mobile
phase for certain target compounds might lead to low sensi-
tivity for many other analytes. The mobile phase consisting of
ethanol mnd ultmpure water gave the best signal intensity and
symmetric peaks as previously found for 2 wastewater matrix
[38]. The vanation of organic/aqueous phase proportion and
flow rate was optimized, and a mixture of ethanol and ultra-
pure water (70:30, wiv) was used with a flow rate of 0.20 mL
min~" in isocratic mode. The column oven tempenture was
setat 35 °C, thereby improving the resolution and peak shape
of the anulytes and reducing the analysis time to 15 mn be-
cause raising the tempemture reduces the visoosity of the mo-
bile phase.

MS/MS optim ieation

The tandem MS detection using a triple quadrupole enabled
the simultaneous quantification of the 21 analvtes at tmee
levels, as well as confirming their identity. The prequmsor ions
of esch compound were selected through the flow injection
analysis of each target analyie in full scan mode, under both
positive and negative modes. From all the compounds studied
in this work, 18 compounds and two internal standards had a
higher intensity under positive mode of ionization, with the
protonated molecular ion of each compound [M+H]* chosen
a8 precursor ion, whensas four substances (three compounds
and one internal standand ) were more intense in the negative
iomization mode using the deprotonated moleoilar ion of each
compound [M-H]™ as precumsor ion. Most compounds pre-
sented two or more SRM; the most abundant product ion from
each precursorion (SRM1 ) was selected for quantification and
the second most abundant (SKEM2) was monitored for identity
confirnation (ESM Table 83), with a scan time of 100 ms per
trmsition. In omder to confim the identity of the compounds
hoth the retention time (Table 1) and the ion ratio
(SRMI1/SRM2) of each analyte were used. acconding to
European Commission Decision 2002/657EC, Two pharma-
ceuticals and one pesticide (tramadol, fluoxetine, and

pentachlomphenal) had a poor fragmentation and only one
SEM was monitorad, 2 dmwhback overcome by the internal
standand calibration using the respective sumogate standand.

SPE optimization

A detailed optimization study was camied out on the most
relevant parmmeters that affect recovery rates and matrix ef
fects, namely the sample pH, the extraction solvents, the type
ofcartridges, the sample volume, and the addition of chelating
and dechlorination additives. Preliminary studies were per-
formed to evalate the performance of different sample pH,
by extracting 250 mL of tap water samples through the vemsa-
tile Oasis® HLE cartridges. The water samples wers adjusied
to different pH (3, 7,and 9) and extrcted using a conventional
solvent, ie., methanol, as condiioning and eluting solvent.
Acidic pH provided higher recoveries for addic compounds,
and in particular for pesticides and some phamacenticals
(ESM Fig. 81): whereas, basic analytes were recovered better
at higher pH, but a lower influsnce of pH on the extmction
efficiencies was found for these compounds. Thus, the best
compramise was to adjust the sample pH to 3 in order to get
the hest recovery for as many analytss as possible.
Recovenes of Ousis® MOX cartridges useful for extaction
ofbasic compounds and Cuasis® MAX adequate for extmetion
of acidic compounds were then compared to Ousis® HLB
cantridges. A recovery higher than 70 % was achieved using
Oasis® MCX for the antidepressants (citalopram,
venlaficane, fluoxeting) and for tnmethopnm (Fig. 1. These
results were expectad owing to the high pk of thess com-
pounds (mear 9), Clofibric acid and diclofenac were better
recovered when extracted by Oasis® MAX cartridges
(Fig. 1}, owing to their aqdic naure (pk, vahes of approxdmate-
ly 4). However, the versatile Ousis® HLB cartrid ges suitable for
mast compounds (acidic, basic, ad neutrals) provided higher
recovenies for most analytes (Fig. 1), as observed in other works
[15, 20]. Thus, Oasis® HLB was the adsorbent seledted for the
next reeovery expeniments, using sample pH adjusted o 3.
Different sample volumes were tested (250, 500, and
1000 mL) using Ousis® HLB cartridges and sample pH ad-

Justed 0 3 to determine the breakthrough volume, the volume

that allows the maximum extraction efficiency and from
which extmetion efficiency declines [41] A sample volume
of 250 mL provided the highest recoveries for the majority of
the compounds, except for fluoxeting nd nofluoxetme, and
was therefore selected as the optimized sample volume (data
not shown). Although a higher volume would give a theoret-
ical higher enrichment factor, the results showed that recovery
rates for most compounds decreased using higher sample val-
umes becmise of the afsrementionad phenomenon ofdecrease
of extraction efficiency above the so-called break through vol-
ume, as previously desaribed [47]. Although a clean matrix
was studied in the present work, it is reported in other studies

£ springer

325



Appendix B

M.} Barbosa et sl

8360

s wogEs gD poyisas Y 1R BRSPS T

FLFLERF 15w SEIHOES COFYIN S LEBA [ TR ] urt e pravidies R
EOF el L&Y WI-OT Y FETFLTO LAY So66 5L prag | AR ULy FHANEA
WoFELE R TEISLL FOF 'be [iTa1] o tig )] 5L 1 [l oy B Y
FoFrrE s [\l s FEFTBO 211 Felig )] 5L Pl (b R AL
WFEFoSh Hrl LEI-IFS TOTYEL LR Lt 5L ol ALREOPLY srpogleoygdousiiyy
FTTEREF SEH ETHUNE YrTeTHE Sl (31000 -5l (ra}
FELTETE WL LFOIT FTTFETH o ] -5l L suEel
EDILFTBH [y BFI-BEY EDFHEA & SLEBG -5l s SPARRCNIE)
RPRpRg
FEFTEO oY LG E TOFWaLL ] Sl O-5L T EhH U ST ANy
FOTTH0 Bl% G ELLD EDTIHEIL i 006 5L WH U]
ITF &8 5Fl L i FRT TSI LR L] 5L L) PUROELE,
CHErTenn 5Fl FLI-BS LRS- &IV & 2] 5L Wy umbofEiy
PEF 0L HEH 0El-4re SET L &l L 2] -5l wl Al T S
WETLEL el OFI-STE L0F a1 ] L1 ] O-5L T [ fopsd L] kb U |
E0FFLL 6EY PTRSLT WRTITIL Liwiy THG [V TR ] (4 |asiopudey e e iy
LIFFEn] Ll TEILWL I'SLFEE6 LU 006" [V TR ] L UL, npriRcon Ny
EELTF oY 1Te D 56H6T LT ILh Ly E0bb =50 e undeouns |
ST FuT ol DBI-SLL [ RSN (4] LEBE 5L LFH
PETLED HEB SLAERL CElFFER Lirai) L 2] [ TR ] L BORONpUY
v 6Tl ENERTT EOTFLEL L L] [V TR ] [0
LETTTD (R} R | SOLFEWL L CHEG [ TR ] (| MR L OM RN U~ Ry
u‘uﬂsﬁ_n&
() (b sy w sy wh (TR) (18w [
P sy wopsraaud yopegp o yaegegL Avemonys THN I o oy SULn WOHRY E T WG U W)

o e i yoen sy jage e pu Yy pue e uspoeed Koemooe ‘g () wassymnb pus (W wneeep poigan K i o worpsy [ IR

Q Springer

326



Appendix B

LC-MEMS analysis of muli-chass sicropol hutsns in drinking water

8351

10 = .

[HLB [77IMAX |

SIS IALSSS LSS,

7

|
&

Fig. 1 Recoveries obtained for the targa analyies with the following SPE conditions: HLE, MAX, and MCX using methanol and estracting 250 mL of
b wisker samples, sdjusted o pH 3 for HLB and MCX and pH 9 fr MAX canddgs

dealing with different matrices that even when using the same
method, the recovery 1s not always better for matnces that ane
supposed to be clemer [20, 48]

Afterwands, Oasis® HLE canridges were employved to ex-
tract 250 mL of tap water samples at pH 3 (optimized for
methanol) using ethanol as conditioning and elution sobrent
because of the kmown toxicity of methmnol, usually used for
SPE. Ethanol (Fig. 2) gave recoveries slightly higher than
methanal (Fig. 1) for the majorty of compounds. Morsover,
ethanol is considersd a “green™ solvent, ie., minimizes the
environmental impact resulting from the use of solvents, and
follows the guidelines of GAC [28, 29]. In fact, several
methods reported in the litemture employ solvents such as
methanol or aceonitrile, presenting high woxicity [14, 15, 20,
22,23, 27). Thus, ethanol was selected as solvent for the next
expenments. This is the first SPE procedure proposed for
extmetion and cleanup of DW samples that employs ethanol
as extmeting and elutmg solvent,

Subsaquently, the chelating and dechlormation effects werne
studisd. Whilst a solution of EDTA was added to the water
surmples to test the chelating effect. ascorbic acid or sodium
thiosul fate was added to assess the dechlonnation effect.
Regarding to the addition of EDTA, it was possible to venfy
a slight improvement in the extmetion efficiency of a few
compounds (Fig. 2), compared with the results obtained for
sumples without additive, namely for chlorfenvinphos,
clofibric acid, trimethoprim, and diclofenac. This could be

explained by the fact that these compounds might bind to
residual metals present in the sample matnx, resulting in lower
extracton recovenes [20]. By adding EDTA. soluble metals
hind to the chelating agant, increasing the evtmetion eficien-
¢y of some compounds that are available to be extracted and
detected [20]. This phenomenon was previously observed in
DW by severl authors [ 14, 20, 23], Concerning the dechlo-
rination agents, the addition of sodium thicsulfate increased
the overall extmction recoveries (Fig. 2), probably becanse it
reduced the residual chlorine that had been added a5 a disin-
fectunt m the DW supply [22]. The effects of filtering and/or
aeration ofthe water samples and the simultimeous addition of
EDTA and sodium thics ulfate were ako studied: however, the
recovery efficiency was not improved. Therefore, sodium
thiosulfate was used before SPE to enhance the recovery mtes.

The mauin ohjective of the optirmization of the sample prep-
amtion methodology was the development of a single SPE
procedure, allowing the extmction of a large group of com-
pounds with different physicochernical characteristics. As a
result, md according to the higher recoveries obtained for
mast of the target compounds, the seleded condiions were
Casis® HLE cartridges, ethanol as conditionng and eluting
solvent, and 250 mL of water samples (pH 3} with sodium
thiosulfate &t 30 mg L™ a5 dechlorination agent.

The recovenies obtained for reuse performance assessment
of the cartridges showed that each reuse led to a loss of reten-
tion capacity of the cartridges, reflected by the decrease of the
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recovery ofthecompounds. The firstreuse of the cartridees led to
an average decrease of 14 % in the recovery efficincy. The loss
was higher for the sscond rense, with a decresse of approsxdmate-
Ly 50% in the recovery rates, Here, it was verified that although
daimed by the supplier, reuse of cartnd ges s not a good practice
foranalytical purposes that require a high rproducibility.

Matrix effect

The matrix effect was determined by the post-extmcton addi-
tion method to sssess the influsnce of the matrix in the ioni-
zation process oocurrmg n the ionimtion source of the mass
speatrometer [38]. The percentage ratio between the post-
spiked blank extmets and ahanolic standard solutions was
between 19.1 % and 193 %. Although DW is considered a
clean and simple matrix, a wide range of values was found for
the matrix effect. Cotton et al. [49] also reported high matrix
interferences for many compounds: only less than half of the
analytes had matnx effed values within 80-120 %. When
LC-MS/MS methods are developed to determing various
micropollutants in different matrices, &g, DW, surface water,
and wastewater, matrix effects are wsually calcubited for only
one of these matrices. Most compounds presented signal sup-
pressian, 1., matnx effect < 100 %, namely diclofnac,
arithromyein, clarithromyein, trimethoprim. clopidogrel,
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Fig.1 Recoveres obtined for the target anslyies with the following SPE conditnms: HLB cartridges using ethanal, extracting 250 mL of tap water
samples, adjusied 1o pH 3, withoutaddiiives, with sodium thiosulisie, or EITA a3 additives

carhamazepine, atraring, simaxme, soproturon, pentachloro-
phenal, elofibric acid, and PFOS (Table 1). Tramadol, meto-
prolol, citalopram, and venlafaxine had a shight ionization en-
hancement (matrix effect > 100 %) while the signal of warfa-
rin was highly increased. Compounds with abmost no matrx
effect under the conditions of the curnent work, ware fluoxe-
ting, norflunxetine, alachlor, and chlorfenvinphos.

Quality assurance/quality control

The trends 0 FGAC were applied in the chromato graphic optimmi-
zation, namely theuseof owvolhumes ofnon-toxicsolvents [28,
24). Enhanced productivity and reduced cost are the main objec-
tives for routing anabysis, both being possible using stationary
phases with reduced column length and dizmeter [ 30, 33). Also
the new instnumants operating at higher pressure allow the uses of
mone viscoussolvents such as ahanol, which is kess volatile than
acetonitrile and has less toxicity and lower disposal costs than
both acetomitrile and methanol complying with the trends of
GAC. The short run time and the low volume of a non-toxic
organic phase such as ethanol are a great achievement in the
method development, in comparison to chromatographic
methods for DW analysis usmg methanol [15, 20, 217 or aceto-
nitrike [14, 22, 23 27] as organicmobile phases, as well as meth-
anol as solvent for conditioning and eluting the SPE cartridges
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[14, 15, 20, 22, 23], In the present work, 21 compounds with
diverse chemical nature (seven pesticides, one industrial com-
pound, 12 pharmacenticals, and one metabolite) were deter-
mined m a single run (ESM Fig. 524 b). Inthe imited bteraturs
for DW mnalysis, the mmber of compounds analyzed by LC—
MS/MS varies up toca, B0, mostreports deal with pharmaceuti-
cals anby [14, 20-23, 27), and a couple of them deal with both
pharmaceuticals md pesticides [15, 16].

The offine SPE-UHPLC-MS/MS method was validated
according to the intemational guidelines [39] and works pub-
lished elsewhere [38, 41, 50], regarding recovery, accumcy,
intra and inter-batch precision (Table 1), The recovery of the
target analytes using the optimized SPE procedure was
assessed afler preconcentration of blank samples and 35 ng
! spiked samples. The recoveries evahmted for the DW
matrix were reproducible and batween 22.4 % and 139 %
(Fig. 2). Peak areas of the target malytes found in the DW
blank matrix were deducted for recovery mte evaluation. The
dissmmilar recovenes are due to the wide chemical nature of the
target compounds and were taken into account, using the
matrix-matched calibration curves and addition of internal
standards before SPE, For instance, Gros etal, [20] developed
a multi-residue analytical method, with similar recoveries
values for DW, namely for cimetidine (24 + 16.5 %). In that
work, recovery valus for the same compounds wers higher in
other matrices such as surface and wastewaters, Lopes-Sema
etal, [48] also reported some low values of recovery (<10 %)
for groundwater, and higher recovenies for matrices presum-
ably more affected by interferents. Accuracy and intr- and
interbatch precision were evaluated by analysis of the QC
extracts. The accuracy ranged from B0.6 % to 119 %
(Tuble 1), which is within the range of 80-120 %, according
tothe intemational criteria [39]. RSD of the tiphcate measune-
ments of the three QC was used to guarantes the predsion of
the method (Table 1), with mitrabatch precision less than
15.2 % mnd interhatch precision less than 148 %, mesting
the intemational puidelmes (RSD lower than 15 % or 20 %
for the lower concentmtion () [29]. RED of the triplicate
analysis of the three QU samples after 24 and 48 h of recon-
stitution was lower than 5 %. The calibrabion curves wemne
generated using the intemal calibration method through spik-
ing sarmples with isotopically labeled intemal standards before
SPE extraction. Thres internal stindards were used for three
sets of compounds that were defined depending on the acid/
hasic nature (see ESM Table 83), as in other published works
dealing with mult-clss determination [ 14, 20, 27], which use
an intemal standard for each set of compounds owing to the
high cost for routine environmental monitoring and diffioulty
in finding suitable internal standards for each compound ina
senes of compounds with distnet properties, The cosfficients
of determination of the calibmtion curve extracts were higher
than 099 i the range of 0.75-40 ng L™ for all compounds
(Table 1). The MDL and MOQL were 0.01-020 ng L™ and

0.04-0.61 ng L', respectively, allowing ane to detect the
tarpet contaminants at residual concentrations { few nanogrms
per liter levels).

Quantification of micropollotants in DW

The developed offline SPE-UHPLC-MS/MS method was ap-
phed to DW sarmples collecied at the end of May 2015, from
varous locations of northwest Portugal and fom different
sources (Table 2), namely tap water (n= 13) (ESM Fig. 82c),
fountan water (n = 5), and well water (n =35). Of the 21 nves-
tignted chemicals, 13 wers datected in DW samples at nano-
gmm per liter levels, which is consistent with concentrtions
reported in other studiss [14, 15, 20-23, 27, 51]. The most
common chamicals ohserved were diclofenac, tnmethoprim,
warfarm, metoprolol, norfluoxetine, atmzng, and simazine.

Reganding tap water, diclofenac, warfarin, nofluoxetine, ara-
zine, and simime were the compound smost frequently dsteded.
The micropollutants found at the highest concentmtions were
diclofenae and the pesticide chlofenvinphos considerad a PS,
although well below the (.1 pg L™ required for single pesticides
in Directive 1998/83 EC [6]. Conceming fountuin water samples,
diclofenac and atmzine were the most common micropo lutnts,
being also found atthe highest concentmtions. The results o btan-
ed for well water sarmples showead that diclofenac was quantified
in all the samples. Diclofenac, carbamazepine, and the PS sima-
zine were those found at the highest concentrations,

The comparison of the results obtained in this work with
smilar studies conducted by other authors (ESM Table 54)is
difficult, smee the consumption o fpharmacentical compounds
as well s the intensity of agriculturl and imdustral activities
vary among different regions. Carbarmazepine, caffeine, ihu-
profen, and sulfimethoxmolewers often reported in DW, with
carbamazeping being the most fequently found up to 40 ng
L7 [14, 15, 20-23, 27, 51]. Other compounds such as akno-
lol, clofibric acd, azithromyein, ervthromyein, fluoxetine, and
diclofenac were also detecisd but at very low levels [15, 20,
21, 23, 27]. It is important to emphasiz the need for revision
of the Eumpean policy reganding tap water, considering that
Directive 1998/83/EC 1s outdated i view of the studies re-
ported in the last decade. The more recent Dirsctive 2013/39/
EU regulates surface waters, demanding more rigorous ac-
ceptable values than Directve 19988 WVEC [6] regulating wa-
ter for hurman consumption. The same issue should be consid-
ered for groundwater reguluted by Directive 2006/TIREC([ 5],
considering that fountain and well waters used for human
consumpton can be sourced from this type of water.

H health risk t

The mucirmmm values of each micropollutant m DW were used
to estimate the respective HO). This prediction gives msights
about the human health risk assessment by evaluating the
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Table 2 Concentrations of micropollutens (ng L°) detected in tap, fomtsin, and well water samples snalyzed
Class and sub- Amnalyie Tap waier (n= 13) Fountsin water (n=15) Well waler (n=15)
cass
Phammsceuticals Condeniration Frequency Concentration Frquency Conoentration Frequency
mgl'y gL’ (gL
Antnflammsiores  Diclofensc <MQL-T87 713 395-T66 45 Lod=5620 55
Tramadol NI} NI} NI} NI} ND NI}
Amiibdotics Aciihromycin NI} MDY NI} NI} ND NI}
Clarithonyein <MOL 113 ND ND 114 15
Trimethoprim ML i3 ML 1% 86 15
Amtiooaglant Warfarin 30380 13 447 1/5 1z 14
Amiplsieleisgent  Clopidogrel ND ND ND ND ND ND
Betablockers Metoprolol <MOL 513 ND ND <MOL 15
Peychisiric dugs ~ Carhanuepine 134 113 ND ND 8 15
Citslopram <MOL 113 ND ND N NI
Venlafaxine NIy NI NIy NIy NI NIy
Fluns etine NI} NI} NI} NI} NI} NI}
Metsholie Naorfluosetine <ML 13013 <ML 1/5 <ML 14
Pestiddes
Chloroscetan Hde Alschlor <ML 413 NI} NI} a7 145
Tridene Alrarine 1.14-224 w13 1.59-103 35 Lb6 115
Simarine <M(L-145 413 <MQL-2 20 215 2842840 25
Oganophesphons. Chiorfenvinphas 246650 13 049189 2/% ND NI
Phemy lurea ERTTE NI} ND NI} NI} NI} NI}
Oganochlorine Pentachlorophenal NI} ND NI} NI} NI} NI}
Herticide Clafibrie scid NIy ND NIy NIy NI NIy
Inclusirial FFOS <MOL 113 NI} NI} 1z 145
conpound

MO method qunt fcstion it ND not detecd

probability of adverse effects: HQ) vahes below 0.1 indicate no
expecied adverse effects; values between 0.1 and 1.0 sugpest
potkential for adverse effects that should be considered, despiie
the low risk: HOQ values rnging from 1.0to 10 indicate advemse
effects or mild risk: a high risk is sssumed only for HQ valuss
abowve 10 [35]. The maximum measured concentrations ob-
served for the targeted chemicals found in DW (Table 2) were
used to caleulate EDL predicting the womst case scemario. Even
sa, the HOs for all micropolutmts found in DW samples wers
between 4.56 > 107 and 4.49 < 107, iz, well below 0.1, so
adverse effects are not likely to be expected at such concentm-
tions, Risks assessment of simultmeous exposure to muliple
contarminants was not considered, although some of these com-
pounds are already recognized to trigger several additive, syn-
agstic, or mtagonist effects [34, 36].

Removal of micropollutants in DW using UV radiation
or uzonation

Tap water samples collected from the water supply net-
waork were postspiked with the target micropol hutants at

£ Spainger

nanogram per liter level and exposed to UV radiation or
ozonation to assess the removal of the target
micropollutants using the eco-friendly analytical method
(Fig. 3), since these processes are often applied in
DWTPs.

Only seven pharmaceuticals were completely re-
moved by these water treatments: (1) tramadol,
venlafidne, and arithromyein by both processes; note
that azithromycin was recently included in the first
Watch List by the EU Decision 2015/495; (ii)
clopidogrel, carbamazepine, and isoproturon by omomna-
tion: and (iit) the metabolite norfluoxeting by UV,
Regarding the other micropollutants, the efficiency of
the processes varied according to the substance. The
results showed that, in general, UV mdiation was more
effective than ozonation for the memoval of pesticides
and for the industrial compound, whereas gronation per-
formed slightly better for pharmaceuticals, The feasibil-
ity of this UHPLC-MS/MS amalytical method for mon-
itaring chemical processes used to improve the quality
of DW was shown.
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Fig.3 Removal percentage of the micropollutants in spiked I'W afler the benchracale TV or aeonstion trestmens

Conclusions

The offline SPE-UHPLC-MS/MS method that was devel-
oped and validated in this work for the assessment of the
oceurrence and removal of 21 multi<lass micropollutants in
DW has the great advintage of using an eco-friendly sobvent
(ethanol) for both SPE pocedure and UHPLC analysis, ac-
cording to the recent concerns about GAC applied to environ-
mental analyses, Addiional advantages of the method ame (i)
low detection limits (below | ng L% (ii) short run time; (i)
low volune of euent employed for each malysis: (iv) the use
of a single canridge/SPE procedure to extract all the target
analytes: (v) and the low volume of sample used. Thepotential
of the offline SPE-UHPLC-MS/MS method for monitonng
programs and evaluation of advanced treatment aptions (UV
and ommnation) was demonstrted in the seleded case studies,
For instance, analysis of tap, fountain, and well water samples
from different locations of northwest Poriugal showed the
widesprend occurrence of micmpollutants in such matrices
at nanogram per liter levels. Among the 13 micropolutants
detected in DW samples, the most common were diclofenac,
tnmethoprim, warfarin, nofluoxetine, atmrine, and simurine;
the feasibility of the method for monitoring DW treatment
processes was also validatad.
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Appendix B

Supplementary material

Eco-friendly LC-MS/MS method for analysis of multi-class micropollutants in tap,

fountain and well water from northern Portugal

Material and methods

Text B-S3.1. Instrumentation

A Shimadzu Corporation (Tokyo, Japan) equipment was employed to perform the
chromatographic analysis, specifically a UHPLC equipment (Nexera) with two pumps
(LC-30AD), an autosampler (SIL-30AC), an oven (CTO-20AC), a degasser (DGU-20A
5R) and a system controller (CBM-20A), coupled to a triple quadrupole mass
spectrometer detector (Ultra Fast Mass Spectrometry series LCMS-8040), with a LC
Solution Version 5.41SP1 software. Nitrogen used as source gas was provided by a
nitrogen generator (Peak Scientific, Bedford, MA, USA). The collision induced
dissociation gas (CID) was argon at 230 kPa.

Capillary voltage, drying and nebulizing gas flows, desolvation and source
temperatures were optimized for the set of analytes herein studied, through the

injection of a working standard solution with the target compounds at 50 ug L.
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Fig. B-S3.1. Recoveries obtained for the target analytes with the following SPE conditions:
HLB cartridges using methanol, extracting 250 mL of tap water samples, adjusted to pH 3, 7
or9.
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Table B-S3.1. Hyphenated chromatography-mass spectrometry techniques for DW analysis.

