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Abstract

Contaminants of emerging concern (CECs) show great environmental concern due to
their potential toxicity and persistence. More and more are detected every year; they
became ubiquitous as anthropogenic activities increase. Their harmful effects were shown
on aquatic organisms and human health. Conventional wastewater treatment plants do not
fully remove CECs, as they were not designed to eliminate these pollutants. Developing
and understanding novel water treatment approaches is essential to improve water quality
and protect the environment. Processes based on irradiation with light are very promising
in this way. It is of high interest to evaluate the formation of potential photoproducts
and their related toxicity; this also helps understanding sunlight-induced transformation

mechanisms of contaminants in the environment.

The aim of this project was to apply different approaches to study the photodegradation of
contaminants. Firstly, a laboratory modeling approach was employed to five contaminants:
benzisothiazolinone, naproxen, perfluorooctanoic acid, maprotiline, and enrofloxacin. Di-
rect photolysis and advanced oxidation processes, such as peroxide/UV, photocatalysis,
photosensitizers, and Fenton reactions were employed. They were either carried out under
laboratory conditions in ultrapure water or on a pilot plant scale in secondary treated
wastewater to model realistic conditions and study the matrix effect. The photodegra-
dation efficiencies were studied using LC-MS analysis and UV-Vis spectroscopy. As min-
eralization is rarely achieved, LC-MS measurements were performed for the untargeted
detection of photoproducts on an ultrahigh-resolution FT-ICR mass spectrometer. This
made the accurate identification of molecular formulae possible; structural elucidation
of numerous photoproducts was achieved owing to MS® experiments. Based on these
structures, in silico toxicity calculations were performed to obtain information on their
potential toxic effects. In parallel, in vitro bioassays were used to study the mixture’s tox-
icity at each step of the photodegradation reaction. Through this approach, the scientific
achievements include assessing the fate of contaminants, proposing and optimizing viable

photodegradation processes, and elucidating photochemical reaction pathways.



In parallel with the modeling approach, a non-targeted analytical approach was used
to study complex mixtures. Direct infusion mass spectrometry was employed to detect
thousands of molecular ions and assess their formulae accurately. To better process these
datafiles, SPIX software was developed. One of its features is to find all the ions that
undergo changes between two conditions. The other feature includes comparing a series
of conditions, proposing kinetic models for each of them individually. The exportation
of statistically relevant changes and further data processing was carried out. The soft-
ware’s application and mathematical background are presented through the analysis of
contaminants in complex matrices, such as secondary treated wastewater and natural or-
ganic matter. The extension of the software to process 3D LC-MS datasets represents
the latest developments. This software helped with rapid data processing; it is innovative
and unique in studying molecules’ kinetics in complex samples. The holistic approach
provided by SPIX constitutes a complementary tool to modeling approaches; it allows to
detect and monitor relevant reactions in very complex media and contributes to reducing

operator-related subjectivity during results interpretation.



Résumé

Les activités humaines entrainent la contamination des ressources en eau et les
usines conventionnelles de traitement des eaux usées n’éliminent malheureusement pas
completement les contaminants d’intérét émergent. Nous avons étudié les effets de
procédés d’oxydation avancés, en particulier induits par la lumiere, sur la dégradation
de ces polluants en matrices aqueuses. Ces procédés dégradent efficacement les contami-
nants d’intérét mais engendrent des sous-produits potentiellement toxiques. Les structures
des produits de dégradation ont été élucidées et des tests de toxicité ont été menés, dans le
but d’évaluer 'intérét d’approches photochimiques pour éliminer certains contaminants.
La deuxieme partie de cette these présente le logiciel SPIX, développé dans le cadre de
ces travaux, qui aide au traitement des données complexes issues de spectrométrie de
masse a tres haute résolution. Celui-ci a été appliqué avec succes a I’étude d’échantillons

environnementaux complexes ayant subi des réactions induites par la lumiere.

Les contaminants d’intérét émergent (CECs) constituent une source importante de
préoccupation en raison de leurs effets toxiques potentiels et de leur persistance dans
I’environnement. Leurs effets nocifs ont été démontrés sur les organismes aquatiques
et la santé humaine. D’avantage de CECs sont détectés chaque année ; ils deviennent
omniprésents a mesure que les activités anthropiques augmentent. Les CECs sont mal
éliminés par les usines conventionnelles de traitement des eaux usées, celles-ci n’ayant
pas été congues pour gérer ces polluants. Il est ainsi essentiel d’élaborer de nouvelles ap-
proches de traitement pour améliorer la qualité des eaux et protéger I’environnement. Les
procédés basés sur lirradiation par la lumiere sont tres prometteurs dans ce domaine. I1
convient néanmoins de considérer la formation de photoproduits potentiels et la toxicité
de ces derniers. Ce type d’étude vise également a comprendre les mécanismes photoinduits

de transformation des contaminants en matrices environnementales.

Un des objectifs de ce projet était de comparer différentes approches pour étudier la
photodégradation des CECs. Une approche de modélisation en laboratoire a d’abord
été appliquée a cinq contaminants. La photolyse directe et certains procédés avancés
d’oxydation, tels que l'irradiation UV en présence de peroxyde ou de photo-sensibilisants,
la photocatalyse hétérogene ou des réactions de Fenton, ont été employés. Les expériences

ont été réalisées en conditions de laboratoire dans de ’eau ultrapure, ou a 1’échelle d'une
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usine pilote dans des eaux usées traitées secondaires, afin de modéliser des conditions
réalistes et d’étudier I'effet matriciel sur la dégradation. L’efficacité de la photodégradation
a été suivie par LC-MS et spectroscopie UV-Visible. La minéralisation des polluants étant
rarement atteinte, des analyses non ciblées ont été réalisées sur un spectrometre de masse
FT-ICR a tres haute résolution. Cela a rendu possible l'identification précise des for-
mules moléculaires alors que 1’élucidation des structures des photoproduits a été conduite
par MS2. Des calculs in silico ont été effectués a partir des structures des photoproduits
pour évaluer leurs effets toxiques potentiels. Parallelement, des tests in vitro ont permis
d’étudier la toxicité du mélange a chaque étape de la réaction de photodégradation. Cette
approche a permis d’évaluer le devenir des contaminants, de proposer et optimiser des

procédés de photodégradation efficaces et d’élucider les mécanismes réactionnels associés.

Parallelement a la modélisation, une approche analytique non ciblée a été utilisée pour
étudier des mélanges complexes. La spectrométrie de masse a été employée en introduc-
tion directe pour détecter des milliers d’ions moléculaires et déterminer leurs formules
avec précision. Le logiciel SPIX a été développé pour extraire les informations perti-
nentes de ces données complexes. Une de ses caractéristiques est d’extraire les ions qui
subissent des changements d’intensité signifcatifs entre deux conditions. Il permet par
ailleurs de révéler I’évolution d’une série de conditions, proposant des modeles cinétiques
associés. L’exportation de données statistiquement pertinentes et leur traitement ont été
réalisés. L’application du logiciel et les principes mathématiques associés sont présentés
au travers de l’analyse des contaminants dans les matrices complexes, telles que les eaux
usées traitées secondaires et la matiere organique naturelle. Le traitement de jeux de
données 3D LC-MS constitue le dernier développement du logiciel. Ce dernier est inno-
vant et unique pour I’étude de la cinétique de réactions inconnues dans des échantillons
complexes. L’approche holistique fournie par SPIX constitue un outil complémentaire aux
approches de modélisation; il permet de détecter et de surveiller les réactions pertinentes
dans des média tres complexes et contribue significativement a réduire la subjectivité de

I'opérateur.
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Introduction

This PhD project is part of the AQUAIlity project, a Marie Sklodowska Curie Actions
(MSCA) —Innovative Training Network (Call: H2020-MSCA-ITN-2017), project n. 765860.
Various European research institutes, universities, and industrial partners participate in
this project with a common goal: developing innovative approaches for the abatement of
contaminants of emerging concern (CECs). The first aspect was to bring interdisciplinary
expertise regarding their detection, toxicity, and photochemical fate and perform risk
assessment. Secondly, photochemical approaches applicable for removing CECs, such as
advanced oxidation processes, were studied, considering complex environmental matrices.
Thirdly, novel membrane technologies were developed for their removal. These viewpoints
will help in the global understanding of the issues of CECs and propose viable solutions
for their abatement while minimizing risks of toxic by-products generation. Hopefully,
this project will impact regulations and the implementation of novel decontamination

solutions on an industrial scale.

Fifteen early stage researchers (ESRs) were enrolled in the project and worked in close
collaboration that resulted in numerous scientific publications. During the dynamic PhD,
secondments were carried out to bring a cross-sectoral approach involving universities,
research centers, and industrial partners. For efficient information exchange, seven project
meetings were organized within the consortium. These were also connected to workshops

and summer schools to ensure scientific training of the ESRs.

The core of this work was performed at Ecole Polytechnique, aiming at studying the
photodegradation of contaminants of emerging concern. Firstly, a modeling approach was
employed, where the goal was not only to assess the photodegradation efficiency but also
to assess photochemical transformation mechanisms. The photochemical reactions were
followed by LC-MS and GC-MS analysis, and tandem MS experiments were performed
to elucidate the structures of the formed photoproducts. While this resulted in accurate
structural information and mechanistic pathways, it is a time-consuming method, and it is
challenging to consider all the parameters impacting photochemical reactions, such as the
influence of complex matrices. To obtain a holistic overview of these processes, the capa-
bilities of high-resolution mass spectrometry were utilized, and a software was developed

to extract relevant information from the resulting big data. This was a novel approach
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that works by analyzing highly complex datasets and finding statistically relevant changes

that occur throughout a reaction.

During the project, my first secondment was carried out at the Institut de Chimie de
Clermont-Ferrand (ICCF), France, under the supervision of Dr. Claire Richard. Their
expertise is mainly in the field of photochemistry; therefore, it laid down the basis for good
practices in carrying out photochemical experiments. This is essential as different factors,
like pH, solvent, contaminant concentration, irradiation wavelength, highly influence the
photochemical reaction outcomes. It helped to understand how to select and optimize
photochemical reaction parameters and monitor them using various analytical techniques,

such as UV-Vis spectroscopy, ion chromatography, and pH measurements.

Three months were spent at FACSA, a company in charge of water management in Spain.
The secondment was conducted at a wastewater treatment plant (Alhama de Murcia),
under the supervision of Francisco Valero, who is the plant’s leading engineer. The task
was to focus on applying advanced oxidation processes under realistic conditions in a pilot
plant and understanding how conventional wastewater treatment plants operate. This
showed the industrial approach for the removal of contaminants and viable applications
on a large scale. By performing the reactions in a pilot plant, the effect of secondary treated
wastewater was studied. This is important as many advanced oxidation processes work
well on a laboratory scale but fail under realistic conditions, as reaction hindrance can
occur, primarily due to the complexity of the water matrix. Robust analytical methods are

necessary that can be easily used and rapid to assess the quality of wastewater efHuents.

The third secondment was carried out at Universita degli Studi del Piemonte Orientale
“Amedeo Avogadro” (UPO) in Alessandria, Italy. The scope of this secondment was to be-
come familiarized with data processing methods, basic programming skills, and statistical
analysis in Matlab, thanks to the mentorship of Dr. Elisa Robotti. These are key compe-
tencies, as the modern, highly performant analytical instruments generate large amounts

of complex datasets, and it is essential to extract relevant information from them.

The last secondment was conducted at Societa Metropolitana Acque Torino S.p.A (SMAT)
in Turin, Italy, in a research center connected to a drinking water treatment plant under
Rita Binetti’s supervision. The aim was to understand drinking water treatment processes
and carry out a sampling campaign. The sample extractions were performed using multiple
extraction methods, thus minimizing the loss of compounds for non-targeted analysis. The
samples were analyzed by LC-MS, and some potential disinfection by-products were found.
At the time of writing this thesis, the data analysis was not completed; therefore, the
results of the secondment are not presented in the thesis, but future scientific publication

is planned.
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This thesis is divided into five chapters. The core of the results is presented through
scientific articles. The first chapter provides a general overview of the issue of contaminants
of emerging concern and their regulations. This is followed by the introduction of the
concept of photochemistry. The photochemical reactions of organic molecules and the
applicability of photodegradation processes are discussed as a possible way to remove
contaminants. The second chapter is devoted to materials and methods; photochemical
setups and toxicity tests are presented. The performance of high-end mass spectrometry
for non-targeted analysis and its capabilities to generate high-resolution datasets from

complex environmental samples is discussed.

The presentation of the results is divided into three chapters (3 to 5), based on differ-
ences in photochemical or analytical approaches. The third and fourth chapters cover the
modeling approach, which consists of submitting the studied molecules to light-induced
irradiation or advanced oxidation processes under laboratory or pilot plant conditions.
This allows working with micropollutant concentrations higher than under environmental
conditions, which reduces matrix effects and favors the detection of potential degradation
products. The purpose of such studies is to obtain information on the photodegrada-
tion efficiency and the formation of photoproducts and intermediates. By elucidating the
phototransformation products’ structures and determining their persistence, it is possi-
ble to assess their potential risks and toxic effects. In these two chapters, considerations
are discussed regarding the photochemical and analytical parameters, and light-induced
degradation of five different molecules from various micropollutant families is reported.
These compounds were selected based on recommendations by the NORMAN network,
frequent detection, potential harmful effect, and previous expertise of the LCM, consid-
ering different families of compounds. Most of these studies were part of collaborations
within the AQUAlity consortium institutes, with a common goal to improve knowledge
on the photochemical reactions of CECs and their consequences. Throughout the whole
study, non-targeted analytical approaches have been employed to extract a maximum
amount of information. The third and fourth chapters, however, encompass commonly
employed data analysis approaches: characterizing the photoproducts one by one owing
to HRMS measurements and tandem mass spectrometry experiments. The fifth chapter
introduces an innovative data analysis approach that aims to gain a holistic overview of
the changes occurring in a complex matrix with a new software developed by our group. In
this work, the vast majority of the analytical information was obtained from an ultrahigh-
resolution FT-ICR mass spectrometer, thus gaining a large amount of high-quality analyt-
ical information that had to be processed methodically. Overall, important advances were
achieved in understanding photodegradation mechanisms, assessing potential harmful ef-

fects of photoproducts, and extracting relevant information from non-targeted datasets.
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1.1 Context and molecules

1.1.1 The concept of contaminants of emerging concern

Water management is one of the most pressing societal challenges of the 21% century.
Clean water is essential for human life, agriculture, and a healthy ecosystem. The fol-
lowing part contains a short overview regarding contaminants of emerging concern, their
number, nature, and the pursuit for their regulations, focusing on the aspects relevant to
this project. Increased human consumption, overuse of aquifers, natural calamities, and
climate change are reasons behind water scarcity. It is essential to value the existing water

resources and recycle wastewater to attain sustainability goals.

Contaminants of emerging concern are defined as anthropogenic chemicals or substances
of natural origin, which are currently not regulated but might be submitted to future
regulations because they can pose risks to human health or the environment, as their
persistence or toxicity might alter the metabolism of a living being [1]. These are not
necessarily new contaminants; emerging data on legacy compounds can also introduce
new regulations or make the existing ones stricter. It is an extremely complex field of
study, as 100 million chemicals are registered in the Chemical Abstract Services (CAS)

database, and this number increases each year.

The occurrence of emerging pollutants is an important subject of investigation worldwide.
Many surveys and studies have been conducted on the topic to better understand their

presence and environmental impact [2H6].

More than one-third of Earth’s accessible renewable freshwater is exploited for agricul-
tural, industrial, and domestic use, these activities leading to water pollution. Every year
around 300 million tons of synthetic compounds of industrial origin and consumer prod-
ucts end up in natural waters. This number is 140 million tons for agricultural chemicals
[7]. A considerable quantity and variety of pollutants are transferred to wastewater, orig-
inating from hospitals, households, and industries. As conventional wastewater treatment
plants (WWTPs) were not designed to remove persistent organic pollutants, they repre-
sent an important environmental contamination source [8]. In the European Union, 30,000
to 70,000 chemicals are in daily use (EINECS, European Inventory of Existing Chemi-
cal Substances) [9]. More than 700 contaminants, their metabolites, and transformation
products were detected in the European aquatic environment, assessed into 20 categories

based on their function and origin [10].

Contaminants of emerging concern encompass a wide range of compounds with different
physical and chemical properties. The use/function of these contaminants also covers a

broad range of products: pharmaceutical and personal care products, illicit drugs, hor-
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mones, steroids, perfluorinated chemicals, disinfection by-products, flame retardants, ar-
tificial sweeteners, nanomaterials, pesticides, veterinary products, industrial compounds
and by-products, food additives, UV filters... Their sources can be either point-sources
(spatially discrete, constrained spatial extent: industrial effluents, municipal sewage treat-
ment plants, and combined sewage- storm-water overflows, resource extraction, waste dis-
posal sites, buried septic tanks, etc.) or diffuse sources of pollution (poorly defined, broad
geographical scale: agricultural runoff from bio-solids and manure sources, storm-water
and urban runoff, leakage from reticulated urban sewerage systems, diffuse aerial deposi-
tion, etc.). Usually, the concentrations of emerging pollutants are not too high, although

in some cases, it can be significant (> 100 ng/1) |11} 12].

The large number and variety of CECs are challenging in terms of regulations, as there is
a need for prioritization which itself raises many questions: what kind of quality criteria
should be followed - especially in the cases where only limited information is available,
which compounds should be targeted, how to take into account spatiotemporal factors
and so on. There are “true or really new” contaminants that recently appeared in the
scientific literature, contaminants of emerging interest, previously described but whose
environmental impact is not fully understood, and emerging issues appearing about ex-
isting chemicals. CECs emerged as epidemiology has improved, and harmful effects have
been demonstrated at lower concentration levels, leading to a dynamically changing field
[13]. For instance, organophosphate pesticides have been replaced by glyphosate, neoni-
cotinoid, and pyrethroid pesticides in the early 2000s. Since then, neonicotinoid pesticides
have been banned in the EU due to their harmful effect on pollinators, particularly honey
bees. The scientific community is extensively studying the toxic effects of glyphosate; re-
strictions or bans were recommended and implemented against its use in some European
countries [14-16]. When a compound starts raising concerns, data is acquired on its en-
vironmental effects, ecotoxicity, and human toxicity. As sufficient evidence and data are
accumulated about harmful effects, governments establish or re-evaluate guidelines, cri-
teria, or regulations. CECs should remain emerging until there is not sufficient scientific
data and documentation about potential problems. Not all the CECs will be harmful, but

the aim is to gather conclusive data to accurately evaluate and assess risks.

Richardson et al. publish biennial reviews titled “Emerging Contaminants and Current
Issues.” These reviews cover the emerging contaminants, regulations, toxicological data,
and advances in analytical chemistry; the last one covers the period between 2017-2019.
At the beginning of the 2000s, pesticides were the most studied organic environmental
contaminants and, despite regulations, continue to pose a relevant risk due to their em-
ployment in large quantities [17]. There are more than 3000 pharmaceutical substances,
such as painkillers, antibiotics, lipid regulators, antidepressants, and a substantial amount

are entering the water bodies [18]. The testing of their specific environmental effects is still
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limited due to their high number, but estrogenic effects [19], renal alterations [20], and
behavioral changes |21] in aquatic animals were reported in the literature. An unintended
consequence of eliminating pathogens from drinking water is the formation of disinfection
byproducts, bearing potential harmful effects for human health, such as carcinogenicity
and inducing miscarriage [22]. Every year more and more contaminants emerge as data is
becoming available, antibiotics leading to the formation of antibiotic-resistant genes being
the most recent addition. It is indisputable that the field of contaminants of emerging con-
cern is extremely dynamic, caused by the continuous increase in chemical manufacturing,
together with the advances in highly sensitive, accurate instrumentation and toxicological

assessment methodologies, and the expanding availability of monitoring data [23].

1.1.2 Guidelines and regulations on water quality

In the following section, a brief introduction to the timeline of European regulations
regarding water quality and contaminants of emerging concern is presented, as it is of
particular interest for the AQUAlity project. National agencies, such as the USA Envi-
ronmental Protection Agency (EPA), and global organizations, for example, the United
Nations Environment Programme (UNEP) and the World Health Organization (WHO),
exist to provide guidelines and regulations regarding water quality. European regulations
are generally more advanced and complex, taking into account contaminants of emerg-
ing concern, despite the fact that their detection and removal requires state-of-the-art

technologies and are costly.

EU water framework directive was established in 2000. Under the directive 2000/60/EC,
different goals were set as a summary of previously held seminars, communications, writ-
ten policies to ensure the water quality and avoid long-term deterioration of the European
water bodies. The aim is sustainable management and protection of freshwater sources.
The primary approach should be preventive in nature. Early and long-term protective
measures should be implemented, considering their economic viability and the achieve-
ment of the environmental quality standards. Scientific and technical environmental data
should be used for monitoring, risk assessment, elimination of priority hazardous sub-
stances, and ultimately ensuring the progressive reduction of pollutants. Hazardous sub-
stances are defined as ‘substances or groups of substances that are toxic, persistent and
liable to bio-accumulate, and other substances or groups of substances which give rise to

an equivalent level of concern’ [24].

Decision No 2455/2001/EC of the European Parliament and of the Council provided the
first list of 33 priority substances based on combined monitoring-based and modeling-
based priority setting (COMMPS) scheme, introduced in Directive 2000/60/EC. This

method takes into account the intrinsic hazard of the compounds (ecotoxicity, human
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toxicity), presence in the environment, and other factors such as production and con-
sumption. The list includes both contaminants of anthropogenic origins, like pesticides,
flame-retardants, industrial precursors, and naturally occurring compounds, such as met-
als and polycyclic aromatic hydrocarbons (PAHs). Emissions, discharges, and losses into
water bodies should be phased out for the priority substances originating from human
activities. For the naturally occurring substances, background values should be achieved
[25].

The Directive 2008/105/EC endorsing and amending the previous Directives gives a higher
focus on pollution control, environmental quality standards (EQS), and the effects of
chemical pollution, which should be halted at the source. Acute and chronic toxicity to
aquatic organisms, biodiversity loss, accumulation of pollutants in the ecosystem, and hu-
man health risk are considered. In Annex II of the directive, EQS are listed for 33 priority
substances, including their annual average and maximum allowable concentrations. The
need is recognized for high-quality monitoring data on the contaminants in the European

Union’s aquatic environment [26].

The directive 2013/39/EU highlights the high cost of wastewater treatment, indicating
that the development and implementation of innovative treatment technologies should be
supported. In a review of the priority substances, new substances were identified, for which
the EQS values were set, and some of the existing EQS values were revised; pesticides and
perfluorooctane sulfonic acid and its derivatives were added to the list. Pharmaceuticals
in water and soils were considered as contaminants of emerging concern. The minimum
performance criteria for analytical instruments are discussed to obtain relevant environ-
mental data. Persistent, bioaccumulative, and toxic substances (PBTs) are among the
priority substances, as they are present at levels of significant risk, capable of long-range
transport, and ubiquitous in the environment. Additional monitoring of substances with
PBT-like behavior is encouraged, including spatial and temporal parameters in the mon-
itoring. High-quality monitoring data and toxicity tests are required for the prioritization
of suspect substances [27]. Under the directive of 2013, a dynamic watch-list was pro-
posed to facilitate future prioritization that should include between 10 and 14 substances
or groups of substances and be updated every 24 months. Diclofenac, 17-beta-estradiol
(E2), and 17-alpha-ethinylestradiol (EE2) were selected for the first list together with 7
other pollutants or classes of pollutants; the description of their identification procedure
was presented in a Joint Research Center technical report. This procedure includes data
collection, predicted no-effect concentration calculations, and risk characterization. The
selected substances pose a significant risk to the aquatic environment (hazard and ex-
posure) and lack monitoring data. Compounds belonging to the classes of neonicotinoid
and carbamate pesticides, fungicides, fire retardants, and antibiotics were identified as

potentially hazardous [28§].
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According to Article 8c of the Priority Substances Directive (2008/105/EC), as amended
by Directive (2013/39/EU), the European Commission proposes a strategic approach on
microbial resistance caused by pharmaceutical substances. This is similar to the com-
mitment made in 2017 by the Assembly of the United Nations and WHO. It refers to
pharmacovigilance legislation to assess the extent of the water and soil pollution problem

regarding pharmaceuticals and personal care products (PPCPs) [29].

Another noteworthy regulation of the European Union, REACH (Registration, Evalu-
ation, Authorization, and Restriction of Chemicals), entered into force in 2007, aiming
at lowering the risks posed by chemicals for human health and the environment [30]. It
encompasses industrial chemicals but also substances used in households. REACH estab-
lishes protocols for risk assessment by collecting information on the properties and hazards
of substances. Their databases contain valuable information on many compounds. This
will influence future regulations to improve water quality, preserve biota, and protect

human health.

The French regulations on water quality for human consumption and raw water are gov-
erned by the public health code CSP (Articles L. 1321-1 to 1321-10 and R. 1321-1 to
1321-68). France applies European directives into its national law regarding the water
and sanitation field. The quality limits of water intended for human consumption are the
same as those proposed in the council directive 98/83/EC. As an example, the directive
indicates an individual pesticide quality limit value of 0.1 pg/L. Exceptions are aldrin,
dieldrin, heptachlor, and heptachlor epoxide, with a lower parametric value of 0.03 pg/L.
For the sum of pesticides and their relevant metabolites, the quality limit is 0.5 pg/L [31].

Financed by the European Commission, the NORMAN network was established in 2005,
being a network of reference laboratories, research centers and related organisations for
monitoring of emerging environmental substances. The network aims to improve data
collection, enhance information exchange on emerging substances, and standardize mea-
surement methods. Problem-oriented research has to be ensured with a focus on tailored
solutions for specific needs. INERIS is a partner of the AQUAlity project and is part of
the NORMAN network. In the framework of the 3™ AQUAIlity winterschool and meeting,
INERIS organized a workshop on substance prioritization. As a result of this fruitful event,
a report was drafted to identify challenges and solutions, titled “Contaminants of Emerg-
ing Concern in Urban Wastewater Joint NORMAN and Water Europe Position Paper”
[32]. It encompasses a series of recommendations for the Urban Waste Water Treatment

Directive of the European Commission.

It is important to highlight that these lists have to be remarkably dynamic, as the number
of existing substances and their detection in the environment follows an increasing trend
and new information regarding their risk and toxic effects continuously comes to light.

This results from scientific expertise, advances in analytical and toxicological experiments,
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and an intensified interest from stakeholders. To achieve the water quality goals, provide

clean water to all, and protect the environment, large-scale collaborations are essential.

1.1.3 Compounds selected for the present study

The modeling approach consists of performing in-lab photodegradation reactions on in-
dividual compounds or on a limited number of molecules (e.g., a marketed product con-
taining the active ingredient), therefore a few compounds had to be selected from the
myriad of existing contaminants of emerging concern. For this reason, the NORMAN
list of CECs was examined; it contains 1036 compounds, including the most frequently

discussed emerging substances and pollutants.

In the framework of the AQUAlity project, 41 contaminants of emerging concern were
selected to study their presence in the environment, photochemistry, potential advanced
elimination technologies, and toxicity. These contaminants were chosen based on a priori-
tization performed by INERIS. This was a simplified version of the NORMAN approach;
the substances were ranked using a score calculated from key indicators such as expo-
sure, hazard, persistency, bioaccumulation, and mobility [33, |34]. Furthermore, during
the Workshop on the Prioritization of CECs in Urban Wastewaters, organized within the
AQUAIity project, additional CECs were suggested to be studied. In the framework of this
PhD project, the studied compounds from the proposed NORMAN list were: perfluorooc-
tanoic acid, perfluorononanoic acid, imidacloprid, acetamiprid, and maprotiline. Other
studied CECs were selected based on their relevant environmental concentrations, risk or
toxic effects: naproxen, benzisothiazolinone, enrofloxacin, amitryptiline, and gemfibrozil.
Five contaminants were selected for detailed photochemical studies and are introduced
below. Extensive information and literature review about benzisothiazolinone, naproxen,

and maprotiline is presented in the results chapter within the published articles.

In addition to their relevance in terms of environmental presence and potentially harmful
effects, these molecules were also selected to increase our group’s level of expertise in pho-
todegradation mechanism elucidation. The compounds were selected to represent different
classes of compounds with a variety of functional groups. Understanding the formation of
the photoproducts was challenging and helped us deepen our knowledge in photochem-
istry and interpretation of MS fragmentation patterns. They also show different kinds of

biological activity, therefore adequate toxicity testing approaches were essential.

Benzisothiazolinone

Benzisothiazolinone (Figure [1.1.1]), a preservative and antimicrobial agent, was the first
compound selected, as it is of high interest for our working group due to an obvious lack of

information regarding its photodegradation mechanism. The LCM plans future works on
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benzisothiazolinone photodegradation in mixture with other pesticides, as this compound
is often marketed in solution with active substances. Being in a mixture could alter the

photodegradation kinetics of the present compounds or the nature of the photodegradation

products.
O
/NH
S
Figure 1.1.1: Molecular structure of benzisothiazolinone
Naproxen

Naproxen (Figure , another candidate molecule on the NORMAN list of emerg-
ing pollutants, is a nonsteroidal anti-inflammatory drug. This compound was selected
due to its extensive consumption and high detection frequency in the environment. The
photodegradation of naproxen was previously studied, although only a simplified mecha-
nistic pathway was suggested for the reaction that was mainly focused on the degradation

kinetics, without in-depth structural elucidation of photoproducts [35].

. OH
OO )
|

Figure 1.1.2: Molecular structure of naproxen

Maprotiline

The latest update of the NORMAN list was in 2016. Since then, an additional 40 000
compounds are being investigated and prioritized. Maprotiline (Figure , an anti-
depressant drug, is one of these compounds, and it was classified with “Sufficient frequency
of appearance.” The description of its prioritization process will be presented in one of
the publications presented in this manuscript. Besides being a new CEC, with a limited
amount of information regarding its behavior and potential risks, it was also chosen due

to its symmetrical structure, making the elucidation of photoproducts more challenging.
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Figure 1.1.3: Molecular structure of maprotiline

Perfluorinated compounds

Perfluorinated compounds, also known as per- and polyfluoroalkyl substances (PFAS),
consist of a hydrophobic carbon backbone to which fluorine atoms are bound, and a
hydrophilic end group. Since the carbon-fluorine bond is the strongest covalent bond,
these substances show high thermal, chemical, and biological inertness; moreover, fluo-
rochemicals are resistant to many photodegradation processes, bacteriae, oxidants, acids,
and bases [36]. They are high-temperature and fire-resistant, non-wetting, non-stick, inert,
and surface-active chemicals. Due to their attractive properties, this class of compounds is
widespread in the industry as intermediates or additives in manufacturing processes (Fig-
ure . Furthermore, they are commonly found in consumer products and household
utensils (cookware, clothes, carpets, etc.) and professional equipment (military uniforms,
fire-fighting foams, etc.) as they provide great water and grease repellent characteristics.
They are also used as additives in paints, ink, water-repellent products, and motor oil
[37].

These perfluorinated organic molecules are used in the industry since the 1950s, but due
to a lack of sensitive instrumentation and toxicological data, they have been recognized as
contaminants only in the 2000s. Since they are polar or have high molecular weight, the
development of ESI-MS, advances in LC-MS, and improved sensitivity of these analytical
techniques, largely helped in their detectability. Due to their hydrophobic/hydrophilic
nature and the aforementioned carbon-fluorine bond strength, they are extremely stable

in the environment, resulting in their persistence and bioaccumulation.

The two most commonly studied and detected compounds are perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonate (PFOS) (Figure [39]. An early investigation
of the analysis of perfluorinated surfactants was conducted in Germany, in which these
substances were detected in surface and drinking waters, with a maximum of 519 ng/L
of PFOA in drinking water [40]. In France, a national screening study carried out on raw

and tapwater samples of ten different perfluorinated compounds concluded that out of the
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Figure 1.1.4: The lifecycle of perfluorinated compounds

441 samples, 27% of them contained PFOS, but the investigation did not conclude any
heavily contaminated site . Other European countries reported as well the presence
of perfluorinated compounds in various water body samples, notably in drinking water
[42H46]. A study was conducted on the riverine discharge of perfluorinated carboxylates
from 14 major European rivers; the Po river was accounted for the majority of the PFOA
discharge . Besides their detection in water, perfluorinated compounds were also de-
tected in a wide diversity of matrices such as fish [45 48], human blood [49, [50], and
human breast milk [51]. The detection of these compounds, especially PFOS and PFOA,
from various media and locations, indicates their bioaccumulation in the ecosystems and

the global nature of the contamination.

Data on toxicity related to human health is sparse because, until the 1980s, chemically
inert molecules were wrongly considered as certainly benign and biologically inactive.
Evidence of toxic effects in humans arises mainly from epidemiologic and observational
studies, but these are limited as long-term adverse effects are difficult to determine ,
. Cyto- and potential developmental toxicity was shown for shorter chain perfluori-

nated substances in human stem cells [54]. A review of the wide range of toxicological
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studies performed mainly on rats summarized the multitude of potential adverse effects
such as developmental toxicity, carcinogenicity, hepatotoxicity, neurotoxicity, endocrine

disruption, and immunotoxicity [55].
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Figure 1.1.5: Molecular structure of perfluorooctanoic acid (left) and perfluorooctane sulfonate
(right)

Due to their ubiquity, persistence, and potentially harmful effects, perfluorinated com-
pounds are being progressively regulated both on the international and EU levels. In the
European Union, perfluorooctane sulfonic acid and its derivatives are considered persis-
tent organic pollutants, and their content in the waste cannot exceed 50 mg/kg [56]. A
review of the directive 98/83/EC proposed a limit value of 0.1 pg/L for a sum of 20 indi-
vidual PFAS in water and a value of 0.5 ng/L for total PFAS concentration [38]. According
to the Water Framework Directive, only PFOS and its derivatives are currently listed as
priority hazardous substances concerning surface water bodies [57]. Stricter regulations
are envisaged as more evidence of toxicological data is prevailing, although the multi-
tude of compounds in the family of perfluorinated substances impedes a comprehensive

regulatory system.

Numerous studies indicate that conventional WW'TPs do not remove these substances.
This is a prominent issue, especially in industrial wastewater, where the concentrations are
higher than in raw waters [43], 45, |58|. Due to their chemistry, very few removal methods
proved to be efficient, as they required harsh conditions, elevated costs, and difficulties
arose in the up-scaling from laboratory to industrial scales. Another issue is that most
of the studies report partial defluorination and break down of precursors, but complete
mineralization is rarely achieved. Advanced oxidation approaches with promising efficiency
include removal by vacuum ultraviolet light (at 185 nm) [59], photocatalysis [60], and UV-
Fenton system [61]. In the framework of the secondment conducted under the supervision
of Dr. Claire Richard at Institut de Chimie de Clermont Ferrand (ICCF), PFOA was
subjected to degradation under UV-Vis light in a mixture with molecules that can act
as photosensitizers. Due to the abovementioned extreme persistence and stability of this
class of compounds, irradiation at wavelengths above 300 nm proved inefficient in their

decomposition, even when potential photosensitizer molecules were added to the mixture.

Enrofloxacin

Around 3000 compounds exist as pharmaceutical ingredients [62]. A subset of these com-

pounds are antibiotics, which show, among other potential adverse effects, a specific en-
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vironmental and human health issue, namely the development of antibiotic-resistant bac-
teria and antibiotic-resistant genes. This was not only the result of their intensive use in
humans but also of their common application for livestock as a preventative approach.[23|
Antibiotic resistance becomes an issue when antimicrobial drugs are no longer efficient in
treating infectious diseases, leading to approximately 33 000 deaths per year in Europe

alone [63].

Enrofloxacin (Figure is a fluoroquinolone antibiotic used for veterinary purposes;
it achieves its biological activity by inhibiting the bacterial DNA gyrase. 3,6 tons of flu-
oroquinolone antibiotics are sold every year in France only, as they are broad-spectrum
bactericides, effective against Gram-positive and Gram-negative bacteria [64]. Compounds
from this class of antibiotics were detected in wastewater effluents in France, Italy, Ger-
many, Switzerland, the USA, and Canada [65H67|. Enrofloxacin was detected in animal
farm effluent, river, and pond water in China [68]. It was also present in tap water at
96 ng/L concentrations [69]. In Japan, fluoroquinolone-resistant genes were discovered
in aquatic media. They are contributors to the development of antimicrobial resistance,
besides metals and general waste discharges |70} |71]. Besides the risk of inducing an-
tibiotic resistance, enrofloxacin demonstrated toxic effects on photoautotrophic aquatic
organisms, such as green algae [72]. Phytotoxic effects of enrofloxacin were shown in crop
plants, and their monitoring should be implemented due to potentially damaging effects

on genetic structures of non-target populations [73].

0} O

L

Figure 1.1.6: Molecular structure of enrofloxacin

The photodegradation of enrofloxacin (550 pg Lt starting concentration) by sunlight was
studied in natural waters, and it has been established that the parent compound degraded
within 1 hour under such conditions. Moreover, some of the structures of the main pho-
toproducts were elucidated. The photodegradation was the most efficient at pH 8, where
the molecule is in zwitterionic form [74]. Another study confirmed this rapid degradation
in river water and synthetic wastewater matrices and reported that the photodegrada-
tion pathway was pH-dependent [75]. Therefore natural irradiation-induced degradation
is a potential method of remediation in surface waters. The question is whether miner-
alization is achieved; if not, the extensive characterization of photoproducts in terms of

structure, persistence, and toxicity is necessary. Indeed, when enrofloxacin was submitted
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to photoirradiation under simulated sunlight conditions, only 13% of mineralization was
achieved, and toxicity testing on Vibrio fischeri indicated the formation of phototransfor-
mation products with higher toxicity than the parent molecule |76]. On the other hand,
when an advanced oxidation process involving UV /persulfate system was applied to the

degradation of enrofloxacin, a degree of mineralization of 60% was achieved [77].

Enrofloxacin is part of the NORMAN list of emerging contaminants. In the framework
of this project, it was selected to be submitted to degradation via various advanced oxi-
dation processes. A scientific article was published as a result of a collaboration between
our group, Universitat Politechnica de Valencia (Spain), and ICCF, to study the inter-
action between enrofloxacin and iron and its effect on the photodegradation mechanism.
Enrofloxacin was also used as one of the probe molecules in a pilot plant set up at a
wastewater treatment plant operated by FACSA (Alhama de Murcia, Spain). The results
regarding the optimization of the plant and photodegradation effectiveness are presented

in chapter 3.
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1.2 Photochemistry

1.2.1 Generalities on photochemistry

Photochemical reactions constitute an important part of physical, chemical, and biologi-
cal transformations of compounds in the environment and they are indispensable for the
evolution of life on Earth. Inspired by natural processes, the study of photochemistry has
become an important field, where the fate of molecules submitted to artificial or natural
light is being studied. In photochemistry, light is usually defined as electromagnetic ra-
diation in the ultraviolet and visible spectrum, with a wavelength range from 100 to 700
nm [78]. In photochemical reactions, molecules reach electronically excited states by ab-
sorbing photons during irradiation, yielding specific activation routes and transformation
pathways; however, it does not necessarily result in a chemical change. It is essential to
understand the possible competing physical processes and the different ways a molecule
can return to its ground state. Reaching an electronically excited state means that one
electron from one of the lowest energy ground states of the molecule is promoted to a
vacant higher energy orbital (Figure .

- 4
# e
T 1,

ground state excited state

Figure 1.2.1: Reaching an excited state by radiation absorption [79]

The condition of light interacting with a specific molecule is that the wavelength of the
incident radiation corresponds to the energy difference between the ground and excited
states; therefore, the concept of energy quantization is essential. According to the Stark
and FEinstein law, the photochemical reaction is caused by the absorption of one photon
by one particle. A photochemical process’s efficiency is estimated through the quantum
yield, defined as the number of molecules consumed for each photon of light absorbed.
The Franck-Condon principle states that vertical transitions are the most probable, the
ones that do not cause changes in the momentum or geometrical structure. It explains

the spectral intensity distribution and reflects the probability of vibrational transitions

(Figure [80].
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Figure 1.2.2: Franck-Condon principle and its translation to absorption/emission spectra

According to the aforementioned principles, after a molecule reaches its excited state, it
will return to its ground state by losing the electronic excitation. This can be achieved
through various concurrent mechanisms, and it is important to study them to reach a

deeper understanding of photochemical reactions. (Figure [1.2.3))

One of these processes is the intramolecular energy transfer. This will lead to new excited
species, that can further undergo loss of electronic excitation. In this case, the sum of
electronic and vibrational energies will be constant. Intramolecular energy transfer can
occur between states with the same multiplicity of spins (internal conversion) or states

with different spin multiplicities (intersystem crossing).
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energy transfer BA Charge transfer
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Figure 1.2.3: Pathways electronic excitation loss
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Radiative loss results in the emission of a photon and it is known as luminescence. This
can be either fluorescence or phosphorescence, depending on the mechanism of relaxation
to the ground state. While fluorescence halts when the radiation source is stopped, phos-
phorescence continues, characterized by a so-called “afterglow.” The reason is that fluores-
cence does not involve spin change and is, therefore, a short-lived process (1079 ~-10° s),
while phosphorescence involves spin change and is a less probable transition (1073 - 10 s).
The Jablonski diagram (Figure was proposed to visualize and describe luminescence
phenomena of organic molecules and illustrates these possible electronic transitions [82].
Fluorescence occurs from the lowest energy excited state, which is reached via internal
conversion; it is a transition between the same multiplicity states (S; — Sg). In phospho-
rescence, the excited state involves a change in the spin state through intersystem crossing;
the long life-time is caused by the forbidden transition between the excited triplet state
to the ground state (T; — Sg). Therefore, it is characteristic of every molecule, based
on its energy gap, and it is not dependent on the wavelength of irradiation, as long as

excitation occurs.
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Figure 1.2.4: Jablonski diagram [83]

In terms of understanding organic photochemical reactions, pathways of the highest in-
terest are those involving chemical changes. This can be the dissociation of the molecule
(including ionization), isomerization, or the direct reaction of the excited species. In-
termolecular energy transfer is also relevant: when a different molecule will uptake the
excess energy, this can result in the phenomenon of photosensitization, where photochem-
ical changes will occur in a molecule other than the irradiated one. When there is no

chemical change in the molecule that uptakes the excess energy, physical quenching takes
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place; this is often used to stop photochemical reactions. When studying photochemi-
cal reactions, it is important to take into consideration the aforementioned competing

deactivation mechanisms.

Photodegradation reactions

The previously discussed chemical changes show specific reaction pathways that can occur
during photochemical reactions. As previously discussed, when molecules are irradiated,
they reach an excited state (eq.|1.1)). From the excited state, an electron can be transferred
to molecular dioxygen, which is naturally dissolved in water (eq.|1.2]). The organic radical
can also recombine with other radical species. Hydrolysis or homolysis of radical cation
can form radicals (eq. that react with oxygen radicals (eq. . The rate of photo-
oxidation will thus depend on the concentration of dissolved oxygen [84]. Other possible
photochemical reactions of the excited state include the abstraction of electron from an

electron donor, energy transfer or deactivation.

o o (1.1)

C*+ 0y — C" +05 (1.2)
RXYRr+x (1.3)
R + 0, = RO, (1.4)

Organic photochemical reactions show some particular mechanistic pathways because a
significantly higher number of molecules will reach excited states compared to thermal
reactions. These can go through an intermediate singlet or triplet state, leading to a wide
range of reactions. Some previously described photochemical reaction mechanisms are
isomerization, addition reactions, photo-oxidation, cyclization reactions, bond cleavage,
intramolecular rearrangement, hydrogen abstraction, dehalogenation, photohydrolysis, de-
carboxylation [78]. Well described photochemical mechanisms are the Norrish reactions
involving organic molecules with carbonyl groups [85]. Norrish type I reaction consists
of photochemical cleavage of aldehydes and ketones. Here the homolytic cleavage of the
bond occurs between the carbonyl group and the alpha carbon atom (Figure [86].