Analytes Samplg Concentr_atlon Location Ref.
analysis (ng L)
Azithromycin, SPE (using
. methanol as
Carbamazepine, Colorado
) . solvent) nd.-5 [1]
Clarithromycin, (USA)
Trimethoprim followed by
P LC/MS-MS
Clofibric acid, SPE (using
Diclofenac methanol as Campinas
) o solvent) n.d.-81 pin [2]
Simazine, (Brazil)
Atrazine followed by
LC/MS-MS
SPE (using
Diclofenac, methanol as Corufia
Clofibric acid, solvent) n.d. (Spain) [3]
Carbamazepine followed by P
LC/MS-MS
SPE (using
acetonitrile as Burriana
Simazine solvent) 4100 (Spain) [4]
followed by P
LC/MS-MS
Diclofenac,
Carbamazepine,
Venlafaxine, SPE (using
Fluoxetine, methanol as Girona
Norfluoxetine, solvent) nd. -2 (Spain) [5]
Metoprolol, followed by P
Azithromycin, LC/MS-MS
Clarithromycin,
Trimethoprim
SPE (using
Carbamazepine, acetone as
Clofibric acid, solvent) n.d. - 100 Netherlands [6]
Diclofenac followed by
LC/MS-MS
SPE (using
Carbamazepine, methanol as Missouri
Clofibric acid, solvent) nd.-8.7 (USA) [7]
Trimethoprim followed by
LC/MS-MS
Carbamazepine, SPE (using
. . methanol as n.d-96 % .
Clofibric acid, Lisbon
. solvent) (frequency of [8]
Diclofenac, . (Portugal)
Fluoxetine followed by detection)
LC/MS-MS
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Carbamazepine,

Diclofenac

Carbamazepine,
Clarithromycin,

Diclofenac,
Trimethoprim
Diclofenac,
Azythromycin,

Clarithromycin,

Trimethoprim,
Clofibric acid

Clofibric acid,
Fluoxetine

SPE (using

acetonitrile as

solvent)
followed by
LC/MS-MS

On-line SPE
followed by
LC/MS-MS

SPE (using
methanol as
solvent)
followed by
LC/MS-MS
SPE (using
methanol as
solvent)
followed by
LC/MS-MS

n.d. - <MQL

n.d.-41

n.d.

n.d. - 300

France

Dordogne
(France)

Catalonia
(Spain)

New Jersey
(USA)

[9]

(10]

(11]

(12]
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Table B-S3.2. Target analytes, describing their class, sub-class, chemical structure,
molecular weight (Mw) and pKa.

Class and sub- Analyte Chemical structure Mw 4 pKa
class (g mol?)
Pharmaceuticals
Diclofenac 296.14 4.15
Anti-
inflammatories
Tramadol 263.38 9.41
Azithromycin 748.51 8.74
Antibiotics Clarithromycin 747.95  8.99
Trimethoprim 290.32 7.12
Anticoagulant Warfarin 308.33 4.50
SONF
Antiplatelet agent Clopidogrel NN 321.06 5.14
E/f\ k,L—/

\ %
Beta-blockers Metoprolol S _\> SN 267.36 9.67
Carbamazepine <\ -»ji\ 236.27 1394

== |
Citalopram N 324.16 9.78
[ —y

/s e Ry

Psychiatric drugs y =
Venlafaxine \‘Q_gf 277.40 9.40

-0

Fluoxetine Yo L 30033 980

339



Appendix B

Metabolite

Pesticides

Chloroacetanilide

Triazine

Organophosphoru
s

Phenylurea

Organochlorine

Herbicide

Industrial
compound

Norfluoxetine >/\©\ N

Alachlor

Atrazine

Simazine

Chlorfenvinphos /Q:[ .

Isoproturon

Pentachloropheno
I

Cl

Cl

CH;

Cl

OH

Clofibric acid W%( <:> _

Perfluorooctane-
sulfonic acid
(PFOS)

HO e

i

/’f \/c/

2953

269.77

215.68

201.66

359.57

206.28

266.34

214.65

500.13

9.77

0.62

1.70

1.62

4.73

3.00

0.14
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Table B-S3.3. Optimized mass spectrometer parameters for SRM analysis of the target analytes.

Class and Analyte IS ESImode Erecursor izrno?;fzt) CE 4 (V) izrno?;fzt) CEY (V) lon ratio
sub-class set? (NI® or PI°) ion (m/z) (SRM1) (SRM1) (SRM2) (SRM2) (xSD)
Pharmaceuticals
Diclofenac 1 NI 294.1 250.10 12 214.05 21 19.70 +0.09
Anti-inflammatories Tramadol 2 PI 264.0 57.70 -25 - - na.n
Ketoprofen-d3 (1) NI 256.2 212.10 8 - - na.h
Azithromycin f 2 PI 749.5 83.15 -52 116.10 -47 1.14 +0.11
Antibiotics Clarithromycin f 2 PI 748.4 158.15 -30 590.30 -21 3.22 £0.07
Trimethoprim 2 PI 290.5 230.00 -24 123.05 -26 1.26 +0.09
Anticoagulant Warfarin 1 PI 309.0 163.00 -16 251.05 -21 1.32 +0.10
Antiplatelet agent Clopidogrel 1 PI 321.6 212.05 -17 184.00 -23 1.67 +0.07
Beta-blockers Metoprolol 2 Pl 267.8 116.15 -20 74.15 -23 1.18 +0.06
Carbamazepine 2 PI 236.9 194.10 -20 192.10 -22 4.22 +0.18
Citalopram 2 PI 324.5 109.10 -27 262.00 -20 4.22 +0.18
Psychiatric drugs Venlafaxine 2 Pl 277.8 58.10 -22 260.15 -12 2.900.11
Fluoxetine 2 Pl 310.0 44.15 -14 - - na.nh
Fluoxetine-d5 (2) Pl 315.0 44.15 -14 - - na.nh
Metabolite Norfluoxetine 2 PI 296.0 134.15 -8 30.25 -13 1.52 +0.04
Pesticides ©
Chloroacetanilide Alachlor? 3 Pl 270.0 238.10 -11 162.05 -20 2.07 £0.09
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Triazine Atrazine ¢ 3 Pl 215.9 174.05 -18 68.15 -37 2.44 £0.10
Simazine 9 3 PI 201.9 124.10 -18 131.95 -20 1.35 +0.20

Atrazine—d5 (3) PI 221.0 179.05 -19 - - na.h
Organophosphorus Chlorfenvinphos 9 3 Pl 360.5 155.10 -40 99.10 -15 1.49 +0.14
Isoproturon ¢ 3 Pl 206.9 72.10 -21 46.15 -18 2.19 £0.07

Organochlorine Pentachlorophenol 9 3 Pl 265.1 35.15 48 - - n.a.h
Herbicide Clofibric acid 3 NI 213.1 127.00 13 85.00 11 8.42 £+0.31
C'Qi”psotlr;:'d PFOS 3 NI 498.7 79.95 50 99.00 46 3.15 +0.13

a1S is internal standard.
b NI is negative ionization mode.
¢ Pl is positive ionization mode.

dCE is the collision energy.
¢ Included in the chemical parameters of the quality of water intended for human consumption (Part B of Annex | of the Directive 1998/83/EC) and in
the groundwater quality standards (Annex | of the Directive 2006/118/EC).

fIncluded in the Watch List for the intent prioritization process at EU level (Annex of the EU Decision 2015/495).
9 PSs of the Directive 2013/39/EU.

h n.a. is not applicable.

342



Appendix B

Table B-S3.4. Comparison of occurrence data for the targeted pollutants in DW samples (ng
L), observed in the present study and reported in others.

Concentration (ng L'Y) Concentration (ng L)

Analyte Present study Other studies Ref.
5
2 [1, 5]
Carbamazepine 3.34-58.8
nd.—ca.5 [8, 13]
n.d. -40
Venlafaxine n.d. <MQL [13]
n.d.
Diclofenac <MQL - 36.20 [2, 8]
nd.—14
Atrazine 1.14 -103 93-81 [2]
Simazine <MQL - 28.40 n.d. [2]
Trimethoprim <MQL - 0.86 20 - 60 [13]

MQL, method quantification limit; n.d., not detected.
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1. Intro duction

Envimnmental contamination of aquatic compartments by organic
micropollutants is a subject of major concem in the last two decades
[Cho etal, 2014; Tousova et al, 2017). Surface waters are constantly ex-
posed to such contaminants, which mainly eriginate from agricultural
runoff and discharge of effluents from industrial and municipal waste-
water treatment plants [WWTPs), with the latter considered the
major source of some classes of micrpollutants found in river waters
(Cho et al, 201 4; Barbosa et al, 2016). The accurence of arganic
micropollutants in rivers at residual concentrations [Yan et al_, 2013;
Robles-Molina et al, 2014; Tsui et al, 2014; Campanha et al, 2015;
Dai etal, 2015; Ccanccapa etal, 2016; Gonzilez-Alonso et al, 2017,
Wilkinson et al_, 2017; Sousa etal, 2018) can lead to adverse effects
for aguatic wildlife and human health, limiting the use of water for rec-
reation, irigtion, and consumption [Vasconcelos Ferreira et al., 2000;
Goritoetal, 201 7).

To tackle these problems current Eurspean Union (EL) recommen-
dations suggest the regular monitoring of an extensive mnge of chemi-
cal and biological parameters in surface waters [Directive, 2000],
inchiding a list of 45 substances for priority action | pricrity substances,
PSs) with environmental quality standards [EQS) set up fr some com-
pounds | Directive, 2008; Directive, 2013) and a Watch List of con tami-
nants of emerging concern (CECs) (Decision_495, 2015). Moreaver,
Directive, 2013,39/EL set the Maximum Allowahle Concentration-ECS
[MAC-EQS), comesponding to the concentration that should not be
exreeded at any represen tative monitoring point for any given airface
water body. In this context, the monitoring of PS5 and CBCs in surface
waters is 3 useful tod not only to asess polltion sources, but als to
ensure efficient management of water resources and the protection of
aquatic flora and fauna (Tousova etal, 2017).

The occurrence of particular P& and CECs in Portuguese rivers has
beenreparted in Ave river [Ribeiro et al_, 2016a; Rocha et al, 2013),
Leca river [Rocha et al, 2012), Douro river [Ribeiro et al, 2016b), Kia
de Aveim [Rocha et al, 2016), and Guadiana river [Palma etal, 2014).
However, an integrated study comprising the spatial distributions and
temporal variations of a wide mngeof PS5 and CECs belongin g to d iffer-
ent classes has not been concurrently conducted in multiple rivers.
Therefore, the purpose of the present study was to perform two sea-
sonal monitoring campaigns of 39 organic micropollutants in four
stressed Portuguese rivers: i) Ave; i) Lega; iii) Antud; and, iv) Cértima
Contamination levels of the target compounds in these rivers were in-
vestigated duringdry and wet seasons, and the water samiples, collacted
atdifferent points aneach fiver, were analyzed by ultra-high-perfor-
manece liquid chrmmatography coupled to tandem mass spectrometry
[UHPLC-MS/MS), after zample preparation by solid phase extraction
[SPE).

Juantitative P5s/CECs analysis require significant costs, which often
limit the scope of the sampling plan for specific projects. For this eason,
quick, inexpensive screening tools that provide insights into PSs/CECs
occurrence and concentration would not only allow optimization of
samipling strategies, but also elicit new research questions on the ocour-
rence and fate of PSsCECs in surface water systems Excitation-emisson
matrix [EEM) analyses are increasingly being usad to describe the flua-
rescence propertiesaf dissohred organic matter ( DOM] for characteriza-
tion [Yamashita et al, 2008), source-tracking (Cuss e al, 2016), and
fate/transformation (Mangalgin et al, 2017) purposes. We posit that
EEM analysizs may serve as a useful screening tool for representative
PS5/ CECs given their chemical similarity with selected molecules in
the DOM matric. This concept has been previously explored with re-
spect to CEC occumence [Yang et al, 2013) and tansformation (Yan
etal, 2017). For example, Yang et al. (2013) found significant comrela-
tions for caffeine, sulfameth aazole, acetaminophen, and ciproflocacin
concentrations with the summed volume from regions 1, 11, and 1V of
the EEMs of water samples colleted from the Pear] river [ China ). New-
ertheless, the comelation of other PSsCH s with specific EEM regional
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volumes needs to be explored to develop location-based screening
tonls for ather watershed s, especially as the DOM matrix and PSs/CECs
use vary by watershed. In this study, potential correlations between
EEM: and PS5CH s ocoumence and concentration were imvestigated in
the Lega river. This report is the first to evaluate the spatiotem poral dis-
tribution of P5s/CECs and fluorescence FEM s, as well as the comelations
between these water quality parameters, in a Portuguese dver, and the
results have important implication s for other water systems around the
waorki

2 Materials and methods
21, (hemicals and materials

Allreference standards (i_e, acetamiprid, alachlor, atenaolol, atorva-
statin, atrazine, azithromycin dibydrate, bezafibrate, carbamaze pine,
ceftiofur, chlorfenvinphos, citalopram hyd rebromide, clarithromycin,
clindamycin, cefibric acid clopidogre] hyd rogen sulfate, clothianidin
diclofenac sodium, diphenhydramine, 2-ethylhexyl-4-
met hosyri nnamate | EHMC), enroflaxacin, erythromycin, fluocetine hy-
drochloride, hydmchlomthiazide,  imidacloprid,  isoproturon,
ketoprofen, methiocarh, metoprolol tartrate, norflucsetine oxalate,
ofloxacin, perfluoroor tanesulfonic acid (PRIS), propranalol, simazine,
thiacloprid, thiamethoxam, tramadol hydrochloride, trimethoprim,
venlafaxine hyd mchloride, and warkrin; =898% purity] and surrogate
standards [ie, acetamiprid-d3, azithrmmycin-d3, atmzine-dS,
diclofenac-d4, fluoxetine—d5, ketoprofen—d3, methiocarb-d3, and
ofloxacin-d3] were pumhased from Sigma-Aldrich (Steinheim,
Germany). Methanol (M5 grade) and ethanol (HPLC grade ) were ac-
quired from VWR Intem ational | Fon tenay-sous-Bois, France ) and Fisher
Scientific [Leicestershire, UK), respectively. Formic and sulfuric acid
were obtained from Merk [Darmmstadt, Germany), and ulmpue
water was supplied by a Milli4) water system (resstivity of
18.2 Mi} cm at 25 °C). Oasis® HLE (Hydmophilic-Lipophilic Balanced)
cartridges (150 mg, §mL), used for sample preparation, were purchased
From W aters | Milford, MA, LISA )

22, Sampling areg

Two sampling campaigns were performed in the dry (September
2016) and wet seazons (February 2017). During the sampling period,
the weather was chamacterized by a mean atmaospheric temperature of
23 "CinSeptember 2016 and 11 "Cin February 2017 The average pre-
cipitation wazs 243 and 113.5 mm in September and Febrary, respec-
tively (wwnw.ipmapt accessed on May 201 8). The selection of Ave,
Leca, Antud, and Cértima rivers was hased on the following recognized
contamination due to adjacent land-use pattemns [ iLe., residential, agri-
cultural, and industrial areas); the existence of tributaries and WWTPs
that can have a negative impact on the quality of these water courses;
and, the presence of drinking water treatment plants (DWTPs) that
may be affected by suface water pollution. Sample cdlection was per-
formed along the whale course of the four target rivers (8 sampling
paoints [ $Ps) for Leca and Cértim a rivers and 9 5Ps for Aore and Anfud riv-
ers, Fig. 1), comprising locations near the source and mouth, as wellas
strategic areas subjected to impacts from wrban, agricultural, or
WWTP activities. The GPS coomdinates of the SPs for each river are
given in Table 51, Supplementary Material

22.1. Ave river

The Ave river, which is situated in the North of Portugal, has an ex-
tension of about 100 km and a drminage hasin area of 1340 km?. The
headwaters are located in Cabreim Mountain (1260 m above mean
=03 level amsl), and the estuary is located in Vila do Conde, along
the Atlantic coast. The maostimpaortant tributaries are the Este and Vizela
rivers atthe right and left banks, respectively. The average flowin the
Awe river was 296 m® s~ in the dry sason (September 2016) and
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63.08 m* s' in the wet season (February 2017) (www.snirh.pt
accessed on May 2018). The water resources are usad for manufacturing
and irrigation of rural activities Most of the river basin area is used for
agricultural and livestock ativities (Ribeiro et al, 2016a). Water quality
problems observed in this area are associated with high industrial den-
sity, including the textile sector (largest industry), leather tanning, rub-
ber manufacture, and plastic production. Some industrial effluents are
still illegally discharged into the water courses without treatment
(Rochaetal, 2013).

222 Antud river

Antud river ( extension of 38 km) has its source at Romariz, Santa
Maria da Feira (400 m a.m.sl.) and drains into the Atlantic Ocean
through the Ria de Aveiro. Antud basin isone of the sub-basins of
the Vouga river with a total area of approximately 149 km?. The
main tributaries are Pintor stream, Cercal stream, and [nsua river
on the left bank and Arrifana streamon the right bank. Antua river
is characterized byan average flow of4 m*s~*, with the monthly av-
erage ranging between 0.6 m* s~ ' in August and 10m* s~ in Febmu-
ary (www.cesam.ua.pt/files/8_Congresso_Aguapdfaccessed on May
2018). Low water quality in this river stems from industrial and
urban discharges, runoff from agricultural fields, and discharges
from livestock farms. Agriculture is the principal activity within the
borders of the Antud river basin, which is situated near the city of
Estarreja (Cerqueira etal, 2008).

2.23. Cértimariver

The 43 km long Cértima river is located in North-Central Portugal
and serves as a sub-tributary of the Vouga river, which dmins into the
Atlantic Ocean through the Ria de Aveiro coastal lagoon. The river
source is at Bugaco Mountain (380 ma.ms.l), and the basin drains an
area of 538 km™. In its lower section, the river valley opens widely to
form Pateira de R los lake, a iti tland classified asa
Ramsar site (ie., lands of inter | importance desi
under the Ramsar Convention). The river narrows again at Requeixo,
where the Cértima discharges into the Agueda river (Serpa et al.,
2014). The Cértima river has a flow rate of 7.17 m* s~ ' at SP8 in the
wet season and 0.13 m* s " during the dry season (Sena, 2007 ). The
main tributaries are the Semra and Levira rivers and Ribeira do Pano
(Cerqueiraet al 2005). Agriculture, domestic discharges,and industrial
activities are the major sources of chemical pollution in the Cértima
river basin (Vasconcelos Ferreiraetal, 2010).

224 Leqriver

Onits flow towand s the Atlantic Ocean, Lega river has an extension of
45 km and drains an areaof 190 km* (Rocha et al, 2012), with anaver-
age flow of 3.4 m* s~ (http://maretecmohid.com accessed on May
2018). The source of Lega river is located at Monte Cérdova, Santo
Tirso (475 m ams.l) and its mouth is located at Leixdes Harbor basin,
an important intemational harbor having dock facilities for commercial
cruise, and fishing vessels and an oil 1. The main tr ies are
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Ribeira do Arquitects and Ribeira do Leandro, both on the right bank.
The river receives effluents from several indust ries, some of which are
untreated, and urban WWTPs [ Gomesetal., 2014). Legariver was se-
lected as a case study to evaluate the corelation of fluorescence
EEMs to PSs and CECs concentrations since it is located between
highly urbanized and industrialized regions belonging to the Porto
metropolitan area, which represents the largest Port in Morthern
Portugal. One sample collected after the secondary biological treat-
ment stage of an urban WWTP was also analyzed for comparison
with surface samples.

2.3 Sample collection and preparation

Surface water samples were collected in the middle of each river,
using a bottle sampler. Subsequently, samples were tmnsferredto 1 L
amber glass bottles and stored at 4 " Cuntil extraction, which was per-
formed within 24 h. Lega river surface water and wastewater effluent
samples were frozen at —20 *C until analysis of the respective fluores
cence EEM:s Several parmmeters, such as pH, conductivity, axid ation-
reduction poten tial, temperature, salinity, dissohved oxygen, and total
dismolved solids were analyzed on site usinga HISE 194 Multi pararme ter
Meter (HANNA® instruments; Woonsocket, R1, USA). Before SPE, all
samples were filtered through 1.2-pm glass-fiber filters (47 mm GF/C,
‘Whatman™; Maidstone, United Kingdom) and the pHwas adjusted to
Jusing sulfuric acid

2.4 SPE-UHPLC-MSMS method

An affline SPE-UHPLC-MS/MS method was applied for quantifica-
tion of the target arganic micropallutants acconding to previous warks
[Ribeiro et al. 2015; Barbosaet al., 2016). Briefly, Oazis® HLE cartridges
were squentially conditioned with 4 mL of ethanol and 4 mL of ulira-
pure water at a flow rate of 1 mL min~". Sample loading of 500 mL of
surface water samples was carried out at a constant flow mate of
10 mLmin~", using avacuum manifld unit. The washing step was per-
formed with 4 mL ofulrapure water, and the cartridges were then dried
under vacuum for 45 min.The elution step was performed at a flow rate
of 1 mLmin—" with 4 mLofethanal and the extracts were evaporated to
dryness in a Centrivap Concentrator® device (LABCONCO® Corpora-
tion, Kansas City, MO, USA). The dried sxtracts were reconstituted in
250 pL of ethanal, and the resulting solutions were filtered through
022 ym polytetrafluorcethylene syringe filters (Membrane Solutions,
Kent, Wik, LEA).

Surface water mmple analysis was performed by UHPLC-MS/MS,
using a Shimadzu Corperation ap paratus | Tokyo Japan), consisting of
anUHPLC [Mexera) with two pumps [ LC-30AD), an autceampler (SIL-
30AC), an oven (CTO-20AC), a degasser (DGU-20A 5R), and a system
controller (CBM-20A) with proper software (LT Salution Version
5.415P) coupled to a triple quadrupole mass spectrometer (Ul Fast
Mass Spectrometry series LOMS-B040). Analytical separation sccurred
along a Kinetex™ XB-C18 100 A column [ 100 = 2.1 mm Ld_; 1.7 pm par-
tick diameter) supplied by Phenamenex, Inc. (Torance, CA, USA). The
mohile phase consisted of (A) 0.1% formic acid agueous solution and
[B] methanol operated in gradient mode. Column oven and
autosampler tem peratures were set at 35 °C and 4 *C, respectively,
and the injection volume was 5 pl Selected reaction monitoring
[SEM) transitions between the precusor ion and the two most
abundant fragment ions were evaluated to quantify and confirm
the identity of each compound. SEM1 was used for quantification
purposes and the mtio between SRM1 and SRM2 was used for qual-
itative confirmation, along with the anahyte retention time. Detailed
analytical parameters and method selectivity, linear range, and
limits of detection and quantification are described in the Supple-
mentary Material [ Tables 52 and 53).
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25, Fluareseenee excimtion-emission mamices (EEMs )

Fluorescence EEMs of Lega river and wastewater samples collected
during the wet season were measured using a Horiba Aqualog fluares-
cence spectrophotometer (Horiba Scientific; Edison, NJ USA). For all
samples, 3-mL aliquots were added to a 1-cm quariz anvette for analy-
sis. Exritation wavelengths were incrementally increased from 209 to
620 nm using 3-nm steps, and the emisgon spectrum was recorded at
244-8223 nm with 2 33-nm steps. luorescene EEMs of environmen tal
samiples were blank-corrected using LC-MS grade water. Inner-filter ef
fects were corrected using the controlled dilution approach [Luciani
et al_ 2009; Kothawala etal . 2013). The 1% and 2** order Rayleigh scat-
tering lines were removed using the Horiha masking tool. A sealed
Raman water fluorescence standard (Agilent Technologies; Santa
Cara, CA USA) was used to convert all data to Raman Units [Timko
etal, 2015). Comected EEMs were plotted in Matlab (Mathworks; Na-
tick, MA, LSA), and regional volumes were calculated according to
Chen etal [2003). The comected EEMs were considered in terms of ty-
rsing [region 1), ryptophan (region I1), fulvic acid (region 111), soluble
microbial preduct [region IV), and humic acid (regon V)-like fluores-
cence. Pearson correlations were conducted to assess relationships be-
tween CECs concentrations for the compounds detected at all
sampling sites {ie_, azithromycin, carbamazepine, and EHMC) and re-
gional/total volimes from the EEM analysis The correlations were con-
sidered statistically significant at a 95% confidence interval [p-value «
005, All statistical analyses were performed in R-studio 35,0

3. Results and discussion
31, Pysicochemial charocrerization

Ta assess the water quality and anthmpogenic impacts in the four
rivers, physicoc hemical parameters, namely pH. ternpe mture, dissohved
ooygen, conductivity, salinity, total dissohved solids, and turbidity, weme
measured at all sampling sites in both seasons (Table 54). The pH wales
ranged between 50 and 8.1 in the fAwe, between 6.3 and 72 in the Leca,
between £.7 and 7.4 in the Antud, and between 69 and £.0 in the
Cérntima This parameter affects the solubility of nutrients, and the
wvalues measured in all rivers (between 5and &) are optimal for plankzon
growth and nutrent availahility (Ribeiro etal, 2016a 2016h). The pH
was generlly higher during the wet season in comparison to the dry
season. The pH was constant during each season along the Lega and
Cértima rivers. In the Ave, pH increased from SP1 to SP9 [close to the
mouth of the river), whereas pH increased slightly from SP1 to SP5
andthen decreased fromSP5S toSPYin the Antud Disohedosygen con-
centrationsvaried slightly in each season butwere generally higher dur-
ing the wet season, except in the case of the Ave. In Ave and Lega a
gradient of conductivity, salinity, and total dissolved solidswas detected
from SP1 untilthe last SP, where the values were higher by at least one
order of magnitude, since these SPs were located in the estuary. The
same increasing trend was not observed between SP5 and SPD of
Antud river or for SP2 to SP3 and SP5 to SPO of Cértima rver. These
three physicochemical pamameters [ie, conductivity, salinity, and total
dissolved solids) were typically higher during the dry season in all
nvers

3.2 Distribution and seasonal varigtion of torget micropolhetanis in four
Pormiguese rivers

Thirteen micropollutants, namely azithromycin, carbamazepine,
clarithromycin, clindamycin, dickfenac, diphenhydramine, EHMC, flu-
oweting,  isoproturon, metoprlel, thiacloprid  tramadol, and
venlafaxine, were found in all four rivers [Table 55 ). Many of these ubig-
uitously detected compounds are pharmaceuticals, and their oocur-
rence is related to overll consumption and recalcitrance to
wastewater treatment with domestic and hospital effluents being the
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main sources (Chitescu et al., 2015). For pesticides, isoproturon was
found below 5.0ng L, except in Leca river, where it was detected at
higher concentrations (9.42-92.5 ng L"), but still below the 1.0
e L " MAC-E]S set in Directive, 2013,39/EL and the maximum admis-
sible conceniration for pesticides indrinking water, established by Di-
rect ive 98/83/EC as 0.1 pg L~ for individual pesticides and 0.5 pg L~
for their sum ( Directive, 1298).0n the contrary, thiackprid was quanti-
fied above the maximum value allowed for individual pesticides in
drinking water at two §Ps of Cértima river. Bezafibate, enrofloxacin,
PFOS, propranolol, and trimethoprim were also identified in the
Antud, Cértima, and Lega rivers. PROS was always below the MAC-EQS
setin Directive, 2013,39/ELL Acetamiprid and imid acloprid were only
detected in the Ave in the dry season, being acetamiprid below the
method quantification limit (ML) at three SPs and imidacloprid quan-
tified at SPS and below the MOL at SP9. Inthis river, the pharm aceuti-
cals, ketoprofen (also in Cértima) and warfarin (also in Antud), were
quantified at almost all 5Fs in the dry season. Atrazinewas detected in
the Ave, Antud and Leca rivers Thisbanned triazine pesticide was pres-
ent at levels <1.58 ng L, except at SPO of Leca, where it reached
41 ng L. Simazine, which is also a triazine pesticide, was detected in
Cértima and Lega rivers, with the highest concentration (26ng L")
measured at Lega SPO. Both triazine pesticides were always below
their MAC-EQS (2.0 pg L for atrmzine and 4.0 pg L~ for simazine).
The sum of all pesticides was below the maximum admissible concen-
tration (05 pg L") for pesticides indrinking water, defined in Directive
O8/83/BC (Directive, 1908). Atorvastatin was identified in the wet and
dry seasons in the Antud (upto 51 ng L") and Lega (up to 24 ng L")
rivers. The antidepressant drug citalopram was only quantified at
30 ng L' in the Antd river. Overall, the concentrations of the
micropolhutant s were generally lower in the wet season, which canbe
atributed to dilution effects asociated with the higher flow rates in
all rivers. For some compounds, the opposte trend was observed,
namely higher concentrations were determined in the wet season
These findings may be attibuted to seasonal diferences in consump-
tion [eg., antibiotics), as reported in other works (Nannou et al,
2015). The lower temperatures and shorter daylight hoursof the winter
seazon may also impede biodegradation and phototmnsformation
mechanisms  resulting in Jess environmental transformation
[Meierjchann etal. 2016).

321 Awe river

Eighteen of the thirty nine target compounds were detected in the
Ave Figs. 2 and 51 show the spatial distribution and concentrations of
micropollutants in dry and wet seasons. Some target compounds,
namely acetamiprid, atrarine, clindamycin, diphenhydramine,
imidacloprid, ketoprfen, metoprolol, and warfarin, were only quanti-
fied in the dry season, which may be related to the lower precipitaton
and flow rates observed. From the target micropalutants, those with
frequency of occurrence higher than 50% in the Ave were as follows:
clindamycin, diphenhyd mmine, flusxketine, ketoprofen, and warfarin
in the dry season; the macrolide antibiotics (ie. azithromycin and
clarithrmmycin) and EHMC in the wet season; and sopmtumn,
thiacloprid, carbamazepine, and tramadol in both seasons The highest
concentrations determined in this river corresponded to the anti-
inflammatory ketoprofen, which wasfound atall SPrduring the dry sea-
son at concentrations between 50 and 217 ng L™'. This anti-
inflammatory compound was also determined at high concentrations
inthe Uobregat dver (Spain) (Osoroetal, 2012), due toits broad use
inhuman medicine. EHM C was detected during the dry season at four
SPs [SP1-4) at concentrations up to 168 ng L. This UV-filter was
alen identified at almoar all SPs during the wet season, with a mizd mum
concentration of 132 ng L. Similar EHMC concentrations were re-
parted in other studies from Brazil (rd. to 150 ng L"), Spain (mean:
242 ngL"), Japan, China, USA, and Arctic (up to 150 ng L") (Tsui
etal, 2014; da Silva et al, 2015; Aparicio etal, 2017). The occurrence
of EHMC in Hong Kong river water samples was reported at higher

levels (4043 ng L") (Tsui et al., 2014). Although LUV-filters are widely
used in personal care products to protect human skin from UV radiation,
they are also applied in several materials such as rubber, plastics and
paintz, to prevent degradation [Tsui et al, 2014). The scoumrence of
EHMC in both seasons may be related to these applications. Down-
stream of SP6 in the Ave, a marked increase was observed for the con-
centration of many micropollutants [except for azithromycin,
clarithromycin, and EHMC), which can be explained by the presence
of two urban WWTPs, and other anthropogenic activities
(g agriculture and industry). Overall the concentration of pollutants
generally increased from the headwaters to the mouth of the Ave.

322 Anmid river

Twenty-two target organic micropollutants were found in the
Antud, incliding seventeen pharmaceuticals, three pesticides, a UV-
filter, and an industrial compound (Figs. 3 and 52). Some of these
analytes oocur only in the dry =ason namely the antbiotics
enmflozacin and trimet hoprim, bezafibrate, metoprokol, and warfarin.
The most frequently detected compounds (>50%) in Antud river sam-
ples during the two campaigns were the pesticides isoproturn and
thiacloprid and the pharmaceuticals atorvastatin, azithromycin, carba-
mazepine, clarthromycin, clindamycin, diclofenac, diphenbydramine,
fluoxetine, tramadaol, and venlafaxine. The highest concentration in
this river was found fr enroflocacin in the dry season (343 ng L"),
which may be due to the livestock production in the surrounding
areas. [n the wet season, venlafaxine registered the highest concentra-
tion at SP5 (199 ng L~ ") A significant increase in the concentrations
of many contaminants was recorded downstream of Sal gueiro WWTP
[5P4). Several factors contribute to the variation of mic ropollutant con-
centrations along this river and between the different dvers investi-
gated here. For instance, enrofloxacin and PROS were determined in
Antud river and not detectad in Ave river. Overall, flow mte, environ-
mental factors (g temperature, sunlight, nutrients), and Bte/ distribu-
tion mechanisms, axchasadsorption to sedim ents or particulate matter,
biode gradation, photodegradation, ather abiotic processes, and uptake
by biota, affect the concentrations of these compaou nds along the rivers
of interest (Paiga et al. 2016}

32.3. Cérima river

In Cértima river (Figs. 4 and 53). twenty com pounds were deter-
mined at conentrations upta 755 ngL " during the wet and dry season
monitoring campaigns. The high concentrations ohserved inthis rver
can be related to its low flow mte (@.0.13 m* s~ during the drysea-
son. In fact, some target compounds, namely the pharmaceuticals di-
phenhyd mmine, propranakol, metopraol, trimethoprim, enmfloeacin,
ketoprofen, andvenlafaxine and the pesticid e isoproturon, were quanti-
fied only inthe samples collected during the dry season. The maost fre-
quently detected (>50%) micropollutants in the Cértima varied by
season: in the dry season, diphenhydramine, isop roturon, ketoprofen,
the antibiotic enrofloccacing and the neonicotinoid thiacleprid; in the
wet sason, azithromycin, bezafibrate, fluoxetine, and the pesticide si-
mazine; and across both seasons, clindamycin carbamazepine,
diclofenac, FHMC, tramadal, and clarithromycin. The highest conenira-
tionsin this river were recorded for the neonicotinaid thiacloprid in the
wet season (755 ng L"), a finding which may be due to agricultural
leaching caused by precipitation events, and for the anti-inflammat ory
ketoprofen in the dry season (702 ng L™'). With the exception of
thiacloprid and PFOS, the concen trations oforgnic po hitants increased
at 5F2. The higher concentrations of most micropalutants in this area
can be explained by the presence of Mealhada WWTP.

324, Lega river

The levels of arganic mic mopallutants determined in the eight SPs af
Leca river are reported in Figs. 5 and 54, Twenty-one compounds weme
ohserved . including the antibiotics clindamycin, enrmflocacin, and tri-
methoprim, metoprolol, and the pesticides atrazine and zimazine
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Fig. 6. Huorescence EEM for the eqght Lega river samples and one WWTP sample.

quantified only during the dry season, and azithromycin found only in
the wet season. Twelve analytes, namely atorvastatin, diphenhydra-
mine, fluaxetine, propranolol, bezafibrate, clarithromycin, carbamaze-
pine, diclofenac, isoproturon, EHMC, tamadol, and wenlafaxine, were
detected in >50% of the river samples across both seasons. During the
dry and wet seasons, tramadal was found at the highest concentration,
with amaximum of 396 ng L~ *and 233 ng L, respactively. This anal-
gesic was frequently detected inall four rivers up to hundredsofng L7,
as also recently reported by Burns et al. (2018) for two rivers in York
(UK). EHMC, isoproturon, carbamazepine, dickfenac, and venlafaxine
were also found at high concentrations during the two sampling cam-
paigns and, together with tramadol, these micropollutants exhibited
the highest detection frequencies and conentrations.

Parada and Ponte de Moreim WWTPs (upstream of SP4 and down-
stream of SP6, respectively) and the associated industrialized areas
(SP4 and SP7) seemed to directly influence the leveks of organic
micropollutants in Lega river,increasing the concentration of mostcom-
pounds. These data were well correlated with the fluorescence EEMs of
the surface water and WWTPeffluent smples (Fig.6). The WWTP efflu-
ent sample exhibited a strong fluorescence response in all regions, and
the fluorescence signature was similar to previous reports for wastewa-
ter (Baker, 2001; Sgroi etal, 2017). The fluorescence signatures of SP1
and SP2 were minimal. SP3 showed minor fluorescence in regions Il

(fulvic acid-like) and V (humic acid-like ). The fluorescence response in-
creased in all regionsat SP4, downstream of the first WWTP. The SP5-8
samples showed similar fluorescence sgnaturesin all regions although
the signal was slightly lower than at SP4. However, slight increases in
the fluorescence response were observed at SP6, which is influenced
by a WWTP, and SP7, which is surrounded by a highly industrialized
area.

To better highlightthe changes in fluarescence with sample location,
the regional volumes ofthe environmental samples were normalized by
the comresponding regional volumes from the WWTP sample. As indi-
cated inFig 7, the relative presence of aromatic protein-, fulvic acid-,
soluble microbial product-, and humic acid-like fluorescence increased
between SP3 and SP4. Downstream of SP4, the fluorescence response
associated with regions| and Il decreased, presumably due to biotic/abi-
otic degradation mechanisms. The flucrescence inregions 11, IV, and V
remained faifly consistent from SP5 to SP8.

The similarity of CEC concentrations and regional EEM volumes
alongthe Lega river is shown in Fig 7. Azithromycin and carbamazepine
concentrations were significantly, positively correlated with the EEM
vaumes for regions|-V; furthermore, significant correlations were ob-
served for EHMC concentrations with fluoresence signatures from re-
gions III, V, and V (Table S7 in the SI). Significant correlations were
also observed for all three CECs with the total fluorescence response,

Fig. 5. Spatial dasn and conc t of m

micagdiutants in lag river, pleace see Bz S4)

in Lega river for dry and
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which was calculated as the sum of EEM volumes from regions 1-V.
Based on these results, the fluorescence intensty inregions 1L 1V, and
V may =rve as useful screening tool to inform the presence of PSs/
CECs in the Lega river. As DOM signatures and sources vary in other
river systems, the EEM-based screening tool neads to be evaluated
and refined for ather watersheds.

‘While previous reparts Yang et al (2013) have found correlations
between the total and summed (eg., region [, 11, and V) EEM volumes
with particular CH s, the more specific comelations with particular re-
gions identified in this study may better reflec t CECs fate and transport
along spatictempaoral gradients. [n particular, strong correlations were
observed for azithromycin, carbamazepine, and EHMC concentrations
with the region V flusrescen @ response, suggesting that these CECsex-
hibit similar fte and transport behavior as humic acid-like substances.
an etal (2017) highlighted the use of parallel factor (PARAFAC) anal-
yzis tonot only deconvohute fluorescene EEMs into a finite numberof
components, but alsn predict CEC degradation. This approach may pro-
wide further insights into the fBte and transport of PSsCECs in Portu-
Tues rivers.

3.3, Ocourrence of mrger micropallutants in surfie warers

The comparison of many target micropallutants found in this study
with results from ather reports on seasonal surface water monitoring
[Table 86) iscomplex since the production and usage of industrial prod-
ucts, the application of pesticid es in agricultural activities, and the con-
sumption of pharmaceu tical compounds is different between locations.
However, the macrolide antibiotic azith romaycin, the anti-inflamm atory
chemicals diclofenac and ketoprofen, and the antide pressants fluooe-
tine and venlafaxine have been reported in surface water at levels sim-
ilar to those found in the present work For instance, azithromycin,
fluoxetine, and venlafaxine were found in Lis river [Portugal) up to
30ng L, 20ng L, and 159ng L', respectively (Faiga etal, 2016).
Diclofenac was guantified in surface water collected from China at a
masirmum of 170ng L' (Dai et al, 2015). Ketoprofen was detected in
Spain upto 225 ng L' (Moreno-Gonzdlez et al, 2014). These findings
indicate that a similar consumption pattern of these pharmaceu tical
compounds may oocur in different regions of the word.

The pesticides atrazine and simarzine were quantified in ather stud-
ies at maximum levels well above those determined here. Forexample,

in three different monitoring studies performed in Spain [(Hemem-
Herndndez et al_, 2017), Brazil (Machado et al, 2017, and Thailand
[Sangchan et al, 2014), atrmazine was found at maximurmc oncen trations
0f333, 320, and 800 ngL ", respectively. The= concentration s are more
thanone onder of magnitude higher than those determined in the pres-
ent study (eg. 41 ng L") Simazine was found in Australia at concen-
trations between 50 and 670 ng L™ [Allinson et al., 2014) and in
Spain up to 207 ng L~ [Hemero-Herndndez et al, 2017). The intense
agricultural activity in those regions may explain the presence of tri-
azine herbicides in surface water even after these chemicals were
phased out since they can be illeglly acquired and/or released from
existing sediments/soils. In contrast, the other target pesticide,
isoproturon, was determined at higher concentrations in the present
shudy compared to valses found inthe literature [Palma et al., 2014;
Papadakis et al_, 2015).

The UV-flter EHMC was determined in this work at a maximum
value of 562 ng L~ and a similar level was reported in BErazil
(660 ng L~} (da Silva et al. 2015). This compound was ako detected
in surface water samples in Hong Kong at concentrations one order of
magnitude higher, Le. 4043 ngL " [Tsui et al, 2014), than those deter-
mined in the present study. Impartantly, this compound has also been
shown to accumulate in aquatic and marine organisms [He et al.,
2017), mising concerns about the high aqueous-phaze concenirations
detected here.

The concent rations of bezafibrate, carhamazepine, clarithromycin,
and thiacloprid described in the literature are slightly higher than
those reparted inthe target Portuguese rivers. The beta-blocker meto-
prolal was found at a maximum concentration of 25 ng L in Ave
river, while it was determined up to 448 ng L~ in Beiyun river of Bei-
Jjing, China (Daietal, 2005; Maetal, 2007). The maximum concentra-
tion of the antibiotic timet hoprimin the current sudywas 54ngl"in
Antud river inthe dry season, which was comparable to the mai mium
concentration [36 ng L") fund in Lishregat river, Spain (Osorio
etal, 2012]) and lower than the maximum concentration [ 180 ng L")
reported in a monitoring study performed in the Los Angeles and San
Gabriel rivers [Sengupta et al_, 2014).

4. Condusions

In thiz first @multaneous survey of specific P4 and CECs defined by
EL documents in four sresed rivers (e Ave, Leca, Antud, and Cértima)
in Portugal, 26 out of 39 target micropolhotan ts were found at least in
ane of the selected rivers. OF the detected compoundss, thirteen were
consistently determined in all four rivers: azithromycin; carbamare-
pine; clarithromycin; cindamycin; diclofenac; diphenhyhyd mmine;
EHMC; fluoxetine; isoproturon; metoprodol; thiacloprid; tramadol;
and, venlafaxine. The highest concentrations were verified for
ketoprofen inAve river, tramadal in Lega river, enroflocacinin Antud
river, and thiacloprid in Cértima river. These d ata highlight the different
land-use patterns and contaminant sources found in the targeted rivers,
with the eccurrence and concentration distributions along particular
rivers depending on location and seasonal variations. The increase in
fluorescence response profiles for specific locations of the Lega river
matched the distribution of micropallutants along this dver. Although
some of these compounds are already prioritized or defined in the
‘Watch List, larger monitoring programs are needed for further piont-
zation and risk asessment of such contaminants. Given the significant
correlations found for EEM regional volumes with CEC concentrations
inthe Lecariver, preliminary EEM analysis may help to inform the de-
sign of future monitoring studies.
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Appendix C

Supplementary material

Spatial and seasonal occurrence of micropollutants in four Portuguese rivers and a
case study for fluorescence excitation-emission matrices

Table C-S4.1. Sampling points of Ave, Lega, Antud and Cértima Rivers and the respective
GPS coordinates.

GPS coordinates

River Target Point Latitude (°N) Longitude (°W)
Al 41.602806 -8.048497
A2 41.576678 -8.167964
A3 41.505453 -8.306579
A4 41.462017 -8.345558
Ave A5 41.420383 -8.377358
A6 41.389508 -8.396708
A7 41.346214 -8.470378
A8 41.345131 -8.556364
A9 41.351132 -8.739358
L1 41.295462 -8.455716
L2 41.261419 -8.478392
L3 41.207586 -8.593489
Leca L4 41.202336 -8.596394
L5 41.218038 -8.624068
L6 41.236006 -8.647019
L7 41.217806 -8.646578
L8 41.195417 -8.683078
AT1 40.922548 -8.473395
AT2 40.889828 -8.475903
AT3 40.865931 -8.494225
AT4 40.853750 -8.495064
Antud AT5 40.825844 -8.495789
AT6 40.780139 -8.510508
AT7 40.756622 -8.561378
ATS8 40.743714 -8.573203
AT9 40.741856 -8.591586
C1 40.366286 -8.455169
Cc2 40.392678 -8.454639
C3 40.424764 -8.458111
Cértima Cca 40.452272 -8.458767
C5 40.496672 -8.458561
C6 40.530744 -8.486222
Cc7 40.552161 -8.495519
C8 40.591714 -8.525628
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Table C-S4.2. Selected reaction monitoring (SRM) instrument parameters for tandem mass spectrometry analysis of target analytes.

Quantification (SRM1)

Confirmation (SRM2)

Analyte IS ESI mode Erecursor ) . f ) . f qu

(NIP or PI°)  ion (m/z) Product DPY CE CXP'" Product DP CE CXP ratio
lon (\R\)) V) lon V) V) V)

Acetamiprid " 1 PI 222.70 126.00 -15.0 -20.0 -23.0 56.10 -15.0 -16.0 -22.0 2.56
Acetamiprid — d3 (1) PI 226.10 126.00 -24.0 -21.0 -23.0 _ _ _ _ n.a.?
Alachlor 2 PI 270.00 188.00 -13.0 -11.0 -24.0 147.00 -13.0 -20.0 -15.0 1.89
Atenolol 5 Pl 266.80 14510 -30.0 -27.0 -26.0 190.10 -30.0 -19.0 -18.0 5.56
Atorvastatin 5 NI 557.30 27820 20.0 47.0 300 397.25 200  30.0 27.0 1.59
Atrazine ! 2 PI 215.90 174.05 -23.0 -18.0 -30.0 68.15 -23.0 -37.0 -24.0 2.70
Atrazine — d5 (2) PI 221.00  179.05 -11.0 -19.0 -18.0 B B B B n.a. o
Azithromycin " 3 PI 749.40 158.15 -36.0 -52.0 -13.0 591.35 -36.0 -47.0 -21.0 1.02
Azithromycin — d3 (3) PI 752.40  158.05 -38.0 -47.0 -14.0 B B B B n.a. o
Bezafibrate 6 NI 360.20 274.15 170 17.0 19.0 154.05 17.0 31.0 29.0 2.86
Carbamazepine 5 Pl 236.90 194.10 -28.0 -20.0 -19.0 19210 -28.0 -22.0 -19.0 5.00
Ceftiofur 8 Pl 524.10 241.00 -26.0 -19.0 -25.0 210.10 -26.0 -24.0 -20.0 2.99
Chlorfenvinphos 2 Pl 360.50 155.10 -25.0 -40.0 -16.0 99.10 -25.0 -15.0 -15.0 1.43
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Citalopram
Clarithromygin
Clindamycin
Clofibric acid
Clopidogrel
Clothianidin "
Diclofenac
Diclofenac — d4 (4)

Diphenhyhydramine

2-Ethyl-hexyl-4-
trimethoxycinnamate
(EHMC) "

Enrofloxacin
Erythromycin P
Fluoxetine
Fluoxetine — d5 (5)
Hydrochlorothiazide

Imidacloprid "

Pl

PI

Pl

NI

Pl

Pl

NI

NI

PI

Pl

Pl

PI

Pl

PI

NI

Pl

324.50

748.40

425.00

213.10

321.60

249.90

294.10

297.90

255.80

291.20

360.20

734.40

309.90

315.00

296.10

255.70

109.10

158.15

126.15

127.00

212.05

132.00

250.10

254.05

167.00

179.10

316.15

158.15

44.15

44.15

269.00

209.05

-24.0

-40.0

-20.0

10.0

-27.0

-29.0

14.0

14.0

-28.0

-14.0

-17.0

-36.0

-15.0

-16.0

14.0

-30.0
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-27.0

-30.0

-30.0

13.0

-17.0

-15.0

12.0

12.0

-13.0

-21.0

-34.0

-14.0

-14.0

19.0

-15.0

-19.0

-15.0

-23.0

13.0

-22.0

-23.0

17.0

28.0

-30.0

-18.0

-21.0

-30.0

-16.0

-15.0

28.0

-21.0

262.00

590.30

377.10

85.00

184.00

169.05

214.05

165.00

161.10

342.20

576.35

205.00

175.05

-24.0

-40.0

-20.0

10.0

-27.0

-29.0

14.0

-28.0

-14.0

-17.0

-36.0

14.0

-30.0

-20.0

-21.0

-21.0

11.0

-23.0

-13.0

21.0

-40.0

-19.0

-23.0

-21.0

23.0

-18.0

-27.0

-28.0

-25.0

30.0

-17.0

-16.0

23.0

-29.0

-15.0

-23.0

-28.0

21.0

-17.0

2.70

3.03

33.33

6.25

154

1.02

25.00

na.?

3.85

1.01

2.63

2.08

na.?

1.22

1.05
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Isoproturon'
Ketoprofen
Ketoprofen — d3 (6)
Methiocarb "

Methiocarb — d3 (7)

Metoprolol

Norfluoxetine
Ofloxacin

Ofloxacin — d3 (8)

Perfluorooctanesulfoni
c acid (PFOS)

Propranolol
Simazine
Thiacloprid !
Thiamethoxam "
Tramadol

Trimethoprim

Pl

NI

NI

PI

Pl

Pl

PI

Pl

PI

NI

Pl

PI

Pl

Pl

Pl

Pl

206.90

253.00

256.20

226.10

229.10

267.70

296.00

362.00

365.1

498.70

259.70

201.90

252.90

291.90

296.20

290.50

72.10

209.15

212.10

169.10

169.10

116.10

134.15

318.15

321.15

79.95

116.10

124.10

126.00

211.10

268.90

230.00

-22.0

16.0

12.0

-24.0

-25.0

-20.0

-30.0

-28.0

-18.0

18.0

-29.0

-22.0

-28.0

-30.0

-30.0

-30.0
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-21.0

7.0

8.0

-11.0

-20.0

-19.0

-20.0

50.0

-19.0

-18.0

-21.0

-14.0

-25.0

-24.0

-27.0

22.0

22.0

-17.0

-30.0

-20.0

-13.0

-21.0

-21.0

14.0

-20.0

-11.0

-21.0

-21.0

-30.0

-24.0

46.15

121.10

74.15

30.25

261.15

99.00

183.00

131.15

99.00

181.05

204.90

123.05

-22.0

-24.0

-20.0

-30.0

-28.0

18.0

-29.0

-22.0

-28.0

-30.0

-30.0

-18.0

-19.0

-23.0

-13.0

-29.0

46.0

-19.0

-20.0

-44.0

-24.0

-26.0

-16.0

-21.0

-28.0

-30.0

-26.0

18.0

-18.0

-23.0

-17.0

-17.0

-21.0

2.22

na.?

na.?

1.04

na.?

1.08

1.23

1.56

na.?