A classic example of hydrogen abstraction is the Norrish type II reaction, typical for

carbonyl compounds and consists of intramolecular hydrogen transfer (Figure [1.2.6) [86].

4

The well-studied Norrish reactions can appear as the “wood for the trees” to photochem-
istry specialists as these reactions suggest a good knowledge of the scientific community

regarding the photodegradation of organic molecules. The truth is Norrish reactions are
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Figure 1.2.6: Norrish reaction type II

exceptions: most photochemical pathways occurring on mid- and big-size systems are less
or not known at all, and most importantly, they are currently not predictable. This will

be discussed in more detail in chapters 3 and 4.

1.2.2 Photolysis of contaminants

Direct photolysis of contaminants

The photochemical fate of contaminants is of high interest, both due to natural environ-
mental processes involving photo-induced transformations by sunlight and the application

of UV-light for disinfection and degradation of contaminants in water treatment.

The photodegradation of various emerging contaminants under natural sunlight has been
previously investigated. Direct photolysis proved to be efficient for the degradation of,
inter alia, non-steroidal anti-inflammatory drugs, endocrine disrupting chemicals, fluoro-

quinolone antibiotics, and disinfection by-products [87-89).

For water treatment, a variety of photodegradation studies were performed under labo-
ratory, pilot plant, and industrial conditions. The wavelength of irradiation will highly
influence the photodegradation efficiency and the phototransformation pathways. Irradi-
ation with a germicidal Hg lamp in the short wave UV-C region (254 nm) was widely
investigated due to its high energy and the absorption of light by many molecules at this
wavelength. Efficient removal of pharmaceuticals, biocides, pesticides, corrosion inhibitors
was achieved [90-95]. A number of these studies were conducted on the pilot plant level.
On an industrial scale, most of the UV systems are used for disinfection, as they reduce

microbiological growth in water through DNA damaging.

As the carbon-halogen bond, especially C-F, is very strong, high energies are needed to
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break them down. Perfluorinated molecules represent an important class of highly persis-
tent emerging contaminants, and it was shown that using Vacuum UV process can cause
the defluorination of these compounds [96]. This process consists of a light source emitting
at wavelengths below 200 nm. Water absorbs in this region, which causes its homolysis
and photochemical ionization, thus generating hydroxyl radicals that can further react
with the contaminants [97]. Since oxygen strongly absorbs in this region, the reactions
have to be conducted under vacuum or non-absorbing gases [84]. Because of this general
absorption, only smaller volumes of water can be treated at a time, so its application is

not widespread on the industrial scale.

Medium pressure Hg arcs provide polychromatic irradiation that emit between 254 and 400
nm [98]. They can cause electronic transitions in a large number of organic pollutants. The
induced chemical reactions include fragmentation reactions, rearrangements, and electron-
transfer reactions [84]. The removal of antibiotics and endocrine disrupting chemicals was

carried out using these light sources [99-101].

A considerable percentage of the studies discuss not only the removal efficiency but also
the photodegradation mechanisms and formation of photoproducts. Based on our group’s
experience and the existing literature, it can be said that photochemical reactions are very
complex. Due to the wide variety of possible activation/deactivation mechanisms, a large
number of possible activation sites within the same molecule, the external parameters,
such as irradiation wavelength, presence of reactive species, catalyst, pH value, type of
the solvent and matrix components, it is arduous to find a comprehensive overview on
photochemical reactions. For example, a study carried out on fluoroquinolones showed
that, while direct irradiation caused fluorine substitution and reductive elimination, the
presence of photocatalyst caused oxidative degradation [88]. Some theoretical photochem-
istry studies include performing the reaction in other solvents, such as acetonitrile. In such
instances, the purpose is to either achieve higher solubility of the parent molecule or study
the effect of various concentrations of dissolved oxygen, which differs from solvent to sol-
vent. Furthermore, it has been demonstrated that the hydrogen donor character of the

solvent plays a strong role in the degradation pathways involved in the process [102].

Our working group’s long-term aim is to acquire sufficient expertise to predict the outcome
of photodegradation reactions for individual compounds. This includes the determination
of degradation kinetics and elucidation of the structures of photoproducts. An example of
a common mechanism is the primary homolysis of a carbon-halogen bond. UV photolysis
is used to eliminate chlorinated aromatics, and it was shown that the mineralization of
organic chlorides to chloride ions occurs at 254 nm [103]. This mechanism was observed
by our group in the case of the photolysis of chlorine-containing pesticides, where dehalo-
genation was a primary step [104]. However, a recent study about the photodegradation

of boscalid fungicide contradicted these observations, as most of the photoproducts con-
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served at least one of the chloride atoms on the aromatic ring [105]. This shows that
despite ambitions to predict photodegradation pathways based on the molecular struc-

tures accurately, photochemical reactions’” complexity makes this a great challenge.

The nature of photoproducts

When organic molecules are irradiated, they rarely reach mineralization unless harsh reac-
tion conditions are applied. Instead, these processes lead to the formation of phototransfor-
mation products. Many studies indicate that these can be more toxic and persistent than
the parent compound [106]. This phenomenon is known as photo-induced or —enhanced
toxicity and it can occur during direct photolysis and advanced oxidation processes. It
was previously shown that some of the photoproducts of aromatic hydrocarbons, pesti-
cides, biocides exhibit higher potential toxicity than the parent molecule [92, 107, 108|. In
silico and in vitro toxicity testing are powerful tools to show their potential toxic effects
[104,|109]. Besides inducing toxicity, other potentially dangerous processes were described,
such as forming antibacterially active transformation products that can induce antibiotic
resistance |110]. It was also demonstrated that if chlorination is applied, the additional
UV/H,0, treatment can further increase the disinfection by-product formation [111]. It
is important to understand the structures of these photoproducts to be able to perform

risk assessment.

Often these photoproducts are in low concentration and might be under detection lim-
its; thus, high-performance analytical instruments are required to detect them. On the
other hand, expertise in non-targeted analysis and structural elucidation based on mass
spectrometry is needed, which can pose great scientific challenges and is time-consuming
[112]. The lack of standards for photoproducts also makes it difficult to confirm structures.
Figure [1.2.7 shows proposed confidence levels of identification for unknown compounds,
based on analytical data, such as exact molecular formula, retention time matching, mass
spectrometry fragmentation patterns. In the present work, most of the structures pro-
posed are highly probable structures. For some of them for which reference standards
were available, or the suspect compounds were synthesized for reference, the confirma-
tion of the exact structure was achieved. Our laboratory group greatly contributed to the
understanding of photochemical degradation mechanisms of contaminants of emerging
concern and assessment of their potential toxicity. However, there are recommendations
to reduce further the knowledge gap, including the development of photodegradation re-
action study protocols, prioritization of data generation for known toxic photoproducts,

and performing more toxicity testing.
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Figure 1.2.7: Proposed levels of identification [113]

Matrix effect

Several studies are carried out on laboratory scale in ultrapure water; this, however,
does not accurately reflect the processes that occur in the environment or wastewater
treatment. The main reason is related to the complexity of the matrix the reactions take
place in. In a natural environment, many components can either enhance, hinder or even

modify the photochemical reactions of the contaminants present in water.

Natural organic matter (NOM) is an important part of the mixture; it consists of various
organic compounds present in all types of freshwater. NOM encompasses a wide range of
compounds from aliphatic to aromatic, including phenolic structures, conjugated double
bonds, nitrogenous compounds, proteins, sugars. Hydrophobic acids represent a large part
of NOM; they are called humic substances and represent half of the dissolved organic
matter . Other water components that can influence photochemical reactions
include inorganic ions and metals. They can lead to indirect chemical reactions induced by
reactive species such as, for example, carbonate radicals or chromophoric organic species
in triplet state. This phenomenon referred to as “photosensitization,” can improve the

degradation of contaminants.

On the other hand, dissolved organic matter and carbonate ions can scavenge hydroxyl
radicals [116]. In denitrified water, nitrite can also act as an "OH scavenger [117]. NOM
can also have a filtering effect during irradiation reactions. These processes will all reduce
the efficiency of photodegradation reactions. A worrying aspect of the presence of NOM
in water during treatment processes is that it can increase the formation of harmful
disinfection by-products . Thus, it is important to characterize the water matrix, to

understand the natural environmental processes and achieve efficient water treatment.
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1.2.3 Advanced oxidation processes

As pioneers of advanced oxidation processes, Glaze et al. defined them as processes in-
volving free radical formation at considerable quantities to improve water treatment [119].
Free radicals contain one or more unpaired electrons, such as superoxide radical ("Oy),
hydroperoxyl radical (HOy ), hydroxyl radical ("OH), peroxyl radical (ROO") and alkoxyl
radical (RO") [120]. The hydroxyl radical is one of the strongest oxidizing agents; it rep-
resents the basis of these AOPs due to its favourable properties, like high reactivity and
low selectivity. It reacts with organic compounds at high rates, and the reaction is usu-
ally controlled by diffusion. Furthermore, *OH is naturally present in the environment as
a result of solar irradiation of chromophoric dissolved organic matter, dissolved metals,

nitrate, and nitrite ions [121].

Advanced oxidation processes are coupled techniques that involve an irradiation source, for
instance, UV-Vis irradiation or vacuum-UV radiation, and a chemical or physical system,
like peroxide, Fe(II), Fe(IIl), ozone, or a photocatalyst. These techniques can be used
alone or in combination |121]. Besides processes involving ‘OH, other viable techniques are
persulfate-based and electrochemical AOPs 122, [123]. This literature review will focus on
the description of photocatalysis/UV, peroxide/UV, and Fenton/photo-Fenton processes,

as these were the techniques used throughout the project.

Hydroxyl radical generation

One of the ways to achieve the efficient formation of hydroxyl radicals, hydrogen peroxide
has to be activated by UV light, metals, catalysts, or ozone. The activation can occur
through homogeneous or heterogeneous processes. Hydrogen peroxide interacts with light
in the wavelength range of 185- 400 nm, with the highest yields in the range of 200 — 280
nm; therefore UV irradiation is an efficient method of activation [124]. Upon radiation,
the "OH are formed through the cleavage of the oxygen — oxygen bond (eq. ; they
react in an aqueous medium as presented below (eq. [1.6] to [125]:

1,0, -5 "OH + "OH (1.5)

‘OH + H,0, —» H,0 + HOO' (1.6)
HOO® + H,0, —» H,O + O, + "OH (1.7)
2HOO" - Hy0, + O, (1.8)

Another widely studied way to produce hydroxyl radicals is through photocatalysis. TiO,
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is the most widely used material due to its mechanical, chemical, and thermal stability,
commercial availability, high photocatalytic activity, bandgap properties, non-toxicity,
and low price [126]. In this method, irradiation of the photocatalyst causes an electron’s
ejection from the valence to the conduction band (Figure . The energy of irradiation
has to be equal to or higher than the energy of the bandgap, therefore, a suitable wave-
length is needed. Before the phenomenon of recombination of holes and electrons, these
charge carriers cause charge transfer reactions at the surface of the catalyst. The valence
band hole (h+) has a high redox potential and oxidizes water, thus generating hydroxyl
radicals. This phenomenon can also directly oxidize organic compounds. Conversely, the
electrons from the conduction band have the ability to reduce compounds, and oxygen

usually acts as electron scavenger. This can further produce hydroxyl radicals |127].
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Figure 1.2.8: Mechanism of hydroxyl radical generation by photocatalysis [126]

The ability of iron combined with HyO, to oxidize organic molecules was first described
in 1893 by H.J.H Fenton [128]. Due to the subsequent generation of hydroxyl radicals, it
gained popularity in the field of water treatment. In the Fenton reaction, iron(II) (typically
in the form of FeSO,) acts as a catalyst and is oxidized by H,O, to form iron(III), a
hydroxyl ion, and the desired hydroxyl radical; iron(III) is then reduced back to iron(II)
in addition to the formation of hydroperoxyl radical and a proton (eq. to . The
pH of the solution has to be acidic, the best operating condition being around pH 3; at
higher pH values, the iron will precipitate in the form of Fe(OH)3 [129).

Fe’* + Hy0, — Fe’™ + "OH + OH (1.9)
Fe?* + Hy,0, - Fe*T + HOO™ + H (1.10)
H202 d HOO. + HOO. + HQO (111)
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Compared to the dark Fenton reaction, the photo-Fenton reaction shows an improvement
in the efficiency of degradation of organic compounds. Three parallel processes explain
the mechanism of this increased reaction rate: the light-induced H,O, photolysis, the
reduction of Fe(IIl) to Fe(Il) with simultaneous hydroxyl radical production, and the

direct activation of the organic molecules by radiation [130].

Reaction of hydroxyl radical with organic compounds

The hydroxyl radical can react with the organic compounds, initiate a radical chain re-
action, or recombine with other species. The activation of organic compounds by the hy-
droxyl radical occurs through hydrogen atom abstraction or electron abstraction, where
the radical acts as an electrophile (eq. and [131], [132]. Electron transfer reac-
tions are not very common, as they occur mainly with easily oxidizable organic molecules.
Furthermore, the reaction step after the formation of an organic radical is often the sub-
traction of a hydrogen atom to reach a more stable form. Direct hydrogen abstraction
results in a more stable radical through lower activation energy and a more favourable
pathway; therefore, this is the main reaction of hydroxyl radical with aliphatic compounds
and carboxylic acids. The organic radical can react with dissolved oxygen or another hy-
droxyl radical. On the other hand, ground state organic molecules do not react readily
with dissolved oxygen [121, 132, |133]. Due to these possible reaction pathways, it is in-
teresting to characterize the water in terms of dissolved oxygen concentration. Moreover,
mechanistic studies of photochemical reactions are often performed in different solvents,
or water under oxygen-rich and oxygen-poor conditions. For example, the solubility of
oxygen in acetonitrile is 8-fold higher than in water [134]. As a consequence, photo-
products may differ depending on which medium is used for irradiation; acetonitrile will
promote mechanisms involving dissolved Oy while water will more likely promote direct

mechanisms.

R—H+ "OH —% R* + H,0 (1.12)
R H+ OH " R H* 1 OH - R+ H,0 (1.13)

Molecules with unsaturated bonds, such as alkenes and aromatic compounds, undergo "OH
addition to the double bond. In the case of an aromatic compound, this addition leads to
many isomeric transformation products (Figure [135]. After the addition reaction,
different reactions can occur, such as substitution reactions, addition of O,, and reduction
(Figure [132]. Hydroxyl radicals in the reaction mixtures will further complicate
the photodegradation mechanisms and possibly yield a greater variety of photoproducts.

This is evidenced by results presented in this work, reflected by the photodegradation of
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enrofloxacin and maprotiline by AOPs.
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Figure 1.2.9: Possible hydroxylation sites of toluene and their probability, based on quantum
mechanical calculations and experimental data

Figure 1.2.10: Subsequent reaction mechanisms after the addition of hydroxyl radical onto a
double bond

1.2.4 Applications and limitations of AOPs

On the laboratory scale, AOPs are an efficient way to remove contaminants of emerging
concern, and examples of studies will be presented in this section. However, scaling up

the processes can present several technical issues that will also briefly be discussed.

The UV /peroxide method was successfully applied to remove volatile organic compounds
[136] and contaminants of emerging concern (pharmaceuticals, herbicides, insecticides),
where it presented a significant improvement in comparison with direct photolysis [137}-
139]. The application of this method was successful for the disinfection and the removal
of natural organic matter in seawater [140]. The molar extinction coefficient of hydrogen

1 -1

peroxide is quite low (19.6 M s ) at 254 nm [119]. This poses applicability issues of the
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method on the industrial scale as it requires long irradiation times or a high dose of hydro-
gen peroxide. The reaction can be improved by exposure to lower wavelength radiation or
by altering the pH, which was shown to impact the molar absorption coefficient [141]. Tt
is important to note that increasing the dose of HyO, can yield to filtering effect, meaning
that the incidence of direct photolysis of contaminants will decrease, and the scavenging

of hydroxyl radicals by peroxide will increase [142].

There are thousands of studies revolving around the photocatalytic degradation of pollu-
tants. As previously mentioned, the most common catalyst is TiO,, but other catalysts
are being developed and employed to improve the reaction rates and applicabilities, for
example, ZnO, WO3, MgO, CdS, Fe,O3, CaBiyO,4 [143] [144]. The requirements for these
materials are stability, inertness, photoactivity, low cost, and non-toxicity. One of the aims
of the development of novel photocatalysts is to decrease the bandgap energy. As TiO,
has a relatively high bandgap energy (3.2 eV), light sources above 400 nm do not interact
with it, limiting its application in the visible region (380—700 nm) [144]. Nevertheless,
TiO, remains one of the cheapest catalysts, which is of major importance considering

water treatment at the industrial scale.

Photocatalysis is widely applied on the laboratory scale and shows success in the degrada-
tion of various contaminants of emerging concern: pesticides [145] 146, phenolic pollutants
[147, [148], pharmaceuticals [145] 149, [150]. Notable efforts are made at Plataforma Solar
de Almeria (Spain), one of the partner institutes of the AQUAlity project, for the upscal-
ing of photocatalysis and photo-Fenton reactions. They developed pilot plant prototypes
for the degradation of contaminants of emerging concern using solar light activation, thus

making it an affordable and sustainable option [151].

The limitations of catalyst application are related to the adsorption of compounds on
the surface of the catalyst [152]. On the one hand, pollutants have to adsorb on the
catalyst to interact with short-lived hydroxyl radicals forming on their surface. On the
other hand, carbonate ions and natural organic matter can adsorb on the catalyst and
reduce the availability of active sites for the degradation of pollutants and acting as radical
scavengers |153]. Adsorption is pH-dependent and differs from molecule to molecule [127].
The pH value also influences the charge on the catalyst, and any variation in the pH
impacts the oxidation performance [154]. Another issue related to the water matrix is the
filtering effect that affects all the AOPs. When designing the process, it is important to

consider the composition and pH of the water and its variability.

Photo-Fenton reaction operates up to a wavelength of 600 nm; this makes it applicable
with solar light, thus making it a sustainable option in terms of energy use. The degrada-
tion of pesticides [155-157], pharmaceuticals [158-161], and bisphenol A |162] was achieved
with a satisfactory efficiency (50 - 100% removal depending on the compound). In terms

of contaminants degradation efficiency, photo-Fenton proved to be a superior method to

20



TiO, photocatalysis when applied under realistic conditions in wastewater matrix in pilot
plants [163, [164]. However, the biggest technical issue of photo-Fenton reaction is that
the reaction medium has to be at acidic pH (around pH value of 3), and pH rectification
is costly. To overcome this, photo-Fenton processes at circumneutral pH are a feasible
option, and they work by the addition of chelating agents [165]. The presence of ions in
water also affects the Fe(II) /Fe(III) equilibrium [154].

Another aspect to consider is the reuse of the catalyst. First of all, the recovery of the
catalyst is easier when heterogeneous catalysis is applied. When catalyst particles are
in solution, especially in the form of nanoparticles, their recovery can pose problems,
although novel solutions are suggested, such as their suspension on magnetic particles and
recovery by using magnets [166]. The use of magnetic photocatalysts and peroxide/UV
treatment in a pilot plant will be presented in chapter 4 in the framework of the work

performed during the secondment at FACSA (Spain).

Ultimately, the goal is to find cost-effective solutions applicable on industrial scales to
eliminate contaminants of emerging concern from water. This results in improved drinking
water quality and the safe reuse of water, thus protecting the environment, improving

human health and achieving sustainability goals.
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2.1 Photodegradation set-ups and parameters

The photodegradation set-ups and their specifications are detailed in the results chapters,
in the framework of the articles. In the laboratory modeling approach, the irradiation set-
up usually consists of light sources emitting at a suitable wavelength to achieve the desired
photochemical process. The molecules are solubilized and placed in a cell or reactor. The
material of the cell (usually quartz) must not absorb in the wavelengths of irradiation.
Usually, ultrapure solvents, mainly water or acetonitrile, are used as reaction medium.
This choice is to simplify the model, thus allowing the detection of multiple photoproducts
that can often be in very low concentrations. By increasing the samples’ complexity from
solvent mixtures to real environmental sample conditions, the exhaustive detection of

photoproducts becomes a real analytical challenge.

The goal of applying AOPs is to enhance the photodegradation rate as much as possible
while limiting byproducts formation. This can be realized through various methods, such
as the addition of photocatalysts, photosensitizers, or hydrogen-peroxide in photolysis
experiments. Their concentrations have to be correctly estimated, as the amount of the
generated reactive species has to be comparable with the concentration of the parent
compound. The wavelength of irradiation and pH of the medium must be adequately
selected to activate the applied process. If necessary, pre-treatment should be applied to
minimize the number of molecules that have a filtering effect or act as photochemical

quenchers in the water matrix.

Sampling is carried out at appropriate irradiation times to provide a relevant kinetic model
for the degradation of the parent compound and to detect the potential intermediate
species. As many molecules show exponential decay, the sampling frequency is usually

higher at the beginning of the reaction.

2.2 In wvitro and wn silico toxicity estimations

There is still a substantial lack of toxicological data; in 2009, this was true for 86% of
the registered chemicals [1]. In 2007, the most extensive assessment started, thanks to the
newly introduced EU regulation Registration, Evaluation, Authorization and Restriction
of Chemicals (REACH) [2]. Since the scarcity of information is high, in vivo tests proved
not to be enough, being expensive, time-consuming, and restricted by the moral questions
on animal testing [3]. Standardized in vivo toxicity testing exists for approximately 1000
compounds, but it would be highly challenging to extend it to the dynamically changing
list of CECs, even more to their transformation products [4]. In wvitro tests are good
complementary methods to assess toxicity. High throughput in vitro bioassays, for which

automated equipment is used to test the samples, resulted in the rapid analysis of a large
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number of samples. In vitro tests screen biological activity and work on the level of model
organisms, cells, or molecules, usually based on receptor-binding mechanisms resulting
in inhibition [5]. Despite their everyday use in biotechnology and the pharmaceutical
industry, they became popular only in the recent years in the field of environmental
analysis. In vitro bioassays have been developed for the screening of endocrine-disrupting

activities in wastewater [6], surface water, and river water [7].

When carrying out photodegradation reactions, performing in wvitro analysis on samples
helps to identify whether toxicity levels increase after irradiation, which indicate the
formation of harmful photoproducts. In this project, Vibrio Fischeri was used as a test
organism to study the potential toxicity of the photoproducts of naproxen. This test is
based on quantifying the inhibition of bioluminescence of this marine bacterium; it uses a
simple protocol described in the article on the photodegration of naproxen in the chapter

3. The test is versatile, fast, and correlates well with other toxicity testing methods [§].

However, in vitro testing can be constrained by the mechanism of various types of toxicity
that can differ in the studied organisms. The use of multiple types of bioassays is thus
recommended, which is not available in every laboratory. Furthermore, it is interesting
to study the individual photoproduct contribution to toxicity to draw conclusions about
potential toxicity-inducing structures and functional groups. One way to achieve this is
through in silico approaches based on computational methods, which allow assessing and
prioritizing compounds. It is to be noted that contrarily to in vivo and in vitro bioassays,
i silico estimations do not take into consideration potential synergistic or antagonist
effects; that is the reason why some biologists still consider such tests are poorly relevant.

Despite this, it can be considered an ideal tool for preliminary assessment.

There are many types of computational toxicology approaches. The individual toxicity
estimations were performed using the Toxicity Estimation Software Tool (TEST) by
United States Environmental Protection Agency (EPA) [9] and VEGA [10, [11]. These
are based on different computational approaches, the most widespread relying on quanti-
tative structure-activity relationship (QSAR), which use molecular descriptors for toxicity
prediction. When a given QSAR model is applied to a set of chemicals, the mechanism of

toxic behavior is considered to be comparable along these chemicals.

Another approach is referred to as “read-across,” where toxicity is predicted by using
the toxicity of analogous chemicals, thus filling the literature gaps by using chemical
similarities |3]. This approach can be used to predict the toxicity of ill-defined compounds
and thus constitutes an ideal tool to estimate the toxicity of photoproducts, as these
might not be molecules previously described in the literature or databases. Therefore, in
silico methods can be fast and efficient, and considerations behind their implementation
are ethical and economical. When using such tools, one needs to be careful since there

are some limitations, such as the transparency and quality of the experimental data.
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The descriptors and models may not always be explicit, and it is crucial to choose the

applicability domain correctly [12, [13].

When applying in silico methods, there are many existing endpoints, but their reliability
can differ. The highest percentage of correct predictions are those with reasonably well-
understood mechanisms on how the toxicant acts. These are toxicity tests with simple
endpoints, such as aquatic toxicity testing (e.g., fathead minnow) and sensitization [14].
One also needs to have a critical view of the existing toxicity data since most of them
use lethal concentrations, which can be much higher than those that actually get into
contact with the ecosystem, animals, or humans. This work aims at using existing n
silico tools reasonably, compare different approaches, choose the endpoints which are more
straightforward and whose mechanism is better understood. When analyzing the data, it
is essential to consider the toxicity results only from calculations with adequate reliability
for an accurate prediction. The reliability can be quantified using external validation,
considering parameters such as the applicability domain, predictive power, and prediction

accuracy.

Where it is possible, the results are compared with experimental values, but sometimes the
detected photoproduct is not CAS registered, and there is limited data about it. As there
is no available free tool for the in silico testing of Vibrio Fischeri, no comparison could
be made between in silico and in vitro toxicity estimations. However, the applied tools
can be good indicators of potentially harmful effects; they point out the molecules worth
investigating further. To understand in-depth the toxicity of a mixture and individual
compounds, the smart combination of different approaches is necessary, together with the

introduction of efficient guidelines and standardization [1].

2.3 HRMS and non-targeted analysis

Most of the parameters related to the analysis of the samples are presented in the results
chapters. In this section, the capabilities offered by HRMS are described, which is a result
of advances in mass spectrometry. It is also crucial to define the terminology to describe

the mass spectrometry data with uniformity.

In mass spectrometry, resolving power and mass resolution are commonly used inter-
changeably, as they both are performance parameters. According to [IUPAC recommen-
dations, the resolving power can be defined using the valley between two peaks. If two
peaks, m; and ms, of equal intensity are separated by a valley that corresponds to the

minimum of the respective percentage (usually 10% and must be specified) of the height
my
(my-mg)’

definition, the most commonly used is the full width at half maximum (FWHM), where

of the peak, then the resolving power is defined as In the case of peak width

dm is the width of the peak at 50% height, the resolving power is %. Mass resolution
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is defined as the ability of the mass spectrometer to separate two peaks with small m/z
differences and is represented by peak width in mass units , .

Another way to characterize the obtained m/z values is the precision in mass. This is
indicated in ppm or Dalton (see equation and considers the measured mass and
the theoretical mass. This approach was used throughout the thesis to characterize the
accuracy of measurement. Error below 3 ppm was routinely achieved, and error values
below 1 ppm were obtained with good calibration for m/z values below 500 Da. This is

enough to achieve unique elemental compositions when considering C, H, N, O, and S
atoms [17].

|Memp - Mthl * 106
My,

error(ppm) =

(2.1)

The aim is to have only one elemental composition corresponding to each peak, thus
separating isobaric ions. Besides accurate m/z measurements, the isotopic pattern is an
excellent asset in assessing chemical formulae at low masses. At higher masses, a list of
potential molecular formulae will be available. Furthermore, every isotope has a different
mass defect (Figure [2.3.1)), which is the difference between the exact mass of an atom and

the nearest integer value, facilitating the assessment of unique molecular formulae.

0, °H
h

Mass Defect (mDa)

Nuclide

-100 - 127)

Figure 2.3.1: Mass defects of common elements and their isotopes

HRMS represented the core of this work, as it is indispensable for the assessment of
photoproducts and the direct-infusion analysis of highly complex samples. To separate
and accurately assess the formulae of analytes of low concentrations in complex matrices,
a high resolving power (= 50,000) is essential. As an example, Figure shows that in

HRMS measurements, multiple ions can be separated at a single nominal m/z value (m/z
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191 in the present case), which is indispensable for analyzing complex mixtures [19].

Intens. w 4MS
1+
x108 190.97936
2.0
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Figure 2.3.2: Number of ions that can be detected at the nominal m/z 191 using ultrahigh
resolution MS

This kind of high resolving power and advanced separation of close m/z values made
possible the development of non-targeted analysis, which is of high value in environmental
chemistry. Target screening of known and commonly detected contaminants should be
completed by non-targeted analysis to identify a broader range of chemicals. As presented
in Figure 2.3.3, only a limited number of molecules will be detected from a complex
sample by doing targeted analysis. If non-targeted analysis is applied, the number of
detected molecules can be largely increased. However, many compounds will be lost, as
they either go undetected by the mass spectrometer, unresolved by chromatography, or

are non-extractable by the selected sample preparation process.

There are mainly two ways to reduce the loss of contaminants during extraction: (i) using
a combination of sample extraction protocols to cover a wide range of molecular weights
and polarities, (ii) minimizing sample preparation to a filtration or centrifugation step.
Regarding chromatography, a combination of LC-MS and GC-MS - with various columns
- and even direct infusion MS for some sample types can be used to avoid losing too
many analytes. To achieve efficient ionization and detect a high number of compounds in
LC-MS coupling, it is also recommended to use complementary ionization sources, as the
ionization efficiency of each source correlates with the polarity of the analytes and their

molecular weights.

Another challenge is presented by the data processing step. It is tedious work involving

the use of a combination of software and databases, for which workflows are proposed in
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Figure 2.3.3: Number of contaminants lost at each sample preparation and analysis step [20]

the literature [21]. In our project, the aim of developing the SPIX software (see chapter 5)
was to provide a new tool for data analysis, with a novel approach concerning the analysis

of non-targeted datasets.

2.4 ESI and FT-ICR MS

To obtain the HRMS datasets, the majority of the mass spectrometry data presented were
obtained from a Fourier Transform — Ion Cyclotron Resonance Mass Spectrometer (FT-
ICR MS) instrument equipped with an electrospray ionization (ESI) source. This type of
mass spectrometer provides the highest resolving power on the market, thus allowing the
analysis of highly challenging, complex samples. The basic operating principle of this core

instrument is presented in this section.

For this study, the ESI source was selected, due to its ability to ionize molecules on
a wide range of molecular weight with medium to high polarity, which is suitable for a
large number of CECs. A high number of contaminants and their transformation products
were detected. In the case of naproxen, for which very few photoproducts were detected

by LC-MS analysis, GC-MS was employed as an additional analytical tool.

The principle of ESI is shown in Figure 2.4.1] After the samples are injected, they are
transferred through a fine capillary, where a high voltage is applied. The liquid will form a
Taylor cone due to the high electric potential applied between the capillary and the metal
counter-electrode. The resulting charged jet will easily break into small droplets and the

solvent will evaporate, until the charge of a droplet becomes too high, thus it will release
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ions in the gas phase.

Metal Plate
~100 vV
ESI Droplets
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Oxidation Excess Charge on Surface
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+ —

2-5kV
power supply

Figure 2.4.1: Principle of operation of an electrospray ionization source [22]

In our laboratory, the FT-ICR SolarixXR (Bruker Daltonics, Bremen, Germany)(Figure
2.4.2) is equipped with a 9.4 T superconducting magnet and an ICR cell, with a paracell

configuration.

FT-ICR MS instruments reach ultrahigh mass accuracy (< 1 ppm) and mass resolving
power (> 100 000, even 10 000 000 ), depending on the strength of the magnetic field and
the geometry of the ICR cell, in which the ions are trapped for frequency measurement
[23, 24].

After the ionization of the compounds, ions are transferred to a quadrupole, where the
selection of particular m/z values can be carried out. At this step, fragmentation exper-
iments can be performed, via collision-induced dissociation (CID). Product ions reach,
through an octupole, the ICR cell, historically known as a Penning trap. The ions are
confined in the trap under high vacuum. Here, the ions will follow a cyclotron rotation
trajectory, induced by the static magnetic field (B). The angular frequency (w,) will differ
based on mass and charge (m and z) according to equation [25, 26).

zB

— (2.2)

We =

In the ICR cell, a radio frequency electric field is applied on the transmitter plates, to

excite ions, resulting in a larger cyclotron, synchronous radius [27]. The force exerted on
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Figure 2.4.2: Image of the FT-ICR SolarixXR at the Laboratoire de Chimie Moléculaire (LCM)

the ions by the electric and magnetic field can be described by the Lorentz force. The
receiver plates detect the current induced by the rotation of the ions (Figure [2.4.3)). A
transient signal is obtained, from the sum of all detected currents, which is then processed

by Fourier transform to assess the m/z — intensity pair values.

Receiver plate
e g
/ /

Transmitter lon o || ./ Transmitter
plate motion g plate

Zall e
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Figure 2.4.3: Schematic representation of an ICR cell

Beyond performing a good calibration and optimizing the parameters of the instrument, it
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is also necessary to tune the acquisition parameters. For the analysis of complex samples,
it is essential to average a large number of spectra to obtain a good signal-to-noise ratio
(SNR). It is recommended to sum many FT-ICR mass spectra (> 100) to improve SNR
and dynamic range, but when too many ions reach the trap at once, the space-charge
effect can shift the peak position, thus degrading mass accuracy. This can be a limiting

factor when using MS instruments based on ion trapping.

2.5 Direct infusion mass spectrometry (DI-MS)

One of the options using FT-ICR MS is the infusion mode, where samples are directly
introduced in the mass spectrometer without prior chromatographic separation. Using
direct infusion MS for non-targeted analysis permits an extensive overview of all the
detected m/z values. This is an ideal comprehensive approach, especially when there are
not a lot of interferences caused by complex matrices. On the other hand, some elements
of complex matrices can be analyzed only in direct infusion MS; great exampled, widely

studied in the field of environmental analysis, are humic-like substances |29, 30].

Another aspect is that the optimization and careful selection of chromatographic ap-
proaches is tedious and subjective work, resulting in the loss of some compounds, as dif-
ferent experimental conditions are required, based on their chemical characteristics, such
as volatility, polarity, molecular weight, functional groups. Employing direct infusion mass
spectrometry can minimize the loss of detectable compounds caused by hyphenated tech-
niques. Moreover, the data management of DI-MS is facilitated as it is two-dimensional.
Sample preparation can be simplified as well, and by removing the chromatographic part,
optimizing the experiments is a faster process, thus reducing the operator-related subjec-
tivity and errors. Last but not least, the measurements of samples require shorter analysis
times with direct infusion methods (2-5 minutes) compared to longer LC-MS runs (typi-

cally 20-30 minutes).

However, there are some limitations when using DI-MS. Often, ion suppression can occur,
which is a phenomenon at the early stages of the ionization process. Its mechanism is
still not fully understood, however in multicomponent samples with high analyte concen-
trations, there is a competition for either space or charge in the ion source, resulting in
the suppression of some of the signals |[15]. When looking at operator-related subjectivity,
some of its aspects will persist using DI-MS, such as choice of instrument, its parameters,
experimental conditions (spray-solvent composition, pH, sample volume, flow, tempera-
ture, voltage, etc.), and sample preparation. The latter can be reduced to a filtration or
centrifugation step, which is usually the minimum requirement for environmental water
samples. A systematic approach such as experimental design can help in finding opti-

mal experimental conditions and minimize operator-related subjectivity. The last point

77



to consider is that isomeric compounds cannot be separated using DI-MS solely, without
a prior separation method. This can be an issue when studying degradation mechanisms,
as it is common for photoproducts to take isomeric forms. DI-MS is suitable as a holistic
approach to obtain a fast overview of the data, but when we look at in-depth struc-
tural elucidations, additional dimensions, such as chromatographic separations and MS

fragmentation experiments, are essential.

Parameters for DI-MS analysis of irradiated benzisothiazolinone (BIT) samples

For the development of the SPIX software, additional samples were taken during the
modeling approach, as described in chapter 3.2. The samples were taken in triplicate from
three parallel reactors. They were analyzed using DI-MS, in a randomized order, with
blank samples (containing only the solvent) and quality control samples analyzed every
five samples. A tune mix (Agilent Technologies, Les Ulis, France) was used for mass cali-
bration. Between each measurement the instrument was cleaned twelve times using four
different solvents (water; mixture of 25% water, 25% acetonitrile, 25% methanol, 25%
isopropanol; isopropanol; acetonitrile). The samples were diluted to a starting concen-
tration of benzisothiazolinone at 2-5 ppm, using 90% water, 10% acetonitrile and 0,1%
formic acid. The FT-ICR MS measurements were performed in both positive and nega-
tive ionization modes, using an electrospray ionization source. The flow rate was 120 pl/h.
Nitrogen was the nebulizer (1 bar) and drying gas (4 L/min flow), the temperature of
the latter being 180 °C. The capillary voltage and endplate offset potentials were set at
-4500 and -500 V, respectively. The spectra were acquired with 4M data points on a m/z
range from 57.7 to 1000 Th. Accumulation time was set to 0.02 s. A total of 100 scans
were accumulated for each spectrum recording. Exact formulae were assigned with error

< 1 ppm.

2.6 Data processing

As a high amount of information can be extracted from high-resolution datasets, data
processing is a crucial step. In this part, aspects and considerations of the data analysis
using Bruker Compass DataAnalyis will be briefly presented. The software was used to
visualize chromatograms and mass spectra. Chromatographic peak areas were integrated

to quantify the degradation of parent compounds.

From mass spectrometry data, the most critical aspect was the assessment of unique
molecular formulae to photodegradation products. An established approach in mass spec-
trometry data analysis, when having a large number of molecules, is following the seven
golden rules [31]. This helps in assessing the molecular formulae with the highest accu-
racy and allows the refining of the parameters, to decrease computational power. Some of

these parameters were incorporated in the DataAnalysis software, others can be selected
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by the user. The most commonly used ones in this project were restricting the number of
elements, filtering the isotopic pattern, H/C element ratio restriction, and setting the type
of heteroatoms possibly present in the molecule. When processing the mass spectra of the
irradiated samples, constraints were set in the software, based on the mass accuracy of the
parent compound as well, that is an indicator of the overall goodness of the calibration. In
positive mode, the formation of adduct ions was considered, especially the highly common
sodium adduct. Dimerization of the molecules was also taken into account, although it
is difficult to assess whether this occurs during the photochemical reaction or in the ion

source.

The interface for manual assessment of molecular formulae is shown in Figure [2.6.1 m/z
152.01649 corresponds to protonated benzisothiazolinone in positive mode. The software
implicitly takes C, H, N, and O in the formula, S was added as it is in the composition of

the parent compound. The type of adduct, mass error tolerance, and charge can be set.

7 SmartFormula Manually s *

Lower formula: | Generate I

Upper formula: |S Help
C2n,50-1

Note: for m < 2000 the elements C, H, N, and O are considered implicitly.

Adducts, pos. | M4+ v| Ocollect adducts

Adducts, neg. | MH v|

Measured mfz | 152.01649 Tolerance: mDa * Charge: |1 3
Meas. mfz  # IonFormula  Score mfz err [ppm] Mean err [ppm]  mSigma
152.01649 1 CyHgNOS 100.00 152.01646 117 -0.14 3.7
£ >

[[] Automatically locate monoisotopic peak  Maximum number of formulae
Check rings plus double bonds Minimum Maximum

Electron configuration even v
Filter H/C elementratio  Minimum H/C: l:l Maximum H/C:
Estimate carbon number Generate immediately
Copy to SmartFormula Parameters Show Pattern

Figure 2.6.1: Interface of the Bruker Compass DataAnalyis software, showing the parameters
for manual formula assessment

It can be observed that the error of measurement is very low; the measured m/z value

is 152.01649, whereas the theoretical value is 152.01646, resulting in a mass error of -

79



0.17 ppm. The mean error includes the errors between the measured mass of the isotopes
versus the theoretical value. Furthermore, the carbon number can be estimated based on
the molecular mass, and the electron configuration can be set to even or odd. The mass
list was generated, either manually or automatically, based on the aforementioned criteria.
The masses were also assessed for the MS? spectra of CID experiments, thus providing the
basis for structural elucidation. With this software, the necessary data for the modeling
approach was processed and extracted, and the assessment of photodegradation pathways

could be achieved.
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Modeling approach - Results on

direct photochemical reactions
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3.1 General approach

In this section, the direct photolysis of benzisothiazolinone and naproxen is presented.
The experiments were performed under laboratory conditions. The light-induced degra-
dation of pollutants is efficient and can be a sustainable approach, but some essential
parameters have to be considered to achieve satisfactory degradation efficiency and avoid

the formation of harmful byproducts. Ideally, the mineralization of the parent compound
should be achieved.

When performing photodegradation experiments, one of the key parameters is the se-
lected wavelength of irradiation. In the case of direct photolysis, this has to be relevant
in terms of the absorption characteristics of the molecules of interest, as the energy of
the radiation should induce electronic transitions in the molecules. UV-Vis spectroscopy
is one of the analytical techniques widely used to obtain the absorption spectra of the
molecules. There has to be an overlap between the wavelength of emission and wave-
length of absorption; otherwise, no interaction will occur. For example, the absorption
spectrum of benzisothiazolinone is shown in Figure [S3.2.1] and it can be deduced from
it that if irradiation occurs with a maximum wavelength around 254 nm (which is the
case of many commercial UV lamps), the molecule will absorb and interaction will occur.
Moreover, high-pressure mercury lamps emit polychromatic light on a wavelength range
between 200 and 600 nm, potentially inducing different electronic transitions. The charac-
teristic absorption spectrum with its various local maxima are indicators of the molecular

structure and its functional groups.

In terms of the reaction medium, the process can be carried out in different types of
solvents. The solvents should be pure, otherwise, indirect photochemical processes might
be induced, and in these studies, we were interested in the direct photochemical pro-
cesses. Aqueous medium is the most studied one, as it is the most relevant in terms of

applicability.

The pH of the mixture is also an important factor. It can affect the molecules’ solubility
and change the absorption characteristics, for example, for zwitterionic molecules. The pH
can also influence the outcome of some analytical measurements, such as the ionization
efficiency in the ion source of the mass spectrometer (especially regarding electrospray

ionization).

In these studies, either liquid or gas chromatography was employed depending on the
properties of the molecules; chromatography was coupled with mass spectrometry which
is the most suitable technique for the determination of molecular formulae. For most
of the experiments, high-resolution mass spectrometry was used due to its capability to
provide accurate mass measurements allowing differentiation of isobaric ions. MS” spectra

were recorded to collect structural information on the photoproducts. By studying each
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product’s fragmentation pattern, their structures can be tentatively assessed, which may
permit to (i) elucidate the photodegradation pathways and (ii) perform in silico toxicity

estimations.

Preliminary toxicity measurements were performed by means of in vitro measurements
and in silico calculations. By using bioassays conducted on Vibrio fischeri bacteria, it can
be assessed whether the overall toxicity of the mixture increases or decreases during the
irradiation; this non-specific approach takes into account potential agonist and antagonist
effects. After structural elucidation, it is possible to use in silico toxicity calculations to
estimate potential harmful effects of the transformation product individually. These are
not highly accurate measurements but preliminary indicators of potential toxicities, which,

contrarily to in wvitro bioassays, do not take into account potential synergistic effects.
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3.2 Photolysis of benzisothiazolinone

At the start of this project, benzisothiazolinone was selected as the first model molecule.
This biocide molecule with potentially harmful effects on human health and the environ-
ment is still used in commercial mixtures with pesticides. Irradiation experiments and
analytical measurements were performed and their parameters optimized. Structural elu-
cidation based on mass spectrometry data (HRMS, MSQ) combined with knowledge on
classical photochemical reaction pathways yielded the assessment of photoproduct struc-
tures. It is important to acknowledge the confidence level of the identification as presented
in chapter 1 (Figure [.2.7); in this case, probable/tentative (levels 2-3) structures were
proposed. In some instances, standards were used to confirm the structures by matching
chromatographic retention times and fragmentation patterns, thus achieving level 1 of
identification confidence. Preliminary in wvitro and in silico toxicity tests were performed
as well. More details about the generalities, materials, methods, and results are presented

in the article below, published in Chemosphere.