1.82

1.61

1.06

6.25

2.08

na.?

1.23



Appendix C

Venlafaxine 5 PI 296.20 268.90 -30.0 -22.0 -22.0 20490 -30.0 -12.0 -27.0 3.13

Warfarin 6 PI 309.00 163.00 -15.0 -16.0 -28.0 25105 -150 -21.0 -26.0 1.43

a1S is internal standard.

b NI is negative ionization mode.

¢ Pl is positive ionization mode.

4 DP is the declustering potential.

¢ CE is the collision energy.

f CXP is the collision cell exit potential.

9 n.a. is not applicable.

" Included in the Watch List for the intent prioritization process at European Union level (Annex of the EU Decision 2015/495).
i PSs of the Directive 2013/39/EU.
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Table C-S4.3. Retention time, range, instrument and method detection and quantification limits for each target analyte.

Retention time Range IDL? IQLP MDLe®

Analyte

(min) (ng LY (Mg L) (Mg L) (ng LY

Acetamiprid 0.921 3.30-100 2.18 6.60 1.09
Alachlor 2.468 8.71-100 5.74 17.42 2.87
Atenolol 0.758 6.61 — 100 4.36 13.22 2.18
Atorvastatin 2.279 0.65-100 0.42 1.30 0.21
Atrazine 1.470 0.14 - 100 0.10 0.28 0.05
Azithromycin 0.945 0.44 -100 0.30 0.88 0.15
Bezafibrate 1.795 4.55-100 3.00 9.10 1.50
Carbamazepine 1.240 0.08 — 100 0.06 0.16 0.03
Ceftiofur 0.930 0.39-100 0.26 0.78 0.13
Chlorfenvinphos 2.890 3.22-100 2.12 6.44 1.06
Citalopram 0.774 12.44 - 100 8.22 24.88 4.11
Clarithromycin 1.047 0.39-100 0.30 0.78 0.15
Clindamycin 0.876 0.48 - 100 0.32 0.96 0.16
Clofibric acid 1.825 2.42 -100 1.60 4.84 0.80
Clopidogrel 2.549 0.32-100 0.22 0.64 0.11
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Clothianidin
Diclofenac
Diphenhyhydramine
EHMC
Enrofloxacin
Erythromycin
Fluoxetine
Hydrochlorothiazide
Imidacloprid
Isoproturon
Ketoprofen
Methiocarb
Metoprolol
Norfluoxetine
Ofloxacin
PFOS
Propranolol

Simazine

0.937

2.716

0.836

4.437

0.836

0.954

0.876

0.860

0.916

1.472

1.642

1.816

0.700

0.838

0.834

3.941

0.829

1.217

0.65-100

3.75-100

0.05-100

4.60 - 100

4.79 - 100

0.39-100

0.30-100

2.54-100

1.21-100

0.13-100

9.88 — 100

1.25-100

0.90 - 100

4.88 — 100

21.58 - 100

2.77-100

3.57 -100

2.01-100

368

0.65

2.48

0.04

3.04

3.16

0.26

0.20

1.68

0.80

0.08

6.52

0.82

0.60

3.22

14.24

1.82

2.36

1.32

0.21

7.50

0.10

9.20

9.58

0.78

0.60

5.08

2.42

0.26

19.76

2.50

1.80

9.76

43.16

5.54

7.14

4.02

0.21

1.24

0.02

1.52

1.58

0.13

0.10

0.84

0.40

0.04

3.26

0.41

0.30

1.61

7.12

0.91

1.18

0.66
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Thiacloprid
Thiamethoxam
Tramadol
Trimethoprim
Venlafaxine

Warfarin

0.918

0.862

0.698

0.801

0.788

1.875

0.64 — 100

5.10 - 100

0.49 -100

10.94 - 100

0.11 -100

1.13-100

0.42

3.36

0.32

7.22

0.08

0.74

1.28

10.20

0.98

21.88

0.22

2.26

0.21

1.68

0.16

3.61

0.04

0.37

a3 |DL is the instrument detection limit.

b |QL is the instrument quantification limit.

¢ MDL is the method detection limit.
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Appendix C

Table C-S4.4.1. Physicochemical parameters measured at each sampling point (SP) of the Ave River, in the wet and dry seasons.

. t SP1 SP2 SP 3 SP 4 SP5 SP6 SP7 SP8 SP8
arameter
Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry

pH 57 | 50 | 58 |51 62|53 64|52 |65 5768 53|78 61|81 66| 7.6 | 66
Temr(’fcr;‘t“re 8 |22 |11 | 22 | 11| 22 | 11 |22 |12 | 22| 12 | 22 | 14 22| 13| 22 | 13 | 22
Dissolved

oxygen 36 | 54 | 39 | 57 37|57 44 |58 |42 5739 57|40 58|37 55| 37 | 50
(mg L)
Ccz:gii:'_‘{)'ty 24 | 389 | 54 | 446 | 83 | 454 | 101 | 454 | 109 | 400 | 186 | 535 | 241 | 609 | 287 | 685 | 2420 | 11290
Salinity

PSU) 0.01 | 0.22 | 0.02 | 0.21 | 0.04 | 0.22 | 0.05 | 0.19 | 0.05 | 0.19 | 0.09 | 0.22 | 0.11 | 0.29 | 0.14 | 0.33 | 1.26 | 6.15
Total dissolved

_ °9 12 | 226 | 26 | 223 | 42 | 228 | 50 | 199 | 55 | 200 | 93 | 248 | 120 | 305 | 144 | 341 | 1211 | 5408
solids (mg L)

PSU, Practical Salinity Unit.
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Table C-S4.4.2. Physicochemical parameters measured in at each sampling point (SP) of the Leca River, in the wet and dry seasons.

o t SP1 SP 2 SP3 SP 4 SP5 SP6 SP7 SP8
arameter
Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry
pH 70 | 63 | 72 | 59 | 67 | 66 | 68 | 69 | 68 69 | 68 7. | 68 | 69 | 6.6 | 6.8
Tem?oecr;‘t“re 14 | 22 | 14 | 22 | 14 | 22 | 14 | 22 | 14 22 | 13 | 22 | 14 | 22 | 15 | 22
Dissolved
oxygen 123 | 56 131 | 57 | 113 | 56 | 127 | 53 | 115 | 55 | 139 | 55 131 | 53 | 94 | 55
(mgL™)
C?Sg‘iﬁ'_‘{;ty 121 | 454 | 156 | 424 | 335 | 799 | 420 | 789 | 421 | 738 | 455 | 799 | 531 | 816 | 9203 | 3049
Salinity
PSU) 0.06 | 0.22 | 0.07 | 0.20 | 0.16 | 0.38 | 0.20 | 0.39 | 0.20 | 0.36 | 0.22 | 0.39 | 0.26 | 0.40 | 5.18 | 7.15
Total dissolved
_ _ 61 | 227 | 78 | 212 | 168 | 385 | 210 | 395 | 211 | 369 | 228 | 399 | 267 | 408 | 4600 6205
solids (mg L)

PSU, Practical Salinity Unit.
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Table C-S4.4.3. Physicochemical parameters measured in at each sampling point (SP) of the Antué River, in the wet and dry seasons.

SP1 SP2 SP3 SP 4 SP5 SP6 SP7 SP8 SP9
Parameter
Wet Dry | Wet Dry | Wet Dry | Wet Dry < Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry
pH 67 | 68 | 67 | 67 |69 |71 |71|72|73|74|72|70 7170|7169/ 71|71
Temr(’oecrft“re 19 | 19 | 19 | 19 | 10 | 19 | 19 | 19 | 19 | 19 | 20 | 22 | 19 21 | 19 | 21 | 19 | 21
Dissolved
oxygen 90 | 63 |84 57 |83 |60 |72 |45 |74 |45 |80 |53 |81 58|84 53 79 |56
(mg L)
C?Sgﬁ;‘_‘gty 123 | 522 | 124 | 534 | 156 | 567 | 205 | 701 | 248 | 791 | 190 | 622 | 190 | 624 | 195 | 615 | 187 | 607
Salinity
PSU) 0.06 | 0.25 | 0.06 | 0.26 | 0.07 | 0.28 | 0.10 | 0.34 | 0.12 | 0.39 | 0.09 | 0.30 | 0.09 | 0.30 | 0.09 | 0.3 | 0.09 | 0.29
Total dissolved
; ° | 62 | 281 | 62 | 266 | 78 | 283 | 103 | 350 | 124 | 395 | 95 | 311 | 95 | 312 97 | 308 | 97 | 303
solids (mg L)

PSU, Practical Salinity Unit.
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Table C-S4.4.4. Physicochemical parameters measured in at each sampling point (SP) of the Cértima River, in the wet and dry seasons.

sP1 SP 2 SP 3 SP 4 SP5 SP6 Sp7 SP8
Parameter
Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry | Wet Dry
pH 73 70 | 77 | 72 | 76 | 71 | 76 | 72 | 77 | 70 | 74 | 69 | 79 | 70 | 80 | 6.9
Temi’oecr;‘t“re 18 | 20 | 18 | 21 | 18 | 20 | 18 | 21 | 18 | 21 | 18 | 21 | 17 | 21 | 18 | 20
D'SS"(L‘:ZdL‘_)1>)(y9e” 90 | 66 | 69 | 55 | 76 | 68 | 86 | 65 | 75 | 65 | 7.6 | 64 | 7.9 | 72 | 84 |69
C?Sg“;:_‘l’)'ty 517 | 775 | 652 | 1028 | 607 | 881 | 590 | 1061 | 617 | 1091 | 568 | 754 | 569 | 748 | 525 | 756
Salinity
PSU) 025 | 0.36 0.2 | 050 | 0.30 | 0.42 | 0.29 | 051 | 0.30 | 0.53 | 0.28 | 0.36 | 0.28 | 0.36 | 0.25 |0.36
Total dissolved
; _ 258 | 364 | 326 | 500 | 303 | 427 | 295 | 517 | 308 | 534 | 284 | 369 | 284 | 364 | 262 | 308
solids (mg L™?)

PSU, Practical Salinity Unit.

373



Appendix C

Table C-S4.5.1. Concentration (ng L) of each target compound in different sampling points (SP) of the Ave River, in the wet and dry seasons.

SP1 SP2 SP3 SP4 SP5 SP 6 SP7 SP8 SP9
Target compound
Wet Dry | Wet Dry Wet Dry Wet Dry | Wet Dry | Wet Dry Wet Dry Wet Dry Wet Dry
Acetamiprid nd. | nd. | nd. | <MQL | n.d. n.d. n.d. nd. | nd. | nd. | nd. [<MQL| nd. |<MQL| n.d. n.d. n.d. n.d.
Alachlor nd. | nd. | nd. n.d. n.d. n.d. n.d. nd. | nd. | nd. | nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Atenolol nd. | nd. | nd. n.d. n.d. n.d. n.d. nd. | nd. | nd. | nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Atorvastatin nd. | nd. | nd. n.d. n.d. n.d. n.d. nd. | nd. | nd. | nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
0.62
Atrazine nd | nd. | nd |<moL| nd. | nd | nd | nd |nd | = |[nd | nda | na |962%| na |O38F] g |02
001 0.00 0.13 0.00
. . 5.51 31.74 7.12 150+ | 172+ 1.43 |12.21 251 705+ 7.54 5.02
Azithromycin + n.d. + n.d. + 008 018 + + n.d. + n.d. 0.06 n.d. + n.d. + n.d.
0.44 1.48 1.47 ’ ’ 0.07 | 0.02 0.14 ' 0.13 0.15
Bezafibrate nd. | nd. | nd. n.d. n.d. n.d. n.d. nd. | nd. | nd. | nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Carbamazepine nd 1'33 1')}3 233+ 1'fl 2.09+ | 1.60=+ 1.f5 2'Z5 2'21 4'38 447+ 1681+ | 727+ 3'37 9.93 + 5'54 24.50
0.15 | 0.02 0.35 0.03 0.17 0.09 0.03 | 0.09 | 0.04 | 0.39 0.08 0.95 0.11 0.24 0.35 0.10 +0.58
Ceftiofur nd. | nd. | nd. n.d. n.d. n.d. n.d. nd. | nd. | nd. | nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Chlorfenvinphos nd. | nd. | nd. n.d. n.d. n.d. n.d. nd. | nd. | nd. | nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Citalopram nd. | nd. | nd. n.d. n.d. n.d. n.d. nd. | nd. | nd. | nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
. . 10.56 43.90 25.75 246 + 43.72 2.34 24.10 25.30 7.30 082+
Clarithromycin + n.d. + n.d. + n.d. 011 n.d. + n.d. + n.d. +0.26 n.d. + n.d. + 0.03
2.04 0.82 1.64 ’ 0.33 0.02 - 0.53 0.30 '
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Clindamycin

Clofibric acid
Clopidogrel

Clothianidin

Diclofenac

Diphenhyhydramine

EHMC

Enrofloxacin

Erythromycin

Fluoxetine

Hydrochlorothiazide

Imidacloprid

Isoproturon

4.18

0.11
n.d.
n.d.

n.d.

n.d.

n.d.
4.67
0.47
n.d.
n.d.
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.
n.d.
n.d.

n.d.
1.05

0.17
38.88

0.03
n.d.
n.d.

n.d.

n.d.

n.d.
0.27

0.02

n.d.

n.d.
n.d.
n.d.

n.d.

n.d.
7.27
0.31
n.d.
n.d.
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.
n.d.
n.d.

n.d.

142 +
0.22

93.95+
5.56

n.d.
n.d.

0.54 +
0.14

n.d.

n.d.

0.84 +
0.03

3.93

0.00
n.d.
n.d.

n.d.

n.d.

n.d.
8.00

1.25
n.d.
n.d.

n.d.

n.d.

n.d.
0.55

0.01

n.d.

n.d.
n.d.
n.d.

n.d.

121+
0.11

167.53
+4.64

n.d.
n.d.

0.65 +
0.06

n.d.

n.d.

0.30
0.03

3.73 +
0.05

n.d.
n.d.
n.d.

< MQL

n.d.

6.68
0.46

n.d.
n.d.

n.d.

n.d.

n.d.

0.34
0.08

n.d.

n.d.
n.d.
n.d.

n.d.
1.10
0.02
21.79
1.75
n.d.

n.d.
0.63

0.02
n.d.

n.d.
0.80

0.01

375

3.77

0.02
n.d.
n.d.

n.d.

MQL

n.d.
48.92

1.11
n.d.
n.d.

n.d.

n.d.

n.d.
0.36

0.07

n.d.

n.d.
n.d.
n.d.

n.d.
0.93
0.04
n.d.

n.d.

n.d.
0.40

0.00
n.d.
n.d.
0.89

0.03

3.70

0.03
n.d.
n.d.

n.d.
4.75

0.18
n.d.
36.44

1.32
n.d.
n.d.

n.d.

n.d.

n.d.
0.50

0.02

n.d.

n.d.
n.d.
n.d.

< MQL

1.05+
0.02

n.d.

n.d.
n.d.

n.d.

n.d.
1.92 +
0.49

143+
0.01

3.79
0.12

n.d.
n.d.
n.d.

17.78

+0.31

n.d.

131.80

+0.90

n.d.
n.d.

n.d.

n.d.

n.d.

113+
0.05

n.d.

n.d.
n.d.
n.d.

< MQL

120+
0.03

n.d.

n.d.
n.d.

0.74 +
0.00

n.d.

n.d.

5.02 £
0.01

4.48

0.27
n.d.
n.d.

n.d.
571

0.34
n.d.
24.28

1.83
n.d.
n.d.

n.d.

n.d.

n.d.
0.55

0.06

n.d.

n.d.
n.d.
n.d.

< MQL

270
0.12

n.d.

n.d.
n.d.

27.45
+1.66

n.d.

n.d.

267+
0.05

3.89

0.04

n.d.

n.d.

n.d.
0.55

0.01
n.d.
n.d.
1.81

0.02

n.d.

n.d.
n.d.
n.d.

11.34
+0.24

2.56 £
0.01

n.d.

n.d.
n.d.

10.01
+0.09

n.d.

< MQL

3.62 +
0.00
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Ketoprofen

Methiocarb
Metoprolol

Norfluoxetine
Ofloxacin
PFOS
Propranolol

Simazine

Thiacloprid

Thiamethoxam

Tramadol

Trimethoprim

Venlafaxine

Warfarin

n.d.

n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
0.66

0.06
n.d.

n.d.
n.d.

n.d.

n.d.

50.53
2.74
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
1.56

0.04
n.d.
n.d.

n.d.

n.d.

6.71
+

0.30

n.d.

n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
2.57

0.54
n.d.
0.50
0.27
n.d.

n.d.

n.d.

82.48
8.21

n.d.

n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

4.54
0.10

n.d.

331+
0.93

n.d.

n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
1.86

0.19
n.d.
2.37
0.03
n.d.

n.d.

n.d.

68.95
+4.06

n.d.

n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

188+
0.40

n.d.

4.55 *
0.94

n.d.

n.d.

7.43
0.41

n.d.

n.d.

n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

145+
0.27

n.d.

3.07 %
0.08

n.d.

n.d.

n.d.

67.11
0._20
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
1.95

0.13
n.d.
3.70
0.16
n.d.
n.d.

6.79

0.44

n.d.

n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
1.68

0.28
n.d.
5.79
0.09
n.d.

n.d.

n.d.

75.83
254
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
1.46

0.08
n.d.
4.96
0.05
n.d.
n.d.

7.03

0.62

n.d.

n.d.

n.d.

106.68
+1.45

n.d.

n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

290+
0.10

n.d.

19.72
+1.72

n.d.

10.51
+0.22

7.17 +
0.62

n.d.

n.d.

n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

422+
0.07

n.d.

37.71
+0.96

n.d.

n.d.

n.d.

199.74
+0.66

n.d.

555+
0.13

n.d.
n.d.
n.d.
n.d.
n.d.

4.36 =
0.35

n.d.

27.16
+1.32

n.d.

14.44
+1.43

11.50
+0.82

n.d.

n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
2.23

0.47
n.d.
18.26
0.84
n.d.

n.d.

n.d.

213.68
+0.09

n.d.

n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

475+
0.34

n.d.

35.25
+1.36

n.d.
18.76
+1.07

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
4.80

0.33
n.d.
22.59
0.93
n.d.

n.d.

n.d.

216.82
+ 3.56

n.d.

n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.

n.d.

35.33
+1.92

n.d.

n.d.

21.43
+0.93

MQL, method quantification limit; n.d., not detected.
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Table C-S4.5.2. Concentration (ng L) of each target compound in different sampling points (SP) of the Leca River, in the wet and dry seasons.

SP1 SP 2 SP 3 SP 4 SP5 SP 6 SP7 SP 8
Target compound
Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry
Acetamiprid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Alachlor n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Atenolol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Atorvastatin nd. nd. nd. nd. 407+ 2425+ 9.65+ | 20.48 | 8.42+ nd. 13.55 nd. 10.50 | 22.22 | 18.74 | 15.56
0.31 2.55 172 | £1.04| 1.50 +0.53 +130 | £143 | +£1.32 | £0.74
Atrazine n.d. 1(.)4.18111 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 16?3; n.d. 16?5; n.d. 1:5; n.d. :%iz
1.26
Azithromycin 172+ n.d. * n.d. 20.98 n.d. 49.57 n.d. 34.63 n.d. 33.78 n.d. 2949 n.d. 33.12 n.d.
0.04 0.03 +0.54 +0.86 +0.45 +1.09 +0.31 +1.77
Bezafibrate nd. nd. nd. nd. 1428 | 8.75+ | 33.63 | 38.56 | 15.29 | 20.21 | 19.70 | 31.41 | 19.16 | 11.93 | 16.81 | 12.12
+1.85 054 [+£170|+029|+£181|+037(+152|+080[+1.08|+0.04+0.87 | +0.18
Carbamazepine 098+ 082+ 1'1(_)1 145+ | 13.64 nd. 29.60 | 98.59 | 26.83 | 84.66 | 31.67 nd. 27.87 | 70.50 | 40.26 nd.
0.01 0.00 0.02 0.00 | £0.38 +145 | £8.71 | +£1.20 | £3.17 | +0.33 +0.13 | £0.20 | £0.68
Ceftiofur n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Chlorfenvinphos n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Citalopram n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Clarithromycin nd. nd. nd. nd. 11.38 | 3.79+ | 2454 | 10.79 | 29.48 | 491+ | 3298 | 7.62+ | 32.76 | 832+ | 21.25 | 4.98
+0.04 | 000 |[+£011|+042|+£011| 021 [+£056| 040 | +0.24 | 0.05 |+0.80| 0.03
. . 5.09 + 477 + 435+ 481+ 5.90 + 417
Clindamycin n.d. n.d. n.d. n.d. n.d. 0.22 n.d. 001 n.d. 0.07 n.d. 0.07 n.d. 0.05 n.d. 011
Clofibric acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Clopidogrel n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Clothianidin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Diclofenac < nd. nd. | <ML 46.94 | 109.46 | 96.10 |141.15] 60.71 | 87.10 | 72.79 | 107.05 | 59.63 | 81.46 | 79.60 | 55.25
MQL +1.00 | +£+1.13 | +£1.02 | +0.78 | +£1.60 | £0.05 [£0.69| £2.34 | £0.93 | £0.80 | £+3.66 | £0.90
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Diphenhyhydramine

EHMC

Enrofloxacin
Erythromycin
Fluoxetine

Hydrochlorothiazide
Imidacloprid

Isoproturon

Ketoprofen
Methiocarb

Metoprolol

Norfluoxetine
Ofloxacin
PFOS

Propranolol

Simazine

Thiacloprid

Thiamethoxam

Tramadol

n.d.

13.19
+1.51
n.d.
n.d.
n.d.

n.d.
n.d.

n.d.

n.d.
n.d.

n.d.

n.d.
n.d.
n.d.

n.d.
n.d.

1.49
0.12

n.d.

MQL

0.75
0.00

120.39
+4.10

29.60
+1.10
n.d.
1.27 £
0.11
n.d.
n.d.

n.d.

n.d.
n.d.

n.d.

n.d.
n.d.
n.d.

n.d.

n.d.

0.89 +
0.05
n.d.

n.d.

n.d.
7.01
0.31
n.d.
n.d.

n.d.

n.d.
n.d.

n.d.

n.d.
n.d.

n.d.

n.d.
n.d.
n.d.

n.d.

n.d.
1.55

0.17
n.d.

MQL

n.d.
100.88
+ 3.03

44 .99
+2.16
n.d.

n.d.

n.d.
n.d.

<MQL

n.d.
n.d.

n.d.

n.d.
n.d.
n.d.

n.d.
n.d.
0.78 £

0.01

n.d.
422 +
0.27

1.79
0.09

16.83
+1.60

n.d.

n.d.
418 +
0.05
n.d.
n.d.
9.42 +
0.17
n.d.
n.d.

n.d.

n.d.
n.d.
n.d.

n.d.
n.d.
8.30

0.20

n.d.
143.91
+1.72

3.75 %
0.34

41.08 +
0.68

n.d.

n.d.
5.18 +
0.47
n.d.
n.d.
1945+
0.32
n.d.
n.d.
15.00 £
3.38
n.d.
n.d.
n.d.

n.d.

n.d.

n.d.

n.d.
396.11
+3.20

349+
0.29

36.40
+0.18

n.d.

n.d.
12.20
+0.08
n.d.
n.d.
87.18
+0.20
n.d.
n.d.

n.d.

n.d.

n.d.

n.d.
4.65 *
0.03

n.d.

n.d.

n.d.

232.75
+0.94
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6.26
0.78

22.41
+3.10

n.d.

n.d.
9.38 +
0.13
n.d.
n.d.
40.04
+0.23
n.d.
n.d.
13.40
+1.87
n.d.
n.d.
n.d.
7.56 +
1.24

n.d.

n.d.

n.d.

289.76
+5.13

257+
0.24

92.12
+0.84

n.d.

n.d.
9.64 +
0.39
n.d.
n.d.
81.88
+1.38
n.d.
n.d.

n.d.

n.d.
n.d.
<MQL
3.65+
0.09

n.d.
n.d.
n.d.

155.00
+0.05

3.74 £
0.19

n.d.

n.d.

n.d.
7.32+
0.24
n.d.
n.d.
24.12
+0.59
n.d.
n.d.

n.d.

n.d.
n.d.
<MQL
4,90 +
0.26
443 +
0.03

n.d.
n.d.

161.45
+1.69

2.94
0.10

64.29
+0.63

n.d.

n.d.
9.63
0.08
n.d.
n.d.
88.90
+1.74
n.d.
n.d.

n.d.

n.d.
n.d.
n.d.
423
0.18

n.d.

n.d.

n.d.

60.56
+1.15

3.72+
0.09

n.d.

n.d.

n.d.
537+
0.30
n.d.
n.d.
24.78
+0.19
n.d.
n.d.
10.52
+0.28
n.d.
n.d.
<MQL

n.d.

n.d.

n.d.

n.d.
n.d.

249+
0.05

117.49
+1.00

n.d.

n.d.
7.54 +
0.48
n.d.
n.d.
66.39
+0.82
n.d.
n.d.

n.d.

n.d.
n.d.
n.d.
3.80+
0.26

n.d.

n.d.

n.d.

62.33
+1.20

3.54 ¢
0.05

n.d.

n.d.

n.d.
3.75+
0.27
n.d.
n.d.
21.96
+0.21
n.d.
n.d.

n.d.

n.d.
n.d.
<MQL
451 +
0.09

n.d.
n.d.
n.d.