Photodegradation of benzisothiazolinone: Identification and biological activity

of degradation products

Zsuzsanna Varga, Edith Nicol, Stéphane Bouchonnet
Laboratoire de Chimie Moléculaire — CNRS / Ecole Polytechnique, Institut Polytechnique de Paris, 91128,

Palaiseau, France

Abstract

The photodegradation of benzisothiazolinone was studied in water under UV-Vis irradia-
tion and led to fourteen photoproducts. Chemical structures of these compounds were elu-
cidated using GC-MS, LC-MS/ MS, and FT-ICR-MS experiments. Based on the chemical
structures determined and their appearance order, a photo induced-degradation mecha-
nism of benzisothiazolinone has been proposed, which combines isomerization, oxidation,
hydroxylation, hydrolysis, and elimination processes. In silico tests on mutagenicity, Fat-
head minnow LC50 and oral rat LD50 were carried out to estimate the toxicity of the
photoproducts. Compared with experimental data, the calculated oral rat LD50 values
were found to be the most relevant and thus used for toxicity estimation. The photoprod-
ucts including a phenolic or a sulfino group or both functions were found potentially more

toxic than benzisothiazolinone.

Introduction

1,2-benzisothiazol-3(2H)-one (referred to as benzisothiazolinone or BIT, is an antimicro-

bial agent used as a preservative in mainly aqueous-based chemical chemicals. Banned
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from cosmetic products, BIT can be found in paints, lacquers, polishes, printing inks,
emulsions, cleaning agents, disposable gloves; it is also widely used as a preservative for
pesticides |1H4]. Due to environmental considerations, water-based paints recently replaced
solvent-based paints, which require the addition of biocides; isothiazolinones are widely
used for this purpose [5]. BIT is also used in paper-based jointing but it degrades during

sunlight exposure losing its biocidal efficiency [6].

Isothiazolinone-type biocides act against various fungi and bacteria by the active sulfur
moiety able to oxidize thiol functional groups to form disulfides (e.g. with cysteine) [7].
Besides the biocidal effects on unwanted compounds by reacting with intracellular sulfur-
containing proteins [8} 9], isothiazolinones have also lethal effects on living organisms, the
median lethal concentration (LC50) of BIT for zebrafish embryos being 1.03 mg/L [10].
Growth inhibition effect on Escherichia coli and Schizosaccharomyces pombe was mea-
sured; this inhibitory activity was quenched by thiolcontaining materials (glutathione,
cysteine), confirming the mechanism of interaction [§]. According to the European Chem-
icals Agency, BIT is very toxic to aquatic life, causes eye damage and skin irritation [11].
Toxicity tests on zebrafish embryos were performed during ozonation processes and a de-
crease was found in the overall toxicity of the mixture, due to oxidation of the reductive
sulfur in the parent compound [10] BIT is a developmental toxicant in rats but shows neg-
ative mutagenicity [12]. Isothiazolinones were shown to cause severe contact dermatitis

and allergy in humans mainly with a high level of occupational exposure [13, |14].

It has been shown that isothiazolinones degrade rapidly in soil [15]. Indeed, BIT is eas-
ily degraded in the environment but there is no extensive study on the structure of its
transformation products, their persistence, and their toxicity. Conventional wastewater
treatment plant efficiently removes isothiazolinones at low concentrations [2]. In reverse
osmosis (RO) wastewater treatment plants, BIT is used thanks to its compatibility and
non-oxidizing nature and it prevents biofilm growth on membranes [16]. Nevertheless,
studies demonstrated that some isothiazolinones increase the genotoxicity of the RO con-
centrates [17]. BIT is added at high concentrations (around 160 mg/l) for which the
removal efficiencies of existing approaches are low; ozonationwas proposed as an efficient
way to degrade BIT [10]. Considering the photochemical degradation, the kinetics was
studied under irradiation with a low-pressure UV-C lamp. The process was described
to follow pseudo-first order kinetics. Radical species quenching studies were carried out,
where the photodegradation of BIT was concluded to be both direct, due to UV ab-
sorbance of BIT and indirect, induced by radical oxygen species formation, a widespread

mechanism of micropollutant photodegradation [18].

Different analytical methods were developed for the quantitation of BIT in various ma-
trices. Ultrasonic assisted extraction combined with LC-MS was used to determine BIT

at 9.9 mg/kg in hygienic consumer products, specifically in liquid detergents [19]. BIT

88



was analyzed by matrix solid-phase dispersion followed by LC-MS/MS in household prod-
ucts where it is used as a substitute to chlorinated isothiazolinone; it was found at quite
high concentrations in laundry detergent (0.0255% w/w), surface cleaner cream (0.0116
%w/w) and liquid surface cleaner (0.00377% w/w) [20]. BIT was found in 94% of 47
paints analyzed by LC-MS at concentrations ranging from 28.6 to 1110.74 ppm. These
analyses also showed that these products were sometimes labeled incorrectly, e.g. one
paint labeled “preservative free” contained BIT at 71.5 ppm [21]. Isothiazolinones were
monitored and not detected in environmental waters using derivatization of BIT followed

by pre-concentration and GC-MS analysis, with limits of detection ranging from 0.01 to
0.1 ng/L [2].

This work aimed at performing accurate structural elucidation of the photodegradation
products of BIT using chromatography and tandem mass spectrometry approaches. Ben-
zisothiazolinone was degraded using two different types of photoreactors in water. Struc-
tural elucidation of BIT photoproducts allowed to suggest a coherent degradation pathway
on one hand, and to carry out in silico toxicity tests to estimate the toxicity of the pho-

toproducts on another hand.

Materials and methods

Chemicals, reagents and sample preparation

1,2-benzisothiazol-3(2H)-one (CAS: 2634-33-5), benzamide, salicylamide, 4-hydroxy-
benzamide and chromatography grade solvents: acetonitrile (ACN), methanol,
dichloromethane and formic acid (FA) were purchased from Sigma Aldrich (Saint-Quentin-
Fallavier, France). A Purelab Chorus 1 water purification system (Veolia, Wissous, France)
was used to produce ultrapure water with a conductance of 18.2 S/cm. BIT solutions were
prepared at different concentrations: 5, 10, 25, 50 and 100 ppm in water (solubility 1.1 g/1
at 20°C [22]) and in acetonitrile. Some experiments were carried out with degassing of the
initial solution using nitrogen bubbling for 30 min. Different irradiation times were tested
to determine the appearance order of photoproducts. Solutions were irradiated for 6 h.
Sampling was carried out every 10 min during the first hour and then every hour until the
end. For GC-MS analysis, all samples (ACN solutions and aqueous samples) were dried
using an Xcelvap automated evaporation/concentration system (Horizon Technologies,
Bullion, France) and 1ml of dichloromethane was added. For LC-MS measurements, the
samples of different BIT starting concentrations were diluted, in a mixture made of 50%
ACN, 50% H50 and 0.1% formic acid to reach a final concentration of 5 ppm. For HRMS
analysis in the infusion mode, samples were diluted in a 90% water/10% ACN/0.1% FA
mixture, for a starting concentration of BIT of 5 ppm. All the samples were stored away
from light at 4°C; HPLC-MS data showed that degradation was negligible under these con-

ditions, in agreement with literature data where the hydrolytic stability of the compound
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is mentioned [12].

Irradiation experiments

The UV-Vis absorption spectrum of BIT was recorded in the range of 190-500 nm, us-
ing a 6800 UV-Vis Jenway spectrophotometer (Cole-Parmer, Villepinte, France), with a
1 cm length quartz cell. Based on this spectrum, two irradiation setups were used for
photodegradation experiments. The photodegradation of BIT was mainly studied by a
Philips HPL-N 125W /542 E27 SC high-pressure mercury lamp (France-Lampes, Saint-
Cirq, France) with a wavelength range of 200-650 nm, a maximum irradiation wavelength
at 254 nm, and a radiation flux of 6200 lm. The setup consisted of one lamp, circularly
surrounded by 6 quartz tubes of 120 ml, all of the elements being in a water bath with
water circulation so that the reaction temperature was kept below 28°C. The samples
were also irradiated using a Q-sun test chamber Xe-1-B/S (Q-Lab Saarbiicken, Germany)
equipped with a xenon arc lamp; a natural light filter X-7640 from the same manufacturer
has been used for the reproduction of full sunlight spectrum. The lamp power was 1800
W and the irradiation 0.68 Wm™ nm™" at a black-standard temperature of 55°C.

GC-MS analysis

Gas chromatographic separations were carried out on an Agilent 450-GC instrument
equipped with a 60m “FactorFour VF-Xms” (10% phenyl, 90% methylpolysiloxane) capil-
lary column, with an internal diameter of 0.25 mm and film thickness of 0.25 pm (Agilent
Technologies, Les Ulis, France), coupled with an Agilent 240-MS ion trap mass spectrom-
eter. Samples were injected in splitless mode using an Agilent CP-8400 autosampler, the
injection volume was 1 ul and injector temperature was 280°C. A gradient temperature
program was used with an initial temperature of 50°C, held for 0.5 min then increased to
280°C with a ramp of 10°C/min. The carrier gas was high purity helium, with a flow of
1.4 ml/min. Measurements were carried out in electron ionization and positive chemical
ionization using methanol as the reagent gas. The filament emission current was set to 10
A and automatic gain control was used for all experiments. The electron multiplier volt-
age was automatically optimized at 2200 V for a gain value of 10°. In the full scan mode,
ions were scanned on the range of m/z 50 to m/z 500. Tandem experiment measurements
were performed with an ionization storage level of m/z 35 and an isolation window of 3
m/z, using a resonant waveform type with an excitation storage level of m/z 50 and an

excitation amplitude of 0.8 V.

LC-MS analysis

LC separations were carried out on an Acquity HPLC system (Waters Technologies,
Guyancourt, France) coupled with a SolarixXR FT-ICR mass spectrometer equipped
with a 9.4 T super conducting magnet (Bruker Daltonics, Bremen, Germany). A Pursuit
XRs""* 18 column (2.8pm x 50 mm x 2 mm) (Agilent Technologies, Les Ulis France)
was used in gradient mode. Water 0.1% FA(solvent A) and acetonitrile 0.1% FA (solvent
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B) were used as solvents with a flow rate of 0.2 ml/min. The gradient started at 95% of
solvent A for 3 min, then changed linearly to 50% of solvent A in 9 min and then to 5%
of solvent A after 12 min of LC run. It was kept at 5% of solvent A for 5 min and then
set back to the initial percentage of solvent A (95%) for 5 min of equilibrium. An elec-
trospray ionization source was used in both positive and negative modes with a sample
flow of 200 nuL/min for both positive and negative mode the nebulizer and drying gas was
nitrogen with a flow of 8 L/min at 250°C for drying gas and 1 bar for nebulizer gas. The
capillary voltage was set at - 4500 V and 4000 V in both positive and negative modes,
respectively; the spray shield was set at -500 V. The detection mode was broadband with
a 4 Mpt resolution in the range of 57.5-700 m/z with a data reduction of noise of 95%.For
tandem MS experiments, precursor ions were isolated with an isolation window of 1 m/z
and dissociated with collision energies of 10, 15, 20 and 25 V to study the fragmentation
mechanisms. Indirect infusion mode, the flow rate was 120 pL/h. The spectra were ac-
quired with 4M data points on a range of 57.7-1000 m/z. Accumulation time was set to
0.02 s. 100 scans were recorded for each spectrum. The Bruker DataAnalysis software was

used to process the chromatograms and spectra.

In silico bioassays

Preliminary toxicity assessments were performed using the T.E.S.T. software developed
by the US Environmental Protection Agency (EPA). This software incorporates different
endpoints and approaches, with various individual predictions. The different individual
approaches include hierarchical clustering, the Food and Drug Administration (FDA)
method, single model, group contribution and nearest neighbor [23]. The reliability of
the results in the T.E.S.T. software should be assessed based on the capability of each
individual prediction to calculate the toxicity values and then study concordance of the
results. A complete description of T.E.S.T. and the included methods can be found on
the EPA website [23]. Different QSAR methodologies are available to model mutagenicity.
The biological testing background of most of them, including T.E.S.T., is the Ames test,
which is based on a bacterial mutation of Salmonella typhimurium, reverting the bacteria
from histidine dependence to histidine independence [24]. The correlation between car-
cinogenicity in animals and positive mutagenicity in the Ames test was found to be high
[25]. The QSAR models for mutagenicity of the compounds of interest were found to be
generally of high reliability.

Results and discussion

Physicochemical analysis and photoproducts structural elucidation
The UV /Vis absorption spectrum of BIT shows a high absorbance in the UV region and
an additional absorption band with a maximum at 319 nm (Supplementary figure [S3.2.1).

The photodegradation was evidenced by the decrease of the molecule’s absorption bands
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with time (Figure . A strong decrease in concentration can be observed during the
first 15 min of irradiation, whereas the degradation slows down later on. This is in good
agreement with the exponential decrease evidenced by LC-MS experiments (see below).
Whatever the chromatograph, using chromatography introduces some subjectivity in the
detection process. Actually, the choice of stationary and mobile phases induces some se-
lectivity regarding elution and thus detection of molecules. Therefore, direct infusion MS
was used prior to LC-MS coupling, to carry out nontargeted investigation of transfor-
mation products in ESI-HRMS. The irradiated solutions were analyzed in both positive
and negative modes for the same reasons. The ions detected in direct ESI-HRMS were
the same as those detected in LC-MS. Retention times in LC-MS and GC-MS couplings,
appearance times of photoproducts during the irradiation process, exact m/z values of
[M+H]" and [M - H| ions and corresponding formulae are listed in Table Exact
m/z values and corresponding formulae of collision-induced product ions from [M+H]"
or [M - H] ions are given in Supplementary information, Table .

- =T0
=15 min
—===30min

— 50 min

Absorbance

390

Wavelength [nm]

Figure 3.2.1: UV-Vis absorption spectrum of BIT (1.2 mM) in ultrapure water at different
irradiation times ranging from 0 to 60 minutes

Table 3.2.1: Photoproducts of BIT detected in LC-MS and GC-MS couplings

Com-

pound

Time  Time RT in RT in m/z mea- m/z mea- Theoretical Empirical = Chemical structure

of first where LC-MS GC-MS sured for sured for mass of formula of
detec- it not (min) (min) [M+H]+  [M-H]- in the neu- the neutral
tion present in ESI+ ESI- tral
(min)  any-

more

(min)
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N
(T -
PP1 10 480 9.3 19.3 152.01636  150.00206 151.00918 C,H;NOS =
§
(T
3
PP2a 10 120 5.4 20.3 168.01123  165.99698 167.00410 C;H;NO,S 0
OH
H
N
>:o
PP2b 50 420 7.0 - 168.01120  165.99700 167.00410 C;H5NO,S S
OH o
NH
PP2c 50 420 8.3 - 168.01122  165.99699 167.00410 C,H;NO,S 5
0
@{%H
S/
A
PP3 10 120 3.8 - - 181.99191 182.99901 C,H;NO;S o 0
@]
S/OH
I
PP4 10 120 1.2 - 168.01123  184.00756 185.01466 C,H,NO3S O
@]
NH,
S/OH
2
PP5 10 480 1.8 - 202.01665 200.00250 201.00957 C,H;NO,S o ©
OH o
NH,
S/OH
74
PP6a 30 480 0.9 - - 215.99742  217.00449 C,H,;NOsS o o°
OH 0]
/ | NH,
% S/OH
I
PP6b 30 480 1.5 - - 215.99741 217.00449 C,H,NOg;S ©F )
O
N/OH
H
S/OH
2N
PP6c 30 480 2.3 - - 215.99742 217.00449 C,H,NO5S o o

93



PP7 50 480 5.6 14.9 122.05992 - 121.05276 C,H;NO

PP8b 50 480 2.5 - 138.05480 - 137.04768 C;H;NOq

o)
OH O
C)LNHZ
PP8a 50 480 7.3 16.5 138.05482 - 137.04768 C;H;NO,
O
HO\Q/L
NH,
(@]
o
HO

PP8 50 360 7.1 - 138.05483 - 137.04768 C;H;NO4

PP1 is among the first appearing photoproducts. It is eluted at 19.3 min in GC-MS;
it has the same mass as the parent compound (eluted at 17.8 min) and its EI mass
spectrum shows a very similar fragmentation pattern. Its exact formula (C;H;NOS) has
been determined by HRMS and confirmed that PP1 corresponds to an isomer of BIT. 1,3-
benzothiazol-2(3H)-one was postulated on the basis of PP1 mass spectrum. It was synthe-
sized and analyzed using GC-MS; both its retention time and EI mass spectrum confirmed
that PP1 corresponds to 1,3-benzothiazol-2(3H)-one (Table [3.2.1)). Light-induced isomer-
ization of BIT has been reported in an old study in which three possible isomerization
mechanisms were postulated but none was demonstrated [26]. Considering the rapid iso-
merization of BIT into PP1, consequent oxidation processes will have to be considered

from both isomers.

Three photoproducts (referred as PP2a, PP2b, and PP2c) were detected with retention
times of 5.4, 6.9 and 8.3 min in LC-MS coupling. They all have a molecular weight of 167
(confirmed by both EI and CI mass spectra in GC-MS) and have been assumed to result
from oxygen addition onto the parent compound. For the first one, the concerted losses
of CO and SO (m/z 168.01196 —m/z 96.04471 in CID measurements, Table [S3.2.1)) from
the protonated molecule allowed to conclude that the oxygen atom was added onto the
sulfur one. The fact that the nitrogen atom was retained in the m/z 96.04471 product
ion permitted to conclude in favor of the structure depicted in Table [3.2.1], which results
from oxidation of PP1 (and not from BIT). Both other PP2 isomers appear after 3 h
of irradiation; they display exactly the same CID dissociation pathways. Eliminations of
HNCO and HS. from protonated molecules show that the oxygen atom has been added
on the aromatic ring. Hydroxylation of aromatic rings under UV-Vis irradiation has
been widely reported in the literature |27, 28]. Because it can play an important role

regarding toxicity, the exact position of the hydroxyl group has been determined based
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on CID experiments as depicted in Supplementary figures [S3.2.2] and [S3.2.3] All the

possible structures resulting from hydroxyl addition on the aromatic ring either from BIT

or PP1 have been considered in a systematic way: only two of them can undergo two
consecutive eliminations of carbon monoxide from the protonated species in positive ESI;

their formulae are presented in Table [3.2.1]

The photoproduct referred as PP3 appears after only 10 min of irradiation. Its exact
formula corresponds to the addition of two oxygen atoms on BIT or PP1. In CID ex-
periments, the elimination of SO, from the deprotonated species (m/z 181.99191—m/z
118.02998, Table leaves no doubt that both oxygen atoms have been added to the
sulfur atom. Three mechanisms could be responsible for the formation of PP3: straight
addition of a dioxygen molecule onto the sulfur atom from either BIT or PP1, or oxidation
of PP2a. As this photoproduct is no more observed when irradiating a degassed solution,
it can be concluded in favor of direct dioxygen addition on the sulfur atom. CID results
do not permit to discriminate between oxidation of either BIT or PP1 but the struc-
tures elucidated for PP4 to PP8 photoproducts are strongly in favor of BIT oxidation,
as discussed in the next section. It is to be noted that the structure suggested for PP3
corresponds to saccharin, which has been proved to be an oxidation product of BIT in a
study dedicated to BIT ozonation [10].

PP4 has been detected in negative ESI, at a very short retention time (1.2 min) in reverse-
phase chromatography suggesting a highly polar structure. Its mass spectrum exhibits a
major ion resulting from deprotonation of the molecule. For these reasons, the structure
suggested for PP4 in Table includes a SOOH group, which allows easy removal of
a proton in negative ESI. The SO, elimination in CID experiments is in good agreement

with the proposed structure.

PP5 has been detected in both positive and negative ESI. Its elemental composition
corresponds to that of PP4 plus a hydroxyl group. In the negative mode, observation
of the deprotonated molecule indicates an acidic function (in agreement with the short
eluting time in LC-MS). In the positive mode, the consecutive losses of ammonia and SO,
imply that the amido function has been kept and that the sulfur atom carries two oxygen
atoms. This implies that the additional hydroxyl group is bound to the aromatic ring. It
has been located in ortho position with regard to the amido function since the formation of
both PP2b and PP2c¢ photoproducts shows that hydroxylation in this position is favored
over additions onto other positions of the ring. The consecutive loses of SO, and H,O from
[PP5—H]| in CID experiments (m/z 200.00250 —m/z 118.02997) confirm this hypothesis
(see the dissociation pathways of [PP5 — H] in Supplementary figure [S3.2.4)).

Three photoproducts referred as PP6a to PP6¢ were detected at short retention times
(between 0.9 and 2.3 min) in negative ESI. Their exact formulae correspond to the addition

of an oxygen atom onto PP5. In CID experiments, the isomer eluting at 0.9 min undergoes
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losses of NH3; and O=C=NH indicating that it still has the amido function; it demonstrates
that the aromatic ring has been hydroxylated. The ammonia elimination, barely observed
in negative ESI, has to be charge-induced. By analogy with other photoproducts and
to rationalize the NHj loss (see Supplementary figure , the hydroxyl group was
assumed to be in ortho position relative to the amido group. In the negative mode, the
losses of HCNO and SO, from [PP6b - H] indicate that two hydroxyl groups are carried
by the aromatic ring in the PP6b structure. Unfortunately, CID experiments provided
two few ions to allow the location of these hydroxyl groups. Both losses of HCNO, and
SO3 from [PP6c — H] allowed the easy determination of the PP6¢c structure, as depicted
in Supplementary figure

PPT has been easily identified as benzamide based on GC-MS and LC-MS analysis of the
corresponding standard. As for PP7, PP8 isomers (PP8a to PP8c, see Table [3.2.1)) were
easily identified since salicylamide and 4-hydroxybenzamide were commercially available

and were used to check mass spectra and retention times in GC-MS.

Mechanistic approach of BIT photodegradation

The photodegradation of BIT and the appearance of photoproducts were monitored us-
ing LC-MS in both positive and negative modes, at various concentrations ranging from
5 to 100 ppm. The detected photoproducts were the same regardless the initial BIT con-
centration, although the reaction kinetics slightly differed, the photodegradation being
slower at higher concentrations, as displayed in Supplementary figure . At 5 ppm,
BIT is undectable after 30 min of irradiation while the initial amount of BIT has been
reduced by 60% at 100 ppm for the same irradiation time. For each photoproduct, Table
3.2.1| gives the time at which it is first detected and the time at which it is no longer
detected. Based on the kinetics of the appearance and disappearance of photoproducts,
stepwise photodegradation mechanisms were proposed (Figure . Structures between
brackets were not observed, likely because of too short lifetimes. It is to be noted that the
formation of sulfite ions, reported by a previous study, was not evidenced in the present

work but is in good agreement with the observed decrease of the mixture pH [10].

Isomerization of BIT into PP1 is very fast; it is not possible to state if this isomerization
is partially reversible. Isomerization of other compounds including five-membered ring
structures (PP2 isomers) could also not be established but could explain the formation of
PP4 from PP2a (see Figure [3.2.2)). From BIT or PP1, the formation of all the photoprod-
ucts can be rationalized by successive or competitive mechanisms including direct oxygen
addition onto the sulfur atom (so that it reaches its highest oxidation state), hydroxyl ad-
dition, hydrolysis, and SO3 elimination. The comparison of results between degassed and
non-degassed solutions showed that the same photoproducts are produced in both cases.
They are less abundant in degassed solutions, for which BIT dimers are also observed.

This is likely because a reduced concentration in oxygen disfavors mechanisms involving
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dissolved oxygen and thus favors intermolecular reactions between BIT excited species.
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Figure 3.2.2: Suggested pathways for the photodegradation of BIT

In silico toxicity estimations

For each photoproduct, QSAR results on mutagenicity, oral rat and Fathead minnow
toxicity were considered to be compared to that of the parent compound. The results of
in silico toxicity estimations are summarized in Table [3.2.2] Since the structure of PP6b
was not accurately determined (the position of the second hydroxyl group on the aromatic
ring could not be stated, see Table , toxicity estimation could not be performed on

this compound.

Regarding mutagenicity, T.E.S.T. works with a dataset of 5743 chemicals and provides a
binary result (positive/negative). Experimental values were provided by the software for
BIT, PP3, PP7, and PP8a; they were all in accordance with the calculated results. In
silico estimations showed non-mutagenicity for all the photoproducts except PP4. For this
compound, only 2 out of 3 individual predictions provided any result and both results were
contradictory, therefore the mutagenicity positive result for PP4 is of low reliability; it
might be a false positive result and should be treated accordingly. Fathead minnow LCjxq
(96 h), represents the concentration that kills half of the fish population (Pimephales
promelas) in 4 days. The training set was obtained from the ECOTOX database, with a

dataset containing 823 chemicals.
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Table 3.2.2: Toxicity values estimated by the T.E.S.T. software for BIT and its photoproducts
except PP6b

Compounds  Mutagenicity (Ames test) Fathead minnow LC50 Oral rat LD50

(96h) [mg/L] (mg/kg]
BIT Negative 25 894
PP1 Negative NA 1169
PP2a Negative 148 527
PP2b Negative NA 3235
PP2c Negative 36 941
PP3 Negative NA 1685
PP4 Positive 140 649
PP5 Negative 79 412
PP6a Negative 55 NA
PP6c Negative NA 3385
PP7 Negative 186 1123
PP8a Negative 166 1619
PP8b Negative 144 897
PP8&c Negative 126 608

The parent compound showed to be the most toxic but LCs, values could not be estimated
for PP1, PP2b, PP3, and PP6c: none of the individual models provided a result since the
requirements for reliable toxicity assessment were not fulfilled for these compounds. For
PP8a (salicylamide) the proposed experimental toxicity value was in good agreement with
the calculated one but for PP7, for which an experimental result was also available, the ex-
perimental value was 3.5 times higher than the calculated one. The oral rat LD5q endpoint
gives the amount of chemical, in terms of the mass of the chemical over weight of the rat,
which kills half of the rats when orally ingested. In this case, the ChemIDplus database
was used to calculate toxicity data of interest with a final dataset of 7413 chemicals. For
this endpoint, there was no prediction for photoproduct PP6a but the others proved to
be of high reliability. Experimental values showed good accordance with the calculated
ones for the parent compound. Photoproducts PP2a, PP2c, PP4, PP5, PP8b, and PP8c
exhibited slightly higher or similar toxicity as the parent compound. Compound PP5
fell into the moderately toxic category (50-500 mg/kg) on the Hodge and Sterner scale
[29]. All the other compounds were categorized as slightly toxic. For PP8a different oral
rat toxicity values were reported in the literature but generally, the experimental values
were approximately 2 times lower, closer to the toxicity values determined for PP8b and
PP8c (Table [30, [31]. Tt could explain the discrepancy among the PP8 compound
family, in which photoproducts display isomeric structures. Given that oral rat toxicity
calculations proved to be of adequate reliability, toxicophores of the critical compounds
are further discussed. The potential toxicity of PP2a cannot be compared to those of

other compounds since its structure includes a very specific and uncommon —SO-CO-NH-
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structure (Table. It is interesting to note that, at the exception of PP2a, all the pho-
toproducts exhibiting potential toxicity include either a phenolic (PP2c, PP8b and PP8c¢)
or sulfino (-SO,H) group (PP4). Furthermore, the most toxic compound (PP5) is the one
including both functions. The toxicity of phenolic compounds has been widely reported
but that of the sulfino group is not discussed in the literature, therefore no conclusion

could be drawn but it might be interesting to investigate further this class of compounds.

Conclusion

The UV-VIS irradiation of an aqueous solution of benzisothiazolinone led to the formation
of fourteen photoproducts, their chemical structures were elucidated based on GC-MS,
LC-MS/MS, and FT-ICR-MS experiments. Based on the chemical structures determined
and their appearance order, a photo induceddegradation mechanism of benzisothiazoli-
none was proposed, which combines isomerization, oxidation, hydroxylation, hydrolysis,
and elimination processes. Regarding to toxicity estimations, the absence of mutagenicity
of photoproducts and the moderate oral rat LD50 values determined for some of them
(while most of them are less toxic than the parent compound) leads to consider direct
photodegradation as a potential powerful tool to remove benzisothiazolinone, even when
it is used in large amounts in some wastewater treatment plants. This is even more in-
teresting considering that these photoproducts were not persistent after a few hours of
UV-light irradiation.
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Supplementary data

Table S3.2.1: Exact m/z values and corresponding formulae of collision-induced product ions
from [M+H]" and [M-H] ions in LC-MS/MS

Com- | Retention| [M+H]" Daughter | Raw formula of the | [M-H] Daughter | Raw formula of the
pound | time in | in ESI+ | ions of | daughter ion in  ESI- | ions of | daughter ion
LC-MS | (m/z) [M+H]" (m/z) [M-H]
(min) (m/2) (m/2)
BIT 7.2 152.01642 | - - - - -
PP1 9.3 152.01636 | - - - - -
PP2a | 54 168.01196 | 151.00915 | C;H5NOS (-OH") - - -
150.00133 | C;H,NOS (-H,0)
122.00631 | CH4NS (-H,0, -CO)
96.04471 | C5HgNO (-CO, -SO)
PP2b | 7.0 168.01196 | 140.01695 | CzHgNOS (-CO) - - -
135.03148 | C,H,NO, (-HS")
125.00600 | CgH;0S (-CHNO)
112.02193 | C4HGNS (-CO, -CO)
108.04477 | C4HNO (-COS)
PP2c | 83 168.01196 | 140.01695 | C4HGNOS (-CO) - ] _
135.03148 | C,HNO, (-HS")
125.00600 | C4H,0S (-CHNO)
122.00632 | C4H,NS (-H,0, -CO)
112.02193 | C,HGNS (-CO, -CO)
PP3 3.8 - - - 181.99191 | 118.02998 | C,H,NO (-SO,)
PP4 | 1.2 - - - 184.00756 | 120.04494 | C,HNO (-SO,)
PP5 | 1.8 202.01665 | 184.99094 | C,H;0,S (-NH,) 200.00250 | 156.99666 | C4H;05S (-CHNO)
121.02882 | C,H;0, (-NHj, -SO,) 136.04055 | C,HGNO, (-SO,)
118.02997 | C;H,NO (-SO,, -H,0)
93.03468 | C4H;0(-CHNO,-SO,)
PP6a | 0.9 - - - 215.99742 | 198.07082 | C,H,05S (-NHy)
172.99153 | CgH;0,S (-CHNO)
PP6b | 1.5 - - - 215.99741 | 172.99153 | CgH50,S (-CHNO)
152.03542 | C,HNO; (-SO,)
PP6c | 2.3 - - i 215.99742 | 156.99660 | CqH;04S (-CHNO,)
136.04048 | C;HgNO, (-SO3)
PP7 | 56 122.05992 | 105.03384 | C;HO (-NHj) - - -
79.05447 | C4H, (-CHNO)
PPSa | 7.3 138.05482 | 121.02882 | C,H,0, (-NHs) _ - _
111.04443 | C4H,0, (-CHN)
95.04946 | CgH,O (-CHNO)
PP8b | 2.5 138.05480 | 121.02882 | C;H;0, (-NHj) - - -
111.04443 | CgH,0, (-CHN)
95.04946 | CgH,O (-CHNO)
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PP8c 7.1 138.05483 | 120.04480 | C;H¢NO (-H,0) - - -
92.04979 CgHgN (-H,0, -CO)
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Figure S3.2.1: UV-Vis absorption spectrum of BIT (1.2 mM) in ultrapure water
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BIT hydroxylation

1

ESl+ lm l“- ln

— HO
L/NH /NH /NH
S S HO S

l l

- No CO loss possible No CO loss possible

m/z 140

m/z 112

+
NH,
Dl\s/

;.

No CO loss possible

Figure S3.2.2: Consecutive CO eliminations from hydroxylated isomers of BIT and PP1 (a)
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PP1 hydroxylation
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Figure S3.2.3: Consecutive CO eliminations from hydroxylated isomers of BIT and PP1 (b)
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3.3 Photolysis of naproxen

Another molecule selected to apply the in-lab approach on, was the widely used anti-
inflammatory drug naproxen. In this case, the approach was highly similar to the one
used for the degradation of benzisothiazolinone. The same instrumentation was used,
except that in the case of naproxen, GC-MS was employed as well, in combination with
the derivatization of the molecules, as some compounds were suitable to be GC analyzed

due to their low molecular weight and low polarity.

UV-visible photodegradation of naproxen in water — Structural elucidation of

photoproducts and potential toxicity

Noemi Cazzaniga, Zsuzsanna Varga, Edith Nicol and Stéphane Bouchonnet
Laboratoire de Chimie Moléculaire — CNRS / Ecole Polytechnique, Institut Polytechnique de Paris, 91128,

Palaiseau, France

Abstract

The UV-visible photodegradation of naproxen (6-methoxy-oa-methyl-2-naphthaleneacetic
acid, CAS: 22204-53-1), one of the most used and detected non-steroidal anti-inflammatory
drugs (NSAIDs) in the world, and its ecotoxicological consequences were investigated in
an aqueous medium. The photo-transformation products were analyzed and the structures
of photoproducts were elucidated using gas chromatography coupled with tandem mass
spectrometry (GC-MS/MS) and high-performance liquid chromatography coupled with
ultrahigh-resolution Fourier transform ion cyclotron resonance mass spectrometry (LC-
FTICR-MS). Seven photoproducts were detected and characterized, photo-transformation
mechanisms have been postulated to rationalize their formation under irradiation. In silico
QSAR (Quantitative Structure-Activity Relationship) toxicity predictions were performed
with the Toxicity Estimation Software Tool (T.E.S.T.) and in vitro assays were carried out
on Vibrio fischeri bacteria. Some of the obtained photoproducts exhibit higher potential
toxicity than naproxen itself but the whole toxicity of the irradiated solution is not of

major concern.

Introduction

As the human body does not break them down entirely, pharmaceuticals and their
metabolites represent a significant source of environmental contamination and their ever-
increasing consumption is a major issue for the environment and human safety. The
volume of medicines used globally will reach 4.5 trillion doses by the end of 2020 on a
1.4 trillion dollar market |1]. Frequent use and active consumption of pharmaceuticals

led to increased levels of drug-related residues in the environment. More than 600 active
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pharmaceutical ingredients (APIs) or their metabolites and photo-degradation products
have been identified, mainly in surface water and wastewater, but also in groundwater,
soil, and other environmental matrices [2]. High concentrations of pharmaceutical prod-
ucts reach wastewater treatment plants (WWTP), mainly through human urinary, fecal
excretion, and industrial discharges, and a considerable variety of drugs is not mineral-
ized by conventional treatment processes. It is now turned out that hospital efluents are
also significant sources of aquatic environmental pollution [3]. Consequently, more and
more research is devoted to design specific pilot plants suitable for the degradation of
biocides and drugs in hospital efluents, aiming at reducing the pharmaceutical burden of

wastewater treatment plants and the associated risk.

In the past years, different prioritization approaches, based on consumption data, exper-
imental toxicological and physicochemical data, and in silico predictions, were carried
out to screen and identify the most environmentally hazardous pharmaceuticals. A recent
study using a QSAR (Quantitative Structure-Activity Relationship) approach has shown
that pharmaceutical products constitute a new generation of contaminants of emerging
concern that can affect wildlife and the ecosystem even at low concentrations |4]. The
majority (83%) of the drugs screened were predicted to be non-PBT (Persistent, Bioac-
cumulative, Toxic) and therefore, may not be considered dangerous for the ecosystem. 35
drugs have been identified as potential PBTs, for which an experimental evaluation will
have to be made to confirm the expected PBT behavior [5] 6].

Contrary to chronic toxicity, the acute toxicity of nonsteroidal anti-inflammatory drugs
(NSAIDs) has not been widely studied, except in the case of propranolol, which shows
high acute toxicity. 17% of the medicines exhibited human LC50 values lower than 100
mg/L, which according to EU Directive 93/ 67/EEC [7] correspond to acute toxicity, 38%
exhibited LC50 values above 100 mg/L and were thus classified as not harmful to aquatic
organisms. The remaining 45% showed a considerable variability of acute toxicity values
depending on the way they were evaluated. In the case of naproxen, the provided EC50

values fall in a range as wide as 10-1000 mg/L [8}|9].

According to statistics conducted in 2017 on clinical drugs, naproxen was the 71st most
prescribed medication in the United States, with more than eleven million prescriptions. It
belongs to the priority list of substances defined by the Global Water Research Coalition
[10]; it is also on the list of contaminants of emerging concern compiled by the NOR-
MAN network, specialized in monitoring and biomonitoring of emerging environmental
substances [11]. Naproxen is one of the most commonly detected pharmaceutical com-
pounds in the environment, with concentrations in surface waters up to 32 pg/L [9]. It is
mainly excreted in urine (95% of the quantity ingested) and is not effectively removed by
current wastewater treatments. A naproxen concentration of 6 ng/L has been reported in

raw urban wastewater and effluent from a system of activated sludge, a common treat-
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ment adopted for urban wastewaters prior to final discharge into surface water bodies
[12]. In another study conducted on raw urban wastewater and effluent from an activated
sludge system, Ibuprofen was detected at the highest concentration (373 pg/L), followed
by naproxen (53 pg/L). No significant reduction was found for ibuprofen and naproxen
in the pre-treatment and sedimentation step; because of their acidic structures and their
very low solid-liquid partition Kd coefficients, both molecules undergo very poor sorption

onto sludge and mainly remain in the aqueous phase [13].

It has been demonstrated that naproxen, by itself or through its metabolites, can affect
organisms that inhabit ecosystems and one of the most important aspects of studies on the
degradation of pollutants is the toxicity of degradation products, which in some cases can
be higher than that of the parent molecule [14]. The main objective of the present work was
to characterize the photoproducts generated from direct photolysis of naproxen, based on
GC-MS and LC-MS investigations. Ultrahigh-resolution measurements permitted direct
assignment of exact formulae while tandem experiments allowed structural elucidation
for the major part of photoproducts. The second aim of this work was to estimate the
potential toxicity of the photoproducts using both in silico (QSAR calculations) and in
vitro (luminescence inhibition tests on Vibrio fischeri marine bacteria) approaches, to
determine whether UV-visible photodegradation could be an efficient solution for the safe

removal of naproxen, for instance from hospital effluents.

Experimental

Chemicals and reagents

Naproxen (6-methoxy-o-methyl-2-naphthaleneacetic acid, CAS: 22204-53-1) was provided
by Sigma Aldrich (Madrid, Spain). Acetonitrile (ACN), methanol and dichloromethane
(Sigma Aldrich, Saint Quentin Fallavier, France) were of chromatographic grade, i.e. with
purity > 99.99%. BSFTA (N,O-Bis (trimethylsilyl)trifluoroacetamide) and formic acid
were also from Sigma Aldrich (Saint Quentin Fallavier, France). Ultrapure water (con-
ductance of 18.2 S/cm) was obtained purifying tap water with a Purelab Chorus 1 system

(Veolia, Wissous, France).

Sample preparation

Naproxen solutions were prepared at four concentrations: 2, 10, 100, and 500 ppm in water
to which 0.1% acetonitrile was added regarding the poor solubility of naproxen in pure
water close to neutral pH (around 4 mg/L at 25°C according to the Henderson-Hasselbach
equation). Different irradiation times were tested, to determine the appearance order of
photoproducts. The solutions were irradiated up to a maximum of 6 hours with sampling
at t 0-2-5-10-15-30-45-60-80-100-120 minutes, then every thirty minutes up to the fourth
hour, and every hour until the end of the analysis. For GC-MS analysis, all samples were

dried using an Xcelvap automated evaporation/concentration system (Biotage, Uppsala,
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Sweden) for an hour, then put in an oven (WTC Binder 7200, Tuttlingen, Germany)
for 10 minutes at 80°C to remove any trace of water. Silylation was achieved by adding
100 pL of BSTFA (N,O-Bis (trimethylsilyl) trifluoroacetamide) and placing the sample in
the oven for 30 minutes. 100 pL of dichloromethane (DCM) was added prior to GC-MS
analysis to reconstitute the sample. For LC-MS coupling measurements, samples were
dissolved in ultrapure water to reach a final concentration of 2 ppm for nondegraded
naproxen at to. For HRMS analysis in direct infusion mode, samples were diluted in a
mixture of H20/ACN/FA 90/10/0.1%, to reach a 2 ppm concentration for naproxen at
to. All samples were stored sheltered from light at 4°C.

Photolysis experiments

Photodegradation experiments were conducted using a home-made photoreactor equipped
with a highpressure mercury lamp HPL-N 125 W /542 E27 SC (Phillips, Ivry-sur-Seine,
France) that emits light on wavelengths between 200 nm and 650 nm, with maximum
irradiation at 254 nm and a radiation flow of 6200 Im. The lamp is located in a quartz
tube at the center of an ALO04-12 sonicator (Advantage-Lab GmbH, Darmstadt, Ger-
many) and samples are placed in quartz tubes around, at equal distance to the lamp.
The sonicator is used to achieve the solubilization of compounds before irradiation. To
avoid thermal degradation, the temperature was manually adjusted to 30+5°C flowing

cold-water through the sonicator manifold.

GC-MS operating conditions

Gas chromatographic separations were carried out on an Agilent 7890B GC instrument
equipped with a 30 m HP-5MS column (5% Phenylmethylpolysiloxane) with an internal
diameter of 0.25 mm and film thickness of 0.25 pm, coupled with an Agilent 7000 D
GC/TQ triple quadrupole mass spectrometer (Agilent Technologies, Les Ulis, France).
Samples were injected in splitless mode using an Agilent 7693 A autosampler, the injection
volume was 1 pL. and the injector temperature was 280°C. A gradient temperature program
was used with an initial temperature of 50°C, held for 0.5 min then increased to 320°C
with a ramp of 20°C/min. The carrier gas was high purity helium, with an autoregulated
flow of 1.2 ml/min. Measurements were carried out in electron ionization (70 eV) with
a filament emission current of 35 pA. The electron multiplier voltage was automatically
optimized at 1090 V, for a gain value of 10°. In the full scan mode, ions were scanned
from m/z 50 to m/z 600. Tandem experiment measurements were performed, using argon
as the collision gas, with collision energies of 15, 30, and 45 eV. The source temperature
was set to 230°C.

LC-MS operating conditions

Chromatographic separations were carried out using an Acquity HPLC system (Waters
Technologies, Guyancourt, France) equipped with a C;g Pursuit XRs Ultra 2.8 pm, 50
x 2.0 mm column (Agilent Technologies, Les Ulis, France) and coupled with an FT-ICR
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SolarixXR 9.4 T (Bruker Daltonics, Bremen, Germany). The injection volume was 10
nL, elution was performed using a 0.1 mL/min flow with a mixture of solvents A (water,
formic acid 0.1%) and B (acetonitrile, formic acid 0.1%). After 10 minutes, the percentage
of solvent B was increased from an initial value of 5% to 40% in 15 min, then to 90% in
5 min. The gradient was then set back to initial conditions (5% of B) during the last 20
min, for a total method duration of 50 min. An electrospray ionization source was used
both in positive and negative mode, the nebulizer and drying gas was nitrogen with a
flow of 8 L/min at 250°C for drying gas and 1 bar for nebulizer gas. The capillary voltage
and end plate offset values were set to - 4500 V and - 4000 V, respectively for positive
mode, and 3000 V and 2500 V, respectively for negative mode. Argon was used as the
collision gas for tandem experiments. Ions were accumulated in the collision cell for 0.2
s in MS experiments and 2 s in MS/MS experiments. The ion detection mode was set
to 4 Mpt with a 0.8389 s transient duration in broadband mode from m/z 57.7 to m/z
1000 to obtain a resolution higher than 350 000 at m/z 200. To reduce the size of the
data file, 97% of the data (contributing to noise) were not recorded to get a data file
size below 2 GB per analysis. Phosphoric acid was used for external mass calibration
and exact chemical formulae were attributed with tolerance below 3 ppm. For tandem
MS experiments, precursor ions were isolated with an isolation window of 1 m/z and
dissociated, using argon as the collision gas, with collision energies of 10, 15, 20, and 25

V to study the fragmentation mechanisms.

In silico toxicity estimations

The toxicities of naproxen and its photoproducts were in silico evaluated regarding devel-
opmental toxicity, oral rat LD50 (mg/kg), and fathead minnow LC50 (96 h) (mg/L). The
Toxicity Estimation Software Tool (T.E.S.T.) - based on Quantitative Structure-Activity
Relationship (QSAR) mathematical models - was used for this purpose [15]. T.E.S.T.
has been developed by the U.S. Environmental Protection Agency, its main features are

briefly described in Supplementary information SI-1.

In vitro bioassays

Vibrio fischeri commercial in vitro test kit was used to evaluate the global ecotoxicity of
solutions before (initial concentration of 50 pg/L in naproxen) and after two times of irra-
diation: 30 and 80 min. The freeze-dried luminescent bacteria and the luminometer were
purchased from Hach Lange (GmbH, Dusseldorf, Germany). The experimental method
used in this study is based on the ISO 11348-3 protocol [16]. Luminescence was measured
in duplicate before the addition of the test solution and after contact times of 5, 15, and 30
min; results were corrected using the values measured with control samples. The effective

nominal concentration leading to 20% inhibition of bioluminescence is designated as the

EC20.
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Results and discussion

Kinetics of photoproducts and degradation efficiency

The relative concentration of naproxen in ultrapure water was followed by LC-MS over the
irradiation time (6 hours), integrating the area of the corresponding chromatographic peak
on the [M+H]" ion. The initial amount of naproxen (initial concentration of 2 ppm) was
halved after about 30 minutes and the compound was no longer detected after 45 minutes.
In order to correlate the appearance of some photoproducts with the disappearance of
some others, their relative abundances (normalized data from GC-MS and LC-MS signals)

were plotted as a function of irradiation time (Figure |3.3.1)).
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Figure 3.3.1: Relative abundances of naproxen and its photoproducts over time: compounds of
major abundances (NAP, PP1 and PP6) on left side (relative abundances normalized to 2500)
and compounds of minor abundances (PP2, PP3, PP4, PP5 and PP7) on right side (relative

abundances normalized to 30).

Photoproducts are referred to as PP1 to PP7; their structures are given in Table |3.3.2
and [3.3.1] To compare the relative amounts estimated by GC-MS and LC-MS couplings,
LC-MS peak areas were corrected by a factor determined on the basis of the peak areas
of naproxen detected by both techniques at t,. This empirical approach aimed at making
possible a rough comparison between ion abundances from both techniques; it did not

serve a quantification purpose, but allowed to discriminate reaction intermediates from
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photoproducts likely to be found under real sunlight degradation. Seven photoproducts
were determined. After a few minutes of irradiation, PP6 is by far the most abundant
before PP1. Furthermore, PP6 appears as the only persistent compound at the end of the
experiment while all the other photoproducts appear as reaction intermediates. Corre-
lating their relative appearance and disappearance order helped to assign their chemical

structures.

Table 3.3.1: Retention times, main ions, and elucidated structures of the photoproducts PP4 to

PP7 detected by LC-ESI-MS

Ret. Detection in n Detection in .
. + MH" for- _ MH for- Structure of the com-
time Compound  ESI+ MH ESI- MH
. . mula . mula pound
(min) ion (m/z) ion (m/z)

o]

o]
[s]

7.51 PP4 209.04502 C1oHgOs"  207.02990 CioH:05

o]

8.26 PP5 197.04475 CoHoO5"  195.03025 CoHrO5

(e]

H

H
/@i
OH
OH
OH
OH

8.72 PP6 253.10742 C13H,,057  251.09250 C13H;505

R S
o

OH

[+]
o
OH
13.00 Naproxen 231.10198 CH5057 — - OO
\“D g
OH
13.14 PP7 201.09152 CysHy5057 - OO
[e]
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Table 3.3.2: Retention times, main ions, and elucidated structures of the photoproducts PP1 to
PP3 detected in GC-MS/MS (electron ionization)

Ret. time . Main ions in MS/MS
) Compound  Silylated . a
(min) (m/x) - precursor in bold

S
9.08 PP1 No 184, 169, 141, 115
\O

OH
10.12 PP3 Yes 274, 259, 185, 141, 73
\0
o]
10.18 PP2 No 200, 185, 158, 157, 128
\0

__OH
11.00 Naproxen Yes 302, 287, 243, 185, 73 OO o)
0]

*Note that the provided m/z values correspond to ions from the silylated structure in the case of deriva-

Photoproducts

tized compounds, i.e. PP2 and naproxen. For both compounds, the molecular mass of the photoproduct
and thus that of the molecular ion are shifted by 72 amu since the OH function has been replaced by

OSi(CHs)s.

Structural elucidation of photoproducts

GC-MS experiments allowed the structural elucidation of photoproducts PP1 to PP3;
retention times, ions, and chemical structures are given in Table [3.3.2] Dissociations of
molecular ions were interpreted; the silylated compounds were easily identified due to the
presence of a fairly intense ion at m/z 73 (Si(CH;)s)™ in their mass spectrum. Dissociation
mechanisms of molecular ions are provided in Figure [53.3.1]

The retention times and m/z measured for protonated and deprotonated species in LC-
ESI-MS are given in Table Collision induced experiments permitted the structural

elucidation of the photoproducts. Transitions and associated mechanisms are provided in

Table and Figure

Based on the chemical structures of photoproducts, a photodegradation mechanism of
naproxen has been proposed, which involves classical photochemistry pathways such as
Norrish-type cleavage, hydrogen abstraction, oxygen addition (from water dissolved oxy-
gen), hydrolysis, and concerted eliminations (see Figure . As is often the case with
ketones, the photodegradation process begins by the Norrish-type cleavage of the C-CO

bond of naproxen, leading to a radical which, in contact with a water molecule, can
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abstract a hydrogen atom or a hydroxyl group to lead to PP1 and PP2, respectively.
Photo-induced cleavages of C-H bonds have been recently demonstrated in a study by
De Vaugelade et al. reporting the UV-Vis photodegradation of alpha-tocopherol [17].
Cleavage of such bonds is only observed if the resulting radical is strongly stabilized by
mesomeric and/or inductive effects, which is the case when removing the hydrogen atom
carried by the same carbon atom than the hydroxyl group in PP2. The resulting radical
can lose a second hydrogen atom to lead to the ketone PP3. Successive oxygen additions
on PP3, combined with hydrolysis reactions lead to PP6, then to PP5. By analogous
mechanisms, the consecutive oxidation and hydrolysis of PP3 leads to PP4. Quite sur-
prisingly, PP7 results from methanol elimination from naproxen, followed by hydrogen
addition, the hydrogen atom is abstracted from a water molecule. This type of mecha-
nism is not “classical” in photochemistry but both the structure of naproxen and the MS

dissociation pathways of PPTH" allow unambiguous identification of the latter.
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Figure 3.3.2: Mechanisms proposed for the photodegradation of naproxen in water

In silico and in vitro tozicity estimations

QSAR in silico tests were carried out with the T.E.S.T. software (see Supplementary
information SI-1) regarding development toxicity, oral rat LD50 (mg/kg), and Fathead
minnow LC50 (96 hours) (mg/L); results are presented in Table [3.3.3|

Considering developmental toxicity, all compounds except PP4 are potentially toxic, the
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latter having a toxicity value coefficient of 0.37, which is below the threshold of toxicity
value (0.50); they are expected to be at least as toxic as naproxen. Regarding oral rat
toxicity, the values reported in Table [3.3.3|show that all photoproducts are in category I11
(slightly toxic) at the exception of except PP7 which belongs to category II corresponding
to moderate toxicity. The higher toxicity of PP7 compared to other photoproducts is quite
close to that of naproxen; this is consistent with the fact that the chemical structure of PP7
is the closest to that of the parent molecule. The lowest LC50 values were determined
for PP5 and PP6, which exhibit the most hydrophilic structures and thus the lowest
potentials for bioaccumulation. An oral rat LD50 experimental value of 248 mg/kg was
provided for naproxen, which is comparable but below the estimated one (516 mg/kg)
[18]. Nevertheless, it suggests that the in-silico approach used could underestimate the
toxicity of naproxen and its photoproducts due to the lack of experimental data on similar
structures. Regarding the toxic effect on Fathead minnow, PP1 exhibits by far the highest
potential toxicity, in agreement with previous results [19]. PP2, PP3, and PP7 provide
LC50 values close to that of the parent compound. The specificity of PP1 is that it does
not include any CO nor OH group, which makes it much less polar than other compounds.
Here again, the most hydrophilic compounds exhibit the lowest potential toxicity. In a
previous study on UV photodegradation of naproxen by Cory et al., only PP2 and PP3
were detected though the experimental conditions were quite similar to those used in
the present work [20]. Like in the present study, both phototransformation products of
naproxen were found to be more stable than naproxen itself when exposed to simulated
sunlight; their toxicity was investigated towards toad tadpoles and they have been shown

to be much more toxic than the parent molecule.

Table 3.3.3: Toxicity values estimated by the T.E.S.T. software for BIT and its photoproducts
except PP6b

Compound Fathead Oral rat Developmental Developmental
Minnow LD50 toxicity value® toxicity
LC50 (96 h) [mg/kg]
(mg/L)
NAP 5.3 515.5 0.89 Toxicant
PP1 0.2 667.8 0.53 Toxicant
PP2 5.5 1817.9 0.85 Toxicant
PP3 6.6 1594.0 0.51 Toxicant
PP4 22.8 4230.5 0.37 Non-Toxicant
PP5 69.9 3913.9 0.69 Toxicant
PP6 19.4 1661.8 0.52 Toxicant
PP7 6.8 311.7 0.96 Toxicant

*Arbitrary unit.
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In vitro bioassays based on the bioluminescence extinction of Vibrio fischeri were carried
out on the solution of naproxen at different irradiation times according to the protocol
described in the experimental section. Unlike in silico testing, this approach takes into
account potential mixture effects. In the above-mentioned protocol, estimation of an EC50
value requires a minimum of three measurements for which the inhibition is between
10% and 90%, with a value above 50% for at least one of the three measurements. A
naproxen solution at 50 ppm was submitted to photodegradation; sampling was performed
at tg, t3g, and tgy (minutes). For each sample, the conditions were not met for EC50
determination, indicating a low ecotoxicity; an EC20 was thus evaluated, based on linear
regression analysis of the dose-effect relationship. For a duration exposure of 15 minutes,
the EC20 value decreases when increasing the irradiation time, from 11.7 at t, to 7.2
at 80 minutes, which traduces a slight increase in toxicity of the mixture. As shown in
Figure PP6 is by far the most abundant photoproduct in the mixture at 80 minutes.
Regarding in silico estimations, PP6 exhibits Fathead Minnow LC50 and oral rat LD50
values higher than those estimated for naproxen so this photoproduct is not a prior:
expected to contribute to the increase in toxicity of the mixture. Different conclusions
can be drawn from these estimations: (i) insufficient parametrization of the T.E.S.T.
software regarding the molecules of interest makes the in silico estimations inaccurate
in the present case, especially in the case of PP6, which displays a quite complex and
unusual structure; (ii) with a Fathead Minnow LC50 estimated to be 25 times lower than
that of naproxen (see Table [3.3.3)), PP1, which is the second photoproduct in terms of
abundance, could be responsible for the slight increase in toxicity of the mixture; (iii) a
limited “cocktail effect” due to the concomitant presence of several photoproducts could
also be suspected. Whatever the right explanation, both in silico and n vitro evaluations
lead to the outcome that the ecotoxicity induced by naproxen photoproducts is not a major
issue compared to that of naproxen itself. However, the long-term environmental effects of
naproxen exposure at concentration levels close to those found in the environment remain
poorly studied although detection of the drug in wastewater and river samples in the ng/L

- pg/L range demonstrated the need for such knowledge [21H23].

Conclusion

The in-lab photodegradation of naproxen under UV-Visible irradiation led to the forma-
tion of seven photoproducts, which were characterized using LC-HRMS/MS and GC-MS
techniques. A photodegradation pathway of naproxen has been suggested based on the elu-
cidated structures and kinetics considerations. In silico and n vitro tests were conducted,
on isolated molecules in the first case, on an irradiated aqueous solution of naproxen in
the second one. The general conclusion is that photoproducts do not increase the global
toxicity in an alarming way. It is interesting to note that naproxen was 90% degraded

after only a few minutes and that all the photoproducts are eliminated after 5 hours of ir-
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radiation with the exception of PP6, which remains in the mixture in significant amounts
and whose toxicity would deserve to be further investigated after synthesis. Aside from
the consequences of sunlight-induced degradation of naproxen in the environment, these
results suggest that direct UV light irradiation — a technique gradually replacing the more
classical photocatalytic processes — could be an efficient tool for naproxen removal from

contaminated waters.
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Supplementary information

Table $3.3.1: Collision-induced ESIT mass spectra of naproxen and its photoproducts

Compound MH+ precursor ion Fragment ions
m/z Formula m/z Formula
PP4 209 C1oHoO5" 191 C10H,04"
149 CgH;05"
121 C,H;05"
PP5 197 CoHoO5" 179 CoH,0,"
163 CoH,O4"
151 CgH,04"
PP6 253 Cy5H,,057 217 Cy3H,505"
203 C1oHy,05"
175 Cy1Hy ;05"
157 Cy;H O
PP7 201 Cy3H;50,50 183 Cy3H;,0"
155 CH T

SI-1. In silico toxicity estimations using the T.E.S.T. software

The Toxicity Estimation Software Tool (T.E.S.T.) is an Environmental Protection Agency
online available computerized predictive system with Quantitative Structure Activity Re-
lationships (QSAR) mathematical model [15]. T.E.S.T. has a variety of toxicity endpoints
used to predict chemical toxicity values from the physical properties of the molecular struc-

ture. T.E.S.T. model uses a simple linear function of molecular descriptors such as the
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octanol-water partition coefficient, the molecular weight or the number of benzene rings.
Models for assessing toxicity solely from molecular structure are based on information-
rich structural descriptors that quantify transport, bulk, and electronic attributes of a
chemical structure. Besides molecular weight, the QSAR model employs size-corrected
E-values for quantification of molecular bulk. The size-corrected E-values are computed
from a rescaled count of valence electrons. Electrotopological state values (E-values) as
numerical quantifiers of molecular structure encode information about the electron con-
tent (valence, sigma, pi and lone-pair), topology and environment of an atom or a group of
atoms in a molecule [24]. The predicted toxicity is estimated by taking an average of the
predicted toxicities from the above QSAR methods, provided the predictions are within

the respective applicability domains.

)

+ + \.
N —_— . — ) . —_—
-CHy -co H - CoHs
o

1

T.J

miz 184 miz 169 miz 141 miz 115

PP1*
H
% L |
/Si\/ ) N
+ 0 + o &
e [ _HOSi(CHs) e ¥
-CHs ~—~Sie_ il ole]

T.J o / o

miz 274 l G, miz 259 iz 169 R

PP2* (silylated)
o
miz 185
—I : :
-
-GHy0
ol
miz 200 H miz 158 miz 128
Y +
ot \0 *
- CHy' -Cco

T T T iz 157

miz 200 miz 185 L

Figure S3.3.1: Dissociations of molecular ions of the photoproducts detected by GC-EI-MS
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4.1 General approach

Indirect photochemical reactions can be induced by reactive species present in the mix-
ture, as described in chapter 1. In the following studies, the reactive species were generated
through photocatalysis, Fenton-reactions, the presence of hydrogen peroxide, or the acti-
vation of photosensitizer molecules. When advanced oxidation processes are applied, the

wavelength of the light should be adequate to activate the process in question.

The composition of the aqueous medium can range from ultrapure water to complex
mixtures containing natural organic matter or wastewater. The addition of matrix com-
ponents permits determining whether they could act as a photosensitizer or affect the
nature of the photodegradation process. For this purpose, organic probes, which absorb
light at higher wavelengths, could be added to study the effect of the transfer of the
absorbed light energy from an intermediate to the parent molecule. Adjusting the pH is
very important for the efficiency of some advanced oxidation processes, especially for the

Fenton reaction.

Sampling frequency and total reaction time should be optimized, taking into consideration
the reaction kinetics. Many photoreactions show exponential decay of the parent molecule.
The analysis of the samples usually requires suitable sample preparation and analytical
techniques such as GC-MS and LC-MS couplings. In the present studies, the aim was
to minimize sample preparation steps to reduce the related variability and operator sub-
jectivity. For the analysis of the samples, hyphenated chromatographic techniques with
mass spectrometry, ionic chromatography, UV-Vis spectroscopy, total organic carbon, and
pH measurements were used. HRMS and MS” experiments were applied to elucidate the
photodegradation mechanisms. Regarding the determination of potential toxic effects of
the photoproducts, the same approaches were used as for the direct photochemical exper-

iments previously described.

The primary aim when applying advanced oxidation processes is to achieve high degrada-
tion efficiencies for the CECs. The ultimate goal is usually to design water treatment pro-
cesses that can be applied on an industrial scale in terms of technical feasibility and cost.
These systems should mineralize the compounds of interest, or at least reduce considerably
the overall toxicity of the mixture. The study of the photodegradation of enrofloxacin in
a pilot plant was an instructive work to understand AOPs on larger scales and study the
effect of secondary treated wastewater on the process. These studies will help understand
the photodegradation efficiencies of different AOPs, the formation of potentially harmful

by-products, and their potential applications in water treatment on industrial levels.
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4.2 Photodegradation experiments on perfluorooc-

tanoic acid

In the framework of the AQUAlity project, the first secondment of two months was carried
out at the Institut de Chimie de Clermont-Ferrand under the supervision of Dr. Claire
Richard. Classical photodegradation experiments were performed on perfluorooctanoic
acid (PFOA). This was an instructive experience, as the main expertise of this laboratory
is on photochemistry. Twelve irradiation experiments were carried out and are described

in the materials and methods part.

The issue with perfluorinated substances such as perfluorooctanoic acid is twofold. Firstly,
they are long-chain alkylic compounds; therefore, the characteristic absorption bands
appear at very high energies (Figure . Secondly, due to the strength of the carbon-
fluorine bond, it is incredibly challenging to achieve defluorination. Thus previous studies
showed the shortening of the alkyl chain, but mineralization was achieved only under
harsh reaction conditions. The general approach here was first to test the degradation of
PFOA under irradiation with UV light and then add photosensitizers that absorb light
at higher wavelengths and potentially transfer energy to the perfluorinated molecule. The

photochemical experimental setups are described in the supplementary information SI-1.
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Figure 4.2.1: UV-Vis absorption spectrum of PFOA in ultrapure water.

Table contains the selected organic probes used as photosensitizers, the wavelength
of their absorption maximum, measured by UV-Vis spectroscopy, and the selected irra-
diation wavelength. Changes in UV-Vis absorption of the mixtures and pH values were
frequently monitored during the experiments. The samples were analyzed using LC-MS
to follow the eventual degradation of the parent compound and the potential formation of

phototransformation products. Ionic chromatography was employed to measure possible
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defluorination by fluoride ion quantification. The analytical parameters are presented in

the supplementary information SI-2.

Table 4.2.1: Added photosensitizer molecules and local maximum absorbance

Molecule Structure Max absorbance Max wavelength of

[nm] irradiation [nm]

2,4-dinitro- 350 365
phenylhydrazine
O
OH
M
tryptophan HN 2 278 313

©/OH
phenol 268 313

Hz

Q.

N
3,4-dichloraniline cl 296 313

An aqueous PFOA solution at 10 pM was irradiated at 254 nm, and samples were taken at
t0, 24 h, and 96 h. By LC-MS analysis, it was determined that the main degradation path-
way was the stepwise dealkylation described in the literature [1]. When perfluorooctanoic
acid (CgHF50,) is submitted to irradiation in water, the C-C bond is cleaved between the
COOH and C;F 5. The latter will form in water the thermally unstable alcohol C;F;50OH,
which in turn will undergo HF elimination, forming CgF3COF. This will hydrolyze and

yield a perfluorocarboxylic acid with one less CF; unit.

Evidence of this elimination pathway was obtained by LC-MS (Table |4.2.2)), where all the
corresponding photoproducts of this mechanism were detected. A loss of CO, is also evi-
denced in the mass spectrum (m/z 413 — m/z 369); this very common loss for carboxylic

acids shows that the functional group was present in all compounds.

After 24 h, 40% of PFOA degraded into photoproducts and after 96 h, 94% of degradation
was achieved. These seem to be promising results, despite the long irradiation times, but by
analyzing the fluoride content using ionic chromatography, it was determined that 12.3%
and 42.3% of defluorination were obtained in the samples at 24 and 96 h, respectively.
This means that mineralization of the parent compound is not reached, and the obtained

photoproducts are still perfluorocarboxylic acids, which can exert similar toxic effects as
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the parent molecule.

Table 4.2.2: LC-MS measurement results

Retention

[M-H] ) m/z Fragment m/z
time

CsO0,F 5 9,17 412,97 C;Hy; 368,98
C,O5F 13 7,86 362,97 CeF13 318,98
CeOoF 11 6,60 312,97 CsFyy 268,98
C505F, 5,40 262,97 C4Fy 218,99
C,0,F, 3.84 212,98 CsF, 168,99
C30,F 2,17 162,98 C,Fs 118,99
Cy0,5F; 0,98 112,96 CF, 68,99

The same type of measurements were performed on the irradiation of PFOA with or-
ganic probes. In this case, PFOA does not absorb at the wavelengths used for irradiation.
Unfortunately, after 24 hours of irradiation, LC-MS and ionic chromatography measure-
ments showed no evidence of PFOA degradation. This led to the conclusion that these
compounds do not act as photosensitizers in an efficient way for this class of compounds.
The experiments carried out did not have a satisfactory success in terms of degradation
efficiency of the molecule due to its extreme persistence, but many lessons were learned
in terms of good practices and correct parametrization when performing photochemical

experiments.

Supplementary information

SI-1. Photodegradation experiments

The photodegradation experiments were carried out on 100 mL solution, with a concen-
tration of 0.01 mM of the perfluorinated molecule, and the added photosensitizers con-
centration of 0.1 mM. The starting pH before irradiating the solution was adjusted to the
value of 7.5 with NaOH, as PFOA is acidic. The samples were irradiated in a photoreactor
with a circular setup. Six lamps were arranged around a sample holder equipped with a
fan for cooling. The solutions were irradiated using three different set-ups, depending on
the addition of photosensitizers and their absorbance spectrum. In the first case, when
photolysis was performed in ultrapure water, the sample was irradiated at 254 nm in a
device with six MAZDA TG 15W germicidal tubes placed around the quartz cylinder.
When photosensitizers tryptophan, phenol and 3,2-dichloranaline were added, the sam-
ples were irradiated in a Pyrex-cell placed photocircular reactor with six Duke sun lamp
fluorescent tubes, emitting with a maximum emission at 313 nm. In the last experiment,

when 2 ,4-dinitrophenylhydrazine was added as photosensitizers, the reaction was carried

132



out in a pyrex-glass reactor, irradiated with six Sylvania, F15 W/350BL polychromatic

tubes, with a maximum emission at 365 nm. All of the cells were open to air.

SI-2. Analysis of the samples

The UV-Vis spectra of each sample was recorded by a Varian Cary 3 spectrophotometer
in scan mode. The fluoride content was measured by ion chromatography on a Dionex
DX320 instrument, equipped with an anion column IonPAC AS11 (Analytical column 5
x 250 mm). A KOH solution was used as eluent in gradient mode. For quantification the

measurement were carried out in triplicates.

The LC-MS measurements were carried out on an Orbitrap Q-Exactive (ThermoSci-
entific) mass spectrometry, combined with an UHPLC Ultimate 3000 RSLC (Thermo-
Scientific). The chromatographic column was a Kinetex EVO C18 (Phenomenex, 100 x
2,1mm; 1,7pm). A flow of 0.45 mL/min was applied, at 30°C. HyO+0.1% Formic acid (A)
JACN+0.1% Formic acid (B) gradient was used as following: the starting condition was
95% of solvent A; it was lowered until 1% in 7.5 min, kept at this value until 8.5 min and
then increased back to 95% after 9 min and kept at this value until 11 min of elution. The
injected sample volume was 5 L. Electrospray ionization was used in negative mode, with
a scanning range from 80 to 1200 m/z. The achieved resolution was 35000. The capillary
temperature was 320°C, the spray voltage was 3000 V. The sheath, auxiliary and sweep
gas were Ny with a flow of 50, 10 and 2 L /min, respectively. The auxiliary gas temperature

was 400°C. The target gain was 10° and the maximum injection time was 50 ms.
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4.3 Photoinduced transformation of maprotiline

One of the aims of the AQUAIlity project was to establish collaborations between the
partner institutions. This was realized through secondments or common projects. Nuno
Gongalves, one of the early stage researchers of AQUAlity, carried out a 2 months project
at the LCM laboratory, working on the degradation of maprotiline under photolysis and
photocatalysis. This collaboration yielded a publication in the journal Science of the Total

Environment; it is presented below.

Study of the photoinduced transformations of maprotiline in river water using

liquid chromatography high-resolution mass spectrometry
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Abstract

Maprotiline was identified as a compound of potential interest further to a suspect screen-
ing test carried out for a list of more than 40,000 substances based on specific occurrence,
hazard, and risk indicators. Despite the high frequency of appearance of this drug in
wastewater treatment stations, his environmental fate is still unknown. Herein, we inves-
tigated for the first time the maprotiline degradation pathways in river water spiked with
the drug at a concentration close to those detected in natural waters. Preliminary pho-
tocatalytic experiments in ultrapure water produced 32 transformation products (TPs)
resulted mainly from the multiple hydroxylation/oxidation in different positions of the
drug molecule. From the river water experiments, 12 TPs were formed by photolysis
matching with those observed in ultrapure water experiments, and 2 were also formed
resulted from biotic degradation. Employing HPLC-HRMS, we were able to elucidate the
chemical structures of TPs and assess the overall degradation mechanism. Preliminary

bioassays suggested lower toxicity of TPs relatively to the parent compound.
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Introduction

The scientific progress observed in the last few decades had a remarkable impact on mod-
ern human lifestyle. The development of countless chemical substances part of our daily
routine activities is now severely affecting the quality of water resources. The widespread
presence of contaminants of emerging concern (CECs) is a major threat to aquatic ecosys-
tems worldwide [1]. According to the NORMAN network [2], a CEC is defined as “a sub-
stance currently not included in routine environmental monitoring programs that may be
a candidate for future legislation due to its adverse effects and/or persistency”. These sub-
stances are not necessarily new, most of them are “emerging” as result of the improvement
in analytical techniques that recently allowed to detect and track trace concentrations in
aquatic media [3, |4]. Their “concern” rises from the scarce information about their envi-
ronmental fate, their hazards to human health and ecosystems, the degradation pathway
and toxicity of their degradation products. The presence of a large number of contami-
nants coupled with the continuous improvement capability to detect new pollutants make

CECs a complex challenge for regulatory agencies [5, (6].

Pharmaceuticals have emerged in the past few decades as the CECs epicenter [7H10].
The increasing number of new medicines together with their extensive use, persistence
and high biological activity enlarged drastically their environmental impact |11]. Phar-
maceuticals reach the environment mainly by excretions and erroneous disposal in the
domestic sewer, hospital effluents and animal/fish farming. They include antibiotics, hor-
mones, birth control pills, antidiabetics, beta-blockers, lipid regulators, impotence drugs,
painkillers, tranquilizers, antidepressants and other medicines. Furthermore, the actual
wastewater treatment facilities are not specifically designed to remove organic pollutants,

thereby allowing their constant release into the environment [12-14].

Antidepressants are among the most prescribed pharmaceuticals in developed countries
[15, [16], associated with psychiatric disorders also in the youngest generation. The con-
sequent appearance of these complex mixtures in water stream impacts animals living in
the aquatic environment [17]. Recent studies linked antidepressants exposure to different
disorders in the aquatic biota [18| [19]. For example, oxazepam was reported to affect
the activity, sociality and feeding rate of Perca fluviatilis even at the concentration level
detected in wastewater treatment influents/effluents [20]. Such behavioral changes may

have ecological and evolutionary consequences.

Maprotiline is a tetracyclic antidepressant drug approved in many countries, with a daily
usual dosage of 150 to 225 mg used to treat depression associated with agitation or
anxiety [21]. As a consequence of its wrong disposal and excretion in its unmetabolized
form (3-4%) [22], like many other drugs, maprotiline drug has been reported in influent

and effluent of wastewater treatment plants as well as in surface waters, usually at ng/L up
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to few pg L™ concentration [14, 23}, |24]. To the best of our knowledge, despite its frequent
environmental occurrence, there is no information about the maprotiline environmental

fate, its degradation pathway neither toxicity of its degradation products.

This study aims at investigating for the first time the maprotiline environmental fate
in river water by initially performing a laboratory simulation to identify the degrada-
tion products by HPLC-HRMS and then search for them under natural conditions. For
easier identification of the degradation products, maprotiline degradation experiments
were firstly performed at high concentration in ultrapure water using TiO, as a bench-
mark photocatalyst. Subsequently, experiments were performed in spiked river water, at
a concentration similar to those described in natural waters, for the elucidation of the
drug environmental fate. Toxicity was estimated as well and preliminary bioassays were

performed on the generated degradation species.

Materials and methods

Chemicals

Maprotiline hydrochloride (CAS: 10347-81-6), whose structure with the numbering of
carbons atoms is shown in Figure was purchased from Sigma-Aldrich (Milan, Ttaly).
In order to avoid possible interference from ions adsorbed on the photocatalyst, TiO,
(Evonik P25, Frankfurt, Germany) was irradiated and washed with distilled water, until
there were no detectable signals due to chloride, sulfate and sodium ions. All the chemical
reagents were used as received. Suspensions and standard solutions were prepared in
ultrapure water.

The river water sample was collected from the River Po, Torino Italy, (45°02'40.4"'N
7°41'02.1""E) on September 30th 2019. Samples were used after a rough pre-filtration step,
carried out through a grade qualitative filter paper (Whatman) removing large suspended
solids and filtered using a hydrophilic 0.45 pm filter Sartolon Polyamide (Sartorius Biolab).
River water samples had 1.83 mg L™ of total organic carbon (TOC), 44.81 mg L of
inorganic carbon (IC), and 3.85 mg L™ of total nitrogen (TN) and pH = 8.2. The potential
presence of maprotiline, identified TPs and the described metabolites in the explored river
water sample were investigated by HPLC-HRMS before spiking and they were below the

detection limit.

Methods

— Degradation experiments

The workflow for the maprotiline degradation pathway study is presented in Figure[S4.3.1]
Maprotiline photocatalytic degradation was carried out in ultrapure water in Pyrex glass
cells (2.3 cm height x 4.0 cm diameter), filled with 5 mL of maprotiline (20 mg L) and
TiOy (500 mg L'l) suspension kept under magnetic stirring under irradiation for times

ranging from 1 min to 60 min. After irradiation, the photocatalyst was removed using
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Figure 4.3.1: Numbering of maprotiline carbon atoms

14

a 0.45 pm Sartolon Polyamide (Sartorius Biolab) filter before analysis. The photolysis

experiments were performed in the same conditions without the catalyst addition.

Photolysis experiments in river water sample were performed on a 200 mL water vol-
ume spiked with 10 pg L of maprotiline divided into three Pyrex glass cells (7.5 cm
height x 9.5 cm diameter). Samples were irradiated for times ranging from 1 h to 72 h.
The irradiation was carried out using a PHILIPS cleo 6 X 15 W TL-D Actinic BL with
maximum emission wavelength at 365 nm. The UV integrated irradiance on the cells in
the 290-400 nm wavelength range was 90 + 2 Wm™ (measured with a CO.FO.MEGRA
(Milan, Italy) power-meter). To control the effect of water sample constituents on mapro-
tiline fate, spiked water samples (10 pg L'l) were kept in the dark collecting samples over
time (0, 16, 24, 48 and 72 h). Samples were then freeze-dried (LABOGENE — CoolSafe
55-110). The obtained powder was dissolved into 10 mL of a 50:50 (v/v) methanol: ace-
tonitrile mixture which was filtered with a 0.22 pm polypropylene filter (ThermoFisher
Scientific). The sample was dried under a gentle nitrogen stream at room temperature,
then reconstituted with 200 pL of acetonitrile (final preconcentration factor of 1000) for
the LC-HRMS analysis.

—Analytical procedures

The identification of maprotiline TPs in ultrapure water and in river water samples was
performed using an Ultimate 3000 High-Pressure Liquid Chromatography coupled with a
LTQ-orbitrap MS (Thermo Scientific, Bremen, Germany) equipped with an ESI source.
The chromatographic separation was achieved with a reverse phase C18 column (Gemini
NX C18, 150 x 2 mm, 3 pm, 110 A; Phenomenex, Castel Maggiore, BO, Italy) using
20 mM aqueous formic acid (eluent A) and acetonitrile (eluent B). Gradient separation
ramp started with 5% B, increased up to 40% B in 18 min and to 100% in 5 min; then

the column was reconditioned. The flow was 0.2 mL/min and injection volume 20 pL.
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For the ESI ion source used nitrogen as both sheath and auxiliary gas. Source parameters
were set as followed: sheath gas 30 arbitrary unit (arb), auxiliary gas 25 arb, capillary
voltage 4.0 kV and capillary temperature 275 °C. Full mass spectra were acquired in
positive ion mode on m/ z range between 50 and 500 Th, with a resolution of 30.000.
MS" spectra were acquired on the range between ion trap cut-off and precursor ion m/z
values. Accuracy on recorded m/z (versus calculated) was £0.001 Th (without internal

calibration).

For the structural elucidation of TPs, collision-induced dissociation (CID) experiments
were performed on an Acquity HPLC system (Water Technologies, Guyancourt, France)
coupled with a Bruker SolarixXR FT-ICR 9.4 T MS instrument (Bruker Daltonics, Bre-
men, Germany). For the chromatographic separation, an Agilent Pursuit XRsULTRA C18
(length 50 mm, diameter 2 mm, particle size 2.8 pm) column was used with an Agilent
HPLC MetaGuard (Pursuit XRs C18, 3 pm, 2,0 mm) guard column (Agilent Technolo-
gies, Les Ulis, France). The flow was set to 0.2 mL/min, the total run time was 22 min
with an acquisition time of 15 min. Gradient flow was used with solvent A being water
with 0.1% formic acid and solvent B being acetonitrile with 0.1% formic acid. The LC
method consisted of holding 95% of solvent A and 5% of solvent B for 3 min, after which
a gradient of 9 min was applied, until the ratio of the two solvents reached 50-50%. The
ratio of solvent A was promptly decreased to 5% and kept at this ratio until 17.1 min total
run time, after it was reset to the initial 95%. After every measurement, 5 min were let
for equilibration and washing using the latter solvent ratio. The injection volumes were 2
nL and 10 pL for LC-MS and LC-MS" experiments, respectively. The autosampler (Water
Technologies, Guyancourt, France) was kept at 4 °C for better preservation. Each sample
was prepared before analysis by adding 10% volume of a mixture acetonitrile/formic acid
(0.1%). Electrospray ionization was used as the ion source in positive mode with a sample
flow of 0.2 mL/min. The capillary voltage was 4000 V and the spray shield was set at
-500 V. Nitrogen was used as nebulizer gas (1 bar) and drying gas (8 L/min, 250 °C). The
detection range was 57.7-1000 m/z, in broadband mode, with a data acquisition size of
4 Mpts and a data reduction of noise of 97%. For MS® experiments, isolation was carried
out with a 1 m/z window and CID experiments were performed with collision energies
of 5, 10, 15 and 20 V. Preliminary in-cell experiments were performed to assess the opti-
mal parameters (isolation window, quadrupole voltage, and collision energy) for the MS®

experiments. The Bruker Data Analysis software was used for data processing.

Total organic carbon (TOC) was measured using a Shimadzu TOC5000 analyzer (catalytic
oxidation on Pt at 680 °C). The calibration was performed using standards of potassium
phthalate.

Inorganic ions (NO;, NO, and NH,") generated during maprotiline degradation were

identified by ion chromatography analysis using a Dionex chromatograph equipped with
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a Dionex 40 ED pump and a Dionex 40 ED conductimetric detector. For nitrate anions,
a Dionex Ion Pac AS9-HC 4 x 250 mm column, and Ion Pac ASRS-ULTRA 4 mm
conductivity suppressor were used while ammonium cations were analyzed using a Dionex
Ion Pac CS12A 4 x 250 mm column, and an Ion Pac CSRS-ULTRA 4 mm conductivity
suppressor, using 10 mM NaHCO; and 4 mM K,COj as eluent at 1 mL/min.

—Retrospective suspected screening

The retrospective suspected analysis was performed according to the workflow previously
described [25]. The occurrence of maprotiline and the elucidated TPs were investigated
in 130 digitally achieved chromatograms (58 wastewater and 72 river water samples).
34 wastewater samples from the river basins of Germany (Danube, Rhine, Ems, Weser,
Elbe, Odra, Meuse, Eider, Trave, Peene) |26] and 24 additional wastewater samples from

Danube River basin (12 countries) [27] and surface water samples from Danube, Dniester

[28] and Donets were investigated, as described in Table [S4.3.5

—Toxicity

The acute toxicity of maprotiline and the degradation products issued from maprotiline
(20 mgL™") degradation in ultrapure water in the presence of TiO, (500 mgL™') was eval-
uated for samples after different irradiation times using a Microtox Model 500 toxicity
analyzer (Milan, Italy). The analyses were performed evaluating the bioluminescence inhi-
bition assay in the marine bacterium Vibrio fischeri by monitoring changes in the natural
emission of the luminescent bacteria. Freeze-dried bacteria, reconstitution solution, dilu-
ent (2% NaCl) and an adjustment solution (non-toxic 22% sodium chloride) were obtained
from Azur (Milan, Ttaly). Samples were tested in a medium containing 2% sodium chlo-
ride, and the luminescence was recorded after 5, 15 and 30 min of incubation at 15 °C.
The luminescence inhibition percentage was determined by comparing with a non-toxic

control solution.

Results and discussion

Chemical selection approach

Maprotiline was selected as a compound of potential interest for further monitoring ac-
tivities as a result of the application of the NORMAN prioritization scheme. This scheme
was designed by NORMAN to deal with less-investigated substances for which knowledge
gaps are identified (e.g. insufficient information on the exposure levels and/or adverse
effects, or inadequate performance of the analytical methods for their measurement in the
environment) [29]. The concept involves the application of a decision tree which allows
the allocation of substances into six main action categories, based on the identified knowl-
edge gaps and actions needed to address them. The priority within each category is then
evaluated on the basis of specific occurrence, hazard (e.g. persistence, bioaccumulation,

mobility, endocrine disruption potential) and risk indicators.
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This workflow, originally designed to work with target monitoring data, is currently ex-
ploring the automatic query of non-target screening (NTS) mass spectral information
archived in the Digital Sample Freezing Platform (DSFP).

As part of the NORMAN Database System (NDS) [30] and its interconnected databases
(SusDat database [31] ECOTOX database,|32] the NORMAN Digital Sample Freezing
Platform (DSFP) [33] is a virtual platform able to store an extensive number of raw HRMS
data converted into a common (open) format, designed for retrospective screening. Thanks
to a set of fully integrated tools NORMAN DSFP can provide reliable qualitative and
semi-quantitative data on the occurrence of CECs, can represent the spatial distribution
of contaminants and the degree of exceedance of threshold values and in this way support

identification and prioritization of CECs frequently detected in environmental samples.

Maprotiline was identified as a compound of potential interest further to a suspect screen-
ing test carried out for a list of more than 40,000 substances (present at the time of the
study in the SusDat database, 5th September 2019) on 46 composite effluent wastew-
ater samples collected from Danube river basin (August 2017) [27] and from a national
wastewater effluent campaign in Germany (May 2018) [26] archived in DSFP. Considering
mass accuracy, plausibility of the chromatographic retention time (RT), isotopic pattern
fit, number of experimental and predicted fragments, and % similarity of experimental
and library spectra as criteria supporting the tentative identification of the suspects,
maprotiline was elucidated at level 2A (probable structure by library spectrum match) as
compared to other substances for which actions to improve the elucidation of the structure

are needed before implementation of further monitoring effort.

In line with the purposes of the prioritization methodology (worstcase scenario approach),
the lowest Provisional No Effect Concentration (PNEC) values were used — represent-
ing the most conservative ecotoxicological threshold values for the investigated suspect
compounds. All PNEC values used in this study were extracted from the NORMAN
Ecotoxicology database. In cases where no experimental data on the toxicity of detected
substances were available, predicted PNECs (P-PNECs) were derived by QSTR models
[34]. The substances were ranked based on three indicators: (i) Frequency of Appearance
(FoA), calculated as percentage of sites where the substance was detected above the limit
of detection (LOD); (ii) Frequency of PNEC exceedance (FoE), calculated as percentage
of sites where the substance was detected above the PNEC, and (iii) extent of PNEC ex-
ceedance (EoE), calculated as the 95th percentile (MEC95) of the substance’s maximum
observed concentration at each site divided by the PNEC. No PNEC value based on ex-
perimental data was available for maprotiline and therefore a predicted PNEC (P-PNEC)
was used. Maprotiline was prioritized and allocated to the group of compounds with “Suf-
ficient frequency of appearance (FoA)”, that is FoA (sites with positive detection) = 20%,

(67% of the investigated wastewater treatment stations) with 17% of the sites exceeding
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the predicted PNEC value (0.300 pg L.

Maprotiline degradation in ultrapure water

The direct photolysis of maprotiline in the considered time window (1 h) is negligible.
The most likely reason is the fact that the molecule does not absorb radiations above 280
nm [35], while the sunlight irradiance below 300 nm is extremely limited [36]. To hasten
the degradation process and generate degradation products, the drug degradation was
firstly performed at high concentration (for easier identification) in ultrapure water using
TiO, as photocatalyst. Figure shows the maprotiline degradation in the presence of
the heterogeneous photocatalyst activated under UVA irradiation. In the presence of the
photocatalyst, the complete maprotiline removal was achieved after only 15 min, while
the total organic carbon (TOC) measurements showed more than 85% of the pollutant
mineralization in just 30 min under irradiation and > 95% after 1 h. This trend is in agree-
ment with the ammonium and nitrate concentrations monitored during the degradation,
as shown in Figure m The ammonium ion (73%) release was observed in a significantly
higher amount than that of nitrate (15%) within 1 h of irradiation, as previously observed
[37].

All samples were analyzed by HPLC-HRMS for the identification of maprotiline degrada-
tion products. The m/z ratios, proposed elemental compositions, as well as fragment ions
and retention times are presented in Table (see Supplementary information). In
total, 32 degradation products were formed, many of them in the form of several isomeric
species as summarized in Table The formation of degradation products and their
evolution over irradiation time are shown in Figure [54.3.2] For all degradation products,
complete removal was observed after less than 30 min of irradiation, in agreement with

the high percentage of mineralization (86%) obtained within the same experimental time.