152.92
+2.77

3.09
0.05
81.61

+

10.15
n.d.

n.d.
8.11+
0.32
n.d.
n.d.
92.45
+1.57
n.d.
n.d.

n.d.

n.d.

n.d.

n.d.
4.61 *
0.51

n.d.
n.d.
n.d.

86.66
+0.45

2.56
0.23

n.d.

n.d.

n.d.
421+
0.34
n.d.
n.d.
24.16
+0.20
n.d.
n.d.
9.26 +
0.19
n.d.
n.d.
<MQL
3.74 +
0.03
25.76
+0.04

4.06 =
0.26

n.d.
153.14
+8.17
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. . < < 11.31+ 15.33 < 15.63 7.37+
.d. .d. < .d. < .d.
Trimethoprim MOL n.d MOL n.d <MQL 0.90 <MQL 1041 MQL | n.d MOL | +0.66 MQL| nd <MQL 111
Venlafaxine n.d nd n.d nd 43.29 | 149.19 | 76.70 nd 65.58 nd 62.31 | 106.37 | 54.80 | 90.08 | 72.90 | 52.05
hn h hn h +1.24 | +£12.27| £1.11 hn +1.63 ' +003|+331]|+093|+0.21|+159 | +151
Warfarin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MQL, method quantification limit; n.d., not detected.
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Table C-S4.5.3. Concentration (ng L) of each target compound in different sampling points (SP) of the Antua River, in the wet and dry seasons.

SP1 SP 2 SP 3 SP 4 SP5 SP 6 SP 7 SP 8 SP9
Target compound
Wet Dry | Wet Dry | Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry
Acetamiprid nd. | nd. | nd. | nd. | nd. | n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Alachlor nd. | n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Atenolol nd. | nd. | nd. | nd. | nd. | n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Atorvastatin nd nd nd nd 9'f7 1'_?2 52.17 | 14.31 | 60.66 | 8.89+ | 32.51 2'_}3 1750 | 1.57+ | 32.24 nd 31.42 nd
027 | 0.41 +164 |+046|+3.27| 059 |+£0.30 0.05 +0.45| 0.00 |+0.73 +1.51
. 0.49 0.61 0.23 0.44 + 0.63+|0.40 0.55 0.31+(048+|0.32% 0.36+ | 0.20
Atrazine + n.d. + n.d. + n.d. 0.01 <MQL| n.d. 0.02 0.07 + 001 0.02 0.00 n.d. 0.04 0.05
0.00 0.03 0.02 ' ' ' 0.01 ' ' ' ' '
. . 0913211126276 |3.56 ) 2.91 14.08 | 10.87 | 13.62 | 8.14+ ]| 9.26 + 489 777+ | 254+ |756+|224+|870+|3.46+
Azithromyein ElE L2 L2 % i003]+075|+014] 003 | 038 | ¥ | 019 | 004 | 028 | 028 | 0.32 | 028
0.08 | 0.07 [ 0.00 | 0.05 | 0.23 | 0.07 | ~ - - ' ' 0.26 ' ' ' ' ' '
. 3.99 230 1.39 6.13 3.62+ L7 0.96 + 0.83 0.71
Bezafibrate n.d. + n.d. + n.d. + n.d. 0.09 n.d. 015 n.d. + n.d. 0.02 n.d. 001 n.d. 003
0.02 0.03 0.04 ' ' 0.05 ' ' '
. 4591343 | 621 | 373 122.63)11.02 81.13 | 53.53 | 71.18 | 46.25 | 71.07 19.43 55.71 | 11.48 | 58.80 | 11.10 | 53.61 | 11.55
Carbamazepine o E L E L E L 2 i186|+082|+054 |+ 1.44|+125] T |+ 019 |+ 00|+ 4.11 |+ 2.07|+ 327 |+ 2557
0.07|0.01]|023|103 001|087 - - - - 025 |~ - - - - -
Ceftiofur nd. | n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Chlorfenvinphos nd. | nd. | nd. | nd. | nd. | nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4.66
. 24.72 30.20 14.76
Citalopram nd. | n.d. n.d. 24_(-)2 n.d. n.d. +0.07 n.d. +118 n.d. +0.23 n.d. n.d. nd. |<MQL| nd. [<MQL| n.d.
. . 2.02 241 | 343 | 2.50 6.20+ | 350+ | 469+ | 264+ 333+ 2.68 268+ |220+]|456+|1.32+|7.71+|1.99+
Clarithromycin | n.d. |+ | nd. | * * * | o016 | 002 | 007 | 004 | 025 | * | 018 | 002 | 016 | 0.02 | 038 | 0.11
0.07 0.07 | 0.18 | 0.21 ' ' ' ' ' 0.16 ' ' ' ' ' '

380




Appendix C

Clindamycin
Clofibric acid
Clopidogrel
Clothianidin

Diclofenac

Diphenhyhydramine

EHMC

Enrofloxacin
Erythromycin
Fluoxetine

Hydrochlorothiazide
Imidacloprid

Isoproturon

Ketoprofen
Methiocarb

3.35
0.06
n.d.
n.d.
n.d.

n.d.

n.d.

MQL

n.d.
n.d.
n.d.
n.d.
n.d.
1.77
0.00
n.d.
n.d.

10.17

0.26
n.d.
n.d.
n.d.

MQL
2.23

0.00
21.09

0.08
15.02

1.71
n.d.
3.22

0.08
n.d.
n.d.
2.16

0.06
n.d.
n.d.

3.60
0.00
n.d.
n.d.
n.d.
5.16

0.07
1.04

0.07
MQL

n.d.
n.d.
n.d.
n.d.
n.d.
2.07
0.08
n.d.
n.d.

6.82

0.12
n.d.
n.d.
n.d.
9.35

0.14
2.04

0.47
18.66

0.14
38.66

1.77
n.d.
5.17

0.09
n.d.
n.d.
1.59

0.01
n.d.
n.d.

3.40

0.02
n.d.
n.d.
n.d.
15.34

0.47
2.28

0.22
MQL

n.d.

n.d.
1.34

0.03
n.d.
n.d.
1.15

0.05
n.d.
n.d.

5.34

0.06
n.d.
n.d.
n.d.
14.07

0.11
2.00
0.30
9.48
0.08
n.d.
n.d.
2.43
0.15
n.d.
n.d.
1.11
0.01
n.d.
n.d.

3.65+
0.03

n.d.
n.d.
n.d.

64.5 *
0.02

2.89
0.07

8.65
0.69

n.d.

n.d.

9.74 +
0.34

n.d.
n.d.

1.67
0.03

n.d.
n.d.

428 +
0.04

n.d.
n.d.
n.d.

48.64
+1.34

2.67 %
0.25

159.49
+2.82

n.d.

n.d.

8.32+
0.51

n.d.
n.d.

261+
0.05

n.d.
n.d.

3.65+
0.01

n.d.
n.d.
n.d.

65.02
+0.02

3.00 =
0.09

519+
3.95

n.d.

n.d.

9.19 +
0.46

n.d.
n.d.

n.d.

n.d.
n.d.
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430+
0.14

n.d.
n.d.
n.d.

48.64
+1.34

2.66 =
0.17

200.32
+8.76

59.08
+5.38
n.d.

8.26 +
0.21

n.d.
n.d.

2.96 +
0.03

n.d.
n.d.

3.48
0.00

n.d.
n.d.
n.d.

46.35
+0.20

243+
0.24

n.d.

n.d.

n.d.

3.80 +
0.35

n.d.
n.d.

157+
0.17

n.d.
n.d.

4.31

0.05
n.d.
n.d.
n.d.
45,55

1.07

1.63

0.01
74.27

I+

n.d.

n.d.
2.71

0.08
n.d.
n.d.
2.05

0.06
n.d.
n.d.

3.52+
0.04

n.d.
n.d.
n.d.

35.65
+1.35

2.08 =
0.11

n.d.

n.d.

n.d.

272+
0.01

n.d.
n.d.

135+
0.03

n.d.
n.d.

475 %
0.06

n.d.
n.d.
n.d.

13.91
+0.11
130+
0.02
89.69

+

22.56
192.88

23.73
n.d.

0.64 +
0.01

n.d.
n.d.

2.06 +
0.00

n.d.
n.d.

3.57+
0.01

n.d.
n.d.
n.d.

32.76
+0.04

230+
0.12

n.d.

n.d.

n.d.

2.63 +
0.07

n.d.
n.d.

1.36 =
0.03

n.d.
n.d.

594 +
0.00

n.d.
n.d.
n.d.

8.90 +
0.09

198+
0.56

17.83
+2.02

343.28
+8.21
n.d.

155+
0.16

n.d.
n.d.

213+
0.04

n.d.
n.d.

3.65+
0.00

n.d.
n.d.
n.d.

29.39
+0.10

2.08 +
0.14

n.d.

n.d.

n.d.

270+
0.09

n.d.
n.d.

1.46 =
0.09

n.d.
n.d.

4.06 £
0.04

n.d.
n.d.
n.d.

6.37
0.14

189+
0.68

111.62
+5.52
153.69
10.70
n.d.

133+
0.32

n.d.
n.d.

234 +
0.24

n.d.
n.d.
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Metoprolol

Norfluoxetine
Ofloxacin

PFOS

Propranolol

Simazine
Thiacloprid
Thiamethoxam

Tramadol

Trimethoprim

Venlafaxine

Warfarin

n.d.

n.d.
n.d.

n.d.

n.d.

n.d.
3.40

0.20
n.d.
1.02
0.08

n.d.
n.d.

n.d.

4.79

0.02
n.d.
n.d.

MQL
n.d.

n.d.
5.67

0.38
n.d.
7.76

0.29
45.06

3.90
14.14

0.32
31.93
+
1.16

n.d.

n.d.
n.d.
MQL
n.d.
n.d.
3.86
0.39
n.d.
53.16

9.14
2.79
n.d.
n.d.

MQL

n.d.

n.d.
n.d.

< MQL

4,39 +
0.32
n.d.
n.d.

n.d.

114.96
+2.38

< MQL
135.31
19.07

n.d.

9.86 +
0.66

n.d.
n.d.

< MQL

444 +
0.00
n.d.

6.34 +
0.48

n.d.

220.88
+1.30

< MQL

74.88
+3.71

35.83
+0.51

n.d.
n.d.
n.d.
n.d.

5.38 +
0.04
n.d.

591+
0.70

n.d.
142.12

+2.38

< MQL

199.07
+3.39

n.d.

10.86
+0.73

n.d.
n.d.

<MQL

4,09 +
0.06
n.d.

6.32 £
0.56

n.d.
227.37
+4.22

12.07
+2.56
86.85

+

14.93

28.61
+1.11

n.d.
n.d.
n.d.
<MQL
3.72
0.05
n.d.
n.d.

n.d.
89.35
+1.57

n.d.

124.19
+5.86

n.d.

7.39

0.29
n.d.
n.d.
MQL

MQL
n.d.
3.96
0.41
n.d.
88.64
0.96

MQL
67.74

0.82
10.63

I+

n.d.

n.d.
n.d.

< MQL

<MQL
n.d.

n.d.

n.d.
88.57
+2.27

n.d.

114.41
+9.21

n.d.

n.d.
n.d.
n.d.
n.d.

<MQL
n.d.

3.94+
0.26

n.d.
66.67
+0.39

13.40
+1.62

39.15
+0.97

10.29
+0.24

n.d.

n.d.

n.d.
<MQL

3.61+
0.03
n.d.

5.63 %
0.10

n.d.
87.62

+2.26

< MQL

108.79
+2.39

n.d.

6.90 +
1.42

n.d.
n.d.

n.d.

n.d.
n.d.

572+
0.30

n.d.
57.06
+2091

12.77
+1.15

37.98
+4.44

11.36
+0.24

n.d.

n.d.

n.d.
<MQL

<MQL
n.d.

418 =
0.23

n.d.

97.38
+0.69

< MQL
111.47
10.75

n.d.

7.36 +
1.41

n.d.
n.d.

n.d.

n.d.
n.d.

3.19+
0.37

n.d.

54.82
+0.81

< MQL

37.41
+1.04

7.34 %
0.20

MQL, method quantification limit; n.d., not detected
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Table C-S4.5.4. Concentration (ng L) of each target compound in different sampling points (SP) of the Cértima River, in the wet and dry seasons.

SP1 SP2 SP3 SP4 SP5 SP 6 SP7 SP8
Target compound
Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry
Acetamiprid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. | nd. n.d. n.d.
Alachlor n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. | n.d. n.d. n.d.
Atenolol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Atorvastatin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. | n.d. n.d. n.d.
Atrazine n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Azithromycin 1'i02 nd. |<moL 26.08 | 11.42 nd. 8.48 + nd. 3571|270+ 325 nd. 3'1}5 nd. 1.01+|0.89
+0.60 | £0.09 0.02 0.14 0.01 0.01 0.01 0.02
0.02 0.32
Bezafib q d 9.17+ | 669+ 771+ | 550+ |6.94+ < MOL 5.73 + d 4.94 d 3'52 d d d
ezafibrate na 1 "G 926 | 003 | 006 | 0.00 | 0.22 Ll 010 | ™% | 013 | ™ 004 nd. nd.p nd
. 8.60 3.96 + | 104.56 177.01 86.05 | 77.56 | 94.48 | 61.57 | 95.95 | 22.61 | 65.37 | 10.77 50.38 | 7.46 23.83 | 6.39
Carbamazepine * | 042 [+653|  * |+042|+211|+149|+761|+731|+274|+187 |+031| * * |+036| 002
0.02 13.28 1.55 | 0.06
Ceftiofur n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Chlorfenvinphos n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. | nd. n.d. n.d.
Citalopram n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. | nd. n.d. n.d.
Clarithromycin nd. nd. 260+ 528+ |1.74+|387+|356+|272% <MOL 196+ 096+ | 039+ 0.;38 nd. nd. nd.
0.07 0.10 0.07 0.06 0.71 0.03 0.17 0.10 0.05 0.02
3.72 | 3.56
Clindamycin nd. nd. 398+ |513+[389+|594+|363+|573+|4.09+|3.76+|3.69+|355% + + 369+ | 351+
0.01 0.08 0.08 0.12 0.06 0.02 0.00 0.03 0.01 0.02 0.05 0.06
0.08 | 0.04
Clofibric acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Clopidogrel n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. | n.d. n.d. n.d.
Clothianidin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Diclofenac

Diphenhyhydramine

EHMC

Enrofloxacin
Erythromycin
Fluoxetine

Hydrochlorothiazide
Imidacloprid

Isoproturon

Ketoprofen

Methiocarb
Metoprolol

Norfluoxetine
Ofloxacin

PFOS

n.d.

n.d.

n.d.
n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

n.d.

n.d.

90.80

+

12780
n.d.
n.d.
n.d.

n.d.
n.d.

0.79
0.01

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

60.38
+1.70

n.d.

7.73
0.33

n.d.

n.d.

6.40 £
0.13

n.d.
n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

188.73
+4.57

742
0.22

128.17
+2.67

25.87
+0.01

n.d.

12.34
+0.21

n.d.
n.d.

344+
0.03

220.66
+4.56

n.d.
24.63
+0.37

n.d.

n.d.

n.d.

68.92
+1.58

n.d.

537+
0.21

n.d.

n.d.

2.88 +
0.09

n.d.
n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

86.20
+2.66

193+
0.13

95.40

+

15.89

27.97
+1.83

n.d.

162+
0.03

n.d.
n.d.

0.98 +
0.01

176.05
+2.79

n.d.
15.84
+0.37

n.d.

n.d.

n.d.

57.23
+1.62

n.d.

6.81
0.26

n.d.

n.d.

167+
0.01

n.d.
n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

384

50.29
+0.62

1.84 +
0.28

49.44
+1.05

45.53
+0.66

n.d.

119+
0.03

n.d.
n.d.

128+
0.06

146.19
+1.81

n.d.
13.28
+1.22

n.d.

n.d.

n.d.

38.68
+1.03

n.d.

n.d.

n.d.

n.d.

139+
0.10

n.d.
n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

23.67
+0.50

142 +
0.07

n.d.

5.89
0.20

n.d.
<MQL
n.d.
n.d.
0.43 £
0.03
124.40
+2.49
n.d.
n.d.

n.d.
n.d.

n.d.

28.84
+1.62

n.d.

97.76
+0.39

n.d.

n.d.

0.73 %
0.37

n.d.
n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

12.34
+0.09

0.93 +
0.04

n.d.

555+
0.09

n.d.
n.d.
n.d.
n.d.
0.23 +
0.02
108.90
+0.88
n.d.
n.d.

n.d.
n.d.

<MQL

26.77

n.d.
0.41
0.09
n.d.
n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

7.03

0.08
0.80

0.08
n.d.
10.89

0.42
n.d.

n.d.

n.d.
n.d.
0.13
0.00
99.91
1.19
n.d.
n.d.
n.d.
n.d.

MQL

6.70 =
0.46

n.d.

91.75
+0.91

n.d.

n.d.

n.d.

n.d.
n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

n.d.

n.d.

561.74
+0.39

21.66
+4.94
n.d.

n.d.

n.d.
n.d.

n.d.

231.98
+5.40

n.d.
n.d.

n.d.
n.d.

<MQL
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Propranolol

Simazine

Thiacloprid

Thiamethoxam

Tramadol

Trimethoprim

Venlafaxine

Warfarin

n.d.
2.98

0.04
69.79

2.36
n.d.
12.51
0.29
n.d.
n.d.

n.d.

n.d.

n.d.

11.61
+1.01

n.d.

427 +
1.04

n.d.

n.d.

n.d.

n.d.

3.81%
0.03

n.d.

n.d.

160.42
+4.40

<MQL

n.d.

n.d.

9.07 £
0.09

n.d.

7.80 =
0.88

n.d.

299.03
+6.17

12.68
+0.79

170.24
+6.83

n.d.

n.d.

3.54 £
0.04

n.d.

n.d.

161.72
+7.09

<MQL

n.d.

n.d.

3.81+
0.07

3.24 £
0.00
432 +
0.42
n.d.
191.37
11.63
n.d.
77.84
+4.53
n.d.

n.d.

3.70
0.02

n.d.

n.d.

144.97
+4.44

<MQL

n.d.

n.d.

n.d.

n.d.

3.69 +

0.43
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

3.19+
0.02

n.d.

n.d.

139.26
+5.54

<MQL

n.d.

n.d.

n.d.

n.d.

275+
0.03

n.d.

n.d.

n.d.

17.58
+2.28

n.d.

n.d.

3.45+
0.03

755.25
+9.26

n.d.
113.26

10.61
n.d.
n.d.

n.d.

n.d.
< MQL
2.04 £

0.26
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

MQL

n.d.

n.d.
92.57

1.46
n.d.
n.d.

n.d.

n.d.

MQL
35.28
3.21
n.d.
35.28
3.21
n.d.
11.12
1.70
n.d.

n.d.

< MQL

379.38
+0.46

n.d.

47.30
+0.14

n.d.

n.d.

n.d.

n.d.

n.d.

3.60 =
0.41

n.d.

4.36 £
0.01

n.d.

n.d.

n.d.

MQL, method quantification limit; n.d., not detected.
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Table C-S4.6. Comparison of occurrence data for the targeted pollutants in surface water
samples (ng L) from this study with previous reports.

Concentration range (ng L)

Compound Present study Other studies Ref.
Atrazine <MQL-12 10 - 800 [1-5]
Azithromycin <MQL - 50 <MQL -30 (6-8]
Bezafibrate <MQL-34 <MQL-73 [9-11]
Carbamazepine 0.8-177 1-330 [5, 6, 11-14]
Clarithromycin <MQL - 44 21-97 [6,7,9,14]
Diclofenac <MQL - 189 2-170 (5,9, 11,12, 14]
EHMC <MQL - 562 669 — 4043 [15, 16]
Fluoxetine <MQL-12 2-20 [6]
Isoproturon <MQL -92 29 -58 (17, 18]
Ketoprofen 51— 232 58 — 225 [6,9,17,19]
Metoprolol 5-25 0.6 — 495 [7,9,11]
Simazine <MQL -26 17 — 670 [1,2 18]
Thiacloprid 0.7-70 <MQL - 120 (17, 20]
Trimethoprim < MQL -45 <MQL - 180 [5, 7,11-13]
Venlafaxine 11 -199 0.1 —159 [6, 7, 21]
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Table C-S4.7. Statistical relationships between regional EEM volumes and CEC
concentrations (ng L1). The values shown are the correlation coefficients (R2) of the linear
regression of the listed regional volume with CEC concentration. The ***, ** and * notations

indicate p < 0.001, p < 0.01, and p < 0.05, respectively.

Compounds Regilon Reg:jllon Region Il Region IV Reg\allon Total FI
Azithromycin 0.94 *** (.97 *** 0.96 *** 0.96 *** 0.94 **=* 0.97 ***

Carbamazepine 0.78 * 0.88 ** 0.89 ** 0.92 ** 0.93 *** 0.90 **

EHMC 0.51 0.70 0.75* 0.74* 0.78 * 0.71*

Acetamiprid C y Dip y Imidacloprid | Metoprolol

S Rl el it I P RN IRl Smh. B 1 R KA BT LN AL
Fluoxetine ‘zs‘lssnso 12:455'759 12:4'50'70
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3
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¢ o © <maL
123456'7!9 O <MoL
e ¥
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Sampling Points

Fig. C-S4.1. Spatial distribution and concentrations of micropollutants determined at
concentrations below 30 ng L in Ave river for dry and wet seasons.
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Fig. C-S4.2. Spatial distribution and concentrations of micropollutants determined at
concentrations below 30 ng Lt in Antua river for dry and wet seasons.
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Concentration (ng L)
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Fig. C-S4.3. Spatial distribution and concentrations of micropollutants determined at
concentrations below 30 ng L in Cértima river for dry and wet seasons.
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20 =

Clindamycin

Diphenhydramine

Fluoxetine

Metoprolol
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Fig. C-S4.4. Spatial distribution and concentrations of micropollutants determined at
concentrations below 30 ng L in Lega river for dry and wet seasons.
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Marta O. Barbosa, Rui 5. Ribeiro, Ana R. L. Ribeiro, M. Fernando R. Pereira &
Adrian M. T. Silva™

Fristine and functionalized multi-walled carbon nanotubes (MWCNTs) were investigated as adsorbent
materials inside solid-phase extraction (SPE) cartridges for extraction and preconcentration of 8
EU-relevant organic micropollutants (with different pKa and polarity) before chromatographic analysis
of surface water. The recoveries obtained were > 60% for 5/8 target pollutants (acetamiprid, atrazine,
carbamazepine, diclofenac, and isoproturen) using a low amount of this reusable adsorbent (50 mg)
and an eco-friendly solvent (ethanol) for both conditioning and elution steps. The introduction

of oxygenated surface groups in the carbon nanotubes by using a controlled HNO, hydrothermal
oxidation method, considerably improved the recoveries obtained for PFOS (perflucrocctanesulfonic
acid) and methiocarb, which was ascribed to the hydregen bond adsorption mechanism, but
decreased those observed for the pesticide acetamiprid and for two pharmaceuticals (carbamazepine
and diclofenac), suggesting m—m dispersive interactions. Moreover, a good correlation was found
between the recovery abtained for methiocarb and the amount of oxygenated surface groups on
functionalized MW CNTs, which was mainly attributed to the increase of phenols and carbenyl and
quinone groups. Thus, the HNG, hydrothermal oxidation method can be used to finely tune the
surface chemistry (and texture) of MWCNTs according to the specific micropollutants to be extracted
and quantified in real water samples.

In the last decades, a growing interest has been raised about the fate and effects of a large group of organic
microgollutants (OMPs) on the aguatic environment. These pollutants found at trace concentrattons (ng L' 1o
pg L) can be natural or anthropogentc substances, such as pharmaceutical compounds, pesticides, industrial
compounds and sterotd hormones'. Conventional wastewater treatment plants are not designed to completely
remave many of these organic compounds at low concentrations, which are thus discharged into recelving water
bodies, incduding groundwater and surface water (SW), reaching drinking water for human consumption®. Other
sources of contamination Include direct discharge and runoff, namely in the case of industrial compounds,
pestictdes applied i agriculture, and veterinary pharmaceuticals used for livestock and aquaculture™. Most of
these compounds are pseudo-perststent since their transformation/removal rates are overcome by their con-
tinuous release into the environment. Moreover, their recalcitrant character and polarity favours the dispersion
and Interchange between aquatic compartments*®. The presence of such OMPs in the aquatic environment Is
constdered an important tssue in terms of public health safety®. Therefore, the monttoring of specific priority
substances (PSs, Directive 200 3/39) and some contaminants of emerging concern (CECs, Decision 3018/840 and
Deectsian 2020/ 161) in 5W bodies has been recommeended within the Furopean Unton (EU). The comprehenstve
identification and quantification of P3s and CECs in freshwater samples 1s crucial to collect information on their
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sources, distribution and fate in the environment, to study the effects on ecosystems and humnan health, and
to update the water policy 1n this field. To achieve this goal, it 1s Important to set up fast, sensitive and reliable
analytical methods enabling the determination of & wide range of OMPs typically found at residual levels in
2qUatic compartments.

Deespite the shortcomings of solid phase extraction (SPE), such as the high volumes of organic solvents needed
in compartson with mintatunized technigues, time consumption and hugh cost, this sample preparation technique
ts still the most employed for preconcentration of OMPs in water matrices due to the effictent removal of interfer-
ences, consequent reduction of matrix effects and high enrichment factors and recovertes often ylelded'”. SPE
15 an essentlal preconcentration step prior to analysis by a sensitive and reproducible analytical technique such
as ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS). The type of
sorbent, 1ts structure and mmteractions with the target analytes play an important role in SPE, reason why many
carbon matertals have been already reported as good candidates as filling materials for this purpose™.