Among the identified TPs, 18 resulted from the drug hydroxylation. Species with m/z
294.1858, 310.1806, 326.1755 and 342.1709 matches with formulae corresponding to mono-
, di-, tri-, and tetrahydroxy derivative isomers. The main drug degradation products were
those involving monohydroxylation (m/z 294, see Figure , and in particular the
isomers 294-D and 294-E, which exhibited maximum intensity within 5 min, as shown in
Figure[S4.3.2] The species resulting from the addition of the second (m/z 310), third (m/z
326) and fourth (m/z 342) hydroxyl groups showed similar evolution profiles over time.

Additionally, 9 degradation products resulting from the drug oxidation were identified.

Species with m/z 292.1709, 308.1648, 324.1609 match formulae corresponding to dehy-
drogenation of mono-, di-, and trihydroxy derivatives, respectively. It can be reasonably
assumed that these TPs are a result of Hy elimination from the corresponding species
determined with m/z 294, 310 and 326. The TPs with m/z 308 showed a fast forma-
tion (maximum intensity at 5 min) but a longer persistence, nevertheless they were also

completely removed within 30 min. A similar evolution over time was observed for the 3
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Figure 4.3.2: Maprotiline degradation (black line) and mineralization (colored lines) in the pres-
ence of TiOy (500 mgL'l). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).

isomeric species with m/z 284.1647 matching with the formula C;3H,,NO,". Additionally,
two species at m/ z 258.1503 and 234.1505 ions were observed, matching respectively
with the formulae C;gHyoNOs™ and C;4HyoNOs", and both species presented the maxi-
mum intensity at 5 min and complete disappearance in 30 min. Furthermore, it could
be noted a progressively lower abundance of TPs formed from the addition of multiple
hydroxyl groups. Also, the species with m/z 284.1647, 258.1503 and 234.1505 were the
lowest abundant TPs.

The potential acute toxicity of maprotiline and its TPs was assessed by using the Vibrio
fischeri assay and the results are plotted in Figure At time zero, the inhibition
percentage related to maprotiline is low (12%) and, despite a slight increase in the first
stage of degradation, then it decreases, so implying that the drug transformation proceeds
through the formation of slightly toxic compounds. The sample at 30 min presents a
percentage of inhibition close to zero in agreement with the complete removal of the

identified TPs and the almost complete mineralization.

Structural elucidation of maprotiline main degradation products

Aiming at TPs structural elucidation, the maprotiline fragmentation pathway was firstly
investigated by CID experiments, ascertaining the most likely losses from the protonated
molecule. The maprotiline MH" (m/z 278.1910) MS® fragmentation pathways are pre-
sented in Figure and was suggested based on the 5 observed product ions (see Table
S4.3.1)).

Five photoproducts with m/z 294 were detected with retention times between 9.0 and
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Figure 4.3.3: Inhibition effect on Vibrio fischeri bioluminescence in the presence of TPs result-
ing from maprotiline photocatalytic degradation as a function of irradiation time. Error bars
correspond to standard deviations (n = 3).

11.3 min and, based on their empirical formula, were attributed to hydroxylated mapro-
tiline. If one considers that these photoproducts result from hydroxyl addition onto an
aromatic ring, as usually reported when photochemistry occurs in water matrix, the main
dissociations of oxidized maprotiline are expected to be those displayed in Figure It
is to be noted that water loss from the protonated molecule is not informative considering
that protonation of a hydroxyl group can lead to water elimination whatever its location
on the ion [38].

The main ions observed in CID experiments on m/z 294 are those described in Figure
, and are common for the photoproducts 294-A; 294-C, 294-D and 294-E (see Table
but not for 294-B, for which CID decomposition pathways are different. The pro-
tonated structure of the compound 294-D displays specific ions (m/z 263 and m/z 245),
which allow to determine the position of the hydroxyl group according to the mechanism
displayed in Figure In the same way, the specific ion at m/z 157 allowed structural
determination of the compound 294-E (see Figure . The CID mass spectra of the
photoproducts 294-A and 294-C are the same and do not allow to discriminate between
the compound resulting from hydroxyl addition on the carbon atom 3 or onto the carbon
atom 4 (see Figure . The structures were suggested based on their relative retention
times, in comparison with those of the elucidated structures. In the case of the photo-
product 294-B, CID experiments provided common ions with those resulting from CID
of protonated maprotiline: m/z 276, m/z 250, m/z 219 and m/z 191, which show evi-
dence that hydroxylation of this compound occurred on the bridge, i.e. on C8 or C9. The
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Figure 4.3.4: Suggested fragmentation pathways for protonated maprotiline in CID experiments

CID pathways depicted in Figure demonstrate that it is not possible to establish
whether the hydroxylation took place on carbon 8 or 9 since the CID mechanism begins
by a water elimination that leads to the same ion in both cases. One should have expected
hydroxylation to occur onto C7 because cleavage of the C7-H bond would have led to a
very stable carbocation but the resulting compound would not have been able to undergo
the subsequent losses of H,O and CyH, reported in Table for the corresponding ion.
Additional experiments (see below) allowed to establish that hydroxylation took place on
C9.

Five photoproducts with a pseudo molecular ion at m/z 292 were detected with retention
times between 9.4 and 11.6 min; in terms of molecular formulae, they result from the
addition of one oxygen atom and the removal of two hydrogen atoms on maprotiline. It
can be reasonably assumed that these five photoproducts result from H, elimination from

the five photoproducts with a pseudo molecular ion at m/z 294.
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Table 4.3.1: Tons detected in CID experiments for maprotiline main degradation products

m/z Ion formula 294

A B C D E
294.1852 CooHoyNOT  + + + +
276.1747 CooHogoNT + + +
266.1539 CgHyoNOT + + +
263.1447 CoH19O™ +
250.1606" C1gHooNT +
245.1341 CyoH % + +
235.1132 C5H,;07" + + + +
219.1182" Cy,H L +
207.0804 Cy5H,,07" + + + +
191.0868* CysH Y +
185.0973 Cy3H507 + + + +
169.1023" Cy5H% + + + +
157.0658 Cy;HoO" +
m/z Ton formula 292

A B C D E
292.1713 CooHoyNOT 4+ + + + +
250.1605" C1gHooN T + + + +
246.1292 CigHgN™T +
243.1183 C5H,;07" + +
219.1182% CyH % + + + +
217.1025 Cy5H,,07 + + + +
191.0867* CysH T + + + +
183.0816 C13H 307 +

*Product ions observed also in the maprotiline fragmentation.

Dehydrogenation is possible to create a double bond between C7 and C8 or C8 and C9,
the first hypothesis leading to a more stable species regarding mesomeric effects. This is
confirmed by CID mechanisms. Considering for example the molecule 292-B, the formation
of ions at m/z 250 and m/z 119 from MH is only possible if the new double bond created
is located between C7 and C8 (See Figure . Based on these considerations, the four
ions at m/z 292 that dissociate to provide ions at m/z 250, m/z 243, m/z 219 and m/z
191 were assumed to result from the formation of a double bond between carbon atoms
C7 and C8 from the photoproducts with MH™ ions at m/z 294. The photoproduct 292-E
displays a different CID pathway with product ions at m/z 246 and m/z 183, which show
that in this case the double bond was created on the alkyl chain. It has been assumed to
be formed between C12 and C13 because: i) it is thus conjugated with the free doublet
of the nitrogen atom, ii) this localization allows the C,H, elimination depicted in Figure
[S4.3.8 Localization of the hydroxyl group on C9 permits to explain the same mechanism.

This last conclusion allowed assigning the structure of the compound 294-B as displayed
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in Figure [S4.3.9| (see Supplementary information).

Considering the molecular symmetry of maprotiline and the fact that water loss induced
by CID does not allow to attribute the exact position of the corresponding hydroxyl group,
it was not always possible to accurately elucidate the structures of the poly hydroxylated
species. However, it is reasonable to assume that the second, third and fourth consequent
hydroxylations took place on the aromatic ring or the ethylene bridge of species with

molecular ions at m/z 294 and 292.

Six products with MH" at m/z 310 resulting from the dihydroxylation of maprotiline
were detected between 8.4 and 11.3 min. As suggested above, it can be expected that
these substances resulted from the hydroxyl addition to the generated monohydroxylated
species m/z 294. Table summarizes the common ions observed in CID experiments
of different isomers and the main dissociation pathways are shown in Figure [S4.3.10] In
the case of the photoproduct 310-F, CID experiments provided common ions with those
resulting from CID of protonated maprotiline: m/z 250 and m/z 191, which show evidence
that hydroxylation of this compound occurred on the bridge, i.e. on C9 and C8 (Figure
. The CID experiments of the photoproduct 310-E provided the ions m/z 280
and 101, allowing to postulate the hydroxyl group addition in the C2 and C5 (Figure
. As evidenced in Figure this was the most abundant dihydroxylated com-
pound, what can be explained the probability of the second hydroxyl group addition in
the most abundant photoproducts, also formed from the hydroxylation in the C2 (294-E)
and C5 (294-D), besides the ortho/para director effect. However, this structure could not
be demonstrated due to the lack of product ions. The CID experiments of 310-A, 310-C
and 310-D do not permit to elucidate the structure of the isomer. However, the generated
ion at m/z 251 from 310-C and 310-D species allowed to confirm that the hydroxylation
does not occurred on the bridge, i.e. on C8 and C9, while the ion m/z 201 from 310-D
endorsed to ascertain the dihydroxylation in the same aromatic ring (Figure . The
ion m/z 266 obtained from CID experiments of compound 310-B evidenced the hydroxyl
addition to the bridge, i.e. on C9 if considering this species to result from the hydroxyl
group addition to the 294-B. The formation of ions m/z 123 and 89 allowed to postulate
the hydroxyl group addition on C11, as suggested in Figure [S4.3.13] However, the formed

ions do not allow demonstrating the suggested structure.

Additionally, three compounds with MH" at m/z 284 were detected with retention times
between 8.0 and 9.5 min; they result from ethylene loss and hydroxylation with ring-
opening. In the case of 284-A, CID experiments lead to the formation of the fragment at
m/z 225 through consecutive losses of methylamine and carbon monoxide. The compound
284-C generated the product ion at m/z 256 from the loss of ethylene bridge and at m/z
225 through the loss of methylamine. The structures were postulated based on these

eliminations (Figs. S13 and S14) but the lack of other product ions does not allow their
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Figure 4.3.6: Maprotiline (10 ng'l) removal over time in a river water sample, in the dark and
under UVA irradiation

conclusive elucidation. The 284-B generated a single ion at m/z 89, allowing speculating

the oxygen addition on C3 and C4 with the loss of the ethylene bridge, as proposed in
Figure [54.3.16|

A compound with MH™" at m/z 258 (C4HyoNO,") elutes at 7.3 min. The fact that no
other isobaric species are detected suggests that it does not result from further oxidation
of one the aforementioned hydroxylated species. Only two product ions are detected in
CID experiments and correspond to subsequent losses of water and carbon monoxide,
which is typical of protonated carboxylic acids. That is why the structure displayed in
Figure is that of a carboxylic acid. Opening of an aromatic ring with the formation
of a carboxylic acid is quite frequent in photochemistry [39]. Unfortunately, the structure
postulated in Figure was not demonstrated due to the lack of product ions in CID
experiments; although its high polarity is in agreement with relatively short retention

time.

Sitmulated and real environmental conditions

The environmental fate of the drug was investigated in natural river water by searching
for the TPs detected in the photocatalytic simulation, but also for potential new TPs not
observed before. For such, a river water sample was spiked with maprotiline (10 pg Lfl)
at a concentration similar to those previously reported in the environment [14]. It should
be pointed out that, as detailed in Methods, the samples were pre-concentrated by freeze-
drying before analysis. During degradation experiments, the pH value was measured and

compared the initial pH with that measured at the end of the degradation no significant
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change over time was observed (ApH < 0.1).

As evidenced in Figure [4.3.6] experiments performed in the dark showed around 20% of
maprotiline removal within 72 h, so implying a limited effect of the biotic components
on drug fate. In the dark, the drug degradation leads to the formation of the byproducts
294-D and 284-C, observed after 24 h and 16 h, respectively, and still present after 72 h,
as shown in Figure [4.3.7h. The monohydroxylated species matches with one of the most
abundant TPs observed in ultrapure water, while the species with m/z 284, was previously

observed in low abundance.

Under irradiation, the maprotiline degradation kinetic increased following a pseudo first-
order decay until 24 h, achieving 65% of drug removal (Figure [4.3.6]), while the appearance
of TPs is also favored compared to dark conditions. In detail, 12 out of the 32 TPs previ-
ously identified (see Table were found in spiked river water and all were still present
after 72 h irradiation. All the 5 isomeric forms of the monohydroxylated species (MHJr at
m/z 294) were observed, 294-C, 294-D and 294-E in significantly larger amounts (Figure
. It is interesting to note the slower formation of 294-B, the only isomer resulting from
hydroxylation on the bridge and not on an aromatic ring. From the literature, it is possible
to realize that besides maprotiline degradation, the species 294-A (2-hydroxymaprotiline)
and 294-C (3-hydroxymaprotiline) can reach the environment also from drug metaboliza-
tion; hydroxylated products represent 4-8% of the dose being excreted in human urine,
with 3-hydroxymaprotiline and the corresponding N-demethylated specie reported as ma-
jor human metabolites [22]. Additionally, the study identifies metabolites resulting from
hydroxylation on the C8 atom (ethylene bridge) and the corresponding demethylation
product, besides the metabolite resulted from the di-hydroxylation in C3 and CA4.

The species 292-B, 292-C and 292-D, issued from dehydrogenation of the most abundant
294 isomers, (with the formation of a double bond between atoms C7 and C8) show distinct
evolutions over time. 292-C showed its maximum intensity at 4 h and was completely
removed within 48 h, 292-D reached its maximum intensity at 48 h and was still present
at 72 h, while 292-B appeared after 24 h and decreased until the end of the experiment.

Only one species formed by the addition of more than one hydroxyl group was detected.
Resulting from the addition of two hydroxyl groups, the compound 310-E was formed
after 24 h irradiation with increasing abundance until the end of the experiment. As stated
before this compound was the most abundant dihydroxylated observed in photocatalytic
experiments in ultrapure water and resulted from a second hydroxyl group addition into
the most abundant monohydroxylated species (294-D and 294-E).

Additionally, the 3 species at m/z 284 resulting from the ringopening were also formed
with maximum intensity at 24 h, showing a slow degradation profile and still present at

the end of the experiment. One could argue that the species MH™ at m/z 284 resulted
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Figure 4.3.7: Profile over time of maprotiline degradation products observed in a river water
sample over time: a) in the dark; b, ¢ and d) under irradiation

from the degradation through ring-opening of the dihydroxylated compounds (MHJr at
m/z 310), particularly the 284-A resulting from the degradation of the compound 310-E.
However, as evidenced in Figure m the species MH" at m/z 284 are formed at the
early steps of maprotiline degradation, while the compound 310-E was observed only after
24 h, so implying that ring-opening pathway occurs from maprotiline molecule. Figure

displays the proposed maprotiline degradation pathways in river water.

All the TPs observed in river water experiments matched with those previously identified
in the photocatalytic experiments performed in ultrapure water, as previously observed
for other pollutants 41].

Additionally, the faster photodegradation rate observed in river water experiments relative
to the degradation in ultrapure water indicated that indirect photolysis played an impor-
tant role in the drug removal. Faster photodegradation of organic pollutants in wastewater
has been reported by other authors , while nitrate and dissolved organic matter

have been identified as photosensitizers responsible for the generation of reactive species
[42} 45, [46].

The results of the retrospective suspect screening presented in Table indicate that
the elucidated TPs by laboratory-scale experiments are formed in real waters. 16 TPs were

detected in at least one effluent wastewater sample with maprotiline 308-B showing the
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Figure 4.3.8: Proposed maprotiline degradation pathways in river water in the dark (biotic) and
under irradiation (abiotic) *indicated TPs also resulted from human metabolic transformation.

highest frequency of appearance (FoA 56.9%). This fact creates concerns about the toxicity
of the formed chemical mixture in wastewaters. Despite the formation and the detection of
numerous TPs in real wastewater, most of the TPs remained undetectable in river water
samples. Maprotiline and three TPs (308-B, 326-C, 234) were the only TPs that were
scarcely detected in river waters (FoA below 2.8%), which indicates that the substance
is further degraded in the environment and the concentration of the substance and its
TPs becomes lower than the limit of the detection of the applied sample preparation and

instrumental methods.

Conclusions

The degradation of maprotiline in spiked river water led to the formation of twelve TPs,

structurally elucidated through LC/HRMS. The degradation pathways in natural water
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were proposed for the first time, which results from monohydroxylation in several posi-
tional isomers and the corresponding dehydrogenated molecules, besides dihydroxylation
and ring-opening. Some of these TPs, 2-hydroxymaprotiline and 3- hydroxymaprotiline
matched with described maprotiline metabolites, that can be released in the environment

by drug excretion.

Moreover, photocatalytic experiments led to the formation of a higher number of TPs,

mostly resulting from similar chemical transformation in multiple positions.

Additionally, retrospective suspect screening of wastewater efluents and river water sam-
ples indicate that the elucidated TPs by laboratory-scale experiments are formed in real
waters. Vibrio fischeri Microtox assay allowed estimating that maprotiline photocatalytic
degradation leads to the formation of slightly more toxic TPs than the parent compound.
Therefore, future research should focus on evaluating the toxicity of the formed TPs in

wastewater treatment plants.
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Chemical Selection Approach: Maprotiline

*FoA 2 20% (67% of the investigated wastewater treatment stations)
*17% exceeding the predicted PNEC value (0.300 pg/L)

Maprotiline photodegradation in ultrapure water

*Mineralization by TOC/ ion chromatography analysis
*Acute toxicity of DPs: Vibrio fisheri assay
e|dentification of DPs (HPLC/HRMS)

+CID experiments for structural elucidation of main DPs

Simulated and environmental conditions

*Degradation in spiked river water (photolysis/ under dark)
+Non-target and target identification of DPs (HPLC/HRMS )
*Propose degradation pathway

Retrospective suspected screening in real waters

*130 digitally achieved chromatograms (58 wastewater and 72 river
water samples).

Figure S4.3.1: Schematic view of the workflow for maprotiline degradation pathway

152



—=— 294-A —a—310-A r\\ —=—326-A
- ——204-B ——310-B i\ —+—326-B
af [\ —a—294-C 24| —a—310-C | % —a— 326-C
f v 284-D v— 310-D |.“\\ 3\
%\
[ —+— 2094-E \x‘ —+—310-E 1.0 l' i\\
TN 2\ wsior | on ||\
= N > |‘ \\ x '-‘
g \ g, % g \
< <4l Y <
N 7 08 %
\ ‘,-‘ S \
9 N / o
| 4 \\
. e I \
0 0 — 0.0
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 0 15 20 25 30
Irradiation time {min) Irradiation time (min) Irradiation time {min)
15 4 8
—s—342-A ’r\\ —s—202-A —+—308A
—e—342-B N —=—202-B —e— 308-B
r —4—342-C i —a—292-C —4—308-C
L v 342-D [ v 292-D
10 \ | \ —292E 4
5 ~ % B r N =)
i 1)/ \ el 3 i /
|1 v/ N [ @ d ot
S | N < < f b
0544 \ 2 i 1
I\-/‘,-o \'\ / T
/ \\ ¥
= i / —
0.0 —_— o —
0 5 0 15 20 25 30 0 5 10 15 20 5 30 0 0 15 20 25 30
Irradiation time (min) Irradiation time (min) Irradiation time (min)
4 20
2 —=— 324 —=— 284-A —=— 234
—+—284-B —e— 258
4—284-C /
g 154 4
£ |
Y /
L] BN e |
= =3l [ %104 |
4 2|4 2/
< < | \ < 4
| A { \
]
I\' \\_ 054/
| A |
i/ ‘\_ | oo i
0 0 00 — e
0 5 25 30 1] 5 25 30 1] 5 25 30

0 15 20
Irradiation time (min)

Figure S4.3.2: Profiles over time of maprotiline TPs observed in ultrapure water in the presence

Of T102

10 15 20
Irradiation time (min)

0 15 20
Irradiation time (min)

Table $4.3.1: Summary of [M+H]" ions and main product ions from CID experiments

MS?
Compound [M+H]"  Empirical  r.t. (m/z) Empirical A(ppm) Theoretical
formula (min) formula m/z
Maprotiline 278.1911  CyH,,N 125 2781043 CyuoH,uN(16) 045 278.1903
250.1504  CysHyoN(100)  -0.66  250.1590
2471489 CyoH, (1) 001  247.1482
219.1173  C,;H,5(66) 048 219.1168
191.0850  Cy5Hyy(13) 526 191.0855
169.1013  CysHy4(8) 276 169.1012
294-A 204.1858  CyoH,NO 9.0 2041871 CyoH,,NO(8) 6.4 294.1852
266.1556  Cy5H,oNO(100) -6.2  266.1539
2351132 C;H,:0(42)  -6.3  235.1117
217.1026 Cy7H;3(35) -6.4 217.1012
207.0818  Cy5H,,0(55) 6.4 207.0804
191.0868  CyoH,,(25) 64 191.0855
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294-B

294-C

294-D

294-E

9.7

10.0

10.5

157.0658  C;;Ho0(6) 6.5 157.0648
117.0706  CoHy(6) 6.4 117.0699
91.0548  C,H,(10) 6.3 91.0542

276.1765  CooHpoN(100)  -6.5  276.1747
250.1606  C,sHooN(59)  -6.3  250.1590
245.1340  CjoH,;(31) 6.0  245.1325
219.1182  C,H,5(78) 6.4 219.1168
217.1026  C,,H,3(40) 64 217.1012
191.0868  C,5H,,(6) 6.4 191.0855
141.0708  C,;Ho(7) 6.8 141.0699
129.0707  C,oHo(30) 6.6 129.0699
91.0548  C,H,(21) 6.3 91.0542

204.1871  CyoH,yNO(5)  -6.4  294.1852
266.1556  C,sH,0NO(54) -6.3  266.1539
235.1132  C,,H,;50(100)  -6.3  235.1117
209.0974  C;5H,50(3) 6.4 209.0961
207.0818  C;5H,;,0(21)  -64  207.0804
185.0973  C,3H;30(20)  -6.5 185.0961
169.1023  C,3H,5(8) 6.4 169.1012
147.0814  CoH,,0(6) 6.3 147.0804
143.0865  CyHy(7) 6.7 143.0855
133.0657  CoHoO(14) 6.5 133.0648
117.0706  CgHy(15) 6.4 117.0699
107.0498  C,H,0(9) 6.2 107.0491
91.0548  C,H,(5) 6.3 91.0542

294.1871  CyoH,yNO(16) -6.2  294.1852
266.1556  C,sH,0NO(59) -6.2  266.1539
263.1447  C19H,0(9) 6.3 263.1430
2451340  CoH,7(9) 6.4 245.1325
235.1132  C,,H,;0(100)  -6.3  235.1117
221.0975  C,6H;30(19) 6.4 221.0961
217.1026  Cp,H,5(14) 6.4 217.1012
209.0974  C;5H;;0(11)  -6.4  209.0961
207.0818  C;5H,,0(16)  -6.5  207.0804
185.0973  Cy3H,30(19)  -6.5 185.0961
169.1023  Cy3H,5(51) 6.5 169.1012
143.0865  C,,H,,(32) 6.5 143.0855
141.0708  C,,Hg(40) 6.5 141.0699
133.0657  CoHo0(24) 6.5 133.0648
129.0707  C,Ho(15) 6.5 129.0699
117.0706  CoHyo(16) 6.5 117.0699
107.0498  C,H,0(24) 6.4 107.0491
91.0548  C,H,(5) 6.3 91.0542

2041871  CgoH,,NO(11) 6.2 294.1852
276.1764  CaoH,uN(6) 6.3 276.1747
266.1556  C,sH,0NO(98) -6.2  266.1539
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235.1132  C,,H;;0(100)  -6.3  235.1117
217.1026  Cp,H,4(11) 6.4 217.1012
207.0818  C,5H,,0(72) 6.4 207.0804
185.0973  C13H,30(26)  -6.5 185.0961
169.1023  C,3H,5(19) 6.5 169.1012
157.0658  C,;Hy0(13) 6.5 157.0648
141.0708  C,,Ho(19) 6.5 141.0699
133.0657  CoHoO(21) 6.5 133.0648
117.0706  CoHyo(23) 6.5 117.0699
107.0498  C,H,O(17) 6.4 107.0491
91.0548  C,Hq(7) 6.3 91.0542
310-A 310.1807  CyoHouNO, 8.4 310.1820  CaoHguNOo(100) -6.1 310.1802
2021714 CgoHpoNO(63)  -6.2  292.1696
279.1397  C,oH;00,(67)  -6.2  279.1380
261.1200  CjoH,;0(31)  -6.3  261.1274
217.1026  Cp7H,5(70) 6.4 217.1012
191.0867  C,5H,,(81) 6.5 191.0855
185.0973  Cy3H,30(34)  -6.5 185.0961
159.0815  Cy;H,,0(15)  -6.5 159.0804
133.0657  CoHo0(9) 6.5 133.0648
310-B 9.0 310.1820  CaoHpyNOo(45) -6.1 310.1802
202.1714  CaoHyuNO(86)  -6.1 292.1696
266.1556  C,sH,0NO(15)  -6.3  266.1539
261.1200  CjoH,;0(100)  -6.3  261.1274
233.0976  C,,H;;0(45)  -6.4  233.0961
207.0818  C;5H,,0(21)  -65  207.0804
169.1023  C,3H,5(53) 6.5 169.1012
141.0708  C,,Ho(20) 6.5 141.0699
123.0449  C,H,0,(14) 6.5 123.0441
89.0603  C4HgO(9) 6.2 89.0597
310-C 9.4 310.1820  CyoHpuNOo(99) -6.1 310.1802
282.1506  C1gHy0NOo(100) -6.2  282.1489
279.1397  C oH;005(23) 6.2 279.1380
251.1082  C,,H;505(39)  -6.3  251.1067
185.0973  C13H,30(80)  -6.5 185.0961
159.0815  C;;H,,0(21)  -6.5 159.0804
145.0657  C,oHeO(8) -6.6 145.0648
133.0657  CyHoO(17) 6.5 133.0648
107.0498  C,H,0(10) 6.4 107.0491
310-D 101 310.1820  CoyHyyNO,(96) -6.1 310.1802
282.1506  C15H,0NO,(100) -6.2  282.1489
251.1082  Cp,H;;0,(27)  -6.3  251.1067
233.0976  C,;,H,;0(8) 6.3 233.0061
201.0923  Cp3H;30,(11)  -6.4  201.0910
169.1023  C,3H,5(65) 6.5 169.1012
143.0865  C,,H,,(14) 6.5 143.0855
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141.0708  C,,Ho(16) 6.5 141.0699
310-E 10.6  310.1821  CooHyuNOy(50) -6.1 310.1802
292.1714  CyuH,oNO(100)  -6.1 292.1696
280.1349  C,5H,sNO5(26) -6.2 280.1332
233.0976  C,,H,;30(24)  -65 233.0961
101.0604  CyHgO,(14) 6.5 101.0597
310-F 113 310.1820  CyoHyyNO,(4)  -6.1 310.1802
250.1606  C,5H,oN(100)  -6.2 250.1590
217.1026  C,,H,3(23) 6.4 217.1012
191.0868  C,5H;;(42) 6.5 191.0855
326-A 326.1757  CgoHpyNOs 7.2 326.1770  CyoHgyNO5(100) -6.0 326.1751
308.1664  CaoHgoNOo(42)  -6.2 308.1645
298.1456  C,5H,0NO5(23)  -6.0 298.1438
185.0973  Cy3H,50(8) 6.5 185.0961
89.0603  C4Hg04(2) 6.2 89.05971
326-B 8.4 326.1770  CaoHp4NO4(99) 6.0 326.1751
308.1664  CaoHgoNOo(37)  -6.0 308.1645
298.1456  C,5H,0NO5(100) -6.0 298.1438
267.1032  CyoH,3N(23) 3.8 267.1043
191.0867  C,5H,;(23) 6.4 191.0855
185.0973  C,3H;30(62)  -6.4 185.0961
326-C 9.3 326.1770  CaoHpyNO4(21)  -5.9 326.1751
308.1664  CaoHgoNOo(55)  -6.0 308.1645
298.1456  C,5H,0NO5(59)  -6.0 298.1438
280.1349  C,gH;gNOo(100) - 280.1332
267.1032  CaoH,3N(25) 3.9 267.1043
249.0926  C;,H30,(86)  -6.2 249.0910
342-A 342.1707  CyoHpyNO, 6.5 342.1720  CaoHouNO4(75) -5.9 342.1700
324.1613  CyoHpeNO5(54)  -5.9 324.1594
2751084  CjoH50,(53)  -6.2 275.1067
247.0769  C,,H,,05(100) -6.3 247.0754
183.0816  C,3H,,0(47)  -6.4 183.0804
342-B 7.1 342.1720  CyoHpuNO4(100) -5.9 342.1700
324.1613  CyoHpoNO5(47)  -5.9 324.1594
306.1507  CagHaoNO(37)  -6.0 306.1489
216.1397  C,,HgNO(51)  -6.3 216.1383
185.0973  C,3H;0(57)  -6.4 185.0961
167.0866  C,3H,;(46) 6.5 167.0855
157.0658  C;,HgO(50) 6.5 157.0648
342-C 75 342.1720  CyoHpuNO,(100) - 342.1700
324.1614  CyoHpNO4(36)  -6.0 324.1594
296.1663  C19HyoNO,(48) -6.1 296.1645
240.1398  C;6H,sNO(16)  -6.3 240.1383
133.0868  CgH305(22)  -6.4 133.0859
89.0603  C4HgO,(17) 6.1 89.0597
342-D 8.5 3421720  CaoHp4NO,(100) -5.8 342.1700
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324.1614  CyoHpoNO4(30)  -6.0 324.1594
296.1663  C,oH,oNOo(22) -6.1 296.1645
240.1398  C;6H,sNO(16)  -6.3 240.1383
212.1447  C,5H gN(8) 6.4 212.1434
292-A 292.1701  CyoHgNO 9.4 292.1714  CyoHyNO(31)  -6.3 292.1696
250.1606  C,5H,oN(14) 6.3 250.1590
217.1026  C,,H,3(94) 6.3 217.1012
191.0868  C,5H,;(100) 6.5 191.0855
282-B 9.9 292.1714  CyuH,pNO(100)  -6.1 292.1696
250.1606  C5HoN(11) 6.3 250.1590
219.1182  C;.H,5(12) 6.1 219.1168
191.0867  C,5H,,(13) 6.3 191.0855
282-C 107 2921714  CooHopuNO(67) 6.1 292.1696
250.1606  C;5H,0N(58) 6.2 250.1590
243.1183  CoH,5(23) 6.2 243.1168
219.1182  C;,H,5(100) 6.3 219.1168
191.0867  C,5H,,(22) 6.4 191.0855
282-D 113 2921713  CooHpNO(27)  -6.0 292.1696
243.1183  C,oH,5(20) 6.2 243.1168
217.1026  C,,H,3(31) 6.3 217.1012
191.0868  C,5H;,(100) 6.4 191.0855
282-F 116 2921714  CyoH,NO(36)  -6.3 292.1696
246.1292  C,5H,sN(66) -6.0 246.1277
183.0816  C,3H,,0(100)  -6.4 183.0804
308-A 308.1651  CyoHpNO, 7.5 308.1664  CogHpoNOo(3)  -6.2 308.1645
233.0976  C,,H,50(100)  -6.3 233.0961
215.0869  C,,H,;(28) 6.4 215.0855
207.0818  C,5H;,0(16) 6.4 207.0804
203.0868  C,6Hy(9) 6.4 203.0855
308-B 8.4 308.1664  CagHpoNO(86) 6.0 308.1645
265.1478  C,gHgNO(25)  -6.2 265.1461
233.0976  C,,H,;;0(91) 6.3 233.0961
215.0869  C,,H,;(18) 6.3 215.0855
207.0818  C,5H,;0(100)  -6.4 207.0804
178.0789  Cy.H,o(24) 6.4 178.0777
308-C 9.6 308.1663  CagHpoNO(14)  -5.9 308.1645
280.1349  C,5H, gNO,(100) -6.1 280.1332
284-A 284.1650  C;5H,,NO 8.0 284.1662  C,5H,oNO(100) -6.1 284.1645
266.1557  C15H,0NO (3)  -6.1 266.1539
253.1239  Cy,H;;0, (6)  -6.3 253.1223
225.1288  C,6H;,0 (3) 6.4 225.1274
207.1182  Cy6H,5 (4) 6.4 207.1168
284-B 9.1 284.1664  C,5H,,NO5(100) -6.5 284.1645
89.0603  C4HyO,(5) 6.2 89.0597
284-C 9.5 284.1662  C15H,oNO,(100) -6.1 284.1645
256.1348  C;6H,sNOy(15) -6.2 256.1332
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225.0924  C5H,304(7) 6.3 225.0910

234 234.1492  Cp,Hy,NO, 5.4 216.1396  C,,H,sNO(21)  -6.0 216.1383
185.0972  C,3H,;0(53) 6.1 185.0961
167.0866  C,3H;;(100) 6.2 167.0855
157.0658  C,;He0(27) 6.1 157.0648
141.0707  C,,Hg(14) 6.1 141.0699
129.0707  C,oHo(26) 6.1 129.0699
258 258.1493  C;6H,0NO, 7.3 258.1505  C15Hy0NO,(100) -6.2 258.1489
240.1398  C;6HgNO(4)  -6.3 240.1383
212.1447  C,5H,gN(4) 6.4 212.1434

Table S4.3.2: Ions in common detected in CID experiments for m/z 310 transformation products

m/z Ton formula 310
A B C D E F
310.1820 CyoHgyNOSH  + + + + + +
292.1714 CyoHyoNOT  + + +
282.1506 C1sHy0NO," + +
279.1397 CioH1005"  + +
261.1290 CioH,,0="  + +
251.1082 C17H,505" + +
233.0976 C17H;305" + + +
217.1026 Cy7H + +
191.0867 CysHy b + +
185.0973 C13H; 507" + +
169.1023 CisHg + +
159.0815 C;H,,0F + +
133.0657 CoHg" + T

Table S4.3.3: Maprotiline TPs observed in river water in the dark and under irradiation; (+)
observed, (—) non observed

TPs Dark Photolysis
294-A -
294-B -
294-C -
294-D +
294-E -
310-A -
310-B - -
310-C - -
310-D - -
310-E — —

+ o+ o+t
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310-E - -
326-A - -
326-B - -
326-C - -
342-A - -
342-B - -
342-C - -
342-D - -
292-A - -
292-B - +
292-C - +
292-D - +
310-E - -
308-A - -
308-B - -
308-C - -
324 - -
284-A -
284-B -
284-C +
234 -
258 - -

+ 4+ +

Table S4.3.4: Investigation of maprotiline and its TPs in digitally archived wastewater and river
water samples. Results are expressed as percentage of frequency of appearance (FoA). Substances
that were not detected are marked as “N.D.”.

Compounds FoA treated waste FoA river water
water (n=>58) (n=72)
Maprotiline 65.5 1.4
294-A 15.5 N.D.
294-B 6.9 N.D.
294-C 17.2 N.D.
294-D N.D. N.D.
294-E N.D. N.D.
310- N.D. N.D.
A/B/C/D/E/F
326-A N.D. N.D.
326-B 3.4 N.D.
326-C 5.2 2.8
342-A 13.8 N.D.
342-B 5.2 N.D.
342-C 12.1 N.D.
342-D N.D. N.D.
292-A N.D. N.D.
292-B 1.7 N.D.
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292-C 1.7 N.D.
292-D N.D. N.D.
292-E N.D. N.D.
308-A 1.7 N.D.
308-B 56.9 2.8

308-C 19.0 N.D.
324 1.7 N.D.
284-A N.D. N.D.
284-B N.D. N.D.
284-C 1.7 N.D.
234 1.7 14

258 N.D. N.D.

Table S4.3.5: Description of the river water and wastewater samples used in the retrospective

analysis

Name (Format: Name, Region,
Country, Sampling date
(DD/MM/YYYY), Project, Unique
ID)

Country

Matrix

Date

sampling

of Latitude

Longitude

Procedural Blank
JDS4_Ulm_Germany_29.06.2019_JDS4 40703

Germany

River water

6,/29/2019

48.424005

10.026232

Procedural blank surface water Dni-
ester_Chisinau_Moldova_26.05.2019_Dniester
Monitoring_38612

Moldova

River water

5/26,/2019

47.03

28.83

Blank for water
samples_Vesele_Ukraine_24.09.2018_Siverskyi
Donets Monitoring_31438

Ukraine

River water

9/24/2018

47.01

34.91

Procedural Blank wastewater from Ger-
many_Gottingen_Germany_03.05.2018_ITN
ANSWER _28513

Germany

Wastewater

5/3/2018

51.53

9.92

Effluent wastewater Field
Blank_Amstetten_Austria_28.08.2017
_SOLUTIONS & ITN ANSWER_26146

Austria

Wastewater

8/28/2017

48.11

14.89

River water 51 Vilkova - Chilia arm Kilia
arm_Vylkove_Ukraine_29.06.2019_JDS4_40819

Ukraine

River water

6,/29/2019

45.39702

29.582076

River water 50
Reni_Reni_Ukraine_30.06.2019_JDS4_40817

Ukraine

River water

6,/30/2019

45.460721

28.252591

River water 49 Giurgiulesti_Galati_Romania_
30.06.2019_.JDS4_40815

Romania

River water

6,/30/2019

45.471361

28.196357

River water 48 Chiciu - Silis-
tra_Silistra_Bulgaria_01.07.2019_JDS4_40813

Bulgaria

River water

7/1/2019

44.134297

27.057112

River water 47 Downstream Ruse - Giurgiu
Marten_Ruse_Bulgaria_02.07.2019_JDS4 40811

Bulgaria

River water

7/2/2019

43.91083

26.06696
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River water 46 Russenski Lom Bulgaria  River water ~ 7/1/2019 43.835077 25.93106
mouth_Ruse_Bulgaria_01.07.2019_JDS4_40809

River water 45 Jantra Bulgaria ~ River water  7/3/2019 43.627561 25.56477
mouth_Svistov_Bulgaria_03.07.2019_JDS4_40806

River water 44 Iskar Bulgaria River water 7/3/2019 43.702484 24.45541
mouth_Pleven_Bulgaria_03.07.2019_JDS4_40804

River water 43 Pristol - Novo Selo Har- Bulgaria  River water  7/4/2019 44.16883 22.77937
bour_Vidin_Bulgaria_04.07.2019_JDS4_40802

River water 42 Timok Bulgaria  River water  7/5/2019 44.213244 22.67083
mouth_Vidin_Bulgaria_05.07.2019_JDS4_40800

River water 41 Upstream Timok Rudujevac -  Serbia River water  7/5/2019 44.261977 22.680131
Gruia_Zajecar_Serbia_05.07.2019_JDS4_40798

River water 40 Banatska Palanka - Serbia River water  7/6/2019 44.804779 21.380162
Bazias_Pozarevac_Serbia_06.07.2019_JDS4_40796

River water 39 Velika Morava Serbia River water  7/5/2019 44.7114 21.035472
mouth_Pozarevac_Serbia_05.07.2019_JDS4_40794

River water 38 Var- Serbia River water  7/6/2019 43.739599 21.368847
varin_Krusevac_Serbia_06.07.2019_.JDS4_40792

River water 37 Downstream Serbia River water  7/7/2019 44.812138 20.644889
Pancevo_Pancevo_Serbia_07.07.2019_JDS4_41933

River water 36 Jamena Sava Serbia River water  7/8/2019 44.795293 20.420803
mouth_Belgrade_Serbia_08.07.2019_JDS4_40790

River water 35 Jamena_Sremska Serbia River water ~ 7/10/2019 44 877767 19.083919
Mitrovica_Serbia_-10.07.2019_JDS4_40788

River water 34 Jesenice na Dolen- Croatia River water ~ 7/10/2019 45.86157 15.692091
jskem_Zapresic_Croatia-10.07.2019_JDS4,0773

River water 33 Tisza Serbia River water  7/9/2019 45.145604 20.282187
mouth_Zrenjanin_Serbia_09.07.2019_JDS4_40770

River water 32 Tiszasziget - Hungary  River water 7/10/2019 46.186105 20.106786
Martonos_Szeged

Hungary_10.07.2019_.JDS4_40768

River water 31 Ilok - Backa Croatia River water  7/8/2019 45.233948 19.380969
Palanka_Ilok_Croatia_08.07.2019_JDS4_40766

River Hungary  River water  7/10/2019 45.55221 18.86517
water 30 Drava 5 km upstream Danube conflu-

ence_Mohacs_Hungary_10.07.2019_JDS4_40764

River water 29 Hercegszanto - Batina - Bez-  Hungary  River water 7/8/2019 45.914079 18.801928
dan_Mohacs_Hungary_08.07.2019_JDS4_40762

River water 28 Hungary  River water  7/9/2019 46.201182 18.925556
Baja_Baja_Hungary_09.07.2019_JDS4_40760

River water 27 Hungary  water 7/8/2019 46.633827 18.877346
Paks_Paks_Hungary_08.07.2019_JDS4_40758 River

River water 26 Dunafoldvar_Dunafoldvar_ Hungary  River water  7/8/2019 46.815543 18.924702

Hungary_08.07.2019_.JDS4_40756
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River water 25 Tass_Dunaujvaros_ Hungary  River water  7/7/2019 46.033748 18.977803
Hungary_07.07.2019_JDS4_40754

River water 24 Budapest downstream - M0 Hungary  River water 7/7/2019 47.386701 19.010416
bridge_Budapest_

Hungary_07.07.2019_.JDS4_40752

River water 23 Budapest upstream - Megyeri Hungary  River water 7/6/2019 47.606306 19.095476
Bridge_Budapest_

Hungary_06.07.2019_JDS4_40750

River water 22 Hungary  River water  7/6/2019 47.815262 18.861795
Szob_Esztergom _Hungary_06.07.2019_JDS4_40748

River water 21 Slovakia  River water  7/5/2019 47.88596 18.76256
Salka_Sturovo_Slovakia_05.07.2019_.JDS4_40746

River water 20 Ka- Slovakia  River water  7/5/2019 47.827052 18.72107
menica_Sturovo_Slovakia_05.07.2019_JDS4_40743

River water 19 Ko- Slovakia  River water  7/4/2019 47.76091 18.14233
marno_Komarno_Slovakia_04.07.2019_JDS4_40741

River water 18 Slovakia ~ River water  7/4/2019 47.746329 17.853306
Gonyu_Komarno_Slovakia_04.07.2019_JDS4 40739

River water 17 Slovakia  River water  7/4/2019 47.745198 17.807639
Venek_Komarno_Slovakia_04.07.2019_JDS4_40737

River water 16 Medvedov Medve_Vel’ky Slovakia River water  7/3/2019 47.794793 17.659407
Meder_Slovakia_03.07.2019_JDS4_40735

River water 15 Cunovo, Gabcikovo re- Slovakia ~ River water ~ 7/3/2019 48.035975 17.23098
sevoir_Samorin_Slovakia_03.07.2019_.JDS4.40733

River water 14 Bratislava_Bratislava_ Slovakia  River water  7/5/2019 48.13948 17.104089
Slovakia_05.07.2019_.JDS4_40731