Mult1-walled carbon nanotubes (MWCNTs) are the most studied carbon materals for environmental applica-
tions of SPE. This fact can be attributed to: (1) the unique structure of MWCNTS that enables strong interactions
with organic molecules through non-covalent forces (Le., hydrophobic interactions, hydrogen bonding. n-n
stacking, electrostatic forces and van der Waals forces); (1) their large surface-to-volume ratio; (i) good thermal
and mechanical stability: and (iv) the possibility to control their affinity towards target compounds upon surface
functionalization by dlmLca]urphjslca] miethods™™. MWCNTS have been investigated as SPE 5oth-er|15 for sample
preparation of water matrices and to pre-concentrate and extract OMPs such as pesticides (e.g.!'-
aromatic hydrocarbons'™*, industrial compounds'”, macrohide antibiotics and nonsteroidal ann-
drugs™¥, with recovertes higher than 62%. However, the number of studies dealing with multi-class PSs and
CECs with different physicochemical properties are still very limited”™”. Moreover, application of functional-
zed MWCNTS in SPE for extraction of EU-relevant OMPs 1s even scarcer In the literature. Only three studies
were reported, namely for: (1) pentachlorophenol ustng MWCNTs oxidized with 8.0 mol L' of HNOS™; (1)
the mdustrial compound perflunrosctanesulfonic actd (PFOS) ustng ammo-terminated alkyl-functionalized
MWCNTs"; and (i) thirteen pharmaceutical compounds, some of them defined 1n the EU Decistons {eryth-

mycin, azthromycin and diclofenac), usln,g}‘\-{WCNTs treated with high concentrations of HNOy (4.0 mol
'J. HCI (1.0 mol L) and KOH (4.0 mol L' , Le. having pronounced environmental implications and costs.

In the present work, pristine and modified MWCNT;wmmmﬂg,uedasSPE sorbents for the simultaneous
extraction of 8 EU multt-class OMPs in SW before UHPLC-MS/MS analysis. The target compounds, namely 5
pesticides (acetamiprid, atrazine, 1soproturon, metaflumizone and methiocarb), 2 pharmaceutical compounds
{carbamarepine and diclofenac), and one industrial compound (PEOS) were strategically selected due to their
high frequency of detection and/or their high levels of concentration m water matrices observed during the
monttoring sampling campaigns performed by our research group in the last years™ and, in the specific case of
metaflumizone due to its presence 1n the recently 3rd Watch List (Deciston 2020711610 A set of experiments
was performed using pristine MWCNTs to study the parameters that influenced the extraction efficiency of
the & OMPs spiked in W samples, namely the sample pH and volume, the elution and extraction solvent and
respective volumes, and the amount of MWCNTSs packed in the cartridge. After optimizing these parameters, the
cartridge packed with MWCNTSs and the commerctal cartridge Crasts HLB were compared, in terms of extraction
efficiency, reusability, and costs. Then, we attempted to investigate a HNO; hydrothermal oxidation methodology
reported by our group” to obtain a serles of MWCNTs with meticulously introduced surface oxygen functionali-
ties. This methodology allows the fine control of the type and amount of surface groups introduced on carbon.
materials by adjusting the concentration of oxidizing agent employed 1n the treatment (HNO, concentration
in the range 0.01-0.30 mol L), as determined by different characterization techniques. This distinctive feature
allowed establishing correlations between both the synthests conditions and the oxygen-contatning surface
functionalities introduced on the MWCNTs; and the type and amount of those functionalities and the recover-
tes obtained for the 8 target OMPs; while employing much lower concentrations of oxidizing agent than those
previously reported with similar hydrothermal methodologles™ . Therefore, the novelty of this study reltes on.
(1) the development of a systematic study, upon application of a controlled HMO; hydrothermal ondation meth-
odology to pristine MWCNTS; but also on (1) the use of ethanol as elution solvent in the SPE procedure, when
using MWONT cartridges: and (m) the study of metaflumizone for the first time in real water compartments.

Experimental section

Chemicals and materials. MWOCNTs (NC3100, powder) with an average diameter of 9.5 nm, aver-
age length of 1.5 pm and>95% purity were obtatned from Manocyl SA (Sambreville, Belgium). All reference
standards (acetamiprid, atrazine, carbamazepine, diclofenac sodium, soproturon, metaflumizone, methiocark
and PFOS; > 98% purity) and deuterated compounds used as internal standards (acetamiprid-d3, atrazine-dS,
diclofenac-d4, flucxetine-d5 and methiocarb-d3) were purchased from Sigma-Aldrich (Steinhein, Germany).
The physicochemical properties of the target compounds can be found 1n Table 51. Methanol and acetonitrile
(MS grade), ethanol (HPLC grade), and hydrochloric acid were obtained from VWR International (Fontenay-
sous-Bots, France). Individual stock solutions of 1000 mg L' of each reference and internal standard were pre-
pared in methanal, ethanol or acetonitrile, depending on their solubtlity. Two ethanolic working solutions con-
taining the & target compounds (2.5 mg L-') and the 5 internal standards (5.0 mg L) were prepared by dilution
of the individual stocks. Sulfuric acid and sodium hydroxide were obtained from Merck (Darmstadt, Germany).
Sodium chloride was purchased from José Manuel Gomes dos Santos. Ultrapure water was supplied by a Milli-
() water system. Ctasis HLB (Hydrophilic-Lipophilic-Balanced) cartridges (150 mg, 6 mL.) were obtained from
Waters (Milford. M, USA), and the empty SPE cartridges (6 mL) with two frits (20 pm) (Bond Elut) were
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purchased from VWR International {Fontenay-sous-Bols, France). pH measurements were performed with a
pHenomenal pH 11001 pH meter (VWR, Germany).

Surface functionalization of MWCNTs.  Hydrothermal oxidation of the pristine MWCNTs was per-
formed in a Teflon-lined stainless-steel autoclave (Mod. 4748, Parr Instruments, USA) with 125 mL of capacity,
following the experimental procedure described elsewhere™. 75 ml of & HNO; solution (concentration in the
range 0.01-0.30 mol L") was transferred to a PTFE vessel and 0.2 g of the pristine MWCNTs was loaded. The
PTFE vessel was placed into the stainless-steel autoclave, which was sealed and placed 1n an oven at 200 *C for
2 h. After this time, the autoclave was allowed to cool down untt] ambient temperature. The recovered matertal
was washed several umes with distilled water until a neutral pH of the rinsing water was attained, and then dried
overnight at 120 *C. Addittonally, a blank hydrothermal treatment with distilled water instead of the HNO,
solutton was performed. The resulting materials were labelled as MWCNT followed by a subscript number cor-
responding to the concentratton of HNO, employed m the hydrothermal treatment 1n mol L' (Le., MWCNT,,
MWONT gy, MWCNT e, MWCNT,,, MWCNT, 5, and MWONT, ).

Characterization of MWCNTs.  Temperature programmed desorption (TPD) was performed in 2 fully
automated AMI-300 Catalyst Characterization Instrument (Altamira Instruments), equipped with a quadrupole
mass spectrometer (Dymaxion, Ametek), as described elsewhere™. Briefly, TPD is a well-established advanced
characterization technique assuming that all cxygen-containing surface groups are decomposed into C0; and
C0 upon heating under controlled operating conditions™. In this case, a low heating rate of 10° C min-!, and
a high helum flow of 25 cm® min-* were set to minimize secondary reactions during the experiments®™, The
mass signals m/z =28 and 44 were monitored during the thermal analysis, the corresponding TPD spectra belng,
obtained. ©O0 and COy were calibrated at the end of each analysis with the respective gases. The concentrations
of the different oxygen containing surface groups were then obtamed by deconvolution analysis of the CO; and
CO TPD spectra using a procedure established by our group™ . Accordingly, the peaks in the CO; TPD spectra
were asslgned to diverse functional groups, namely strongly acidic carboxylic acids (SA), less acidic carboxylic
aclds (LA), carboxylic anhydrides (CAnl, and lactones (Lac). Similarly, the peaks in the CO TPIY spectra were
assigmed to carboxylic anhydndes (Can), phenols (Ph), carbonyls and quinones (C0)), and basic surface groups
{Bas), such as pyrones and chromenes. The width at half-height (W) of the peak was taken the same for Can
and Lac tn the OO, spectra, and the same W was constdered for Ph and ©0) 1n the CO spectra whenever peak
shoulders were undear. Thermograsimetric analysts (TGA) was performed in a Netzsch STA 490 PC/4/H Lo
thermal analyser, in which the powder sample was heated from 50 to 900 *C at 10 °C min™', under an nert (N,)
gas flow. Regarding TPD and TGA analysis, selected experiments were performed in duplicate, the standard
deviztions (5D} never exceeding the values given in the caption of Fig. 3. Textural properties were determined
from N; adsorption-desorption tsotherms at — 196 °C, as described 1n our previous work®, and included spe-
cific surface area (S5}, non-microporous specific surface area (5.}, micropore volume (V_,.) and total pore
volumne (V). The pH at point of zero charge (pHy;:) was obtained by pH dnft tests™.

MWCNTs SPE procedure.  Commercial cartridges Oasts HLE were used for comparison purposes in this
study (Text 51). After preparing the cartridges with 50 mg of each adsorbent (Figure 51, the SPE protocol previ-
oushy optimized (Text 52) for pristine MWCNTs (MC3100) was performed Briefly, ethanol (4 mL) and ultrapure
water {4 mL) were used to condition and equilibrate the cartridge at a flow rate of | mL min-!. 500 mL of blank or
spiked (200 ng L-* of each target compound) $W sample previously acidified to pH 3 was loaded at 10 mL min—".
4 mL of ultrapure water was then added 1n the washing step, followed by £5 min of vacuum drying. For the elu-
tion step, 4 mL of ethanol was used and, after evaporation, the filtered reconstituted ethanclic extracts were ana-
lysed by UHPLC-MS/MS. All experiments were performed in triplicate and relative standard deviation (RSD)
were estimated. For details on the SPE procedure, please see Supplementary Matertal (Text 51 and 52; Figure 51).

Evaluation of the SPE recovery efficiency. The recovery effictency (9) 1s the most important param-
eter supporting the selection of the optimal condittons for a given SPE procedure. Therefore, the performance of
the off-line SPE method was assessed constdering the recovery efficiency for the 8 target analytes under study.
The recovery was calculated as the ratio of the peak areas obtained for extracted sptked sample (A) and the peak
areas of the post-spiked extracted sample (B), as described in Figure 52 and Eq. (1],

Recavery efficiency(%) = 100 x (4/B) (1)

Since the matrix effect 1s considered the same in both A and B, and thus not accounted for. this approach
allows evaluating exclusively the recovery promoted by the adsorbent matertal. Total Ion Current (TIC) chro-
matograms of the 8 target OMPs (200 ng L") after SPE of a spiked sample and afier post-spiking a blank extract
using original MWCNT packed cartridges are showed 1n Figure 53 aand b,

UHPLC-MS/MS methed. A Shimadzu Corporation UHPLC-MS/MS (Tokyo, Japan) conststing of a Mex-
era UHPLC (two chromatographic pumps LC-30AD with a degasser DGU-20A 5R, an autosampler SIL-3DAC,
an oven CTO-20AC, and a system controller CEM-20A with a Shimadru LC Solution Version 5.415P1 software),
and a Ultra Fast Mass Spectrometry serfes LCMS-8040 triple quadrupole mass spectrometer, was used for SW
analysis. The chromatographic separation of the target compounds was performed by using a column Kinetex
XB-CI8 100 A (100 2.1 mm Ld; particle diameter of 1.7 pm) acquired to Phenomenex, Inc. (Torrance, CA,
USA) operating under gradient mode of flow of the mobile phase water/ethanol (50¢50, viv). The column oven
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temperature was set at 35 °C. The autosampler temperature was set at 15 °C and the Injection volume was 5 pl.
The MS settings were: 2.5 dm® min~' of nebulizing gas flow, 12.5 dm® min~' of drying gas flow, capillary voltage
of 0.5 kV, 400 °C and 250 °C for source and desolvation temperatures, argon at 230 kPa as CID gas. The quanti-
fication and confirmation of the identity of each analyte was performed by selected reaction monitoring (SEM).
Along with the retention time of the analyte, the transition between the precursor ton and the most abundant
fragment ton (SEM1) was used for quantification and the ratio between SEM1 and the transition between the
precursor fon and the second most abundant fragment ton SRM2 was used for identity confirmation. All the
analytical parameters used, namely SRM instrument parameters, retention time, Hnearity, and limits of detection
and quantification, are detatled 1n the Supplementary Matenal (Tables 52 and 53).

Sample collection. W samples (pH = 6.5 0.1} were collected from Cavalum River (iributary of the Sousa
Raver) located tn Penafiel (40 km from Porto, Portugal). Samples were stored in amber glass bottles (1 L at 4°C
untt] extraction, which was performed within 24 h. Before SPE, all samples were filtered through 1.2-um glass-
fiber filters (47 mm GF/C, Whatmam, Matdstone, United Kingdom) and the pH was adjusted using sulfuric acid
or sodium hydroxide solutions, according to the SPE procedure (“MWCNTs SPE procedure” section, Texts 51
and 52).

Results and discussion

Optimization of SPE procedure with pristine MWCNTs (NC3100) cartridges.  Inorderto study the
performance of pristine MWCNTs (NC3100) as SPE adsorbent for the simultaneous enrichment of the 8 target
EU OMPs with diferent pKa and polanty range, the main expertmental conditions affecting the extraction
efficiency were optimized, namely the sample pH and volume, the elution and extracuon solvent and respective
wolumes, and the amount of MWCNTS packed in the cartridge.

Regarding the sample pH (3, 7 or @), it determines the state of the target micropollutants in solution as lonic or
maolecular form, directly affecting the recovery efficiency of the process. When using ethanol as solvent (Fig. 1a),
an actdic pH enabled higher recovertes of acetamiprid, atrazime, methiocarb and the industrial compound PFOS,
while the recovery of the pharmaceutical compounds carbamazepine and didofenac performed better at alkaline
pH. Neutral pH led to lower recoveries, except for 1soproturon. Methanol and acetonitrile were also tested as
solvents (Fig. Ib), but ethanol (s conditoning and elution solvent) and an acidic sample pH allowed stmular or
slightly higher recovertes for most of the target compounds, in compartson with the other studied conditions.
Moreover, ethanal 15 considered an eco-friendly (and greener) solvent®, and thus selected for the next expert-
ments. Different amounts of the adsorbent matertal packed in the SPE cartridge (between 25 and 150 mg) were
then mvestigated (Fig. 1c), and the highest recovertes for the target compounds were obtained when using
cartridges packed with 50 mg of MWCNTs {except in the case of the pesticide metaflumizone). Lower recover-
tes were obtained when using amounts below 50 mg of MWCNTs, which may be due to the limited adsorption
capacity of this carbon matertal at these conditions. Lower recovertes were also obtained for amounts above
50 mg of MWCNTs, which may be explained by a lower desorption of OMPs from MWCNTs during the elution
step. Bearing this tn mind, 50 mg was considered the optimum amount of MWCNTs, and thus selected for the
following experiments.

In what concerns the volume of the SW sample (Fig. 1d), the lgher extraction effictencies were obtained for
the majority of the compounds when using a sample volume of 500 mL (except for atrazine and metaflumizone).
The sample volume Is expected to be directly proportional to the sample preparation enrichment factor (1e..
the ratto between the sample volume and the volume of reconstitution). However, the recovertes obtained for
most compounds decreased when the sample volume ncreased from 500 to 1000 mL. This phenomenon may
be ascribed to the SPE breakthrough wolume, which 1s the highest sample volume that allows the maximum
extraction effictency, as observed in previous works™, Using the optimum volume of $W sample for most OMPs
(500 mL), different volumes of eluent {(4-10 mL) were then tested (Fig. le). The recoveries obtained for the &
OMPs under study slightly increased with the volume of ethanol used in the elution step, a lower volume of
eluent being selected for the next experiments (Le. lower costs) since the recovertes obtained were quite stmilar.

The reusability of the MWCNT cartridge 1s confirmed in Fig. Ig, stmilar recovertes being obtained in three
consecuttve cycles. Moreover, the recoveries achieved (= 60% ) for 5 of these EU mulu-class OMPs analyzed stmul-
taneously (acetamiprid, atrazine, carbamazepine, diclofenac and tsoproturon), using a low amount of adsorbent
(50 mg of MWCNTS for 500 mL of SW samples 2t pH 3) and a conditioning and elution solvent considered
“green” {ethanol—4 mL), were comparable to those reported in the literature using more toxic solvents and a
single compound or spectfic class of compounds (Table 55). Thus, the next step was to functionalize the MWCNT:
tn order to tnvestigate the influence of the surface chemistry on the performance of this analytical tool.

Comparison of optimized SPE procedures for MWCNT and commercial cartridges.  The comparison of enrich-
ment performance of the MWCNT cartnidge previously optimized and the commercial cartridge Oasis HLE
was performed with SW samples. The optimized SPE methodology was applied and the recovertes of the 8 target
micropollutants (sptked at 200 ng L' each) were obtained (Fig. 1f). A recovery higher than 60% was achieved for
3 pesticides (acetamipnid, atrazine and 1soproturon) and the 2 pharmaceutical compounds (carbamazepine and
diclofenac) when using both MWCNT: and commerctal cartridges. However, the commercial cartridge Oasts
HLB gave recovery values also higher than 60% for the industrial compound (PFOS) and the other 2 pesticides
{metaflumizone and methiocarb). Except for metaflumizone, the overall recovery of the other 7 micropollutants
was stmilar.

The textural properties of MWCNTs and Oasis HLB were mvestigated through N; adsorption-desorption
tsotherms, as described in “Charactertzation of MWCNTS” sectton. The results revealed that these materials have
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Figure 1. Recovertes obtatned for micropollutants (200 ng L' each), using: (a) different pH (3, 7 and 9) (fixed
conditions: cartridges packed with 150 mg of MWCNTS, 500 mL of SW and 4 mL of ethanol as a solvent); (b)
different solvents (4 mL of methanol, ethanol or acetonitrile) and pH (3 and 9) (fixed conditions: cartridges
packed with 150 mg of MWCNTSs, 500 ml. of SW and 4 mL of solvent); (c) cartridges packed with different
amounts of MWCNTSs (25-150 mg) (fixed conditions: pH 3, 500 mL of SW and 4 mL of ethanol as a solvent);
(d) different volumes (50-1000 mL) of SW (fixed conditions: cartridges packed with 50 mg of MWCNTSs, pH

3 and 4 mL of ethanol as a solvent); (e) using different volumes (4-10 mL) of ethanol as elution solvent (fixed
condttions: cartridges packed with 50 mg of MWCNTS, 500 mL of SW, pH 3); (f) MWCNT optimized cartridge
(50 mg) and commercial cartridge Oasts HLB (experiments performed with 500 mL of SW samples (pH 3) and
ustng ethanol as solvent (4 mL); and {g) recoveries obtained for micropollutants (200 ng L each), extracting
500 mL of SW (pH 3) with 4 mL of ethanol as solvent, during consecutive reuse cycles performed with the same
cartridge packed with MWCNTSs (50 mg); n=3 (RSD 1s represented as error bars).
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different porous characteristics (Table $4). Although the total pore volume (V) 1s similar for both adsorbents
(1264 and 1.284 cm® g for MWCNTs and Oasts HLB, respectively), the spectfic surface area (S of Oasis HLE
(756 m® g} 1s ca. 3.8-fold higher than that of MWCNTS (198 m® g-'). Consequently, the average pore diameter
() of MWONTSs (25,5 nm) 1s almost fourfold higher than that of Oasis HLE (6.8 nm). Interestingly, the sorb-
ent load i each cartridge Oasts HLB 15 3 imes higher than that of the cantndges packed with MWCNTs, which
have a Sypz; 3.8-fold lower. However, the SPE performances obtaned for MWCNTs (Fig. If) canniot be explained
by one unique parameter. Instead, the adsorption followed by elution/desorption of the organic micropollut-
ants result from the interplay of many factors: the textural properties of the adsorbent matertal {Table 54) the
functional groups of the adsorbent and of the organic pollutants; the hydrophobic interactions between the
target micropollutants (log Kqyw of each target compound can be found in Table 51) and MWCMNTs, and other

ton mechantsms; the morphology of the adsorbent matental; and the sample charactertstics (for example.
the dissohved organic master present in the water matrix)'”.

In addition to the analytical performance of the SPE procedure, It 15 important to take into constderation
the cost of the adsorbent material. Considering 2020 retail prices, each commercial cartnidge Oasis HLE costs
around & euros, while the whole cost assoctated to each cartridge packed with 50 mg of MWCNTs amounts fo
ca. 2 euros (induding the empty polypropylene cartridge and two frts). This represents a posstble cost reduction
of 75%. Furthermore, these MWOCNT cartridges are reusable, while commercial cartridges often are single-use
disposable devices®".

Textural and surface chemistry characterization of MWCNTs.  The type and overall amount of oxy-
gen-contalning surface groups were determined by TPD analysis, as described in “Characterization of MWC-
NTs" section. The CO; and ©O TPD spectra of the hydrothermally treated MWOCNTs (HNO, concentration
in the range 0.01-0.30 mol L) are shown in Fig. Zab, respectively. For compartson, the TPD profiles deter-
mined for the pristine MWCNTS (original) and for MWCNTS after hydrothermal treatment with water (1e..
[H]O;] =0} are also included. The total amount of surface groups (released as €Oy and CO) and the corre-
sponding oxygen content [calculated from the total amounts of CO; and CO) are summarized in Table 1.

The amounts of COy and CO increase as the concentration of the oxidizing agent increases (up to0.30 mol
L'}, confirming that MWCNT: are suttable to the induston of oxygenated functional groups through hydro-
thermal oxidation under mild condittons. The high level of oxidation in this type of carbon material can be
associated to their structure, which provides a great number of defects where the cxidation process can be
started™. Nevertheless, only a slight increase in the amount of oxygenated surface groups 1s observed when the
HMO,; concentration Is Incremented from 0.20 to 0.30 mol L' {Fig. 3a)b; Table 1). Thus phenomenon was already
reported In a previous work on HNO, hydrothermal oxidation of carbon xerogels™, and suggests that there 1s
a maximum extent of surface functionalization achievable through this mild hydrothermal methodology. A
prevalence of surface groups released as €0 was found in contrast to those released as C0,, the [CO[CO,] ratio
being higher than one for all the MWCNTs under study (Table 1). The amount of oxygen follows the same trend
of the surface groups released as CO; and CO, as expected. Comparing the pristine MWCNTs and those hydro-
thermally treated with water (blank), both have similar (and low) amounts of oxygen surface groups, indicating
that the hydrothermal treatment without additton of HNC; has no effect on the surface chemistry of MWCNTs.

Corelations between the amount of oxygenated groups introduced on the surface of the MWCNTs {released
a5 00y and CO) and the concentration of HNO, E‘J‘J‘I]J]D‘\‘Edlrll]‘lth\-\‘lﬂ)ﬂ‘l!mﬂ] treatment were obtained (Fig. 3a).
Likewtse, the contents of oxcygen and volatiles (determined by TGA under nert atmosphere; Table 1) are also
given as function of the HNO; concentration (Fig. 3b). As observed, the evolution of all the parameters under
study can be described as function of the HNO; concentration by single exponential functions (r* in the range
0.972-0.999), which 15 1n accordance with our previous results on hydrothermally treated MWCNTS, single-
walled carbon nanotubes (SWCNTs)™ and carbon xerogels™ . These correlations are very useful to fine tune
the surface chemistry of MWCNTE, as they allow a given amount of oxygenated surface groups to be obtained
by setting the proper concentratton of HNO; in the hydrothermal treatment.

Deconvelution analysts of the CO; and CO TPD spectra was performed in order to identify and quantify
the amounts of the different functionalities (Fig. 4a.b, respectively, and Figure 54, and corresponding results
detailed 1n Tables 86 and 7). As a representative example, Fig. 4a.b show the deconvoluted 0, and CO spectra
of MWCTN, 5 (Le., the material obtamed afier hydrothermal treatment with 0.30 mol L' HNO,). As observed.
the surface groups released as CO; were matnly assipned to strongly acidic carboxylic acids (A, 172 pmol g7'),
followed by carboxylic anhydrides (CAn, 84 pmol g-') and lactones (Lac, 84 pmol g*), and less acdic carboxylic
acids (LA, 53 pmol g). Regarding the CO spectrum, the main contribution was assigned to carbonyls and qui-
nones (CC 388 pmol g '), followed by phenols (Ph, 148 umol g ') and carbosylic anhydnides (CAn, 84 pmol g '),
Moreover, a minor contribution was found at high temperature, as revealed by the shoulder observed at around
900 *C (Fig. 4b), which can be attributed to basic surface groups (Bas, 64 ymol g ')*. Constdering the results
shown 1n Tables 56 and 57, the concentration of the oxygen functional groups generally increases with the
concentration of HNO; employed 1n the hydrothermal treatment. as previously observed for the total amounts
of COy and COL

The effect of the hydrothermal treatment on the overall surface charge (assessed though pHpy measurements)
of the resulting materials, was also studied {Table 1). As observed, matenals with a more pronounced acidic

er are gradually obtained as the HNO; concentration increases (Le., pHpyc 15 6.9 for pristine MWCNTs
and 5.0 for the MWCNTS treated with 0.30 mol L' HNO,). This continuous decrease of the pHpy., values can
be ascribed to the increasingly significant amounts of carboxilic acids (CA) introduced on the carbon surface,
as summarized in Table 1. A stmilar concluston was achteved in a previous publication of our group, upon a
thorough analysis of results obtaned by Raman spectroscopy®™. As shown in Figure §5, the intensity ratio of
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Figure 2. TPD spectra of MWCNTs subjected to hydrothermal treatment with different HNO, concentrations:
{a) CO; and (b) CO evolution with temperature.