River water 13 Slovakia ~ River water  7/5/2019 48.191051 16.976016
Devin_Stupava_Slovakia_05.07.2019_JDS4_40729

River water 12 Lanzhot_Breclav_Czech Czech River water 7/4/2019 48.687035 16.988535
Republic_04.07.2019_JDS4_40727 Republic

River water 11 Pohansko_Breclav_Czech Czech River water  7/4/2019 48.723556 16.884981
Republic_04.07.2019_JDS4_40725 Republic

River water 10 Hainburg, upstream Austria River water  7/3/2019 48.151363 16.943437
Morava_Vienna_Austria_03.07.2019_.JDS4_40722

River water 09 Klosterneuburg_Vienna- Austria River water  7/3/2019 48.329499 16.332155
Austria_03.07.2019-JDS4_40720

River water 08 Ober- Austria River water  7/2/2019 48.385326 15.533342
loiben_Vienna_Austria_02.07.2019_JDS4_40718

River water 07 Engha- Austria River water  7/2/2019 48.241034 14.513545
gen_Linz_Austria_02.07.2019_.JDS4_40716

River water 06 Jochen- Germany  River water 7/1/2019 48.5216425  13.7038264
stein_Passau_Germany_01.07.2019_.JDS4_40714

River water 05 Inn at Passau-Ingling below Germany  River water  7/1/2019 48.557238 13.436065

power station
_Passau_Germany_01.07.2019_JDS4_40712
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River water 04 Niederalteich - Muh-
lau_Deggendorf_Germany_30.06.2019_JDS4_40710

Germany

River water

6,/30/2019

48.772996

13.009893

River water 03 Kel-
heim_Kelheim_Germany_30.06.2019_JDS4_40708

Germany

River water

6,/30/2019

48.916176

11.866875

River water 02 Bittenbrunn 700m below Germany
power sta-

tion_Oberhausen_Germany_29.06.2019_JDS4_40706

River water

6,/29/2019

48.7347

11.144794

River water 01 Boefinger
Halde_Ulm_Germany_29.06.2019_JDS4 40704

Germany

River water

6,/29/2019

48.424005

10.026232

Station 13
Hradenytsi_Odesa_Ukraine_25.05.2019_Dniester
Monitoring_38632

Ukraine

River water

5/25,/2019

46.60638889

29.98361111

Station 12
Ustia_Chisinau_Moldova_26.05.2019_Dniester
Monitoring_38631

Moldova

River water

5/26/2019

47.25222222

29.13527778

Station 11 Bul- Moldova
boaca_Chisinau_-Moldova_25.05.2019_Dniester

Monitoring_38629

River water

5/25/2019

46.89055556

29.30333333

Station 10 Va- Ukraine
syliv_Chernivtsi_Ukraine_26.05.2019_Dniester

Monitoring_38628

River water

5/26,/2019

48.62138889

25.857777T8

Station 09 Mohyliv-Podilskyi_-Mohyliv- Ukraine
Podil’s’kyy_Ukraine_26.05.2019_Dniester

Monitoring_38627

River water

5/26,/2019

48.45333333

27.7725

Station 08 Pochajevy- Ukraine
chi_Drohobych_Ukraine_28.05.2019_Dniester

Monitoring_38626

River water

5/28,/2019

49.36194444

23.57638889

Station 07 Poberezhzhya Ivano- Ukraine
Frankivs'k_Ukraine_28.05.2019_Dniester

Monitoring_39312

River water

5/28,/2019

49.03527778

24.80888889

Station 06 Shabo_Bilhorod-
Dnistrovs’kyy_Ukraine_25.05.2019_Dniester
Monitoring_38619

Ukraine

River water

5/25/2019

46.13444444

30.37111111

Station 05 Ciobur- Moldova
ciu_Ribnita_Moldova_25.05.2019_Dniester

Monitoring_38617

River water

5/25/2019

46.60027778

29.72138889

Station 04
Rezina_Ribnita_Moldova_26.05.2019_Dniester
Monitoring_38616

Moldova,

River water

5/26,/2019

47.74388889

28.97694444

Station 03
Soroca_Soroca_Moldova_26.05.2019_Dniester
Monitoring_38615

Moldova

River water

5/26/2019

48.14083333

28.30388889

Station 02 Zalishchyky
Park_Zalishchyky_Ukraine_27.05.2019_Dniester
Monitoring_38614

Ukraine

River water

5/27/2019

48.63444444

25.73555556
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Station 01
Vovche_Turka_Ukraine_28.05.2019_Dniester
Monitoring_38613

Ukraine

River water

5/28,/2019

49.205

22.91916667

Station Lysychansk (428

km)_Lysychans’k_Ukraine_25.09.2018_Siverskyi

Donets Monitoring 31427

Ukraine

River water

9/25/2018

48.91665

38.453586

Bakhmutka

Ukraine

river_Kostyantynivka_Ukraine_25.09.2018_Siverskyi

Donets Monitoring_31426

River water

9/25/2018

48.559532

38.023995

Kryvyi Torets river at Karlivska

dam_Druzhkivka_Ukraine_24.09.2018_Siverskyi

Donets Monitoring_31425

Ukraine

River water

9/24/2018

48.602686

37.561002

Kazannyi Torets river at Raygorodok vil-

Ukraine

lage_Slov’yanoserbs’k_Ukraine_25.09.2018_Siverskyi

Donets Monitoring_31424

River water

9/25/2018

48.917078

37.733307

Station Raygorodska dam (522
km)_Borova_Ukraine_24.09.2018_Siverskyi
Donets Monitorings1422

Ukraine

River water

9/24/2018

49.341563

37.548651

Oskil river at Chervonyi Oskil
village_Kharkiv_Ukraine_26.09.2018 _Siverskyi
Donets Monitoring_31420

Ukraine

River water

9/26,/2018

49.170724

37.437593

Udy river at Eskhar
village_Eskhar_Ukraine_26.09.2018_Siverskyi
Donets Monitoring_31420

Ukraine

River water

9/26/2018

49.788775

36.594185

Station Ohurtsovo village (944
km)_Rubizhne_Ukraine_26.09.2018_Siverskyi
Donets Monitoring_31419

Ukraine

River water

9/26,/2018

50.176532

36.844251

SPEDEX eflluent wastewater Amstet-

ten_Amstetten_Austria_28.08.2017_SOLUTIONS

& ITN ANSWER 24766

Austria

Wastewater

8/28/2017

48.108815

14.895335

SPEDEX effluent wastewater
Brno_Brno_Czech
Republic_29.08.2017_SOLUTIONS & ITN
ANSWER_24764

Czech
Republic

Wastewater

8/29/2017

49.130863

16.631645

SPEDEX effluent wastewater
Augsburg_Augsburg_
Germany_30.08.2017_SOLUTIONS & ITN
ANSWER_24768

Germany

Wastewater

8/30/2017

48.40873

10.8854748

SPEDEX effluent wastewater
Varazdin_Varazdin_
Croatia_20.08.2017_SOLUTIONS & ITN
ANSWER 24754

Croatia

Wastewater

8/20/2017

46.309679

16.395325

SPEDEX effluent wastewater Za-
greb_Zagreb_Croatia_21.08.2017_SOLUTIONS
& ITN ANSWER_24752

Croatia

Wastewater

8/21/2017

45.78972

16.087301
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SPEDEX effluent wastewater
Budapest_Budapest_
Hungary_24.08.2017_SOLUTIONS & ITN
ANSWER_24758

Hungary

Wastewater

8/24/2017

47.4563852

19.071257

SPEDEX effluent wastewater
Bucharest_Bucharest_
Romania_18.08.2017_SOLUTIONS & ITN
ANSWER 24746

Romania

Wastewater

8/18/2017

44.39546

26.23222

SPEDEX effluent wastewater
Cluj-Napoca_Cluj-
Napoca_Romania_19.08.2017_SOLUTIONS &
ITN ANSWER_24748

Romania

Wastewater

8/19/2017

46.79319

23.68284

SPEDEX effluent wastewater Ljubl-
jana_Ljubljana_Slovenia_24.08.2017_SOLUTIONS
& ITN ANSWER_24756

Slovenia

Wastewater

8,/24/2017

46.070851

14.6208963

SPEDEX effluent wastewater Slovenia
Krsko_Krsko_Slovenia_31.08.2017_SOLUTIONS

& ITN ANSWER 24760

Wastewater

8/31/2017

45.97

15.47

SPEDEX eflluent wastewater Serbia
Zilina_Sabac_Serbia_18.08.2017_SOLUTIONS

& ITN ANSWER_24762

Wastewater

8/18/2017

49.247315

18.645833

SPEDEX effluent wastewater
Sabac_Sabac_Serbia_31.08.2017_SOLUTIONS
& ITN ANSWER_24750

Serbia

Wastewater

8/31/2017

44.743972

19.726941

Czech
Republic

Effluent wastewater Brno_Brno_Czech
Republic_29.08.2017_SOLUTIONS & ITN
ANSWER_26136

Wastewater

8/29/2017

49.130863

16.631645

Effluent wastewater Amstet- Austria
ten_Amstetten_Austria_28.08.2017_SOLUTIONS

& ITN ANSWER_26138

Wastewater

8/28,/2017

48.10882

14.89534

Effluent wastewater Varazdin_Varazdin_ Croatia
Croatia_20.08.2017_.SOLUTIONS & ITN

ANSWER_26122

Wastewater

8/20/2017

46.30968

16.39533

Effluent wastewater Za- Croatia
greb_Zagreb_Croatia_21.08.2017_SOLUTIONS

& ITN ANSWER_26124

Wastewater

8,/21/2017

45.78972

16.0873

Effluent wastewater Budapest_Budapest_
Hungary_24.08.2017_SOLUTIONS & ITN
ANSWER 26128

Hungary

Wastewater

8,/24/2017

47.45639

19.07126

Effluent wastewater Bucharest_Bucharest_ Romania
Romania_18.08.2017_SOLUTIONS & ITN

ANSWER_26116

Wastewater

8/18/2017

44.39546

26.23222

Effluent wastewater Cluj-Napoca_Cluj- Romania
Napoca_Romania_19.08.2017_SOLUTIONS &

ITN ANSWER_26126

Wastewater

8/19/2017

46.79319

23.68284
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Effluent wastewater Ljubl- Slovenia ~ Wastewater ~ 8/24/2017 46.07085 14.6209
jana_Ljubljana_Slovenia_24.08.2017_SOLUTIONS

& ITN ANSWER._26126

Effluent wastewater Slovenia ~ Wastewater ~ 8/31/2017 45.97 15.47
Krsko_Krsko_Slovenia_31.08.2017_SOLUTIONS

& ITN ANSWER_26132

Effluent wastewater Slovakia ~ Wastewater ~ 8/18/2017 49.24732 18.64583
Zilina_Zilina_Slovakia_18.08.2017_SOLUTIONS

& ITN ANSWER._26134

Effluent wastewater Serbia Wastewater — 8/31/2017 44.74397 19.72694
Sabac_Sabac_Serbia_31.08.2017_SOLUTIONS

& ITN ANSWER_26120

Effluent wastewater Augs- Germany  Wastewater  11/16/2017  48.40873 10.88547
burg_Augsburg_Germany_16.11.2017_SOLUTIONS

& ITN ANSWER_26142

Effluent wastewater Germany  Wastewater — 5/3/2018 Confidential Confidential
ook _Stuttgart_Germany_03.05.2018_I1TN

ANSWER_28543

Effluent wastewater Germany  Wastewater — 5/3/2018 Confidential Confidential
ook _Herrenberg_Germany _03.05.2018 ITN

ANSWER_28545

Effluent wastewater Germany  Wastewater ~ 5/3/2018 Confidential Confidential
cesiilk_Neustadt_Germany 03.05.2018 ITN

ANSWER._28541

Effluent wastewater Germany  Wastewater ~ 5/3/2018 Confidential Confidential
stk kAR, (Ipavenbe oo

Germany_03.05.2018_ITN ANSWER _28539

Effluent wastewater Germany  Wastewater ~ 5/3/2018 Confidential Confidential
ook _Amberg_Germany_03.05.2018_ ITN

ANSWER_28537

Effluent wastewater Germany  Wastewater  5/3/2018 Confidential Confidential
ook Berlin_Germany _03.05.2018 TN

ANSWER_28535

Effluent wastewater Germany  Wastewater  5/3/2018 Confidential Confidential
ook Wurzburg_Germany _03.05.2018 ITN

ANSWER_28533

Effluent wastewater Germany  Wastewater  5/3/2018 Confidential Confidential
ook Hattingen_Germany_03.05.2018 ITN

ANSWER _28531

Effluent wastewater Germany  Wastewater  5/3/2018 Confidential Confidential
ook _Amberg_Germany_03.05.2018_ITN

ANSWER_28529

Effluent wastewater Germany  Wastewater — 5/3/2018 Confidential Confidential

ook _Geldern_Germany_03.05.2018_ ITN
ANSWER_28527
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Effluent wastewater Germany  Wastewater ~ 5/3/2018 Confidential Confidential
ok _Augsburg_Germany_03.05.2018 ITN

ANSWER_28525

Effluent wastewater Germany  Wastewater  5/3/2018 Confidential Confidential
ook Landsberg_ Germany_03.05.2018 ITN

ANSWER_28523

Effluent wastewater Germany  Wastewater  5/3/2018 Confidential Confidential
ootk Bergheim_Germany_03.05.2018 ITN

ANSWER _28521

Effluent wastewater Germany  Wastewater  5/3/2018 Confidential Confidential
Flkkiockkkr*_Erlangen_Germany _03.05.2018 ITN

ANSWER_28519

Effluent wastewater Germany  Wastewater ~ 3/27/2018 Confidential Confidential
*************7Memmingen7

Germany_27.03.2018_ITN ANSWER_28517

Effluent wastewater Germany  Wastewater — 3/27/2018 Confidential Confidential
ook _Wedel _Germany _27.03.2018_ITN

ANSWER_28515

Effluent wastewater Germany  Wastewater ~ 3/27/2018 Confidential Confidential
stk AR T ortmund.

Germany_27.03.2018_ITN ANSWER_28592

Effluent wastewater Germany  Wastewater — 3/27/2018 Confidential Confidential
ook _Krefeld_Germany_27.03.2018_ ITN

ANSWER_28590

Effluent wastewater Germany  Wastewater — 3/27/2018 Confidential Confidential
ccseiilk_Sinsheim_Germany_27.03.2018_ ITN

ANSWER_28588

Effluent wastewater Germany  Wastewater  3/27/2018 Confidential Confidential
ek Berlin_Germany 27.03.2018 ITN

ANSWER_28586

Effluent wastewater Germany  Wastewater — 3/27/2018 Confidential Confidential
roopseiilk_Jena_Germany_27.03.2018_ ITN

ANSWER_28584

Effluent wastewater Germany  Wastewater  3/27/2018 Confidential Confidential
stk KRR % R eichenbach.

Germany_27.03.2018_ITN ANSWER _28582

Effluent wastewater Germany  Wastewater ~ 3/27/2018 Confidential Confidential
sk \arkldleeberg.

Germany_27.03.2018_ITN ANSWER _28580

Effluent wastewater Germany  Wastewater  3/27/2018 Confidential Confidential
ook _Chemnitz_Germany _27.03.2018_ ITN

ANSWER_28578

Effluent wastewater Germany  Wastewater — 3/27/2018 Confidential Confidential

ook _Dessau_Germany -27.03.2018 ITN
ANSWER_28576
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Effluent wastewater Germany  Wastewater — 3/27/2018 Confidential Confidential
stk R (g ab )

Germany_27.03.2018_ITN ANSWER_28574

Effluent wastewater Germany  Wastewater — 3/27/2018 Confidential Confidential
ook _Schwerin_Germany_27.03.2018 ITN

ANSWER_28572

Effluent wastewater Germany  Wastewater  3/27/2018 Confidential Confidential
ook Marburg_Germany 27.03.2018 ITN

ANSWER_28570

Effluent wastewater Germany  Wastewater ~ 3/27/2018 Confidential Confidential
Fokkokkkx*_Bremen_Germany_27.03.2018_ITN

ANSWER_28568

Effluent wastewater Germany  Wastewater ~ 3/27/2018 Confidential Confidential
ookl _Traunreut_Germany _27.03.2018 I1TN

ANSWER_28566

Effluent wastewater Germany  Wastewater  3/27/2018 Confidential Confidential
*************7Hockenheim7

Germany_27.03.2018_ITN ANSWER 28564

Effluent wastewater Germany  Wastewater  3/27/2018 Confidential Confidential
ook _Frankfurt_Germany_27.03.2018_ITN

ANSWER_28562

Effluent wastewater Germany  Wastewater — 3/27/2018 Confidential Confidential
ook _Neuruppin_Germany_27.03.2018_ITN

ANSWER_28560

Effluent wastewater Germany  Wastewater ~ 3/5/2018 Confidential Confidential

ook _Kaiserslautern

Germany_05.03.2018_ITN ANSWER 28673
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Figure S4.3.3: HPLC/HRMS chromatogram of maprotiline (top) and m/z 294 (bottom)
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Figure S4.3.4: Specific CID mechanisms for the compound 294-D
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Figure S4.3.5: Specific CID mechanisms for the compound 294-E
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Figure S4.3.6: Specific CID mechanisms for the compound 294-B
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Figure S4.3.7: CID mechanisms for the compound 292-B issued from dehydrogenation of 294-E
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Figure S4.3.8: CID mechanism for the compound 292-E
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Figure $4.3.9: Dehydrogenation of species with MH" at m/z 294
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Figure S4.3.10: Suggested dissociation pathways for m/z 310 photoproducts
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Figure S4.3.11: CID mechanisms for the compound 310-F
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Figure S4.3.12: CID mechanisms for the compound 310-E
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Figure S4.3.13: CID mechanisms for the compound 310-B

i
No +=0
— — —_—
- CH3-NH, ~A° N, -co
| \/A m/z 225

m/z 253

Figure S4.3.14: CID mechanisms for the compound 284-A
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Figure S4.3.15: CID mechanisms for the compound 284-B

Figure S4.3.16: CID mechanisms for the compound 284-C
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4.4 Role of iron in the photodegradation of en-

rofloxacin

A collaboration project on the elucidation of photodegradation products of enrofloxacin
antibiotic was carried out with one of the early stage researchers of the AQUAlity project,
Ivan Sciscenko. The project was exhaustive and contained theoretical photochemistry
approaches. The part concerning the influence of the parameters on the formation of the

photoproducts and their structural elucidation was carried out by the LCM group.
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Abstract

Enrofloxacin (ENR) belongs to the fluoroquinolone (FQ) antibiotics family, which are
contaminants of emerging concern frequently found in efHuents. Although many works
studying photo-Fenton process for FQ degradation have been reported, there are no re-
ports analysing in deep the effect of iron complexation, as well as other metals, towards
FQs’ photolysis, which, evidently, also contributes in the overall degradation of the pollu-
tant. Therefore, in this work, we report a comparative study between the photochemical
fate of ENR and its complex with Fe(III) under simulated sunlight irradiation. In ad-
dition, the effect of dissolved oxygen, self-sensitization process, and H,O, addition on
the studied photochemical systems are also investigated. Results indicate that, for free
and iron-complexed ENR, singlet oxygen (102) is generated from the interaction of its
triplet state with ground state oxygen. Half-life time (t;/,) of ENR under sun simulated
conditions is estimated to be around 22 minutes, while complexation with iron enhances
its photostability, leading to a t;/, of 2.1 hours. Such finding indicates that at least the
presence of iron, might notably increases the residence time of these pollutants in the en-
vironment. Eventually, only with the addition of HyO,, the FQ-iron complex is efficiently
degraded due to photo-Fenton process even at circumneutral pH values due to the high
stability of the formed complex. Finally, after LC/FT-ICR MS analysis, 39 photoprod-
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ucts are detected, of which the 14 most abundant ones are identified. Results indicate

that photoproducts formation is pH and iron dependent.

Introduction

Antibiotics are among the substances considered as contaminants of emerging concern;
they are present in urban wastewater and they persist even after treatment in conventional
wastewater treatment plants (WWTPs), this being an entry route into the environment |1
3]. Within this category, fluoroquinolones (FQs), are one of the most consumed antibiotics
of the world [4].

FQs can absorb light within the range of solar radiation (A > 300 nm), and due to their
abundance in natural effluents, photodegradation of these molecules had been thoroughly
studied in order to have further insights related to their fate and photoproduct formation
in surface waters [5-7]. Besides, these compounds can easily interact with humic-like
substances [8], soil [9], and even WWTP sludge, where they can accumulate [10]. In this
regard, another water constituent to take into consideration are metals. FQs present high
affinity to metal complexation. They can act as mono or bidentate ligands, as well as
bridging ligand, being the most common coordination mode via carbonyl and carboxyl

groups in adjacent positions [11].

To date, however, there is a lack of information about the FQmetal environmental be-
haviour, recently collected in the review of |12, where they reported significant changes
towards their toxicity, soil-water mobilityy, WWTP degradation efficiencies and photo-
chemistry. Regarding the latter, DFT calculations have shown that the complex formed
between one of the most frequently found FQ in natural effluents, the enrofloxacin (ENR),
with Mg”, presented higher activation energies for the most direct photolysis pathways
than ENR itself [13]. Similarly for ciprofloxacin, another highly consumed FQ, which is
also the main photoproduct of ENR [14], in presence of Cu(Il) exhibited a strong pho-
tolytic inhibition, only recovered in presence of ethylenediaminetetraacetic acid (EDTA)
[15]. On the contrary, Cu(Il) increased by a factor of 2.4 the photolytic rate constant of
moxifloxacin |16], thus indicating that FQ-metal photochemical behaviour could also be

dependent on the antibiotic molecular structure.

Advanced oxidation processes (AOPs) had long been studied and proposed for tertiary
wastewater treatment, as they are able to degrade these emerging pollutants [17]. In
one of the most common AOP, the Fenton process, the highly reactive species “OH and
HO, involved in the contaminants abatement, are formed in the elementary reactions
of H,O, disproportionation catalyzed by Fe(II)/Fe(IlI) (and other transition metals) and
enhanced by the action of light (photo-Fenton) [18], which could be also photogenerated in
situ in the natural environment [19]. In these cases, when the pollutant is also photolabile,

photolysis degradation contribution must be also considered. However, although many
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studies of FQs oxidation by photo-Fenton had been published [20], the individual effect of
iron towards FQs’ photochemical fate is practically unexplored. For instance |21], when
treated two FQs and another type of antibiotic by UV /Fe(III), it can be seen that for the
tested FQs, its removal rate was much more sensitive to the iron concentration variation
compared to the other non-FQ antibiotic. According to the above mentioned statements,
this could had been most likely related to the downplayed FQ-iron interaction, not present
in the case of the other compound. In this regard, FQs Fenton degradation has been
reported as effective even at mild pH conditions due to iron chelation by the pollutant
itself [22].

In this work, we decided to compare the photochemical fate under sun-simulated condi-
tions of a model FQ (ENR) alone and as Fe(III)-complex. First, spectroscopic charac-
terization and stability of the complex between ENR and Fe(III) was assessed, secondly,
photochemical degradation of ENR and its Fe(III)-complex was evaluated with and with-
out addition of hydrogen peroxide. Finally, the main photoproducts were characterized,
and a schematic degradation pathway was proposed. Besides the environmental aspect,
we believe that these results will be useful to better comprehend the behaviour of FQs

degradation by photo-Fenton and analogues processes.

Materials and methods

Reagents and chemical analysis

Reagents, chemical analysis and kinetics methods are described in the Supporting In-
formation. For further information about transition absorption experiments using laser
flash photolysis system, this equipment and procedure have been described in previously
published papers 23] 24]. When specified, filtration was performed employing Chromafil
Xtra PTFE 0.45 pm filters and no significant ENR retention (i.e. adsorption on the filter)

was determined. All the solutions were prepared with ultrapure water (18.2 M cm).

Fe-ENR complex characterization

The complex formation between Fe(III) and ENR was studied by analysing its stoichiom-
etry and pH-stability. Fe-ENR stoichiometry was obtained by applying the method of
continuous variation [25], acquiring the UV—vis spectra of fixed 100 uM Fe(III) solution
at pH 3.0 with different ENR concentrations in the range 100-600 pyM. For pH-stability
analysis, the complex between ENR and Fe(III) was firstly prepared at pH 3.0, and after-
wards, pH was increased until the desired value and leaving each solution for 10 h in the

dark with magnetic stirring.

Irradiation experiments and analysis

Photochemical experiments were carried out in a thermostat cylindrical open glass reac-
tor (total volume of 50 mL) at 20°C loaded with 25 mL of the testing solution contain-
ing ENR 300 pM, with and without Fe(III) 100 puM. Irradiations were performed with
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a solar simulator (Lot-Oriel LS0306) equipped with a high-pressure Xe short arc lamp
(Ushio UXL-302-O) and a Pyrex filter to avoid wavelengths < 290 nm. Iron-ENR com-
plex solutions were always prepared and left with stirring for at least 10 h to assure full
complexation prior to irradiation experiments. All assays were performed for 2 h, with-
drawing 1 mL of sample in time-intervals and filtered with PTFE 0.45 ym Chromafil Xtra
filters. When needed, 200 uM H,O, were employed as source of *OH. Two initial pH were
studied, 3.0 where Fenton-(like) processes are optimal, and 7.0, relevant towards realistic
natural/wastewater scenario. All samples (1 mL) were filtered with PTFE 0.45 pm filters
and mixed with 100 pL of methanol in order to stop the reaction before analysis (i.e. to
quench possible hydroxyl radical formation through Fenton reaction). Experiments were

performed at least twice.

The oxygen effect was studied by bubbling solution with pure N, and O, for 10 min before
and during the photochemical experiment, thus assuring negligible and high O, concen-
trations, respectively. Formation of reactive oxygen species (ROS) was studied employing
isopropyl alcohol (IPA) ("OH scavenger, k("OH) = 1.9 x 10° M ' s ') and furfuryl alcohol
(FFA) (*OH and 'O, scavenger, k("OH) = 1.5 x 10'° M ' s " and k(*0,) = 1.2 x 10° M '
s respectively) [26], 27]. IPA was employed in a concentration of 5 mM whereas FFA of
300 pM. The chosen concentrations were based on other related works [28-30], ROS being
able to react much faster with the probes than with ENR at 300 uM. It is important to
highlight that FFA was chosen over NaNy as 'O, probe since this last one is highly pH
dependent (k(*05)(N3 ) =5x10° M " s ' and k(*O,)(HN3) ~ 1 x 10° M ' s ', with pKa
= 4.6, being also HNj strongly partitioned to the gas phase) [31], whereas FFA is not [32],
thus being better when comparing assays at pH 3.0 with pH 7.0.

Results and discussion

Complexation with ferric ions

When iron (III) perchlorate is added to an ENR solution (both colourless) at pH 3.0,
the mixture changed into a yellow-colour solution. Indeed, an absorbance shoulder after
400 nm and up to 540 nm appears in the UV—vis spectrum of ENR-iron mixture (Figure
4.4.11A). Such absorption suggests that a charge-transfer transition between the ENR
and Fe(III) occurs, corresponding to the formation of a coordination complex [33]. In
Figure [4.4.1B, the absorbance at 430 nm as a function of different ENR /Fe(III) ratios is
depicted. Absorbance increases from 0.23 to about 0.43 when ENR/ Fe(Ill) ratio grows
up to 3, and then reaches a plateau at higher ratios. Such finding is in agreement with an
octahedral complex employing the FQ carbonyl and carboxyl moieties to bind Fe(III) with
a ratio 3:1, which has been previously reported [34]. Then, the ENR~iron complex (FeIH—
ENRg3) stability was investigated in the range of pH 3.0 to 9.0 with measuring the total
iron concentration in solution. Figure {.4.1]C shows that dissolved Fe(III) concentration
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remained constant for pH values below 7.5, while for pH = 8.0, a decay due to precipitation
of its (oxy)hydroxides was observed [35]. However, measurements without filtration have
shown that Fe(III) concentration remained at ca. 100 uM even until pH 9.0, indicating
that ENR is also capable of stabilizing Fe(IlI) in the colloidal state.
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Figure 4.4.1: (A) Absorption spectra for ENR, Fe(IIl) and Fe-ENR; at pH 3.0; (B) Method
of continuous variation for a fixed amount of Fe(IIT) 100 uM and variating ENR concentration
from 100 to 600 pM. Insert represent the UV—vis spectra of different ENR /Fe(III) ratio solutions

at pH 3.0. (C) Fe(III) concentration from 100 pM Fe''"ENR; complex at different pH values
measured 24 h after preparation. PTFE filters 0.45 um were used to filter solutions. Values
represent the average of two measurements, and the error bar gives the associated uncertainty.

In addition, FeIH—ENR3 solutions from pH 3.0 to 7.5 proved to be stable at least for one
month in the dark and at room temperature since Fe(III) remained in solution all time. In
fact, the formation constant of FeIH—ENRg, complex is reported to have its highest value
at acidic pH, logK(FeHI—ENRg) =~ 45, and it decreases with increasing pH, being equal
to 25 at neutral conditions (Urbaniak and Kokot, 2009). These values are comparable
with other stable Fe(III)-organic ligand complexes such as EDTA (logK(Fe'"-EDTA) ~
25) [36]. Preparation of analogous solutions containing Fe(II) instead of Fe(III) did not

evidence the complex signal at 430 nm, thus indicating that the ENR-ferrous complex is
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not formed )

Photodegradation experiments

— Effect of pH

In order to investigate the degradation of the antibiotic, in free form or as iron-complex,
the same concentration of ENR was considered for all the experiments (300 uM of ENR or
100 M of Fe'"-ENR3) in acidic (pH 3.0) and neutral (pH 7.0) solutions (Figure )
In this way, even though the pollutant concentration was higher than the environmental
related levels, this allowed us to also study the Fe(III)/Fe(II) behaviour (see later Figure
and [S4.4.5)). In addition, the concentrations of the complex FeHI—ENR3 between 1
and 100 mg L' has no effect on the photochemical process. Besides, some studies propose
the use of photo-Fenton to treat the concentrate stream from membrane processes, hence,
dealing with higher concentration of pollutants .
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Figure 4.4.2: (A) Photolytic rate constants for ENR 300 M and Fe'""ENR;3 100 uM at all
tested conditions (error bars were calculated from the deviation from linear fit and experimental
data); (B) SENR* relaxation kinetics from ENR 280 uM at pH 7.0 by laser flash photolysis mea-
surements at de-aerated, aerated and oxygen saturated conditions. In the insert, 302 quenching
kinetic rate constant determination from obtained relaxation fitting curves.

Under irradiation at pH 3.0, the pseudo-first order photolysis rate constants of ENR and
as iron-complex were 3.7 x 10 % and 2.0 x 10 minfl, respectively. Therefore, even though
FeIH—ENRg exhibited greater absorbance within the visible region, we can assume that
this complex could present higher activation energy for most of the photodegradation
pathways of ENR, hence, being more stable against light irradiation than the pollutant
alone, as it has been reported for other FQ-metal complexes , . At pH 7.0, where
the zwitterionic form of ENR becomes predominant (pKa; = 6.0 and pKa, = 8.5, Figure
, the photolysis rate constant was one order of magnitude higher than at acidic
conditions (kgxg = 3.1 x 102 minfl), which is in agreement with the higher photolysis
quantum yields of FQs for zwitterionic forms associated to changes in functional groups
reactivity with the ionic forms . After 2 h of irradiation, the pH decreased to 6.0
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due to decarboxylation of the molecule, as confirmed by mass spectrometry analysis.
Interestingly, in the case of iron-complex, the photolysis enhancement was clearly less
marked than for free antibiotic, being its kinetic rate constant 5.3 x 10° min ', only 2.7

times more than at pH 3.0.

It is important to highlight that photolysis results at pH 3.0 could had also been well
explained by zero order fitting (see Figures fB). However, this is opposed to the
consensus of photolytic pseudo-first order kinetic fitting for FQs in all previously cited
related works employing ca. 5 uM [30], 120 zM [40] or even 2.78 x 10° uM [21].

— ROS generation and effect of dissolved oxygen

In order to understand the degradation mechanisms, different photochemical experiments
were performed in the presence of ROS scavengers, such as IPA and FFA, or in oxygen
saturated and deaerated solutions. As shown in Figure[S4.4.2] the presence of IPA (5 mM)
and FFA (300 uM) did not significantly modify the degradation of ENR or Fe'"-ENR,
indicating that generation of *OH or 'O, by the self-sensitization process should not be
relevant for ENR degradation in any of the studied cases. However, 'O, generation was
confirmed when observing FFA degradation (Figure . At both studied pH, a 40%
FFA removal was obtained after 120 min with ENR, whereas for FeHI-ENR3, 10% and
25% was obtained at pH values 3.0 and 7.0, respectively. Therefore, 'O, formation should
be reduced when ENR is chelating Fe(III), which is in agreement with other FQ-metal
complexes that showed a decrease in singlet oxygen overall production |41]. Nevertheless,
this could be also linked to the slower photolysis degradation in the case of the complex,
resulting also in a lower singlet oxygen production. Therefore, we can conclude that Fe(IIT)
complexation by ENR should affect more its direct photolysis pathways rather than its

photosensitized ones.

Although singlet oxygen is formed through the interaction of dissolved oxygen (*0,) with
the excited states of other molecules [42], ENR photodegradation was slower when in-
creasing the amount of dissolved oxygen in the system. For instance, at pH = 3.0 and
with the antibiotic alone, a photolytic rate constant of 4.8 x 10 * min ' was determined
under de-aerated conditions, whereas with an oxygen-saturated solution was 1.9 x 10°
min ' (Figure ) In line with these observations, faster quenching of ENR triplet
state (ENR*) was obtained when increasing the dissolved oxygen concentration (Figure
). Therefore, even though ENR could be oxidized by photogenerated 'Oy, the re-
activity between them is estimated to be around 10° M ' s [41], which is considerably
lower than the *O, quenching by ENR*, determined to be 4.7 and 3.7 x 10°M s at pH
3 (Figure ) and 7 (Figure ), respectively. For Fe'-ENR3, the same coun-
terproductive effect of ground state dissolved oxygen was observed, with the difference

that the obtained removals were proportionally slower than the antibiotic in free form, in

agreement with the higher photochemical stability of the FQ-metal complex
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At pH 7.0, dissolved oxygen inhibitory effect for ENR was observed when comparing
aerated /de-aerated conditions (kgyg = 3.1 x 10 > min ' in both cases) against oxygen-
saturated ones (kpyg = 9 x 10° minﬁl). On the contrary, for FeHI—ENRg, the tendency
remained as at acidic conditions, observing decreasing photolytic rate constants when
going from de-aerated towards aerated, and oxygen saturated conditions (Figure )

Fe(II) formation due to ligand to metal charge transfer (LMCT) within the photolysis
of FeIH—ENRg at pH 3.0, followed the same tendency, de-aerated > aerated > oxygen
saturated (Figure [S4.4.5]), obtaining after 60 min irradiation, a reduction of 100% from
Fe(I1I) to Fe(II) with N, bubbling, 87% in aerated conditions, and 36% with O, bubbling.

Based on these results, a plausible reaction mechanism can be proposed as following: after
absorption of light, an electron of ENR can be promoted to the excited state (1ENR*)
followed by intersystem crossing and generation of ENR triplet state (‘ENR*) (Eq )
The excited triplet state can lead to the formation of degradation product (Eq (4.2)) or
can be quenched by molecular oxygen (302) through energy transfer reaction leading to
the formation of singlet oxygen ('O,) and ENR ground state (Eq (4.3)). Photogenerated
'0, can also slightly contribute to the oxidation of ENR (Eq (4.4)).

ENR+hv —» 'ENR - ENR (4.1)
*ENR — ENR - ox (4.2)
ENR +°0, > 'Oy + ENR (4.3)
ENR+ 'Oy » ENR - oz (4.4)

For FeHI—ENRg, the first photoinduced reaction is the LMCT reaction, leading to the

formation of ferrous ions (Fe(II)), 2 molecules of ENR, and ENR radical (ENR®) in solution
(Eq (4.5). ENR® can start different degradation pathways in which water and oxygen can

be involved (Eq (4.6])).

Fe' — ENRy + hv - Fe(II) + 2ENR + ENR’® (4.5)
ENR® -»— products (4.6)

— Time-course absorbance spectra changes
11

Analysing the changes in absorbance spectra with light irradiation for ENR and Fe -
ENRj3 at pH 3.0, a signal formation at 535 nm was observed (Figure and B), also
evidenced by a final light pink colour of the solutions after the 120 min of irradiation, which
could probably be related to the formation of poly-conjugated products [43]. Secondly,
analysing the iron complex (Figure ) two additional issues have been seen: 1) there

is a decay in 430 nm complex signal, which is related to the Fe(III) reduction to Fe(II)
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due to LMCT process, and 2) an isosbestic point at 516 nm was obtained, which suggests

the conversion of FeIH—ENRg into one main absorbing photoproduct.
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Figure 4.4.3: Time-course absorbance spectra changes during irradiation experiments at pH 3.0.

Full spectra were recorded by 20 times dilution of the original sample (in the insert). (A) ENR

300 uM; (B) Fe'"-ENRj3 100 uM.

Analogous results for pH 7.0 are shown in Figures [S4.4.6A-B, where pink colourization
of the solution after irradiation was also observed, thus, with signal formation at 535 nm
(however, not as pronounced as at acidic conditions). As expected, no complex absorbance
signal decay was observed for Fe'"-ENR; due to fast reoxidation of Fe(II) at neutral pH. In
addition, there was only a negligible dissolved total iron loss within F e"_EN R; irradiations
at pH 7.0 (5-10% after 2 h), indicating that the by-product formation should be of the
FQ-type structure, hence still being capable of binding iron and keeping it in aqueous

solution even at neutral pH [22].

Impact of HyOy addition
In the frame of water treatment, the effect of H,O, addition (200 uM) was also studied.
In this case, higher amounts of *OH are produced in situ due to HyO, photolysis observed
using the same irradiation setup (Eq (4.7))) [44] as well as Fenton-like and Fenton reactions
(Eqgs and (4.9)), strongly enhanced by the photo-generated Fe(Il) in the presence of
the complex Fe'"-ENR; (Eq ) [18].

11

Due to this reason, under light at pH 3.0, Fe " -ENRj3; was even more reactive than ENR,
obtaining 60% removal in 60 min, compared to the 40% of the free antibiotic (Figure[4.4.4).
By comparison to the photochemical system without H,O,, ENR removal effectiveness was
increased by a factor of 2, while for FeHI-ENRg, this increment reached approximately a

factor of 4.

H202 + hy — 2 .OH (47)
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Figure 4.4.4: Degradation percentages after 60 min at both studied pH in aerated conditions,
under sunlight irradiation (hv), with HyO4 200 M without irradiation (dark control), and the
combination of both, hy+H,0, 200 1M, for 300 M of ENR and 100 xM of Fe'-ENR;. Error
bars were calculated as the associated standard deviation between respective duplicates.

Fe' — ENRy + HyOy » 3ENR + Fe(II) + HO," + H' (4.8)
Fe(II) + HyOy = Fe(II1) +"OH + OH "~ (4.9)
‘OH + ENR - ENR - oz (4.10)

At pH 7.0 under light, even though the antibiotic removal was slightly higher without
Fe(III) (74% for the free form, and 59% for the iron complexed one in 60 min), H,O, did
not enhance ENR degradation, thus, the contribution of the low concentration of photo-
generated "OH from H,0, photolysis was negligible for the already fast ENR photolytic
degradation. On the contrary, the addition of H,O, to the analogous system containing
Fe(III), represented a removal increment for almost the double than the one without it.
Therefore, it can be hypothesized that photo-Fenton process was running even at pH 7.0,
bearing in mind that is usually no longer effective in these conditions without the addition
of any chelating agent due to the precipitation of iron oxides .

No significant differences were obtained for FeHI—ENRg under light and in the presence
of HyO, for the both studied pH values (c.a. 60% in 60 min in both cases). However,
since photolytic degradation was lower at pH 3.0 than at pH 7.0 (14% and 33% in 60 min,
respectively), photo-Fenton contribution to the overall pollutant removal should have been

lower at neutral conditions, as expected.

Within dark controls, the greater reactivity of FeIH—ENRg against HyO, was even more
evident. While for ENR no degradation was observed in any case, for the iron-complex
form, 20% degradation was achieved at pH 3.0, and 6% at pH 7.0.
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Photoproduct identification and formation pathways

A total of 39 photoproducts were detected under the different reaction conditions, exact
molecular formulae were determined for all of them, based on accurate mass measure-
ments. The 14 most abundant ones were successfully isolated and fragmented to obtain
structural information (Table, and a schematic degradation pathway was proposed
(Figure [4.4.5)). Results for the whole 39 photoproducts are shown in Figure

Observing Figure [4.4.6], since complexation reduced the direct photolysis of the FQ, lower
photoproduct formation was obtained in the case of the iron-complex form at both stud-
ied pH without HyO,. Analysing pH 3.0, photodegradation pathways did not differ signif-
icantly between ENR and FeHI—ENRg, observing in both cases that the main reaction was
ethyl loss from piperazinyl ring, forming photoproduct A, ciprofloxacin (another commer-
cial FQ), which is in agreement with related studies that have indicated it as the common
path for ENR photolytic degradation [14} 40]. Similarly, photoproduct C, still with no
modification on the FQ core, presents rupture on the piperazinyl ring. Only in the cases
of B, D, E and M, oxidation of chromophoric part of ENR became relevant. In addition,
the use of IPA showed the expected decrease in formation of hydroxylated photoproducts
(Figure ), even though it had not significantly affected the pollutant degradation

kinetics (Figures [S4.4.2h-D).

In sharp contrast with acidic conditions, at pH 7.0 without H,O,, photoproduct formation
was notably distinctive when ENR was chelating iron compared to when it was not. In
both cases, a higher variety of photoproducts were observed than the ones obtained at pH
3.0, presenting more defluorinated compounds (H, J, K, and N) and also decarboxylated
(G, I and L). These reactions have been reported in the literature as common paths for
FQ photolysis for zwitterionic chemical speciation form rather than for the cationic one
30, 48]. Moreover, in the case of Fe'

(photoproduct E) has been observed as the favored path, in contrast with the prevalent

-ENRj3, fluorine substitution by hydroxyl group

ciprofloxacin (photoproduct A) formation at pH 3.0. Without Fe(III) complexation, there
was no formation of a single major photoproduct, but a wider variety of transformation

products were detected in lower quantities.

It is well known that photo-induced decarboxylation reactions occur on Fe(III)-
carboxylate complexes under sun-simulated irradiation [18, 49, 50]. However, in this case,
lower decarboxylation was observed in the case of FeIH—ENR3 than ENR, which is in
agreement with previous observations reported, describing no significant iron loss during
the 120 min of FeHI—ENRg irradiation at pH 7.0. This trend could be probably explained
by the chelation mode between ENR and Fe(III) between the carbonyl and carboxyl
groups of FQs, hence being an overall protection of the carboxylic acidic group. Never-
theless, the difference between the decarboxylation of ENR and FeHI-ENRg is the same

as for the other photoproducts, obtaining maybe higher photoproduct formation for the
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Figure 4.4.5: Summary of the studied reactions and photoproduct formation mechanism pro-
posal. Underlined photoproducts were found for the first time in this work. Reactions include
defluorination (-F), decarboxylation (-COOH), hydroxylation (+OH), piperazine cleavage and
oxidation (-Pip and Pip-ox, respectively), and ethyl moiety cleavage and oxidation (-Et and
Et-ox, respectively).
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100 uM, pH 3.0 and 7.0. Above with only light irradiation (hv), and below with hv + H,04 200
M.

noncomplexed pollutant. Therefore, no conclusion can be taken from an enhancement or
inhibition of decarboxylation between ENR and FeHI—ENRg.

When H,0, was added, at pH 3.0, formation of hydroxylated byproducts (B, E and F) oc-
curred at a higher extent in the case of FeHI—ENRg, which is in agreement with the higher
*OH production due to the photo-Fenton process. These differences are clearer when
analysing the respective obtained photoproduct formation kinetics (Figures fb),
noticing that not only the order of formation was different, but the rates as well. Inter-
estingly, decarboxylation was negligible compared to direct photolysis (without H,0,),

where D and M were obtained in higher amounts.

In the case of pH 7.0, the addition of H,O, did not alter the photodegradation mechanism
of ENR compared to the results without the addition of it. On the other hand, despite
the fact that with FeIH—ENR3 differences were not as clear as the ones at pH 3.0, when
analysing Figures [S4.4.7p—f, enhanced oxidized products were formed when H,0, was

added, results that are in agreement with the ones shown in the previous section.

Conclusions

Our results demonstrate that iron, ubiquitous metal in water compartment as well as
catalyst reagent in photo-Fenton type processes, can strongly affect the photochemical

processes of ENR also frequently found in aqueous media. Indeed, when iron, coexist
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with ENR, they form a stable complex within a wide pH range, affecting each other’s
photochemistry, in particular, decreasing ENR photolytic rate constant, thus probably
enhancing their persistence in the environment. Photoproduct formation pathway is also
affected by metal chelation. The FQ-Fe(III) complex was efficiently removed from water
only with the addition of H,O,, due to photoFenton process. In this sense, even though
FQs could be photochemically stabilized in the presence of Fe(III), this coexistence could
represent an advantage when achieving Fenton-type treatment at circumneutral pH for

the degradation of more recalcitrant pollutants.
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Supplementary information

Reagents and chemical analysis

1. Reagents

High purity (> 99%) enrofloxacin (ENR), Fe(ClO,)3-xH,0O, NaOH, ferrozine, ascorbic acid
and furfuryl alcohol (FFA) were purchased from Sigma-Aldrich. Isopropyl alcohol (IPA),
formic acid 98%, H,SO, 98%, and HPLC grade, methanol and acetonitrile, were obtained
from VWR Chemicals.

When needed, pH was adjusted with HySO4 0.05 M or NaOH 0.1 M. Fe(III) 2 mM stock
solutions were prepared from Fe(ClOy)3-xH,0 solid each day. Stock solution of ENR was
prepared in acidic water at pH 2.0. Iron-ENR solutions were prepared 10 h before each
experiment. All the solutions were kept in dark conditions and final preparations were

performed just before experiments.

2. Chemical analysis and kinetics

ENR concentration was monitored by a Shimadzu Nexera DGU-20A5R high performance
liquid chromatography (HPLC) coupled with a photodiode array (PDA) detector. A C18
Macherey-Nagel column Nucleodur-7> 5 pm was used with a 0.25 mL min " isocratic flow
of 85% formic acid 0.1 M and 15% acetonitrile. The oven was set at 40°C and detection
of ENR and FFA were performed at 278 and 227 nm, respectively. ENR in presence or

absence of Fe(III) has exhibited the same retention time in all cases.

Total iron and Fe(II) concentrations, were measured by Ferrozine method [51]. All UV-vis

spectra were acquired using a Varian Cary 3 UV-Visible spectrophotometer.
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LC-MS and LC-MS/MS measurements were performed on a Bruker SolarixXR FT-ICR
9.4T ultrahigh-resolution mass spectrometer coupled to a Waters Acquity HPLC system.
For the separation an Agilent Pursuit XRsULTRA C18 (length 50 mm, diameter 2 mm,
particle size 2.8 pm) column was used with a flow of 0.2 mL min . Gradient elution was
used starting with 95% of water with 0.1% formic acid and 5% of acetonitrile with 0.1%
formic acid (95-5%). This ratio was held up to 3 minutes, after that it was gradually
changed to 50-50% up to 12 minutes, and altered to 5-95% until 17 minutes of elution.
Electrospray ionization source was used in positive mode, the capillary voltage was set
at 4000 V and spray shield at -500 V. Nitrogen was used both as nebulizer gas at 1 bar,
and drying gas at 8 L min " and 250°C. The sample injection volumes were 2 pl for
LC-MS and 10 nL for LC-MS/MS experiments. The m/z detection range was between
57.7 and 1000 m/z. Data acquisition size was 4 Mpts in broadband mode, with a data
reduction of 97%. For MS” experiments the isolation was performed at 1 m/z window
and collision induced dissociation experiments were carried out with collision energies of
15 and 20 V. The data were processed with Bruker Compass Data Analysis software.
For the molecular ions sub-ppm accuracy was achieved, while for the collision induced
dissociation experiments the detected fragment mass accuracy was below 10 ppm. Molec-
ular structures were proposed based on the mass spectrometry fragmentation patterns,

expected photochemical reactions and existing literature data.

Pseudo-first order apparent constant of ENR degradation (kgyg) was determined from the
slope of In (C;/Cy) vs irradiation time (t) where C, was the initial ENR concentration and
C; the remaining concentration at time t. kgng were calculated from the fitting within 0-
120 min, except in some cases where it was only considered with the first 30 min irradiation
(ENR alone at pH 3.0 aerated, pH 7.0 aerated, pH 7.0 de-aerated and pH 7.0 oxygen
saturated) due to deviation of the linear tendency at longer periods of time attributed to
the competition effect of photogenerated products in solution. The emission spectrum of
the lamp was recorded using a charge-coupled device (CCD) spectrophotometer (Ocean
Optics USD 2000CUV-VIS) equipped with an optical fibre. Over the wavelength range of
260 — 600 nm, a total photon flux of 157 W m ~ was determined.

The determination of the second-order rate constants between triplet ENR excited state
(*’ENR*) and ground state oxygen (*0,) was carried out with the nanosecond laser flash
photolysis apparatus from Applied Photophysics-LKS60. The equipment and procedure
employed for transition absorption experiments using laser flash photolysis system, has

been previously described [23, [24].

Error bars were calculated as the standard deviation between replicates, except for kinetic
rate constant calculation, where they were obtained from the deviation from linear fit and

experimental data (average between replicates).

Dimer formation was confirmed for photolysis at pH 3.0 through direct infusion mass
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Figure S4.4.2: Effect of ROS scavenger addition (IPA 5 mM and FFA 300 pM) at aerated
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Figure S4.4.3: FFA 300 pM removal by 'O, generation at different tested conditions: ENR 300
uM pH 3.0 (0), Fe""“ENR; 100 1M pH 3.0 (m), ENR 300 1M pH 7.0 (A), Fe"-ENRj5 100 pM

pH 7.0 (A). Control: FFA photodegradation alone at both studied pH was negligible (1-3% in
120 min).

spectrometry, which is in agreement with the spectral changes observed during photolysis
of ENR and its complex (Figure [1.4.3A-B). However, this has not been detected at pH
7.0, whereas similar signal increase at 535 nm, but with lower intensity and resolution,
had been seen. Dimer formation via FQ-radical coupling as a product of self-sensitization

process has been also reported by other authors|30, |43} |52]
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Table S4.4.1: Elucidated major photoproducts in both systems ENR and FeHI—ENRg and at
both studied pHs. *not found

Empirical Fragment
Ret. ] Raw formu- )
. m/z for formula of ion . Literature
Name Time 4 las of frag- Elucidated structure
) [M+H] the mneutral mass ) data
(min) . ment ions
form [F+H]
o] [e]
342.165 C19H21FN302 F.
oH
316.184  Cy,H,,FN,O |
ENR 7.0 360.17207 C;gHy3FN304
314.169  C,gHy FN;0 (\N 3
245.110 CgHy3FN3;O  ~ " %
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4.5 Photodegradation of enrofloxacin in a pilot plant

During the project, a 3 months secondment was carried at a WWTP operated by the
Spanish company Facsa in Alhama de Murcia. The aim was to optimize a pilot plant for
different AOPs and direct photolysis to achieve efficient photodegradation of contaminants

of emerging concern.

The optimization of the pilot plant was realized by monitoring the decoloration of an
industrial dye, Rhodamine B. The decoloration was quantified based on the decay of a
local absorption maximum of the dye at 554 nm, measured with UV-Vis spectroscopy.
The optimized parameters were: water flow, airflow, catalyst, and hydrogen peroxide con-

centrations.

Different AOPs were tested in the pilot plant regarding their degradation efficiency on
the artificial dye Rhodamine B (Figure . This was measured as the normalized
absorption maximum of RhB, which is proportional to the concentration. It does not
consider the possible mixture effect of potential photoproducts and serves as an indicator

of efficiency.

3 —8—N12 (5 g/l)/uv

= a

iDr o— UV

o H202/UV
N12/H202/UV

—8—Ti02(0.15 g/l)/uV

i

—

>

0 20 40 60 80 100 120
Reaction time (min)

Figure 4.5.1: Efficiency of AOPs on the decoloration of Rhodamine B

The most efficient process under these conditions was the peroxide/UV system. This
process has been extensively studied in the literature, and it is known that hydroxyl
radicals are formed under such conditions, which react with the dye and degrade it. Adding
TiO, coated magnetic nanoparticles (Magnox) in a mixture with HyO, and irradiating it
with UV light slightly slowed down the reaction. This can be explained by a competition
mechanism or a Magnox particles’ screening effect; no positive synergistic effect could be

observed. The reaction with Magnox was faster than the reaction with TiO, alone. Both
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conditions were optimized for their best performances, with a higher amount of catalyst
in the process with Magnox (5 g/1). With TiO, alone (0.15 g/1), increasing further the
catalyst concentration yielded a suspension of the nanoparticles in the water, resulting in
a strong screening effect. There was no such issue with Magnox, which is made of TiO,

suspended on magnetic microparticles.

After optimizing and comparing the different AOP processes, the photodegradation of
different pharmaceutical compounds was realized; the example of enrofloxacin removal is
reported in this section. In the article presented below, the applicability of the AOPs is

discussed, considering the secondary treated wastewater effect on the removal efficiency.

Is the efficiency of a pilot plant advanced oxidation process strongly affected

by matrix effects?
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Abstract

The setting up of a pilot plant equipped with an ultraviolet light (UV) lamp for various
advanced oxidation processes (AOPs) has been previously reported. The present work
aims at expanding this study by investigating the effect of a wastewater matrix on their
performances. Firstly, the comparison of degradation efficiencies of different AOPs on
Rhodamine B dye was performed in tapwater and secondary treated wastewater matrices.
Wastewater matrix proved to strongly decrease Rhodamine B degradation when a TiO,-
based photocatalyst was used, whereas for HyOo-UV system this difference was slight,
hence, the latter is less dependent on water matrix effect. Finally, the HyOo-UV system,
was selected and applied to the degradation of an emerging contaminant, enrofloxacin.
The degradation of this pollutant was followed by LC-MS and UV-Vis spectroscopy, and

its mineralization by total organic carbon (TOC).

Introduction

Pharmaceuticals, flame retardants, plasticizers, among others, represent thousands of
harmful or potentially toxic compounds that are commonly known as contaminants of
emerging concern. These substances were detected in various wastewater treatment plants
effluents, as they are resistant to conventional activated sludge treatments. As their min-
eralization is usually incomplete, their degradation frequently leads to by-products whose

toxicity is not or poorly studied [1]. For most of these compounds, regulatory limits do
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not exist and the toxicity of pollutant mixtures, with plausible synergism, as well as the

effect of chronic exposures remains not well known [2, 3].

Antibiotics constitute a sub-class of compounds of particular concern, as their increasing
presence in the environment leads to the formation of antibiotic-resistant strains [4]. Flu-
oroquinolones (FQs) rise a growing interest due to their high global consumption. Only
in France, 3.6 tons of FQs are sold every year [5]. This class of antibiotics was widely
detected in surface waters and wastewater treatment effluents |6} [7]. Their photodegra-
dation mechanisms were investigated with emphasis towards the effect of common water
constituents, such as natural organic matter (NOM), anions, and metals, on photolytic
rates [8H11]. FQs are significantly adsorbed onto the activated sludge of wastewater treat-
ment plants, which constitutes an additional potential way for their transport into the
environment. Additionally, they have been shown to be toxic towards aquatic organisms
[12]. The elimination of such micropollutants requires the development of novel water

treatment processes or implementation of some existing ones.

Advanced oxidation processes (AOPs) are increasingly popular for the elimination of
pollutants in water treatment plants. They rely on the generation of extremely reactive
species, mainly hydroxyl radicals ("OH). The high reactivity and low selectivity of *OH
radicals make them ideal to remove various contaminants. Irradiation-based processes
occupy a large place among AOPs [13]. Pollutants can be degraded using only ultraviolet
(UV) light, but the various elements present in wastewater can exert both enhancing and
hindering effects on the photodegradation of a contaminant. The photolysis process can be
direct and/or indirect. For the latter, natural organic matter (NOM), nitrites, and nitrates
when present, usually act as photosensitizers, as they contribute to generate reactive
oxygen species (ROS) [14-16]. However, NOM can also decrease the photodegradation
rate by producing light screening effect, reacting with ROS, or quenching the pollutant
excited states |17]. In this case the polluting load should be lowered, to achieve efficient
process with lower amount of added chemicals, thus achieving cost-effectiveness [18]. In
addition, chloride, bromide, and phosphates can also impact the photolysis process, for
example by scavenging the aforementioned ROS [19, [20]. Since it is difficult to determine
all the components of an aqueous matrix and to determine the extent of the opposing
contributing factors to the photodegradation, the overall effect of the aqueous matrix was
measured on the degradation of enrofloxacin. The tested AOPs were carried out with a
UVC lamp in a pilot plant previously described in detail [21] and presented in SI-2 and
Figure . Tested AOPs were based on the use of UVC, UVC/H,0,, and heterogeneous
photocatalysis.
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Materials and methods

Rhodamine B (AppliChem PanReac, Barcelona, Spain) and enrofloxacin (Sigma Aldrich,
Madrid, Spain) were used to test the efficiency of the various water treatment processes.
A 33% w/v solution of H,O, technical grade (VWR, chemicals, Barcelona, Spain) and
5 mg/L starting concentration of dye and enrofloxacin were used to test the HyO,/UV
system in the pilot plant. Peroxide amounts were added based on the stoichiometry of
expected reactions (See eq. and , so that mineralization should be theoretically
achieved. Secondary treated wastewater was obtained from direct pipeline connection to
the Alhama de Murcia wastewater treatment plant, it was mainly of industrial origin and
went through the following steps before reaching the reactor: pretreatment (screening,
sand, and grease removal), biological treatment, decantation, and filtration. The wastew-
ater was characterized over a period of 4 months by measuring turbidity, chemical oxygen
demand (COD), biochemical oxygen demand (BODS5), total organic carbon (TOC), and
nitrogen content; results are reported in Table [S4.5.1]

UV-Vis analyses were performed on a DR6000 benchtop spectrophotometer (Hach-Lange,
Colorado, USA). Measurements were carried out using a 1 cm cell and normalized based on
the absorbance of the reference matrix. Spectra of the solution were recorded using UV-Vis
spectroscopy, on a wavelength range from 190 to 500 nm. Rhodamine B discoloration was
monitored in single wavelength mode and its absorption maximum wavelength (554 nm,
see Figure was selected for quantification. TOC measurements were carried out on
a Shimadzu TOC-V instrument (Kyoto, Japan), the sampling was done at the beginning
of the experiment (t0) and after 2 hours of reaction. Degradation of enrofloxacin was
monitored by LC-HRMS using an Acquity HPLC system (Waters Technologies, Guyan-
court, France) coupled with a Bruker SolarixXR FT-ICR 9.4 T MS instrument (Bruker

Daltonics, Bremen, Germany) (see parameters in SI-3).

In one of the applied AOPs Magnox were utilized as photocatalyst, these are magnetic
microparticles, coated with TiO,. Information about the pilot plant used, working condi-
tions, and Magnox photocatalyst characterization has been previously described by Scis-
cenko et al [21]. A brief description of the plant and the applied working parameters are
presented in the supplementary information SI-2. Efficiencies of the various AOPs were
estimated based on the discoloration of Rhodamine B dye. The approach consisting in
using a dye to monitor an AOP is affordable, fast, and suitable for industrial applications
[22, 23]. Discoloration is an indicator of the efficiency of degradation of the dye as it is
correlated with structural changes in the molecule. However, it is not suitable to measure

mineralization as potential transformation products may be produced.
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Results and discussion

Matrix effect

Figure [4.5.2| shows the kinetics of Rhodamine B in tapwater and wastewater under three
different treatment processes: UVC, UVC/H,0,, and heterogeneous photocatalysis using
Magnox. Decolorization rate of Rhodamine B was the least efficient under UV irradi-
ation alone in tapwater. Combining UV irradiation with hydrogen-peroxide or Magnox
significantly improved the degradation efficiency: it takes about 50 minutes to remove
half of the initial amount of Rhodamine B from tapwater with UV, against 10 and 5
minutes with UV/Magnox and UVC/H,0,, respectively. The UVC/H,0, system showed
the best efficiency on both tapwater and wastewater reaction even if its performance is
slightly decreased in wastewater. On the contrary, the efficiency of heterogeneous photo-
catalysis with Magnox was considerably decreased in wastewater treatment: 40 minutes
are needed to degrade by half the initial amount of Rhodamine in wastewater against 10
minutes in tapwater. The strong difference between the results obtained with UV /H,0,
and heterogeneous photocatalysis suggest that the available reactive surface of Magnox
might be decreased due to possible absorption/adsorption of matrix molecules on it, and
consequently, reducing the *OH generation. More generally these results indicate that
a UVC/Hy0o-type treatment can be efficiently applied in a complex matrix, whereas
the application of heterogeneous photocatalysis with Magnox should be conducted af-
ter removing as many interferents as possible via filtration. Following global changes in
wastewater, such as the formation of undesired by-products, remains a great analytical
challenge as the complexity of the matrix makes the assessment very difficult. There is
a limited number of studies related to the formation of potentially harmful by-products
as a result of treatment with AOPs. This aspect requires further investigation combining

high-resolution mass spectrometry with advanced data processing.

Degradation of enroflozacin

The UVC/H,0, system proved to be the most simple and efficient method for the decol-
orization of Rhodamine B; its efficiency was thus tested on the removal of enrofloxacin in
both tapwater and wastewater matrices. Here again, the main goal of these experiments
was to study a potential matrix effect on the degradation efficiencies of this process re-
garding enrofloxacin degradation. The reaction was carried under UV irradiation as well,

to prove the potential benefits of adding hydrogen peroxide to the mixture.

In all cases, enrofloxacin was not detected by LC-MS after 60 minutes of reaction (Figure
. The UVC/H,0, process allowed to reach 100% of removal after only 7.5 minutes of
reaction in tapwater. There is an improvement yielded by the addition of peroxide, that
shows the strong oxidizing power and low selectivity of hydroxyl radicals. The UVC/H,0,
process was not significantly impacted by the nature of the aqueous matrix. Considering

the aforementioned strong matrix effect, it can be suggested that this apparent lack of
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Figure 4.5.2: Degradation kinetics of Rhodamine B in tapwater (TW) and wastewater (WW)
matrices, under three different treatment processes: UVC alone, UVC/Hy05 and UVC with
heterogeneous photocatalysis using Magnox

effect would actually be the result of opposing effects in balance. Looking at the parame-
ters of the secondary treated wastewater (see Table [S4.5.1)), an assessment can be made
about such potential effects. On one hand, reactive species can react competitively with
the components of wastewater and enrofloxacin. For instance, chlorides and phosphates,
which are present in the wastewater, were shown to scavenge reactive oxygen species 13|
20]. The turbidity of the water can also induce a filtering effect. On the other hand, nat-
ural organic matter can improve reaction rates by acting as photosensitizer. The result
of TOC analysis reveals a partial loss in total organic carbon content in the wastewater
(from 29.3 mg/L to 12.2 mg/L with the UVC/H,0, system) - indicating that organic
compounds present in the wastewater were mineralized - while the TOC remained con-
stant in tapwater. Therefore, enrofloxacin mineralization is negligible in both cases and
photoproducts formation likely occurred, as previously reported [9]. In the UV-Vis spec-
tra evolution, the typical absorbance bands decrease considerably at all wavelengths (see
Figure . The three local maxima, observed at 270, 322, and 334 nm belong to en-
rofloxacin. These specific features all disappear after the process, meaning that there are
considerable differences between the structure of enrofloxacin and that of the potential

photoproducts, and no highly conjugated aromatic system remains.

Conclusion

Three AOPs were compared in terms of discoloration of Rhodamine B in tapwater and
wastewater matrices. The process with the highest overall discoloration rate was the one
associating UVC/Hy0,, which was efficient even in a highly complex wastewater matrix,
whereas the activity of the Magnox catalyst was hindered under such conditions. The

applicability of photocatalysts appears to be restricted by potential water constituents
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Figure 4.5.3: LC-MS monitoring of enrofloxacin removal using a peroxide/UV AOP

absorption or adsorption phenomena; a screening effect of the wastewater components
could be involved in a lesser extent. The use of heterogeneous photocatalysis should be
restricted to wastewater partly purified in natural organic matter content by previous
filtration. The UVC/H,0, process was tested on enrofloxacin; it permitted a total elimi-
nation of this antibacterial drug in less than half an hour in both tapwater and wastewater

matrices.

Supplementary information

Absorption spectrum for RhB
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Figure S4.5.1: UV-Vis absorption spectrum of Rhodamine B
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Table S4.5.1: Wastewater characterization

Sampling Conduc-  Turbi- Total ni- Total phos-
pH . . COD BOD5 TOC
date tivity dity trogen phorus
nS/cm FNU mg/L mg/L mg/L mg/L mg/L
19/11/19 74 2337.9 6 46 <5 15.8 2.3 3.6
11/12/19 7.4 2640.2 4.5 42 7 14.3 3.1 3.6
18/12/19 7.4 2933.6 4.4 36 <5 15.0 2.9 3.5
08/01/20 7.4 2712.5 4.2 33 <5 12.0 2.1 0.7
29/01/20 7.4 2742.7 4.1 38 <h 14.6 0 0.5
13/02/20 74 3221.5 7.3 60 8 16.3 0 3.5
Sampling . L Total Total Mag- Total Total
Sulfates Chloride Nitrites ] ) ]
date calcium  nesium Sodium Iron
mg/L  mg/L mg/L mg/L mg/L mg/L mg/L
19/11/19 353.2 3684 0.4 95.9 65.4 253.5 0.08
11/12/19  429.8 432.5 0.3 102.5 77.6 317.2 0.08
18/12/19 483.0  494.1 0.7 105.2 72.8 388.9 0.08
08/01/20 435.5  479.9 0.2 97.4 72.2 372.0 0.04
29/01/20 492.0  472.0 0.4 110.6 89.3 329.0 0.09
13/02/20 3.5 583.5 566.4 0.2 114.2 94.1 429.3 0.28

1. Chemical reactions for the calculations of peroxide stoichiometry

Reaction of enrofloxacin with peroxide:
C19H9oFN3O3 + 53H,05 — 19C0O, + 62H,0 + HF + 3HNO; (4.11)

Reaction of Rhodamine B with peroxide:

CygH31CIN,O5 + 7T3H,05 — 28CO, + 87TH,0 + HCI + 2HNO;, (412)

2. Pilot plant description

The pilot plant included a tank for mixing with a stirrer, a UV lamp reactor, a model
UVLA-325-4 controlled by a Synergy 3 control panel (atg UV Technology, Wigan, United
Kingdom), a pump for water circulation, a rotameter to assess the water flow, and a
compressor (metabo Basic 250-50 W. Niirtingen, Germany ) to provide airflow in the
reactor. The use of air in the photoreactor was especially useful to keep the solid catalysts
suspended and for more efficient mixing. The total volume of the reactor system was
approximately 45 liters, this was the volume of the added water. The variables in the
reactor were optimized as follows: water flow 400 1/h, airflow 28 1/min, contaminant
concentration 5 mg/L each, Magnox concentration 5 g/L, and water matrix (tap water
or wastewater). The pH was not altered; it remained in the range of 7.5-8.5 over all

the experiments. The reaction time was 2 hours for every cycle, with a higher sampling
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Figure S4.5.2: Pilot plant

frequency at the beginning of the reaction.

3. LC-MS analysis

LC-MS measurements were performed on an Acquity HPLC system (Waters Technolo-
gies, Guyancourt, France) coupled with a Bruker SolarixXR FT-ICR 9.4 T MS instrument
(Bruker Daltonics, Bremen, Germany). For hyphenated methods, an Agilent Pursuit XR-~
sULTRA C18 (length 50 mm, diameter 2 mm, particle size 2.8 pm) column was used with
an Agilent HPLC MetaGuard (Pursuit XRs C18, 3 pm, 2,0 mm) guard column (Agilent
Technologies, Les Ulis, France). The flow was set to 0.2 mL/min, the total run time was
22 minutes with an acquisition time of 15 minutes. Solvent A was water with 0.1% formic
acid and solvent B was acetonitrile with 0.1% formic acid. The gradient started and was
kept until 3 minutes at 95% of solvent A, then this was lowered and reached 50% at 12
minutes. From 12.1 until 17.1 minutes the amount of solvent A was lowered to 5%, and
then switched back to the starting conditions. The injection volume was 1 jl, each sample
was prepared for the analysis by adding 10% volume of a mixture of acetonitrile/formic
acid (0.1%). Electrospray ionization was used as the ion source in positive mode with a
sample flow of 0.2 mL/min. The capillary voltage was 4000 V and the spray shield was set
at -500 V. Nitrogen was used as nebulizer gas (1 bar) and drying gas (8 L/min, 250 °C).
The detection range was 57.7 — 1000 m/z, in broadband mode, with a data acquisition

size of 4 Mpts and a data reduction of noise of 97%.
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Figure S4.5.3: Degradation of enrofloxacin in wastewater with UV-VIS spectroscopy
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Untargeted approach using SPIX
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5.1 Introduction of Spix

With the development and evolution of HRMS techniques and instrumentation perfor-
mance, the amount of data obtained from each measurement is sharply increasing. It is of
high interest to combine data analysis with mass spectrometry to extract the maximum
amount of pertinent information from each spectrum or series of spectra. Both commercial
and open-source data analysis tools are being developed to meet the analytical needs. In
the framework of a collaboration with the Institut national de recherche en sciences et
technologies du numérique (INRIA) and Centre de Mathématiques Appliquées de I'Ecole
polytechnique (CMAP), we aimed to develop a new software, SPIX. The concept be-
hind this software is novel, as it aims to model reaction kinetics in complex mixtures.
It is a unique feature and helps with understanding chemical changes through a holis-
tic approach. This software’s development was driven by our data analysis needs, but as
software undergo continuous development and updates, SPIX is no different; therefore,

various future features are envisaged.

The software shows the statistically relevant changes between two sets of spectra or mod-
els the changes through a series of conditions. In this project, as the aim was to study the
photochemical reactions of contaminants of emerging concern, SPIX became a valuable
tool to model the kinetics of degradation of the parent compound and detect the molecular
ions that undergo change over time, thus aiding in the rapid identification of photoprod-
ucts. This result chapter is divided into three parts. The first part introduces general
considerations and features of the software, such as data formats and interface. Secondly,
a research article presents SPIX, detailing in-depth the work performed so far, explain-
ing the mathematical background of the software, and showing its potential application
on two complex environmental datasets. The third part presents the latest developments

proposed for the processing of 3D LC-MS datasets.

Development of the software

As presented in chapter 3, the photodegradation of benzisothiazolinone (BIT) was studied
using a laboratory modeling approach. In parallel, the samples from the same experiment
were analyzed via direct infusion (DI) high-resolution mass spectrometry (in ESI mode),
and the obtained spectra were used for the development and testing of the software. The
reasons behind starting the development on 2D DI-MS datasets were twofold. Firstly the
analytical gains were considered: analyzing complex mixtures via DI-MS can provide a
vast amount of information, as avoiding chromatographic separation permits to decrease
selectivity (potential ion suppression must nevertheless be taken into consideration). Sec-
ondly, processing 2D data files aligned well with the development goals and constituted a

preliminary step to data pre-processing.
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Format of the files

One of the first challenges of mass spectrometry data analysis is the handling of various file
formats. Different vendors market and make available differently encoded datasets. The
multitude of these proprietary binary output formats cause great issues in data processing,
as well as data sharing. However, there are some efforts to develop universal formats, such
as the open XML-based format, mzML [1]. Our work was performed on a Bruker FT-ICR
MS instrument, using its own processing software, Bruker DataAnalysis; the available
export formats are shown in Table

Table 5.1.1: Available exporting formats with Bruker DataAnalysis software

Export format for Export format for

spectra chromatogram
xml .mzXML

.d .mzML

.ascii .mzData

XY .cdf

.bsc .dx

.spectrum d

.mgf .ascii

.asc

The first format chosen to process with SPIX was the .xy format, a simple x-y ASCII
file, converting the mass spectrum only into x-y values. This format is easy to process,
as it encompasses the m/z-intensity pair values without encoding. Moreover, it was of
high interest to look at all the data without a priori choice. This is not true for all
formats, as during data-exporting, only peaks above a default threshold are retained in
some of the available formats. Therefore, all the recorded points are present in these files:
approximately 4 Mpts (395 2122) per spectrum in the set of experiments carried out on
benzisothiazolinone photodegradation. In the first version of SPIX, alignment of the data
was not achieved before data processing, therefore the m/z values had to match exactly
between sets of spectra. In this case, the measurements were performed on the same day,
within the same calibration because a new calibration would have caused a slight shift in

the m/z values.

Photodegradation mechanisms are studied in-depth by our group, so the first approach was
to determine if SPIX could extract the m/z values of the known photoproducts from mass
spectra of an irradiated solution. The data was generated by analyzing three replicates
for each sampling time. Using replicates is not mandatory but it has been shown that
it strongly improves fitting to the models, so that higher statistical significance can be

obtained.
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Uploading data to SPIX

To upload the data, the spectra have to be arranged in separate folders per condition. A
CSV file has to be created to indicate the type of data analysis: continuous, referring to
kinetics mode or categorical, referring to the comparison of two conditions. Table [5.1.2
shows an example for such a CSV file, this was used to summarize the spectra of interest in
the experiment related to benzisothiazolinone degradation. The software will convert the
xy files into one .mat file for each condition. This method was used because the software
was initially programmed in Matlab. However, since then it was developed to run without
Matlab; this step is used only to convert and combine the spectra for each condition. After

this, the user selects the converted files in the framework of a new project.

Table 5.1.2: Describing the data files in a .csv file

data_xy Time (min) 090
folder continuous categorical
0 min 0 0 min
10 min 10

20 min 20

30 min 30

40 min 40

50 min 50

60 min 60

70 min 70

80 min 80 .

90 min 90 90 min

The interface of the software

After converting and uploading the data, the data-processing parameters are shown at
the interface of the software. Firstly, in the covariates, it can be selected the comparison
of two conditions or the kinetics of a series of conditions, which was set at the previous

step during data uploading.

In the case of comparison of two conditions, the analysis section will provide whether the
data should be represented according to the difference in mean values in the intensity
between the two datasets or the p-value (Figure . In the case of the kinetics, the
data can be shown based again on the p-value, or the RQ, which represents the goodness
of fitting of the kinetic models (Figure . A color-coding can be selected for better
visualization of the data. For the segmentation, the threshold of intensity can be set,
above which the dataset will be processed. Parameters regarding blank subtraction can
be selected. In the case of two conditions, the statistical approach of Wilcoxon or t-test

is available.
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Figure 5.1.1: Interface displaying the parameters of SPIX in the case of comparison of two
conditions (explained from left to right)
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Figure 5.1.2: Interface displaying the parameters of SPIX in the case of kinetic modeling (ex-
plained from left to right).

For the kinetics, models from the kinetics library proposed by our group or polynomial
fitting are applicable. The latter is selected to achieve mathematically the best fit, with
a potentially high polynomial degree, which reduces significance. Therefore, the pseudo
exponential fit is mostly selected, representing the nature of chemical reactions, for ex-
ample, the exponential decay of a contaminant under irradiation. There are 8 types of
exponential models proposed by our library. Table [5.1.3| shows the trends in the proposed
library models to help identifying molecules undergoing increasing or decreasing changes

or reaching a plateau. The models can be visualized using a linear or logarithmic scale.

Table 5.1.3: Available exponential kinetic model types in the SPIX library

Model Type Explanation
Al - - Decreasing exponential
A2 - - Decreasing exponential 4 reach-

ing a plateau

B1 + + Increasing exponential

B2 + + Increasing exponential + reach-
ing a plateau

C1 + - Increase then decrease

C2 + - Increase then decrease + reach-
ing a plateau

D1 -+ Decrease then increase

D2 -+ Decrease then increase + reach-

ing a plateau

Outcome of the processing
After processing the data, the outcome is demonstrated by showing the example of BIT
photodegradation. Using the t-test and a threshold value (3.1){108 in the present case),
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the data will appear as in Figure [5.1.3] The generated spectrum can be seen on the
left side, showing all the ions that undergo significant intensity change between the two
conditions. On the upper side of these simulated spectra are displayed the peaks that
show a decrease in intensity between the first and the second condition, while the lower
side shows the ones that increase. After clicking on an ion of interest, the ionic current
changes between the two conditions (red vs. blue), and the error boxes will materialize
on the right-hand. This example shows the decrease in BIT molecular ion intensity before

and after 20 minutes of irradiation.
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Figure 5.1.3: Change in the intensity of the benzisothiazolinone pseudomolecular ion [M~+H]"
between 0 and 20 minutes of irradiation

In the kinetic studies, the generated spectrum will encompass all the ions that can be
modeled according to the given criteria. Again, by selecting one ion, its model will be
presented as in Figure In this example, the model of the parent compound is shown.
As a result of the irradiation experiment, exponential decay was expected, and indeed the

exponential kinetics model matched this tendency well.
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Figure 5.1.4: Kinetic model of benzisothiazolinone, exponential fit
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Ezporting the data

This approach aimed not only to discuss the photoproducts individually but to extract
the maximum amount of statistically relevant information as quickly as possible. For this
purpose, the data can be exported to a CSV file. This way, all the possible m/z values are
summarized, which are found by SPIX. It is important to rank and filter them by p-value
or R” value and select the ones that indeed show a good fit. Further data processing can

be performed after obtaining the list of ions that undergo statistically relevant changes.
References

[1] EW Deutsch. “Mass spectrometer output file format mzML”. In: Methods Mol Biol
604 (2010), pp. 319-331. DOI: [10.1007/978-1-60761-444-9_22.

232


https://doi.org/10.1007/978-1-60761-444-9_22

5.2 SPIX software

SPIX: A new software package to reveal chemical reactions at trace amounts

in very complex mixtures from high-resolution mass spectra dataset

Edith Nicol” , Yao Xu"*, Zsuzsanna Varga®, Said Kinani®, Stéphane Bouchonnet®, Marc

,C

Lavielle”
* Laboratoire de Chimie Moléculaire, CNRS / Ecole Polytechnique, Institut Polytechnique de Paris, 91128,
Palaiseau, France

b Centre de Mathématiques Appliquées, CNRS — IP Paris, Ecole polytechnique, Route de Saclay,
Palaiseau, 91128 France

¢ Inria, Ecole polytechnique, 1 Rue Honoré d’Estienne d’Orves, Palaiseau, 91120 France
4 Laboratoire National d’Hydraulique et Environnement (LNHE), Division Recherche et Développement,
FElectricité de France (EDF), 6 Quai de Watier, Chatou Cedex 01, 78401 France

Funding information: European Union’s Horizon 2020 research and innovation program,
Grant/Award Number: Marie Sktodowska-Curie Grant Agreement No 765860; Inria (Insti-
tut national de recherche en informatique et en automatique); National FT-ICR network
(FR 3624 CNRS)

Abstract

Rationale

High-resolution mass spectrometry based non-targeted screening has a huge potential for
applications in environmental sciences, engineering and regulation. However, it produces
large datasets for which full appropriate processing is a real challenge; the development
of processing software is the last building-block to enable large-scale use of this approach.
Methods

A new software application, SPIX, has been developed to extract relevant information
from high-resolution mass spectral datasets. Dealing with intrinsic sample variability and
reducing operator subjectivity, it opens up opportunities and promising prospects in many
areas of analytical chemistry. SPIX is freely available at: http://spix.webpopix.org.
Results

Two features of the software are presented in the field of environmental analysis. An
example illustrates how SPIX reveals photodegradation reactions in wastewater by fitting
kinetic models to significant changes in ion abundance over time. A second example shows
the ability of SPIX to detect photoproducts at trace amounts in river water, through
comparison of datasets from samples taken before and after irradiation.

Conclusions

SPIX has shown its ability to reveal relevant modifications between two series of large

233


http://spix.webpopix.org

datasets, allowing, for instance, the study of the consequences of a given event on a
complex substrate. Most of all — and it is to our knowledge the only software currently
available allowing this — it can reveal and monitor any kind of reaction in all types of

mixture.

Introduction

High-resolution mass spectrometry (HRMS) is now experiencing unprecedented growth. It
appeared in the early 1970s with dual-focus devices combining magnetic and electrostatic
fields, and continued its development with the introduction of time-of-flight (TOF'), Orbi-
trap and Fourier transform ion cyclotron resonance (FT-ICR) analyzers. While FT-ICR
mass spectrometers remain the most accurate today, high-end QTOFs and QEx Orbi-
traps provide accuracies below 3 ppm. The resolution of an analyzer reflects its ability
to separate ions with close m/z values. High-resolution analyzers can thus differentiate
isobaric ions: i.e. ions with the same nominal mass but different exact masses, and there-
fore different chemical formulae, such as No™* (m/z 28.0056) and CO™™® (m/z 27.9944).
High resolution is a very valuable asset: it not only greatly improves the selectivity and
specificity of “traditional” detection and quantification methods (in comparison with low-
resolution analyzers), but also greatly facilitates structural elucidation by assigning raw

formulae to the detected ions [1].

More recent use of high resolution takes advantage of its ability to separate isobaric ions, in
an attempt to break free from separation methods — mainly gas (GC) or liquid chromatog-
raphy (LC), or more rarely capillary electrophoresis or ion mobility — so as to expand the
range of molecules detectable in a single analysis. This is particularly interesting in the
context of non-targeted analyses — in which the operator does not know which molecules
are likely to be present in a sample — because the choice of a chromatographic system
focuses the analysis of certain classes of compounds based on their properties (volatile or
not, polar or apolar, large or small, etc.) and thereby introduces a bias attributable to
the subjectivity of the analyst. Direct introduction into the ion source without prior pre-
treatment or chromatographic separation was shown to be a useful alternative for rapid
and comprehensive diagnosis of environmental samples, but this approach remains very
challenging due to the extreme complexity of environmental matrices and the large num-
ber of contaminants likely to be present [2]. On direct introduction of a mixture, various
molecules are simultaneously ionized, resulting in mass spectra yielded by the overlap-
ping of spectra of the detectable species. Thus, complex mixture analyses provide mass
spectra that can contain tens or hundreds of thousands of ions, even with soft ionization
techniques such as electrospray ionization, atmospheric pressure ionization or atmospheric
pressure photoionization; these spectra are of no possible use to the operator without the

help of adapted software. Finding a molecule showing significant change between two con-
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ditions (upstream/downstream or after treatment, for instance) in its trace amounts in an
environmental sample is like looking for a needle in a haystack. Being able to quickly eval-
uate all the chemical consequences of an industrial accident on the biotope can be crucial
to decision-making. In these situations, non-targeted HRMS-based screening is one of the
last resorts for identifying unexpected or unknown contaminants [3H7]. This approach has
recently been evaluated in a comprehensive collaborative study organized by the NOR-
MAN association, in which a total of 18 institutes from 12 European countries analyzed
an extract of the same water sample collected from the Danube River. The results revealed
that non-targeted analytical techniques were already widespread and that practices were
substantially harmonized between the participants, but that data processing remained
complicated and time-consuming [8]. Among the main recommendations formulated to
improve the non-targeted approach is the development of robust user-friendly process-
ing software. Likewise, AQUAREF — the French national reference laboratory for aquatic
environment monitoring, which works in close concert with other European reference lab-
oratories — published guidelines for HRMS untargeted analysis, for which SPIX could be

a powerful tool [9].

The first part of this article discusses the notions of uncertainty and subjectivity related to
untargeted analysis. The second part presents the general working principle of SPIX soft-
ware. The third part is dedicated to the presentation of results obtained on real samples.
It discusses the strengths and limitations of the software and its specificities compared
with the few programs currently commercially available. A brief overview of current com-
putational and statistical approaches to extract relevant information from the big data
of mass spectrometry analyses is provided in SI-1 (supporting information); it describes
the approaches of Kendrick [10, 11] and van Krevelen [12H14], as well as multivariate sta-
tistical analysis [15-21]. Multivariate analysis tools enable global understanding of many
concomitant variables and of their inter-correlations. Metabolomics processing pipelines
often include univariate and multivariate statistical approaches. Univariate analysis is
usually used as a pre-processing step, while multivariate analysis is used for classification
of samples or features. For example, principal component analysis is used to character-
ize differences of two groups of metabolomics GC/MS data for the diagnosis of gastric
cancer. The Wilcoxon rank sum test showed the marker metabolites specific to the tu-
mor group. Multivariate analysis, specifically principal component analysis, successfully
divided the two groups of samples of normal and malignant gastric tissue [22]. A com-
prehensive workflow for univariate analysis of LC/HRMS data was developed to follow
human adult urinary metabolome variations. Univariate analysis was used as a preprocess-
ing step: nonparametric hypothesis testing was used to assess correlations with covariables
and the Wilcoxon test was used to calculate the median differences between genders. The
univariate p-value results together with multivariate importance in projection evidenced

that there were 108 urine metabolites whose concentrations varied with either age, body
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mass index or gender [23]. Concerning direct infusion mass spectrometry, a comprehensive
workflow for data processing and quality control was developed for metabolomics analysis
of cardiac tissue extract. It can be used for different metabolomics analyses as it focuses
on the correction of intra- and inter-batch variations and offers best-practice workflows
and rigorous quality assessment. The data processing steps include the Wilcoxon test and
multivariate analysis [24]. These applications could be extended to environmental sam-
ples; however, no approach has been reported using univariate or multivariate analysis
which focuses on the kinetics of compounds in HRMS datasets. The concept behind mul-
tivariate analysis is different from that of the SPIX software: the latter aims at observing
all statistically relevant variables individually. Examples of SPIX applications are given

below.