% = 72 o3 12 287 nd 69 158 158 1254

0 (Blank) £l 7T o3 12 282 5 65 LEE 158 1.581

001 H 150 05 L1 341 20 67 02 0z L1

005 156 327 L0 L1 175 54 61 228 201 L115

oin 178 ) 15 13 441 B 55 250 T 1566

ozn ) 656 0 13 45D 152 52 261 S 1663

a3n 38z 71 13 L7 512 = 50 262 262 2193
Table 1. Properties of MWCNTs subjected to hydrothermal treatment with different HNO; concentrations:
amounts of C0; and OO released by TPD, [COVC0,| ratio, percentage of oxygen obtained from the
analysis of the TPD spectra (assuming that all the surface oxygen is released as CO and/or C0O,), amount of
volatiles (determined by TGA), amount of carboxylic acids (CA; corresponding to the sum of SA and LA, as
determined by TPD), pH at the point of zero charge (pHpp), specific surface area ( Sy, non-microporous
spectfic surface area (5,,_.) and total pore volume (V). n.d: Not determined.
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the D band relative to the G mode (IIV1G) obtamed by Raman spectroscopy plotted as a function of the total
amount of functional groups determined by TPD revealed  hinear function when characterizing stngle-walled
carbon nanotubes treated with different HNO; concentrations. Thus, data obtaimed by TPD correlate well with
data obtained by Raman spectroscopy or other techniques such as water adsorption/desorption.

The effect of the hydrothermal treatment on the textural properties of the MWCNTs was evaluated through
N, adsorption—desorption 1sotherms. All the MWCNTS possess negligible microporostty (as revealed by the low
adsorption obtatned at low N pressures); on the contrary, the prevalence of mesopores ts revealed by the high
adsorption observed at higher N, pressures {Figure 88). The mesoporous nature of the MWCNTSs 1s confirmed by
the results given in Table 1. Asobserved. the surface area (hoth Sy and 5__ ) and pore volume (V) increase
as the concentration of HNO; employed in the hydrothermal treatment increases. The average dizmeter of the
MWCHNTs 15 9.5 nm (technical description provided by the manufacturer) and the average internal diameter of
the tubes 15 around 4 nm®!, Le., almost 2-fold hagher than the maximum diameter of micropores (2 nm). There-
fore, as expected, micropores were not found in the original sample (V. =0) and the values were very low for
the oxsdized ones (Le., within the error of the analysis).

Our results are 1n line with those previously reported n a study performed with SWCNTSs, 1n which it
was concluded that functionalization with HNO, causes the opening of the nanotube caps with no signtficant
defects bemng additionally produced ™. The progressive increase of Sypp, $,, and V... can thus be ascribed o
the opening of the nanotube caps, which enhances the accessibility to the inner part of the MWCNTS, rather
than defect creation. As stated 1n a previous work, a gradual increase of both Sy and the amount of oxygen-
ated functional groups 1s observed when the hydrothermal oxidation treatment 15 performed with increasing
HMNO,; concentrations!. This methodology leads to a shght increase of the Syep, around 32% when comparing
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Figure 5. {[COy]+ [CO]VSger as a function of HNO,; concentration.

the pristine and the MWCNT, 5 sample, Le. from 198 m* g in the pristine MWCNTs to 262 m® g ' in the sample
treated with 0.30 mol L-! HNO,. This increase of Sy as o ¢ of the hydrath | oxtdation

with HNO, 15 stmdlar to that obtained in a previous study of our group performed under similar conditions,
Le, 27%". In that study, both pristine and oxidized (0.3 mol L™ of HNOy) MWCNTs were characterized by
scanning electron microscopy (SEM) (Figure 57), allowing to condude that both samples consist of agglomer-
ated carbon nanotubes, with no significant morphological changes being perceptible as a consequence of the
HNO, hydrothermal oxidation®. When the total amounts of CO; and CO released by TPD are normalized by
the Sgr (Le., ([C0,] + [COIWSge), and represented as a function of HNO, concentration (Fig. 5), two distinct
stages In the exponential curve are observed: (1) in the first stage, the pronounced increase 15 assoctated with the
functionalization of the accessible surface area of the original MWOCNTS; while (1) the final part of the curve
corresponds to the functionalization of new surface area made accessible during the HNO; hydrothermal oxi-
dation. The correlation obtained in Fig. 5 (with r2=0.997) can be extended to other carbon matertals obtained
through the same hydrothermal functionalization methodology.

Application of functionalized MWCNTSs for extraction of EU multi-class OMPs.  The applicabil-
1ty of the original and hydrothermally treated MWOCNTS as sorbents for SPE of the 8 target OMPs was studied,
as well as the influence of both textural and surface chemustry properties of these materials i the adsorption/
desorption process. For that purpose, the recoverles of the target compounds were determined as described by
Egq. (1) (*Evaluation of the SPE recovery efficiency” section ). The recoveries obtained revealed different behav-
tors for the OMPs under study (Fig. 6) due to their distinct classes and physicochemical properties. For instance,
similar recoveries were achieved for the pesticides atrazine and tsoproturon (around 80 and 70%, respectively)
with all the samples of MWCNTs that were tested, indicating that the adsorption/desorption process 1s not
affected by the cxygenated surface groups introduced by the HNO; hydrothermal treatment. The SPE cartridges
packed with the original MWCNTS (recovertes > &%) performed better than the materials treated with HNO,,
for the pharmaceutical compounds diclofenac and carbamazepine and the neontcotinodd pesticide acetami-
prid (recoveries < 60%). In the case of metaflumizone, the recovery obtained 15 ineffective with the original and
treated MWCNTs packed in the SPE cartridges. On the other hand, performing SPE with MWCNT 5 leads to
a significant improvement of the recovertes obtained for methiocarb and the industrial compound PFOS, when
compared to the original MWCNTSs,

Several mechantsms may stmultaneously control the adsorption/desorption process of the organic pollut-
ants on MWCNTS, incleding (1) n-n interactions, Le., the interactions between bulk = systems present on the
surface of MWCNTs and organic molecules with their benzene rings or C=C double bonds; {11) kydrogen bonds
with functional groups on the surface of the sorbent material; and (111) electrostatic interactions due to of the
charged carbon material surface'™*. However, each mechantsm could be affected differently by the environ-
mental conditions, which makes the application of MWCNTSs for SPE of different organic compounds from
aquecus matrices a challenging research topic. The obtained results (Fig. &) suggest that the HNO; hydrothermal
treatment zpplied to MWCNTs affects the SPE effictency of the target OMPs in two distinet ways. In the case of
acetamiprid, diclofenac and carbamazepine, the dominant adsorption mechanism seems to be n-n dispersive
interactions, which decrease with the increase of the oxygen-containing functional groups, most of them with
electron-withdrawing properties. In contrast, for methiocarb and PFOS, the HNO; functionalization leads to
higher recoveries, possibly due to the predominance of the hydrogen bond adsorption mechanism favoured by
the increase of the oxygen surface groups.

In the case of the carbamate pesticide methiocarb, 1t 1s Interesting to observe the continuwous increase in the
recovery values with the increase of the acid concentration. Thus, the recoveries obtained for methiocarb were
plotted as a function of the total amount of functional groups introduced (CO+C05) divided by the respective
Sper (Fig. 7). A good linear correlation (¥ =0.995) was obtained, Le,, the total amount of CO and CO, divided
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Figure 6. Recoveries obtained for the target micropollutants (200 ng L' each), when using cartridges packed
with MWCNTs (50 mg) obtained after hydrothermal treatment with different HNO; concentrattons (0-0.30 mol
L-'}. Experiments performed with 500 mL of sample (SW; pH 3) and using ethanol as solvent {4 mL}; n=3 (RSD
ts represented as error bars).
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Figure 7. Recovery obtained for methiocarb as a function of ([CO5] + [CO] 1V Sger

by the Sgy has proved to be a good predictor of methtocarb recovery. For this carbamate pesticide, the HNO,
functionalization of MWCNTS led to a continuous and significant Increase in the SPE effictency. In order to
understand if this correlatton was assoctated with any spectfic functional group previously determined by TPD, a
simular analysis was made but with the amount of each surface group (A, LA, CAn, Lac, Ph, CQ and Bas), instead
of the total amount released as CO and COy. Good correlations with Ph (7 =0.916) and C) groups (F=0.918)
were also obtained (Figure 58z and b), suggesting that the presence of higher amounts of these functional groups
on the MWCNT surface increases the affinity for methiocarh.

In the Wterature, there are several studies reporting the possible mechanisms of adsorption of some target
compounds on MWCNTS. For example, in the case of atrazine, n-n dispersive and polar interactions were
appointed as responsible for the adsorption on MWCNTs™. Regarding the industrial compound PFOS, a study
conducted by L1, et al.** concluded that hydrophobic interactions are the main mechantsm of adsorption of PFOS,
The pharmaceutical compound diclofenac was already studied, and diverse types of interactions were suggested.
such as electrostatic and hydrophobic interactions and hydrogen bonding™. In the case of carbamazepine.
the n-n electron-donor-acceptor interactions, hydrogen bonding and hyrdrophobic interactions had a key role
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in the adsorption on MWCNTs*-. Therefore, the mechanism and the extraction performance result from the
interplay of the charactertstics of each pollutant and the properties of the sorbent matertal.

Conclusions
Pristine and modtfied MWCNTSs were applied as adsorbent matertals in conventtonal SPE for enrichment of 8 EU
multi-class OMPs tn SW samples and analysts by UHPLC-MS/MS. The optimized SPE procedure with pristine
MWCNTS has the great advantage of using an eco-friendly solvent (ethanol) for both conditioning and elution
steps. Addittonal advantages of this carbon-based cartridge are the small amount of adsorbent that 1s needed
(50 mg), representing a - 75% cost reduction 1n compartson with the commercial cartridge (while obtaining
stmilar recovertes), and the ability to be reused at least three times without substantial impact on the retention
capacity of the adsorbent. The oxidation of the MWCNTs surface (and thus the mlmd.ucllon of oxygenated
functional groups) can affect the SPE recovertes in d ways. The di mechanism seems
to be -7 dispersive Interactions in the case of acetamipnid, diclofenac and arbamupme (1.e. the recovertes
were higher when using the original MWCNTS), whereas the hydrogen bond adsorption mechanism (favoured
by the increase of the oxygen surfn:e groups) seems to be predominant 1n the case of methiocarb and PFOS.
a very good ¢ the recovery of methiocarb and the functionalittes created on the
MWOCNTSs was found, which was attributed to the phenol and carbonyl and quionone groups. The fine control of
the surface chemistry and texture of MWCNTS, with the purpose of improving the selectivity and specificity of
these materials, opens a window of op for the devel of more efficient and eco-friendly analytical
tools for the analysis of EU-relevant 0\(1’5. for instance by mixing MWCNTs with different textural and surface
chemistry properties in the same SPE cartridge.

Received: 3 Angust 2020; Accepted: 7 December 2020
Published online: 18 December 2020

References

1. Sous, |. C. G, Ribetro, A. R, Barbosa, M. O,, Peretra, M. E R, & Silva, A. M. T. A review on eavironmental monltoring of water
organic by EU IlhmdMaerLllb—lﬂ(ZDln

2. Barbosa, M. O. et al. Spattal 1n four Portug iy for

excitation-emisston matrices. Sci. Tﬂ.!xwmmﬂl,lll&-lllo(zmly
3. thmA.R. Pedrosa, M., Moretra, N.EF, Peretra M. ER &Stva A M.T.
defined in the Directtve 2013/39/EU and Dectsion 2015/455/EU. J. Chwmlogrll llll. 140-149

(2015).

. Gortto, A. M., Ribetro, A. R., Almetda, C. M. R. & Stiva, A. M. T. A review on the application of constructed wetlinds for the
removal of priority substances and contaminants of emerging concern listed 1n recently launched EU legtsdation. Envirom. Pollut.
227, 428443 (2017).

5. Barbosa, M. O, Moretra, N. E E, Ribetro, A. R., Feretra, M. F. R & Stlva, A- M. T. Occurrence and removal of organtc micropol-

Iutants: an overview of the watch list of EU Dectsion 2015/495. Water Res. 94, 257-279 (2016).

6. Barbosa, M. O Ribelra, A. R, Peretra, M. F. R. & Stiva, A. M. T Eco-friendly LC-MS/MS method for analysis of mult!-class
micropollutants in tap, fountain, and well water from northern Portugal Anal Bioanal Chem. 408, 8355-8367 (2016).

7. Dimpe, K. M. & Nomngoago, P. N. Current sample preparation methodologles for analysis of emerging pollutants in different
envtronmental matrices. Tremds Anal. Chem. 82, 199-207 (2016).

8. Azmouz, A. et al. Review af nanomatertals as sarbents in solid-phase extraction for environmental samples. Trends Anal. Chem.

-

108, 347-369 (2018).
9. Pérex-| m&amhcmmmmmwmmwmln 1-16(2012).
10. Pan, B. & Xing B. nanotubes. Environ. Sci. Technol. 42, 5005-9013 (2008).
1. MDep.!S MGwIﬂ.M.A.&BMA.H. of at trace levels 1n water using mul-
twalled carbon nanotubes as salld-phase and J. Hazard. Mater. 169, 128-135 (2009).
12. Dong, M. et al Using multiwalled carbon nanotubes as solid phase for af

herbicides tn water. Microchim. Acta 165, 123-128 (2009).

WMMLMMM &mpmdc:smum-ﬂumm-wm
for the solid-phase water samples ustng HPLC. J. Sep. Sci. 33, 1044-1051 (2010).
14 mumuwu&m&&@mm as solid-phase extraction sorbents for the extraction of car-

waters. Int. J. Environ. Sci. Ttdcml 13,201-208 (2016).

15. Yu Z. GdllAppinﬂmofSPEmuhﬁlulHurbm and raptd LC-MS-MS for the
mmmmnwﬂ-n 10731081 (2010).

16. Zhoa, Q. etal. C “'“‘ C18 silica, and activated carbon as the
umshmmpmmmdmmmmmm# wadmn.khlsl.lli—nﬂ(m

17. Wangw -D. Huang, Y.-M_, Shu, W.-Q. & Cao, L. carboa of soltd-ph for deter-

of polycyclic aromatic in environmental waters coupled with high Iquid
ct.mum 27 mz«m

18. Ma. | et al. & palycyclic aromatic n water samples by saltd. phase extractian

using mults. wmmnmm;smm:mw-«-,_ " ; ¥ L Ch A7,

5462-5469 (2010).
19. Spdtmt A., Mahodﬂ.M—.Clu:ﬂ.LMﬂ'lD &Pmﬁmn.A.Sohd phase extractton of PFOA and PROS from surface waters on
by UPLC-ESI-MS. Anal. Bioanal Cheme. 406, 3657-3665 (2014).

20. Dahmgs.nllbﬂzmmmofdmpmnvulndwmmgnhdMummbypadadmduwﬂldqrbm
nanotubes and liquid ch le-ltnear jon trap. P Y- 1. Ch A1297,17-28(2013).
21 hh&ltldsduphmmndndﬂ-&sphxmum&mm ‘water samples onto modified multt-

wbmmmﬂmdbymmm&.kmhumm 20793 (2017).
22. Salam, M. A. & Bark, R. Salid pha froem using chemically modified mults-
walled carbon and thetr by J. Sep. Sci. 32(1060-106), 8 (2009).
23. Silva, A. M. T., Machado, B. F, Figuetredo, J. L&Fuu,] L Controlling the surface chemistry of carbon xerogels using
HNO,-hydrothermal oxsdation. Carbon 47, 16701679 (2009).

Scientific Reports |

(2020) 20:22304 | https://doi.org/10.1038/541598-020-79244-8 natureresearch

407



Appendix D

www.nature.comjscientificreportsf

24, Likesimnos, V. et al Controlled surface functionalization of multiwall carbom namotubes by HMNO, hydrothermal oxtdation. Carbon
69, 311-326 (2014).

25. Marques, B B. M., Machado, B. F, Faria, ]. L & Sibva, A. M. T. Cantrolled generation of axrygen funciionaliiies on the surface of
stngle-walled carbon nanctubes by HND, hydrothermal coidatton. Carban 48, 1515- 1523 (2010).

26. Anta 0. cf al Enguging nanoporoas carboms tn *beyond adsorptian” applications: char and
Carbon 164, 6984 (2020).

27, Marales-Torres, 5. o al. Modificatian of the sarface chemistry of single- mdmjﬂﬂ-wilndazbﬂnmnmhuby}m and H,50,
hydrothermal axidation for application in direct contact membrane distillation. Phys, Chem. Chem, Phys. 16, 1223712250 2014}

28. Figuetredn, | L., Pereira, M. E R, Frettas, M. M. A. & Orfio, | | M. Modtficafion of the sarface chemistry of activated carbans.
Carbon 37, 1379-1380 [19599).

29, Figuetredn, J. L. Peretra, M. E R, Freitas, M. M. A 8 Orfia, ] ] M. Characterization of active sties an carbon catalysts. Ind. Eng.
Chem. Res. 46, 4110-4115 (2007).

30. Prat, I, Hayler, | & Wells, A. A survey of sobvent selection guides. Creen Chem. 16, 43464551 (2014).

31. Gongalves, A. G., Pigoetredo, 1. L., Orfao, 1. . M. & Peretra, M. E R, Influence of the surface chemistry of molt.walled carbon
manoiubes on thetr activity as amnation catalysts. Carbon 48, 43694381 (2010).

32 Balasshramantan, K. & Barghard, M. Chemically functicmalized carbon nanotubes. Smalf 1, 180-152 (21005).

33. Marales Torres, 5., Esteves, O M. F, Piguetredo, | L & Silva, 4. M. T. Thin-film compostte forward csmosts membranes bassd
on palysdlfome supports Hended with nanostractured carbon matertals. |, Membr. Sn.:ll].]h-]jéﬂﬂlo]

34 Ma. X. & Agarwal, 5. Adsorption of emerging tontzable on carban ah ents and challenges. Mol
ernles 21, 628 (2018).

35. D¥Archuvio, A A, Maggt, M. A, Odeardl, A., Santucel, 5. & Passacaniando, M. Adsarptian of trizene herbicides from agueous
saluticn by functtanalized multtwall carbion nanatabes grown on silicon substrate. Namotechmolagy 29, 065701 (2008).

36 11, X. et al Adserption of jontzable organic contaminants an mult-wallsd carbon nanotubes with different oxygen contents. |
Hazard Mater. 186, 807415 (2011).

37, Zhao, H. et al. Adsorption behavior and af i d an
multi-walled carbon nanotubees. ! Haoerd. Mater. 3140, 235- 245 (201€).

Acknowledgements

This work was financlally supported by Project NORTE-01-0145-FEDER-031049 (InSpeCt) funded by European
Remonal Development Fund (ERDF) through NORTE 2020—Programa Operacional Repional do NORTE—and
by national funds (PIDDAC) through FCT/MCTES; and Project POCI-01-0145-FEDER-030521 (SAMPREP)
funded by ERDF through COMPETE2020—Programa Operacional Competitividade e Internacionalizacio
(POCI) and by nattonal funds (PIDDAC) through FOT/MCTES. We would also like to thank the scientific
collaboration under project Associate Laboratory LSRE-LCM—UIDB/S0020/2020—funded by nattonal funds
through FCT/MCTES (PIDDAC). ARLR acknowledges FCT funding under DL57/2016 Transtory Norm Pro-
gramme and MOB acknowledges the financial support from FCT (Ref. SFRH/BIV115568/2016), through the
European Soctal Fund and the Human Potenttal Operational Programme.

Author contributions

M.O.B. performed most of the research work, data analysts and wrote the first version of the manuseript. RSB
was involved in the application of the defined methodology for the synthesis and charactertzation of the matert-
als, respective data analysis, and revised the manuscript. A RLE., MERP and AM.TS. were responsible for
the conceptualization and supervision of the work done, for acquisition of resources and funding, and revision
of the manuscrpt.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online verston contains supplementary matenial avallable at heps:/idor
org/ 10.1038/s41598-020-79244-8,

Correspondence and requests for materials should be addressed to A M. TS
Reprints and permissions information 15 available at www.nature.com/reprints.

Publishers note Springer Mature remains neutral with regard to junsdictional cdlaims in published maps and
institutional affiliations.

Open Access This article 1s hicensed under a Creattve Commons Attribution 4.0 International

i License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The tmages or other third party matenial in this
artide are included i the articles Creattve Commaons licence, unless indicated otherwise 1n a credit line to the
matertal. If matertal 15 not included 1n the article’s Creative Commons licence and your intended use 1s not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit hitp://creativecommons.org/licenses/by 4.0/

& The Author(s) 2020

Scientific Reports |

{2020 1022304 | hittps:iidol.orgi10.1038/551598-020- 792448 ranreresearch

408



Appendix D

Supplementary material

Solid-phase extraction cartridges with multi-walled carbon nanotubes and effect of the
oxygen functionalities on the recovery efficiency of organic micropollutants

Text D-S5.1. Reference SPE protocol.

An offline SPE method with commercial Oasis HLB cartridges was used as reference
protocol, according to our previous works [1, 2]. Briefly, Oasis HLB cartridges were
successively conditioned with 4 mL of ethanol and 4 mL of ultrapure water at a flow
rate of 1 mL min~'. Sample loading was carried out with 500 mL of acidified (pH 3)
blank and spiked (200 ng L-! of each target compound) SW samples at a constant flow
rate of 10 mL min-1, using a vacuum manifold unit connected to a vacuum pump. The
washing step was performed with 4 mL of ultrapure water. The cartridges were then
dried under vacuum for 45 min. The elution step was performed at a flow rate of 1 mL
min~1 with 4 mL of ethanol and the extracts were evaporated to dryness in a Centrivap
Concentrator device (LABCONCO Corporation, Kansas City, MO, USA). The dried
extracts were reconstituted in 250 pL of ethanol and the resulting ethanolic extracts
were filtered through 0.22 um polytetrafluoroethylene syringe filters (Membrane

Solutions, Kent, WA, USA) to be injected into the UHPLC-MS/MS system.

Text D-S5.2. MWCNTs SPE optimization.

In order to study the performance of functionalized MWCNTs as SPE adsorbents for
enrichment of the target OMPs, the main experimental conditions affecting the
extraction efficiency of pristine MWCNTs (NC3100) were optimized in detail. All
experiments carried out during the optimization were performed in triplicate. The
pristine MWCNTSs cartridges were prepared manually, using a lab-scale packing device
specifically designed for that purpose (Figure S1). This procedure involved four

sequential steps: (i) one polyethylene frit (20 um) was positioned on the bottom of an
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empty cartridge (6 mL); (ii) a certain amount (25, 50, 75, 100 or 150 mg) of pristine
MWCNTs (NC3100) was then introduced; (iii) the sample was covered with another
polyethylene frit; and (iv) slightly compressed until a specific bed height was reached.
Cartridges packed with 150 mg of MWCNTSs were used in preliminary studies to assess
the effect of different sample pH in SPE. The SW samples (500 mL) were adjusted to
different pH (3 and 9) and extracted using ethanol, methanol or acetonitrile (4 mL) and
then ultrapure water (4 mL) was passed through the SPE cartridge at a flow rate of 1
mL min~1. A sample pH of 7 was also tested, using ethanol as extraction solvent. After
selecting the best sample pH and extraction solvent, the effect of the amount of the
adsorbent material packed in the SPE cartridge was studied in the range 25 — 150 mg.
Sample loading was carried out with 50, 100, 250, 500 or 1000 mL of blank and spiked
SW samples (200 ng L of each target compound). After washing and drying, the
retained analytes were eluted with 4, 6, 8 or 10 mL of ethanol, as this volume can also
influence the enrichment efficiency and the overall cost of the SPE method. The elution
volume should be enough to elute the analytes from the sorbent material, however,
excessive amounts represent waste and avoidable costs. The resulting extracts were

reconstituted and filtered as the reference protocol.
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Table D-S5.1. Target compounds, class, structure, relative molecular mass (Mr), pKa and log Kow values and solubility in water.

Class and sub Solubility

Compound Structure Mr pKa log Kow in water
class

(mg L™

A\
Acetamiprida Pesticide O—\ \ 22268  0.70 0.80 4250
P Neonicotinoid \ 7/ \_7 ' ' ' (25 °C)
/

33.0
(25°C)

Atrazineb PTe.S“‘?'de NH\ 21569  1.60 2.61
riazine c/\/J\/I\

CHs

. Pharmaceutical ?/ 17.7
Carbamazepine Psychiatric drug QD 236.27 13.9 2.45 (25 °C)

. Pharmaceutical /N 25
C
Diclofenac Anti-inflammatory — 296.14  4.15 4.51 (25 °C)
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Pesticide \ 70.0
b HiG:
Isoproturon Phenylurea 78 \ 206.28 n.a. 2.87 (20 °C)
"
o L 0] ’
Metaflumizone? Pestlglt?Ie A" 506.41 n.a n.a n.a
Insecticide . S
o
) Pesticide <N 0 27.0
Meth a . 225.31 14. 2.92
ethiocarb Insecticide N ” o/l\w 53 8 o (20 °C)
|
Perfl t ]
erfluorooctanesu . e 3
. . Industrial 3.2x10
If A -3. 4.4
onic acid compound 500.13 3.30 9 (25 °C)

(PFOS)P

a Contaminant of emerging concern of Decision 2018/840/EU; ° Priority substance of Directive 2013/39/EU; ¢ Contaminant of emerging
concern of the former Decision 2015/495/EU; n.a. - not available.
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Table D-S5.2. Selected reaction monitoring (SRM) instrument parameters for tandem mass spectrometry analysis of target analytes.

Quantification (SRM1)

Confirmation (SRM2)

IS ESI mode Precursor
Analyte sett  (NPorPF) ion(miz) Product DPY CEC ... Product DPY  CE®  CXP
lon V) V) lon ) V) )
Acetamiprid 1 PI 22270 12600 -15 20  -23 56.10 15 16 -22
Acetamiprid-d3 (1) - PI 22600 12600 -25 20  -23 - - - -
Atrazine 2 PI 21600 17400 -240 -160 -30.0 68.05  -240 -360 -10.0
Atrazine-d5 (2) - PI 22110  179.05 -11.0 -180 -17.0 - - - -
Carbamazepine 4 PI 23700 19400 -12.0 -200 -30.0 19200  -120 250  -30.0
Diclofenac 3 NI 293.90  250.00 21.0 11.0  17.0 21405 210 200 220
Diclofenac-d4 (3) - NI 297.95 25405 210 12.0 280 - - - -
Fluoxetine-d5 (4) - PI 315.10 4400 -150 -20.0 -15.0 - - - -
Isoproturon 2 PI 206.80 7200 -150 -200 -29.0 4600  -150 -180 -16.0
Metaflumizone 3 NI 505.00  302.05 360 180 210 11695 360 430 220
Methiocarb 5 PI 226.10  169.10 -240 -9.0  -17.0 12110 240 -190 -21.0
Methiocarb-d3 (5) - PI 22910  169.10 -25.0 -11.0 -30.0 - - - -
Perfluorooctanesulfonic NI 498.70 7995 180 500  14.0 99.00 180 460 180

acid

2|S is internal standard; NI is negative ionization mode; ¢ Pl is positive ionization mode; ¢ DP is the declustering potential; ¢ CE is the
collision energy; f CXP is the collision cell exit potential.
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Table D-S5.3. Retention time, range, linearity, instrument and method detection and quantification limits for each target analyte.

Analyte Retentign time Rang_e 2 IDLéi IQL‘? MDL_C MQL_d

(min) (ng L™ (hg L) (hg L) (ng L™ (ngL?)
Acetamiprid 1.19 3.06 — 200 0.999 16.1 48.7 1.01 3.06
Atrazine 1.83 4.61 - 200 0.993 8.79 26.6 1.52 4.61
Carbamazepine 1.52 2.09 - 200 0.999 1.61 4.90 0.69 2.09
Diclofenac 3.86 3.74 - 200 0.998 3.62 11.3 1.23 3.74
Isoproturon 2.07 11.7 - 200 0.999 9.24 28.0 3.85 11.7
Metaflumizone 24.5 1.35-200 0.999 2.02 6.13 0.45 1.35
Methiocarb 2.68 2.69 - 200 0.997 0.74 2.24 0.89 2.69
Perfluorooctanesulfonic acid 1.47 11.7 - 200 0.997 254 77.1 3.87 11.7

2 |DL is instrument detection limit; ® IQL is instrument quantification limit; ¢ MDL is method detection limit; ¢ MQL is method quantification
limit.
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Table D-S5.4. Studies dealing with the application of MWCNTS in conventional SPE: target analyte and respective spiked level (ng L), matrix,
sample loading (mL), amount of MWCNTSs packed in the cartridge (mg), conditioning and elution solvents, and recoveries (%) obtained. Pollutants
included in these studies that are out of the scope of EU legislation are not discussed.

Target analyte Sample  Amount of Recover
g y Matrix loading MWCNTs Conditioning and elution solvents y Ref.
(spiked level) (%)
(mL) (mg)
Atrazine and simazine Tap and Conditioning: 10 mL ACN + 10 mL of
" P 700 300 triply distilled water; Elution: 8 mL 85-95 [3]
(100 ng L) groundwater
MeOH
Atrazine (300, 1000 Surface and Conditioning: 3 mL MeOH + 5 mL
and 5000 ng L) underground water 1000 500 water; Elution: 4 mL ethyl acetate 86-110 [41
Conditioning: 5 mL ACN + 3 mL
Atrazine and simazine . aqueous solution (pH 3); Elution: 5 mL
(20000 ng L) River water 500 100 mixed solution of 90% ACN and 10% ~ °' o' [5]
H20
. . . River, tap .
Atrazine and simazine o Conditioning: 5 mL ACN + 5 mL water;
(800 ng L) reservoir and 500 100 Elution: 4 mL ACN 83-104 [6]
wastewater
Atrazine Tap, r;sr:;vrglr and 50 200 Conditioning: 5 mL ACN + 5 mL water; 81-108 7]
(50000 ng L1) Elution: 5 mL ACN
water
Mineral water,
. itionina: +
Chlorpyrifos (100_, 300 grqundwater, and 800 40 C(_)r?dltlonlng. 10 mL {-\CN 10 mL 70-100 8]
and 800 ng L) agricultural run-off Milli-Q water; Elution: 20 mL DCM
water
Chlorpyrifos (1000000, . .
Well : L DCM + L ;
5000000 and ell, tap and river 500 100 Conditioning: 5 mL DC 5 mL water; 94-93 [9]

10000000 ng L%

water

Elution: 3 mL DCM
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Conditioning: 10 mL ACN + 10 mL of

Atrazine Tap and reservolr g 300 triply distilled water; Elution: 8 mL 74->99 [10]
(500 ng LY) water
MeOH
Methiocarb Conditioning: 5 mL MeOH + 5 mL Milli-
1 Tap and SW 200 100 Q water; Elution: 8 mL 92-96 [11]
(5000 ng L) .
dichloromethane
Alachlor Conditioning: 2 mL ethyl-acetate + 2
(1000 ng L) Tap and river water 500 100 mL MeOH + 2 mL of distilled water; 82-85 [12]
9 Elution: 7 mL ethyl-acetate
Thiamethoxam,
acetamiprid and Tap, ground and Conditioning: EtOH + Milli-Q water;
imidacloprid reservoir water 200 100 Elution: 4 mL MeOH 88-110 [13]
(800 ng LY)
PEOS Conditioning: 5 mL MeOH + 5 mL
4 Tap and river water 500 200 ultrapure water + 5 mL ultrapure water 88-90 [14]
(500 ng L)
(PH 3)
pentachlorophenol Conditioning: 5 mL of deionized water
P 4 River water 100 20 + 5 mL MeOH + 5 mL of deionized 62-98 [15]
(PCP) (200000 ng L'1) i L
water; Elution: 5 mL acetone
PCP Conditioning: 5 mL MeOH + 5 mL
4 Tap and river water 200 300 ultrapure water; Elution: 6 mL MeOH 97-109 [16]
(5000 ng L)
(pH 10)
Polycyclic aromatic Tap river and Conditioning: 10 mL n-hexane + 10 mL
hydrocarbons (PAHSs) P 500 150 MeOH + 10 mL water; Elution: 15 mL 67-127 [17]
0 seawater
(200 ng L) n-hexane
PAHs River, tap and Conditioning: 5 mL MeOH + 5 mL
. 79-11 1
(80 — 20000 ng L) wastewater 500 500 water; Elution: 4 mL ACN o-118 [18]
Erythromycin, e
azithromycin and Surface and 100 50 _ Conditioning: 5 mL MeOH 93-112 [19]
diclofenac groundwater dichloromethane (1:1, v/iv) + 5 mL
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(1000 ng L) deionized water; Elution: 15 mL
MeOH-dichloromethane (1:1, v/v)

Conditioning: 2 mL MeOH + 2 mL
Diclofenac . ultrapure water (pH 8); Elution: 7 mL
(50 and 100 ng L) River water 100 20 MeOH containing 10% (v/v) of

ammonium hydroxide (25% purity)

79-94 [20]

Table D-S5.5. Textural properties of MWCNTSs (NC3100) and Oasis HLB: specific surface area (Sset), non-microporous specific surface area
(Smeso), total pore volume (Vita)) and average pore diameter (dpore).

Adsorbent used in the Parameters
SPE Cartridge SBET Smeso Viotal dpore
(m?g™) (m?g?) (cm®g™) (nm)
MWCNTs (NC3100) 198 155 1.264 255
Oasis HLB 756 607 1.284 6.8
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Table D-S5.6. Results obtained from the deconvolution of the CO2 spectra of MWCNTSs subjected to hydrothermal treatment with different HNO3
concentrations. Tm, W and A represent the temperature at the peak maximum, the width of the peak at half-height and the integrated peak area,
respectively. Peaks were assigned to strongly acidic carboxylic acids (SA), less acidic carboxylic acids (LA), carboxylic anhydrides (Can) and
lactones (Lac).

Peak #1 Peak #2 (SA) Peak #3 (LA) Peak #4 (CAn) Peak #5 (Lac)

(mol L) T™m w A Tm w A Tm w A T™m w (umol g- T™m w umol g
(°C)  (°C) (umolg™) (°C) (°C) (umolg?) (°C) (°C) (umolg?) (°C)  (°C) 1 “C) (O 1)
0 - - 0 - 0 0 352 71 5 484 146 30 580 146 25

(Blank)

0.01 131 37 3 230 167 16 352 95 4 507 161 26 639 161 21
0.05 137 39 8 234 150 48 360 90 6 472 173 40 626 173 55
0.1 - - 0 231 117 60 353 163 33 492 166 35 631 166 49
0.2 - - 0 244 109 123 370 141 29 435 171 76 609 171 75
0.3 - - 0 259 143 172 372 110 53 474 153 84 610 153 84
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Table D-S5.7. Results obtained from the deconvolution of the CO spectra of MWCNTSs subjected to hydrothermal treatment with different HNOs

concentrations. Tm, W and A represent the temperature at the peak maximum, the width of the peak at half-height and the integrated peak area,

respectively. Peaks were assigned to carboxylic anhydrides (Can), phenols (Ph), carbonyls and quinones (CQ) and basic surface groups (Bas),
such as pyrones and chromenes.

(HNOY Peak #1 Peak #2 (CAn) Peak #3 (Ph) Peak #4 (CQ) Peak #5 (Bas)
MmolLY) Tw W A Tv W A v W A v W A T W A
(°C) (°C) (umolg™) (°C) (°C) (umolg?) (°C) (°C) (umolg™) (°C) (°C) (umolg?) (°C) (°C) (umolg™)

(Blgnk) - 484 146 30 614 102 24 692 102 18 ] ] )
001 131 37 2 507 161 26 565 153 17 691 153 93 950 85 13
005 137 39 6 472 173 40 572 144 52 716 144 197 870 160 28
0.1 - - 492 166 35 585 152 81 716 152 390 880 153 85
0.2 - - 435 171 76 611 145 120 726 145 390 880 136 82
0.3 - - 474 153 84 624 152 148 734 152 388 893 113 64
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Fig. D-S5.1. Schematic representation (a) and photograph (b) of the lab-scale packing device designed
to prepare MWCNT cartridges (6 at a time).

N,

Sample matrix spiked with
target analytes (200 ng L)

Blank sample matrix
(no analytes)

Spiked with target analytes
(200 ng L)

3

) B)
Extracted spiked sample Post-extracted spiked sample

Recovery (%) = 100 x (A/B)

Fig. D-S5.2. Schematic representation of the experimental procedure carried out to evaluate the
extraction efficiency (i.e. recovery in %) of each SPE method.
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Fig. D-S5.3. Total lon Current (TIC) chromatograms of the 8 target OMPs (200 ng L) in: (a) a SPE
extract of a spiked sample; and (b) a post-spiked blank extract, using cartridges packed with MWCNTs

(50 mg).
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Fig. D-S5.4. Deconvolution of (a, c, e, g, i) COz2 and (b, d, f, h, j) CO TPD spectra of MWCNTSs
subjected to hydrothermal treatment with different HNO3s concentrations. Dashed lines represent peaks
assigned to strongly acidic carboxylic acids (SA), less acidic carboxylic acids (LA), carboxylic
anhydrides (Can), lactones (Lac), phenols (Ph), carbonyls and quinones (CQ) and basic surface groups
(Bas), such as pyrones and chromenes. Red lines represent cumulative peak fitting.
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20} .
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Fig.D-S5.5. Intensity ratio of the D band relative to the G mode (Io/lc) obtained by Raman spectroscopy,
as function of the total amount of evolved CO and CO: determined by TPD when functionalizing single-
walled carbon nanotubes with different HNOs concentrations in the hydrothermal treatment. Lines
designate the linear fit. Reprinted (adapted) with permission from The Journal of Physical Chemistry C,
Vol. 115, G.E. Romanos, V. Likodimos, R.R.N. Marques, T.A. Steriotis, S.K. Papageorgiou, J.L. Faria,
J.L. Figueiredo, A.M.T. Silva, P. Falaras, Controlling and Quantifying Oxygen Functionalities on
Hydrothermally and Thermally Treated Single-Wall Carbon Nanotubes, 8534-8546. Copyright 2011,
with permission of American Chemical Society.
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Fig. D-S5.6. N2 adsorption-desorption isotherms at -196 °C of MWCNTSs subjected to hydrothermal
treatment with different HNO3 concentrations.

Fig. D-S5.7. SEM micrographs of (a) pristine (MWp) and (b) functionalized (MWf) MWCNTSs. Reprinted
from The Journal of Membrane Science, Vol. 520, Sergio Morales-Torres, Carla M.P. Esteves, José
L.Figueiredo, Adrian M.T. Silva, Thin-film composite forward osmosis membranes based on polysulfone
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supports blended with nanostructured carbon materials, 326-336, Copyright 2016, with permission from
Elsevier [License number: 4945340204301].
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Fig.D-S5.8. Recoveries obtained for methiocarb as function of (a) [Ph]/Seer and (b) [CQ]/SgkT.
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Supplementary material

Carbon xerogels combined with carbon nanotubes as an innovative sorbent in solid-phase extraction cartridges to assess the

occurrence of organic micropollutants in surface and drinking water

Table E-S6.1. Target compounds, class, structure, relative molecular mass (Mr), pKa, and log Kow values and solubility in water.

Class and sub Solubility
Compound Structure Mr pKa log Kow in water
class )
(mgL™)
Pesticide = \\ 4250
Acetamiprid @ c'@j Vi 222.68 0.70 0.80
Neonicotinoid N 25°C
/N (25°€)
Pesticide )\ 33.0
Atrazine P NN e 215.69 1.60 2.61
Triazine 2N /“\N/I\N/Lm (25°C)
Pharmaceutical }/ ' 17.7
Carbamazepine " 236.27 13.9 2.45
Psychiatric drug (25°C)
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cl

Pharmaceutical N 25
Diclofenac °© X 296.14 4.15 451
Anti-inflammatory o (25 °C)
Pesticide 70.0
Isoproturon P 4 > e, 206.28 n.a. 2.87
Phenylurea — e (20 °C)
w—(
Pesticide X LA
Metaflumizone 2¢ ' 506.41 n.a n.a n.a
Insecticide @
Pesticide SN ] o 27.0
Methiocarb @ 14.8 2.92
Insecticide ~ o)\.lm 22531 (20 °C)
-
. ﬁ\‘c/ 3.2x103
Perfluo.rgo;tégessu!fonlc Industrial compound . 500.13 -3.30 4.49
acid ( ) (25 °C)

a Contaminant of emerging concern of Decision 2018/840/EU; ° Priority substance of Directive 2013/39/EU; ¢ Contaminant of emerging

concern of the former Decision 2015/495/EU; 2 Contaminant of emerging concern of Decision 2020/1161/EU; n.a. - not available.
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Table E-S6.2. Selected variables and respective levels investigated in the definitive screening design (DSD) and Box-Benkhen design (BBD).

Selected levels

Variables
-1 0 +1
(A) mass of sorbent material (mg) 25 75 150
Definitive Screening
Design (DSD) (B) sample volume (mL) 250 500 1000
(C) sample pH 3 7 11
(D) type of solvent methanol - ethanol
(E) solvent volume (mL) 4 7 10
(A) mass of sorbent material (mg) 50 100 150
Box-Behnken
B I I L 500 750 1000
Design (BBD) (B) sample volume (mL)
(C) sample pH 3 7 11
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Table E-S6.3. Selected reaction monitoring (SRM) instrument parameters for tandem mass spectrometry analysis of target analytes.

Quantification (SRM1)

Confirmation (SRM2)

IS ESImode  Precursor
Analyte set® (NPorPI9) ion(miz) Product DPY CE® () Product DPY  CE® CXPf
lon V) V) lon V) ) )
Acetamiprid 1 Pl 222.70 126.00 -15 -20 -23 56.10 -15 -16 -22
Acetamiprid-d3 (1) - PI 226.00 126.00 -25 -20 -23 - - - -
Atrazine 2 Pl 216.00 174.00 -24.0 -16.0 -30.0 68.05 -240 -36.0 -10.0
Atrazine-d5 (2) - Pl 221.10 179.05 -11.0 -18.0 -17.0 - - - -
Carbamazepine 3 PI 237.00 194.00 -12.0 -20.0 -30.0 192.00 -120 -25.0 -30.0
Diclofenac 3 NI 293.90 250.00 21.0 11.0 17.0 214.05 21.0 20.0 22.0
Diclofenac-d4 (3) - NI 297.95 254.05 21.0 120 28.0 - - - -
Isoproturon 2 Pl 206.80 72.00 -15.0 -20.0 -29.0 46.00 -15.0 -18.0 -16.0
Metaflumizone 4 NI 505.00 302.05 36.0 18.0 21.0 116.95 36.0 43.0 22.0
Methiocarb 4 Pl 226.10 169.10 -24.0 -9.0 -17.0 121.10 -24.0 -19.0 -21.0
Methiocarb-d3 (4) - PI 229.10 169.10 -25.0 -11.0 -30.0 - - - -
PFOS 2 NI 498.70 79.95 18.0 50.0 14.0 99.00 18.0 46.0 18.0

2|S is internal standard; NI is negative ionization mode; ° Pl is positive ionization mode; ¢ DP is the declustering potential; ¢ CE is the collision

energy; f CXP is the collision cell exit potential.
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Table E-S6.4. Retention time, range, linearity, instrument and method detection, and quantification limits for each target analyte.

Analyte Re:ier:';ion Rangf 2 IDLET IQL'? MDL_C |\/|Q|__d
(min) (ng L) (Mg L) (Mg L™ (ng L) (ng L)
Acetamiprid 1.06 36.1 - 400 0.999 283 857 11.9 36.1
Atrazine 1.94 13.8 — 400 0.998 46.3 140 455 13.8
Carbamazepine 1.59 7.86 — 400 0.999 27.7 83.9 2.59 7.86
Diclofenac 2.67 5.54 — 400 0.999 31.7 96.2 1.83 5.54
Isoproturon 2.18 15.5-400 0.998 79.2 240 5.13 155
Metaflumizone 27.9 13.3-400 0.996 134 423 4.37 13.3
Methiocarb 2.73 53.5 -400 0.999 255 771 17.6 53.5
PFOS 1.88 4.83 - 400 0.997 16.4 49.7 1.59 4.83

2 |DL is instrument detection limit; ® IQL is instrument quantification limit; ¢ MDL is method detection limit; ¢ MQL is method

quantification limit.
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Table E-S6.5. Recovery, accuracy, precision (intra- and inter-batch), and matrix effect for each target analyte.

Intra-batch Inter-batch .
Recovery Accuracy . . Matrix effect

Analyte %) (%) precision precision %)

0 > RSD (%) RSD (%) 0
Acetamiprid 27.3 96.5+12.3 3.62-7.61 7.68 -38.4
Atrazine 52.0 925+9.4 10.2-11.3 13.4 -24.4
Carbamazepine 40.6 86.2+6.3 6.03 - 7.65 11.8 -7.6
Diclofenac 31.7 106 +5 2.87-3.87 4.60 -27.4
Isoproturon 34.6 83.4+95 6.30 — 6.54 8.33 -25.2
Metaflumizone 20.5 1017 7.86 —9.26 11.2 -38.8
Methiocarb 47.1 100 £ 6 5.31-6.04 5.81 -41.2
PFOS 34.3 84.3+£9.0 7.48-11.3 14.5 13.5
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Table E-S6.6. Design of trial runs (in coded form) for DSD and corresponding recovery values for the 8 target compounds. All the experiments were
performed with pristine CX samples.

Experimental Variables Recovery (%)
number A B C D E Atrazine Carbamazepine Acetamiprid Isoproturon Methiocarb Diclofenac PFOS Metaflumizone

1 + - - 0 9 6 2 6 7 7 2 1
2 + + - - + 29 29 0 21 19 23 11 8
3 + - + - + 11 8 7 6 0 2 13 5
4 0 0 0 + 0 15 16 7 9 6 3 8 20
5 + 0 + - - 13 9 6 6 0 2 23 5
6 0 + + + + 18 10 0 7 3 3 27 54
7 - + + - 0 4 3 4 0 1 10 60
8 - + - + - 0 2 0 2 55
9 - - + + - 1 0 0 0 0 2 17
10 + + - 18 13 11 8 6 3 15 36
11 - - - - 0 8 5 2 1
12 - 0 - + 12 2 4

13 - - 0 - 7 3 1 3 22
14 0 0 0 - 0 13 13 14 8 4 2 10 26

436



Appendix E

Table E-S6.7. Design of trial runs (in coded form) for BBD and corresponding recovery values for the 8 target compounds. All the experiments were
performed with pristine CX samples.

Experimental Variables Recovery (%)
number A B C Atrazine Carbamazepine Acetamiprid Isoproturon Methiocarb Diclofenac PFOS Metaflumizone
1 o - + 15 6 5 6 0 4 17 13
2 + - 20 18 5 11 17 13 3 16
3 0o + + 23 11 0 10 9 34 28
4 + - 0 41 28 13 18 2 7 8
5 -+ 0 14 8 5 7 5 3 5 69
6 o - - 9 3 8 12 8 2 7
7 -0 - 7 4 6 5 7 1 28
8 - -0 5 3 3 3 1 4 47
9 0O 0 O 14 8 5 6 5 3 8 22
10 0 0 O 15 9 5 6 6 4 9 23
11 - 0 + 12 11 5 8 0 4 15 62
12 + + 0 39 23 10 19 10 3 10 25
13 0O 0 O 26 18 8 14 8 3 21
14 o + - 11 12 5 17 32 14 12
15 + 0 + 36 15 9 15 0 6 41 15
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Acetamiprid Carbamazepine Diclofenac
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Isoproturon Metaflumizone Methiocarb PFOS

A - pe -

e

- - w W - n . ¥ i .
St (et Vomt bt 10t

Factors:

(A) mass of sorbent material (mg)
(B) sample volume (mL)

(C) sample pH

(D) type of solvent

(E) solvent volume (mL)

Fig. E-S6.1. Pareto charts representation of the standardized effects originated by the main
factors (A, B, C, D and E) for each target compound; response is recovery (%); a = 0.05. All
the experiments were performed with pristine CX samples.
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Fig. E-S6.2. Response surface and contour plots showing the effect of the mass of sorbent
material (mg) (factor A), sample volume (mL) (factor B), and sample pH (factor C) on the
recovery of metaflumizone: (a) Response surface and contour plots of recovery as a function
of factors A and B (hold value: C = 7); (b) Response surface and contour plots of recovery as
a function of factors A and C (hold value: B = 750 mL); (c) Response surface and contour
plots of recovery as a function of factors B and C (hold value: A = 100 mg). All the
experiments were performed with pristine CX samples.
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Fig. E-S6.3. N2 adsorption-desorption isotherms at -196 °C of CXs subjected to hydrothermal
treatment with different HNOs concentrations: the subscript number in CXo, CXo.01, and CXo.0s
corresponds to the concentration of HNOz (mol L2).

440



Appendix E

80

60 -

40

Recovery (%)

20+

- CXOrigina\
l:l CXo00
- CXDIH
- CX, s
Cl CXDJU
I CX; 20
] CX; a0

Fig. E-S6.4. Recoveries obtained for the target micropollutants (200 ng L-* each), when using
cartridges packed with carbon xerogel (CX; 50 mg) obtained after hydrothermal treatment
with different HNOs concentrations (0-0.30 mol L1). Experiments performed with 1000 mL of
surface water (SW; pH 7) and using ethanol as solvent (8 mL); n = 3 (RSD is represented as

70
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Fig. E-S6.5. Recoveries obtained for the target micropollutants (200 ng L each), when using
cartridges packed with CXs (50 mg) with different solvents (ethanol + 5% of NH4OH, ethanol
+ 2% of CH202, and ethanol) and two elution steps (8 + 8 mL). Experiments performed with

1000 mL of SW (pH 7); n = 3 (RSD is represented as error bars).
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Fig. E-S6.6. Recovery obtained for metaflumizone as a function of ([COz] + [CO])/SskT.
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Fig. E-S6.7. Recoveries obtained for the target micropollutants (200 ng L each), when using
cartridges packed with different carbon materials: multi-walled carbon nanotubes (MWCNTSs),
CXs and multi-layer (bottom: 25 mg CXs; top: 25 mg MWCNTS). Experiments performed with
the optimized procedures for each type of sorbent; n = 3 (RSD is represented as error bars).
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