Notions of uncertainty and subjectivity in modern untargeted analytical ap-

proaches, and introduction to spix

To illustrate the functionality of the SPIX software, it is necessary to address the notions
of uncertainty and subjectivity that are fundamental in analytical chemistry. We propose
to take an example in environmental chemistry. Consider a plant located on the bank of a
river; it may be a treatment plant or, on the contrary, a source of pollution. The question
is whether its presence significantly alters the composition of the water. The question
seems simple enough, but providing a relevant answer is much less so. The conventional
approach is to take water samples upstream and downstream of the plant, analyze them
chemically and compare the results. This approach, while scientifically reasonable, never-
theless raises many questions at each step of the process. How many samples are needed
to take account of the spatial and temporal variability of upstream and downstream wa-
ter composition? Where, when and how to sample? What sample preparation to adopt,
given that each choice of solvent, filter, solid-phase extraction column, chromatographic
protocol and mass spectrometry ionization mode conditions the results of the analysis by
favoring detection of certain molecules based on their size or polarity? Every single step
in the analytical process introduces metrological uncertainties related to the measuring
instruments used (balances, pipettes, etc.), but also to the so-called “matrix effect”: i.e.
the matrix of the reference used to validate the method is generally not rigorously iden-
tical to the matrix being analyzed. Stochastic biases and uncertainties are also caused
by adsorption, evaporation, etc. The proliferation of sources of error obliges analysts to
use internal standards to reduce the overall uncertainty of the results and try to con-
form to industry-specific standards. Limiting the subjectivity in a method needs to make
no assumptions at all, which is in contradiction with the use of an internal standard;
thus, the analytical scientist is left with choosing between limiting subjectivity or limiting
uncertainties. To the problem of uncertainties must be added that of operator subjec-

tivity, at two main levels. As mentioned above, this subjectivity comes into play before

236



measurement: when the operator establishes the analytical protocol, choices are made,
conditioned by assumptions — the operator’s own or those of third parties — as to what
might have contaminated the water of the river. Even if the method is not “targeted” (i.e.
specifically designed for the selective detection of given analytes), it cannot be considered
totally “non-targeted” as there is no effective protocol capable of extracting and detect-
ing everything simultaneously (e.g. both polar and apolar molecules) and any selected
protocol effectively excludes some potential analytes. This will lead the analyst to try
to minimize sample preparation, with the dual objective of limiting uncertainties and of
reducing operator-induced subjectivity; an immediate consequence of this simplification
is to increase the complexity of the data. For example, mass spectra recorded from envi-
ronmental samples will be much more complex if the sample is introduced directly into
the mass spectrometer without prior purification and separation. A point that is gener-
ally much less considered is operator subjectivity in interpreting results, especially when
the data are complex and voluminous, when it comes to manually integrating a peak or

comparing two chromatograms or two mass spectra, for example.

In 2019, a visual trial devoted to subjectivity evaluation was carried out during a European
winter school on mass spectrometry, on a panel of 37 people with a strong scientific
background in analytical chemistry. It consisted of a series of one-minute projections of
two images with 5 to 22 differences; panelists were asked to note the number of differences
that they were able to spot. Some images were quite simple (pictures with modified
areas) while others were very complex (fractals containing very small differences within
complex areas). A set of simulated mass spectra containing 15 differences (variations in
peak intensity, addition and removal of peaks) was presented to the panel — in triplicate
and not consecutively — without prior notice. The variability between the results of these
triplicates gave an average standard deviation of 2.3 observed differences per individual,
with mean and median values of 9.6 and 9.7, respectively, and a range of 0-19. Considering
the variability between panelists, a standard deviation of 20.6 differences was determined
over the whole dataset, with mean and median values of 85.6 and 90, respectively, for
a total 148 differences to be identified. The number of observed differences ranged from
31 to 122. The number of differences identified varied to the point that one operator
would conclude that two spectra were almost identical while another would consider them

significantly different! [25]

The problem is substantially more complicated when comparing not only spectra but
series of spectra corresponding, for example, to samples taken upstream and downstream
of a treatment plant. A large variation in an ion count between upstream and downstream
spectra may not be significant if the magnitude of variation is equal within and between
the downstream and upstream populations; changes in the abundance of this ion reflect

only the intrinsic chemical variability of the environment and are not a relevant marker
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of the impact of the plant. On the other hand, a slight change in the abundance of an
ion between “upstream and downstream spectra” may be significant if the abundance
is almost constant within each population; it then reflects a real effect of the plant on
water quality. The SPIX software was created to remedy the observed fact that it is
impossible for an operator to determine what makes sense based on simple observation
of complex datasets, especially since the data are subject to intrinsic variability. The aim
is to extract relevant information from numerous complex datasets. As explained below,
the software can identify significant differences between mass spectra series and track the
kinetic evolution of reagents, unknown reaction intermediates and reaction products at

low concentrations in complex mixtures.

Materials and methods

The SPIX software

SPIX was developed in Matlab 2018a (MathWorks, Natick, MA, USA). A stand-alone
version is freely available on the website (http://spix.webpopix.org). The source code can
be made available on request. Prior to performing any statistical analysis of the data,
pre-processing is required to identify and align significant peaks in the data. The method

used for detection and alignment actually depends on the type of data available:

e When the device provides data in xml format, these data have already been filtered
and contain only the most significant peaks. These peaks are then aligned by using
the mspalign function of the Bioinformatics Toolbox (Matlab) with the “shortest-
path” option.

e When the data obtained are raw data (e.g. xy Bruker format in the present study),
i.e. intensities measured on a fine and regular grid, the following algorithm is used:
considering K series to analyze, the approximate positions of the significant peaks
are first roughly determined by building a single series, consisting of the maximum
intensities of the K series at all data points, and by thresholding this series. This
procedure is used to determine disjoint segments in which the peaks of each of the

K series are located.

The position and intensity of each of these peaks are then estimated for each spectrum
by fitting a model of the form A exp(-a(z-m)) for which the maximum value A is reached

for x = m.

SPIX can be used in essentially two situations. The first one allows evidencing some mod-
ifications in the composition of a complex mixture over time. The focus here is on how the
abundance of certain species varies as a function of a given parameter (time, pH, reagent,

etc.). The objective is twofold: to detect ions with significantly varying abundance (in
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terms of statistical relevance), and to describe how the abundance varies by kinetic mod-
eling. After aligning the peaks as previously described, different kinetic models, including
various patterns associated with compound degradation and formation and reaction in-
termediates, are fitted to the data. A library including seven typical kinetics profiles is
currently available; examples of graphical representations are provided in Table
and Figure [S5.2.1] The selected model minimizes the Bayesian information criterion. The
coefficient of determination r° is calculated to quantify the part of the variability of the
data explained by the model and an ANOVA assesses whether this part of explained vari-
ability is statistically significant. The p value of the F-test and the r” value are represented

graphically so as to easily visualize ions with abundance accurately fitting a kinetic model.

SPIX also permits two series of samples collected under two experimental conditions to
be compared. The objective is to identify the ions with significant differences in intensity
and to quantify these differences. The algorithm first consists of identifying the peaks
considered significant: i.e. present and above a given threshold in at least one of the
two conditions. For an ion detected in this way, the procedure is as follows. First, the
series are locally shifted so that all the peaks are aligned. The maximum intensity at
the peak is estimated for each spectrum by fitting a model of the form A exp(-a(z-m))
for which the maximum value A is reached when z = m. This provides two series of
values that can be compared on statistical tests. A ¢-test detects differences in the mean
while a nonparametric Wilcoxon test more generally detects whether the peak intensity
tends to be higher in one condition than in the other. A graphical representation of the p
values obtained for all the peaks detected, as well as of the size effects (i.e. differences in
mean values between the two conditions), provides quick visualization of the chemically

significant differences and the statistical relevance of the differences.

Blank correction can be done as follows. The user chooses as a threshold, a ratio and a
percentile. By default, the median of intensities is used for the calculations (p = 0.5). For

the given percentile, the ratio is defined as:
(5.1)

with B,(m/z) being the percentile of order p of the blank intensities’ maximum and
S,(m/z) the percentile of order p of the experimental data intensities’ maximum. If the
peak intensity is higher than S,(m/z) (as a threshold value) in at least one of the experi-

ment spectra, it will be kept as a peak; if not it will be ignored.

With .mat or .xml files;, SPIX occupies about 500 MB (it is the Matlab runtime that
takes up all the space). With .xy formats the .mat conversion stage has to be added
(sequentially): if a sub-repertory (time 0 for example) is 25 MB, then SPIX occupies

about 750 MB of memory. It does not represent the total volume of all sub-repertories
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because SPIX loads them and converts them one by one. In all cases, it works very well
on a standard PC.

Chemicals, reagents, irradiation processes and analysis

The ability of SPIX to extract relevant information from sets of complex high-
resolution mass spectra is illustrated in two experiments. The first concerned peroxide-
photocatalyzed degradation of maprotiline (an antidepressant drug) in a wastewater treat-
ment pilot plant. In this case, the comparison aimed at revealing reagents, intermediates
and products using kinetic models, from mass spectra recorded at different irradiation
times. The second experiment concerned UV irradiation of acetamiprid (a neonicotinoid
insecticide) in a complex mixture of aqueous fulvic acid to simulate river water; it aimed
at revealing acetamiprid photoproducts at trace levels and evaluating the impact of UV
treatment on dissolved organic matter. The comparison covers two datasets, for spec-
tra recorded before and after irradiation. The chemical structures of maprotiline and
acetamiprid are shown in Figure . File SI-2 (supporting information) describes the
chemicals, sampling and irradiation processes used for the two experiments.

N
Sy

(G T

Cl N
Figure 5.2.1: Chemical structures of maprotiline (left) and acetamiprid (right)

An ultrahigh-resolution mass spectrometer (FT-ICR SolarixXR 9.4 T; Bruker Daltonics,
Bremen, Germany) was used for direct infusion mass spectrometry analysis. The electro-
spray ionization (ESI) source was set in positive mode and solutions were injected using
an automated Acquity HPLC system (Waters, Saint Quentin en Yvelines, France). The
injection volume was 10 pL. Elution was carried out using a 0.002 mL/min flow of wa-
ter/acetonitrile/formic acid (H20/ACN/FA; 50/50/0.1). Nitrogen was used as nebulizer
and as drying gas, set at 1 bar pressure and 4 L/min flow rate, respectively. The drying
gas temperature was set at 180°C. The capillary voltage and endplate offset potential
were set at -4500 and -500 V, respectively. Ions were accumulated for 0.2 s in the collision
cell, and 50 scans were summed. The resolution was set at 4 Mpt (million data points) on
a scan range from m/z 57 to m/z 1000 in order to obtain a resolution greater than 400
000 at m/z 200. A tune mix (Agilent Technologies, Les Ulis, France) was used for mass

calibration. Exact formulae were assigned with error < 1 ppm.
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Results and discussion

Highlighting chemical reactions in complex miztures

Degradation of maprotiline in wastewater under an advanced oxidation process (perox-
ide/UV) was carried out in a pilot plant, with the aim of testing the ability of SPIX to
follow the degradation of contaminants and the evolution of their transformation products.
This pilot plant was set up by FACSA, a Spanish company operating water treatment
plants, to design, optimize and compare novel water treatment processes; the operational
parameters and analytical conditions are given in SI-2 (supporting information). Consid-
ering that the abundances of reagents, intermediates and products of a chemical reaction
are not expected to evolve stochastically, an original way to extract relevant information
from untargeted analysis consists of filtering the results based on ion abundance trends.
Briefly, A-type models are selected to detect molecules with decreasing abundance dur-
ing the reaction while B-type and C-type models detect the products and intermediates,
respectively. The software detects all significant changes over time and provides a kinetic
model; statistical data can be exported for further analysis in the table format described
in Table As a first example, from one set of samples using the software default
threshold (1.2 x 10%), SPIX automatically extracted the m/z 278.19056 signal (proto-
nated maprotiline) for each irradiation time, and associated the fitting model referred to
as Al in SPIX with r* > 0.99 (Figure .
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Figure 5.2.2: m/z 278.19056 signal (protonated maprotiline) extracted for each irradiation time
and fitting model associated with degradation kinetics: 8.19 x 10° + 4.37 x 10" x exp(0.23x);
2

" =0.991

A first attempt to extract transformation products from the background noise, conducted

on the basis of one set of measurements, gave a few maprotiline-related peaks, but a
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thorough study of the raw data showed that using data from duplicate measurements

yielded a kinetic model better fitting ion intensity evolution. The aim was to maximize

the relevant data obtained while minimizing the number of parallel measurements, to gain

valuable analysis time. Using two parallel measurements for each irradiation time, 88 ions
fitting one of the SPIX kinetic models were extracted with default threshold intensity 1.2
X 108; this list was reduced to 12 ions keeping m/z fitting a kinetic model with r* > 0.9
(Table , these fittings being also those corresponding to the lowest p values.

Table 5.2.1: Tons extracted and associated kinetic models related to the photodegradation of
maprotiline in wastewater with 2 > 0.9 (data ordered by decreasing intensity).

9 »  Maprotiline- . Relative in-

m/z T Model Ion formula  Intensity .
related tensity (%)

With intensity > 1.2 x 10°
278.19054 0.93 X Al Yes CooHoyNT 8350669911  100.0
279.19386  0.94 X Al Yes C1oHo,N13CT 1643233281 19.7
294.18552  0.98 X C1 Yes CooHoyNOT 1126960171  13.5
276.17486  0.92 X C1 Yes CaoHoyoNT 451170002 5.4
292.16992 0.94 X B2 Yes CyoHpoNO' 352390361 4.2
92.73055  0.92 X Al Yes b 339591819 4.1
310.18038 0.94 X Bl Yes CooHoyNO,™ 228987461 2.7
295.18881 0.97 X C1 Yes C1oHo,NOBCT 218499045 2.6
280.19727 0.94 X Al Yes C1Hou N3O 157067516 1.9
308.16472 0.91 X B2 Yes CooHyoNO," 140798543 1.7
344.18594 0.95 X B2 Yes CyoHyeNO, T 135672030 1.6
342.17029 0.95 X B2 Yes CooHoyNO, 112723518 1.3
With intensity 1.2 x 10° > 6 x 107
360.18088 0.96 X B2 Yes CaoHogNOsT 95678296 1.1
312.19604 0.94 X C1 Yes CaoHygNOST 84376971 1.0
328.19096 0.94 X C1 Yes CooHagNO4" 79243551 0.9
318.17025 0.94 X B2 Yes C1sH,yNO 75240290 0.9
302.1753  0.98 X C1 Yes C15H,yNOs™ 66900122 0.8
93.06499  0.92 X Al Yes b 66023322 0.8
242.15416  0.95 X B2 Yes CiHyoNOT 63982463 0.8
326.17543  0.92 X C1 Yes CyoHpyNO5" 50496456 0.6
300.17259 0.95 X Al Yes CooHosNNa™ 20928662 0.2
139.09569 0.91 X 2 Yes [CooHouN]o™ 7061477 0.1
336.14927 0.91 X Al No CosHigN5t 104081459 1.2

*Currently available SPIX kinetic models are given in SI-2 (supporting information)
bm/z 93.06499 and m/z 92.73055 signals correspond to artifact peaks related to the harmonics of the
m/z 278.19054 and m/z 279.19386 ions, respectively; they resulted from signal digitization [26].

The formulae were assigned using Bruker software based on accurate mass measurements

(sub-ppm accuracy) and isotopic pattern-matching. All the extracted m/z values were
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related to maprotiline or its photoproducts (oxidized compounds); they corresponded to
singly charged ions with °C and "*C isotopic contributions. One signal (m/z 92.73055)
corresponded to an artifact related to the harmonics of the m/z 278.19054 signal, resulting
from signal digitization and Fourier transformation, a phenomenon previously described
and explained by Mathur and O’Connor [26]. To study the threshold effect and deter-
mine whether additional photoproducts would be found if more peaks were considered,
the threshold was halved (6 x 107) and the same methodology was applied. Thus 197
peaks were selected by SPIX and the data were ordered according to statistical relevance.
Then 23 peaks were selected on the criterion r* > 0.9 (see Table . Here again, the
m/z values were all related to maprotiline and its photoproducts; a second artifact (m/z
93.06499) was found and attributed to the harmonics of m/z 279.19386.

Using the selection parameters referred to above, one protonated species was detected
at m/z 336.14927. Considering the “seven golden rules” of Kind and Fiehn and select-
ing atoms C, H, N, O, P, S, F, Cl, Br, Si, Na and K, the only matching formula was
Cy3H;sN5" [27]. This species is logically assumed not to be related to maprotiline; it could
correspond to a contaminant in high concentration in wastewater, degrading under UV
radiation. According to the kinetics revealed by SPIX, some photoproducts were present
in detectable abundance after 2.5 min irradiation. To estimate the relevance of the re-
sults provided by SPIX, one of the spectra recorded at this reaction time was selected.
After blank subtraction (the blank consisting of wastewater matrix without maprotiline),
the spectrum was exported in .csv format (Bruker’'s FTICR-MS file format). The spec-
tra were recorded using 8 Mpt, and as the experiments were carried out using secondary
treated wastewater, 4479 peaks were exported by the Bruker software which were above
the signal-to-noise ratio threshold of 4. Out of these 4479 peaks, the 11 most abundant
ions in the selected spectrum corresponded to the 11 most statistically relevantly chang-
ing m/z values extracted by SPIX. The two m/z signals corresponding to harmonics of
major ions were also extracted with good fit, and ranked 18th and 115th in the original
file (overall blank-subtracted spectrum). The photoproducts showing the highest signifi-
cance (lowest p values) were those corresponding to m/z 294.18552 and m/z 302.17530
(protonated molecules); the fitting is presented in Figure for the former. One of
the maprotiline-related peaks that was not in the list of the highest intensities was not
found in the spectrum recorded at 2.5 min of irradiation: it was removed by the blank
subtraction process, since the wastewater matrix was very complex. It is thus noteworthy
that SPIX does not require blank subtraction to provide valuable information, allowing
relevant peaks that coincidentally overlap with some of the matrix peaks not to be re-
moved. The experiment conducted on photodegradation of maprotiline showed that the
SPIX software efficiently revealed the most relevant changes in the composition of the
irradiated mixture on the basis of only 12 mass spectra. It was able to automatically de-

tect reagents, intermediates and products at trace levels. Most extracted ions were related
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either to maprotiline or to its photoproducts. Only one compound was found which was
assumed not to be related to maprotiline on the basis of its molecular formula (Cy3H,7N3);
no significant change in the composition of the dissolved organic matter was found, al-
though of course only electrospray-ionized species were considered. The photodegradation
pathways of maprotiline have been reported in a study more oriented toward structural
elucidation [28].
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Figure 5.2.3: m/z 294.18552 signal extracted for each irradiation time and associated kinetic
model

Comparison of two conditions: example of photodegradation of acetamiprid in aqueous
solution of fulvic acid

This example demonstrates the ability of the SPIX software to point out relevant changes
between two conditions from changes in low-abundance ions within a complex matrix. We
studied the effect of UV radiation on acetamiprid in a complex mixture, simulating river
water. A prior photolysis study of acetamiprid in ultrapure water identified acetamiprid
degradation products in ultrapure water and demonstrated that the presence of other
substances in the matrix leads to the formation of different degradation products [29).
These results led us to study the effect of dissolved organic matter on the photodegradation
of acetamiprid as may happen under real environmental conditions. The peak intensity
of acetamiprid represented 9.2% of the base peak of the mass spectrum before photolysis
and only 1.9% after 30 min irradiation. A sodium adduct, originating from the use of
glassware during sample preparation, impurity in solvents or electrospray ionization needle
for instance, was detected with a relative intensity of 10.4% in the spectrum recorded

before and 2.4% after photolysis. These differences, not detectable looking at the whole
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spectrum, are obvious when zooming on the region from m/z 223.00 to 223.20 (Figure
5.2.4)).

Table 5.2.2: m/z values for which the intensity significantly varied between series of spectra
recorded before and after 30 min of irradiation (n = 6). Ions are listed by increasing p value.

Difference in Related to
m/z ) . p value Ton formula A

intensity acetamiprid
224.07792 10523197 147 x 10°° CoH,CIN/2CT  Yes
223.07459 103518217 3.20 x 10°° CyoH,2CIN, Yes
225.07161 24820606 1.08 x 10°° CyoH,NA7CIT Yes
246.05988 10966361 1.30 x 10°° CoH,;CIN,Na'®*CT Yes
247.05358 30754403 2.86 x 10° CyoH N,Na3"ClT  Yes
245.05653 107329585 450 x 10° CyoH,,CIN,Na®  Yes
201.03705 3542730 1.84 x 1072 CgH,oNaOg" No
205.10847 28497851 2.11 x 102 CyoH3N, 07" Yes
251.05269 7062764 2.71 x 10 2 CpoH,06" No
297.05819 5696496 2.72 x 102 Cy,H,,NaOg" No
267.04760 5586613 2.99 x 102 C4oH,NaO;" No
283.04253 4479881 3.20 x 102 C10H,5NaOg" No
237.03704 4871105 3.25 x 10 ° CoH,oNaOg" No
253.03194 4495727 333 x 102 CoH,(NaO," No
245.10095 14590229 3.65 x 102 CyoH N, NaOs"  Yes
211.02138 5849796 3.65 x 102 C,HgNaOg" No
227.09036 38558966 3.70 x 102 C1oH1oN,NaOT  Yes
239.05270 7601354 3.77 x 102 CoH,,NaOg" No
213.03705 8698910 4.00 x 102 C,H,;NaOg" No
275.05267 3822758 4.02 x 102 C1oH,,NaOg" No
284.12725 12781460 441 x 102 C1H,oCIN;OT Yes
253.06834 7132886 457 x 102 CyoH, 4 NaOg" No
255.08400 3840684 4.60 x 102 C1oH,cNaOg" No
325.05308 3163824 4.66 x 102 C12H,,NaOg" No
241.03195 4410055 4.98 x 102 CgH,oNaO," No

*Assumption based on the ion chemical formula.

Sets of spectra recorded before and after photolysis were compared using the SPIX soft-
ware. Given the intensity of acetamiprid within the mixture, a peak detection limit was
set at only three times the average intensity of spectral noise (average noise at 1 x 106,
detection threshold set at 3 x 106). This threshold was set as low as possible so as to iden-
tify acetamiprid degradation products in small amounts. Blank spectra were subtracted
to eliminate any interference from solvents or instruments. Exported from SPIX, Table
lists the ions the abundance of which underwent significant change after irradiation.
Here, only ions with a probability of 295% (p<0.05) were retained, i.e. with significant

difference in intensity between the two conditions. In this example, results are organized
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Figure 5.2.4: Mass spectra of acetamiprid in mixture with fulvic acid. A, Mass spectrum before
photolysis; B, mass spectrum after 30 min photolysis; C, zoom on the protonated acetamiprid
peak (m/z 223.0746) in (A); D, zoom on the protonated acetamiprid peak in (B).

by increasing p value, but any parameter can be chosen for presentation of the results. A
negative value in the “Difference” column indicates that the ion abundance increased after
photolysis. Visual comparison (Figure confirms the results displayed in Table :
the greatest change in intensity — and with the highest significance — was the concomitant
decrease of the m/z 223 (MH") and m/z 245 (MNa™) ions. Many other peaks decreased
or increased after photolysis, but with lower p values for the difference in intensity; some
were related to acetamiprid photodegradation, others to changes in dissolved organic
matter. The ions at m/z 205.10847 (C;oH;3N,O7) and m/z 227.09036 (C;oH;,N,NaO™)
shown here correspond to the protonated and cationized forms of a photoproduct previ-
ously described, the structure of which was elucidated in a study of the UV irradiation
of acetamiprid in pure water [22]. This photoproduct was the major one. Thus, it is not
possible to say whether others which were previously described were not detected here due
to too high detection thresholds or because they are not formed in the presence of fulvic
acid. It is interesting to note that SPIX revealed two ions, m/z 284.12725 (C;,H;oCIN;O™)
and m/z 245.10095 (CyoH14N,NaO,") — resulting from ionization of acetamiprid photo-
products based on their formulae — that were not detected by LC/MS in pure water. With
a relative intensity below 1% in infusion mode, these two molecules could not have been
revealed without SPIX. Fifteen ions with abundance significantly varying before and after
UV irradiation were indicated. Based on their chemical formulae, they were assumed not
to be related to acetamiprid or to its photoproducts; they all included a large number
of oxygen atoms (26) and probably resulted from oxidation of dissolved organic matter.
This is of great interest because it opens a way to investigate the global consequences of
a depollution treatment, evaluating the treatment - apart from its ability to efficiently

degrade pollutants - in terms of biotope preservation.
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Figure 5.2.5: Visual result provided by the SPIX software after processing of mass spectra series
recorded from samples taken before and after 30 min photolysis. The differences in ion intensities
are given on the y-axis, positive values corresponding to decreased intensity after irradiation.
The associated p value is given by the color scale: the more the color tends toward red, the more
statistically significant the difference.

Conclusions

The SPIX software aims at extracting relevant data from mass spectra datasets. User-
friendly and totally free, it is available for all at: http://spix.webpopix.org. Two features
of SPIX are presented in this article, based on examples taken from the field of environ-
mental analysis. The first example showed how SPIX revealed photodegradation reactions
by correlating significant changes in ion abundance over time with kinetic models. Thus,
the software revealed the reagents, products and intermediate species in a very complex
mixture (wastewater). This functionality can be extended to monitor any kind of reaction
— even unknown — in all types of mixtures. Some features of the SPIX software are still
under development. One aims at extending compatibility with many more file formats
(wiff, .d, .pkl, .qgd, etc.), in order to be used with most marketed mass spectrometers.
Another focus of development — already running but requiring some improvements — con-
cerns the extension of SPIX to three-dimensional datasets from hyphenated techniques
such as GC/MS, LC/MS or IM-MS. Some commercial software applications allow com-
parison of chromatograms but, to our knowledge, an approach consisting of extracting
relevant data from hyphenated techniques based on fitting with kinetic models has never
been reported. The second example showed the ability of SPIX to detect photoproducts
at trace amounts in an aqueous solution containing dissolved organic matter, through
comparison of datasets for two conditions (before/after photolysis in the present case).
Regarding this example, the ability of SPIX to deal with intrinsic variability and reduce
operator subjectivity opens up promising prospects in all areas of analytical chemistry.

It could, in particular, be a very useful tool to assess fragrance and flavor counterfeits,
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where assessment is very challenging due to the normal variations in abundance of natural
substances featuring at low levels in their composition. This feature can also be used to
estimate the global consequences of a given treatment on the treated medium, for exam-
ple to monitor the oxidation of dissolved organic matter and its consequences on biotope

preservation.
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Supporting information

SI-1. State of the art of modern approaches in managing high-resolution mass spectrometry
data

In mass spectrometry, the emergence of high-resolution analyzers has enabled analysis
of samples of ever-increasing complexity. Whether in direct infusion or with hyphenated
techniques (LC/MS and GC/MS couplings), the amount of information issuing from high-
resolution analysis of complex mixtures requires computer processing and simplified data
representation. Direct infusion of a sample can thus provide a mass spectrum including
several thousands of distinct ions. Various representations are commonly used to simplify
the visualization and comparison of samples analyzed by mass spectrometry. As the ap-
proaches are so diverse, this section does not seek to be exhaustive, but restricts itself
to presenting the Kendrick and Van Krevelen diagrams and the multivariate statistical

analyses most commonly used by high-resolution mass spectrometry specialists.

— Kendrick diagrams

The Kendrick diagram allows easy identification, from a mass spectrum, of series of com-
pounds that include the same number of heteroatoms and unsaturations but differ from
each other by the number of -CH2- groups [10]. The diagram is built by plotting the
Kendrick mass defect (KMD) for each ion (eq. [5.2)) as a function of the Kendrick mass

(KM) (eq. p.3).

KMD = (Nominal Kendrick Mass — Exact Kendrick Mass) (5.2)
KM =I1UPAC —14 5.3
- mass * 1101565 (5:3)
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Compounds in the same series (i.e., with the same number of heteroatoms and degrees of
unsaturation) will have the same KMD. In the diagram, each series is aligned horizontally
with a deviation of 14 that reflects a difference of one -CH2- pattern. A shift of 0.01340 on
the vertical axis corresponds to implementation of 1 unsaturation. Originally reported for
the investigation of petroleomics-type samples in the early 2000s [30, 31|, the use of the
Kendrick diagram has been extended and adapted over the years for complex environmen-
tal samples [32-34] metabolomic studies |35, 136] and proteomics on phosphopeptides [37].
As needs differ between environmental chemistry and petroleomics, many studies have
focused on modification of the mass defect [11] in order to characterize reaction products
such as oxidation or chlorination [38, [39]. Even with a mass measurement accuracy of 1
ppm, a compound with a mass of 200 Da is assigned only 1 raw formula, while one with
a mass of 500 Da is assigned 21 [40]. Regarding this issue, the Kendrick diagram can
significantly increase the number of single raw formulae that can be assigned from m/z
values in a mass spectrum. From the raw formula of the first compound, the identification
of homologous series aids in assigning the raw formulae of other compounds in the series
regardless of their mass. This allows a complex spectrum to be recalibrated, to obtain the
best possible accuracy and thus assign as many raw formulae as possible (e.g., prior to a

principal component analysis) [41] 42].

— Van Krevelen diagrams

The van Krevelen diagram, originally used in petroleomics to control oil and kerosene
quality, represents the H/C ratio as a function of the O/C or N/C ratio for each ion of
a complex mixture |12]. This allows the composition of a sample to be quickly estimated
based on constituent molecular families (lipids, proteins, sugars, carbohydrates, lignin,
tannins, etc.) [13]. Today, this representation is commonly used for environmental samples
to track their evolution following an event such as treatment or pollution [43H47]. Some
studies have extended the van Krevelen diagram over 3 dimensions to achieve better
classification of compounds and better differentiation between complex mixtures. In some

cases, this approach is associated with other t-test type statistical tests [14, 48].

— Multivariate statistical analysis

Multivariate statistical analysis is a versatile tool for dealing with high-dimensional
datasets, and many methods can be used to extract valuable information, perform data
compression, assess subclasses and compare groups of samples assessing relationships be-
tween variables. For quantitative datasets, two categories of model can be distinguished
in terms of the relationship between variables and response, according to the parameters:
linear and non-linear. An example is UV-Vis absorbance analysis of a complex mixture,
where the absorbance depends on the concentrations of all the compounds present in the
mixture, based on a linear relationship; in this case, multivariate linear regression can

describe the correlations [15]. On the other hand, supervised and unsupervised methods
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are applied for qualitative datasets |16, 49]. Principal component analysis, an unsuper-
vised method, is usually implemented as a first approach for visualization, dimensionality
reduction, classification, and finding patterns of similarities in the dataset [17,|50]. Super-
vised methods require a priori information, meaning that classes, determined by specific
qualitative properties, are known in advance, and this information is used to sharpen the
distinction between the given classes. A subclass of these methods, discriminant analysis,
studies why the classes are different and which variables drive their separation, bearing the
largest discriminatory power (e.g., Partial Least Squares Discriminant Analysis) [51]. The
main areas of application in mass spectrometry data interpretation include food analysis
and authentication [52-55], environmental sample analysis |56, [57], proteomics [58, 59],
metabolomics in diagnostics and biology [60-62], and imaging [63} 64]. However, when
dealing with high-dimensionality data (e.g., direct infusion HRMS) it is difficult to assess
and visualize which variables account for the differences. Usually, variable selection [65]
or sparse methods [20] must be applied, which are able to remove or suppress variables
that are irrelevant to response prediction or classification [21]. These methods proved
their efficiency but have to be used with caution to avoid losing valuable information, to
prevent overfitting, and to handle chance correlations correctly. In summary, multivariate
analysis tools enable global understanding of many concomitant variables and of their
inter-correlations. The concept behind multivariate analysis is different from that of the
SPIX software: the latter aims at observing all statistically relevant variables individually.

Table S5.2.1: Current kinetic models in SPIX - equations

Model Theoretical equation Experimental equations for the examples shown

Al f=f0+A*exp(-k*t); k>0 1.18E406 + 1.70E+08 * exp(-5.50E-02 * t)

A9 f=f0+A1*exp(-k1*t)+A2%exp(-k2*t); 8.22E4+05 + 1.89E4+06 * exp(-9.61E-01 * t) +
k1>0 ; k2>0 1.25E406 * exp(-6.93E-02 * t)

B1 f=10+B*(1-exp(-k*t)); k>0 4.69E406 - 3.91E406 * exp(-3.17E-02 * t)

BY F= A+B/ (14 Crexp(-k*t)): k>0 1.21E-12 + 147E+07 / (1 + exp(-4.83E-02 * (¢ -

65.23)))

o1 f=f0+A*(exp(-k1*t)-exp(-k2*t)); 1.90E+07 + 3.25E+08 * (exp(-1.00E-01 * t) - exp(-
k2>k1>0 1.06E-01 * t))

o9 f=f0+A1*exp(-k1*t)-A2%exp(-k2*t); 3.64dE407 + 3.70E+08 * exp(-3.96E-02 * t) -
k2>k1>0; A1>A2 3.52E408 * exp(-4.29E-02 * t)

D1 f=f0+Al*exp(-k1*t)-A2%exp(-k2*t); 1.01E409 + 6.22E405 * exp(-2.14E-01 * t) -
k1>k2>0 ; A2>A1 1.01E409 * exp(-5.12E-05 * t)

SI-2. Chemicals, reagents, irradiation processes and sample preparation

— Chemicals and reagents

Acetamiprid ((E)-N-(6-chloro-3-pyridylmethyl)-N’-cyano-N-methylacetamidine), mapro-
tiline hydrochloride (N-methyl-3-(1-tetracyclo[6.6.2.02,7.09,14]hexadeca-2,4,6,9,11,13-
hexaenyl) propan-1l-amine;hydrochloride), acetonitrile (ACN) and formic acid (FA)
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Figure S5.2.1: Current kinetic models in SPIX

(chromatographic grade purity > 99.99% for both) were purchased from Sigma-Aldrich
(Saint Quentin Fallavier, France). Suwannee River Fulvic Acid Standard was purchased
from International Humic Substances Society (Denver, CO, USA). Ultrapure water
(specific resistance, 18 M) cm-1 at 25 °C) was produced by a Purelab Chorus 1 water

purification system purchased from Veolia Water Technologies (Wissous, France).

— Sample preparation

a.) Peroxide/UV photodegradation of maprotiline in wastewater

The UV photocatalyzed degradation of maprotiline was carried out in a 45-L pilot plant
with continuous flow at a wastewater treatment plant operated by the FACSA company
in Alhama de Murcia, Spain. The molecule was submitted to peroxide/UV advanced ox-
idation process. The pilot plant included a tank for mixing with a stirrer, a reactor with
UV lamp (model UVLA-325-4, controlled by a Synergy 3 control panel - ATG UV Tech-
nology, Wigan, UK), a pump for water circulation, a rotameter to assess the water flow,
and a compressor (Metabo Basic 250-50 W, Metabowerke, Niirtingen, Germany) to pro-
vide airflow in the rotameter equipped-reactor. The wastewater, secondary treated water
originating from municipal and industrial sources, was transferred into the pilot plant
after undergoing preliminary treatment (screening, sand and grease removal): decanta-

tion, biological treatment and sand filtration, before the chlorination step. At this point
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there were still bacteria in the mixture as well as micropollutants, which the traditional
wastewater treatment methods are not able to remove. The wastewater was spiked with
Maprotiline hydrochloride at 5 ppm, and the total organic carbon content of the mixture
was measured as 37.2 mg/L. 4 mL of hydrogen peroxide of technical grade (33 v/w%,
VWR chemicals, Llinars del Valles, Spain) were added to the pilot plant; this corresponds
to the stoichiometric amount needed for maprotiline mineralization. Since the reaction
with peroxide radical is usually fast, the reaction time was 10 minutes and the sampling
for HRMS (2 x 1 mL) was done at the following times: t0 (3 samples), 1 min, 2.5 min, 5
min, 7.5 min and 10 min. The only sample preparation before direct infusion mass spec-
trometry analysis was the addition of 0.1 mL of acetonitrile and 0.1% of formic acid to
the 1-mL samples, to achieve better ionization and solubility. Direct infusion HRMS was
aimed at suppressing many sample preparation steps, to gain a considerable amount of

time and avoid too much variability and operator subjectivity.

b.) UV irradiation of acetamiprid in an aqueous solution of humic acid

Acetamiprid has been detected in agriculture water samples at concentrations of up to
44 png/L [66]. Therefore, a 40 ng/L acetamiprid solution was prepared using an aqueous
solution of fulvic acid at 20 mg/L, a mean value corresponding to the amount usually found
in natural waters [67]. Six glass tubes of the solution were simultaneously irradiated for 30
minutes in a laboratory-made reactor equipped with a UV-Vis high-pressure mercury lamp
HPL-N125W /542 E27 SC (Philips, Ivry-sur-Seine, France) emitting light at wavelengths
ranging from 200 nm to 650 nm, with a maximum irradiation wavelength at 254 nm and
a radiation flux of 6200 Im. Each tube contained 50 mL of solution to ensure good surface
irradiation. 1 mL of solution was taken twice from each tube before and after irradiation.
Samples were analyzed by electrospray ionization-MS using automated direct infusion
with a solvent made up of 50% H20/AF (0.1%) and 50% ACN/AF (0.1%) at a flow rate
of 0.002 mL/min. The six replicates and blanks (H20/ACN 50/50 v/v) were randomly
analyzed and data were extracted in a «.xy » text format so that they could be treated

with the SPIX software.

Table S5.2.2: Exported data from the SPIX software after assignation of a kinetic model to a
m/z ratio.

Segment m/z Intensity Time File

65 278.19055 3.53E+10 0.0 Maprotiline WW H202 Omin B.xy
65 278.19057 3.39E+10 1.0 Maprotiline WW H202 1min B.xy
65 278.19050 8.34E+409 2.5 Maprotiline WW H202 2min B.xy
65 278.19052 3.74E+09 5.0 Maprotiline WW H202 5min B.xy
65 278.19057 1.95E4-09 7.5 Maprotiline WW H202 7min B.xy
65 278.19053 8.84E4-08 10.0 Maprotiline WW H202 10min B.xy
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m/z r? p-value model

278.19053 0.99 0.000776 Al
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5.3 Latest developments of SPIX - 3D approach

In this project, the photodegradation reactions resulted in multiple isomeric photoprod-
ucts; therefore, the chromatographic dimension was indispensable to characterize them ac-
curately. To process them, the development of SPIX to handle three-dimensional datasets
(GC-MS, LC-MS) started. It is only in its early development stages; the following section

presents some of the preliminary data obtained from an LC-MS dataset.

A demo dataset was obtained from the LC-MS analysis of the same BIT photodegra-
dation reaction; it contains four datapoints. This can be found when downloading the
software (http://spix.webpopix.org/benzisothiazolinone.html). The data format
is mzXML, but further developments will be done to extend it to different formats. This is
an extensible markup language-based file format commonly used for proteomics datasets.
The concept behind this approach was to obtain an image (Figure , in which m/z
values are on the x-axis, the retention time on the y axis, and the colors will mark the
m/z-retention time pairs where statistically significant changes occur over the course of
a reaction. Again the threshold of m/z intensities which will be considered for data pro-
cessing can be adjusted. For the easier readability of the data, the m/z scale is not linear,
but only the values that undergo change will appear. The data is aligned considering both

m/z values and retention times.

0.91
0.78
068
0.59
0.49

0.36

retention time(min)

Figure 5.3.1: LC-MS dataset in SPIX with a threshold of 4.2x10"

When considering the parent compound, a decaying pattern is obtained (Figure [5.3.2)).
The exponential models are the same as those used for 2D data processing; therefore, this

appears as an Al model (- -). There is also the possibility of polynomial modeling.
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Figure 5.3.2: Modeling the behavior of the parent compound, exponential fit

Since the chromatographic separation allows the differentiation of isomers, the data pro-
cessing will also achieve their separation. Therefore the isomer of the parent compound,
which appears as a result of the irradiation, is detected and modeled (Figure . This
corresponds to the model C1, with an increasing tendency, followed by a slight decrease

in intensity.

mz=152.02 rt=10.96 signal timea model C1
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Figure 5.3.3: Modeling the behavior of an isomer of the parent compound, exponential fit

Considering that this was the first dataset processed with this approach, further improve-
ments are envisaged in the future, consisting of evaluating datasets with more data points
and improving the kinetic models since not all of them offer satisfactory fitting. It also

shows the necessity for replicates as this first set of experiments used only one point for
each condition. (Figure |5.3.4))

The relevant m/z-retention time pairs can be obtained by exporting the data, character-
ized by their statistical significance (Table . In this case, the p-values did not show
satisfactory significance due to the limited number of data points. Using SPIX, almost
all the peaks were found, which were previously identified using the modeling approach,
except two isomers, resulting from the fact that their retention times were so close to

each other that SPIX merged the two peaks during data alignment; this requires further
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investigation.
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Figure 5.3.4: Modeling the behavior of a photoproduct, exponential fit
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Table 5.3.1: Exporting the simulated data for the 3D dataset

50
time

m/z retention 1’ p-value model
time
122.096954 5.6 0.86616409 1 B2
138.05542 2.5 0.87899445 1 B2
138.05542 7.3 0.98948098 1 B2
152.017014 8.1 0.96231088 0.19413687 Al
152.017014 10.6 0.99998014 1 C1
168.011932 1.2 0.99695173 1 C1
168.011932 5.4 0.99880122 1 C1
168.011932 8.3 0.91619611 1 B2
202.017517 1.7 0.99822795 1 B2

The 3D approach is a useful complement to the previously developed 2D approach. It can
be applied to a variety of datasets from different fields. It could provide a rapid scanning
of vast amounts of samples to find statistically relevant information. Further features are
planned, such as integrating multiple file formats and improving data alignment, which
is still a general data processing difficulty in mass spectrometry. Overall developing, this

software was instructive and provided a great insight into the challenges and necessity of

interdisciplinary approaches.
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Conclusions

In this project, advancements were achieved regarding the understanding of the fate of
contaminants of emerging concern under photochemical processes. As a myriad of CECs
exist that have an increasingly negative impact on the environment and human health,
it is essential to work towards their mitigation. Water treatment technologies based on
direct irradiation by light and advanced oxidation processes are promising abatement ap-
proaches. Efforts are made to use not only artificial UV irradiation but also irradiation by
natural sunlight, which constitutes a renewable energy resource and is in line with attain-
ing sustainability goals. However, upscaling remains a challenge due to the wide variety
of contaminants in the presence of complex matrices. By studying AOPs in a pilot plant,
it was shown that the optimization of these processes is challenging, and the choice of the
treatment process should be tailored considering the influence of various parameters and
the water composition. Ideally, mineralization of compounds should occur; however, this
is almost never fully achieved, especially in the case of highly persistent chemicals. Since
these are novel processes, it is essential to understand the associated physicochemical
mechanisms, to avoid or minimize the formation of harmful by-products. The applica-
tion of non-targeted analysis gives insight into understanding the efficiency and safety
of the water treatment processes. This approach allowed the detection of halogenated
disinfection by-products in the drinking water distributed in Turin area, as a result of a
collaboration with Societa Metropolitana Acque Torino S.p.A. (SMAT). Future work will
be to repeat the sampling campaign and analysis, and optimize the treatment processes

to minimize the formation of these potentially dangerous by-products.

In this study, photodegradation reactions were investigated. Although very powerful, pho-
tochemistry is still not very well understood due to unconventional activation energies and
photochemical routes. This work aimed at improving their understanding, the ultimate
goal being to predict photochemical reaction outcomes based on chemical functions. Ad-
vances in high-resolution mass spectrometry and data processing immensely helped in
the assessment of molecular formulae and structures, even in complex mixtures. By using
non-targeted analysis, a significant number of molecules could be detected. Through the
modeling approach, the structures of detected photoproducts were tentatively assessed
by the elucidation of fragmentation patterns; this helped in gaining expertise on photo-
chemical degradation mechanisms. On the other hand, the laboratory-developed software,
SPIX, provided a holistic overview of the changes occurring in a complex mixture during

light irradiation. These statistical analyses are necessary to extract relevant information
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from the generated large datasets. As an example from this project, the photodegradation
of a pharmaceutical compound, maprotiline, was studied using the modeling approach in
ultrapure water. This made possible the elucidation of photoproducts and perform risk
assessment. When the compound was studied in secondary treated water, the approach
involving ultrahigh-resolution DI-MS and data processing with SPIX, yielded highly rel-
evant results, as the detection of photoproducts was facilitated by the provided kinetic
models. The combination of the two approaches gave an in-depth understanding of the
process in different matrices, and the complementarity of these techniques provided certi-
tude in the results, both through detailed structural assessment by the modeling approach

and relevant statistical information from the holistic approach.

After performing the photodegradation experiments and elucidating photoproducts, mul-
tiple toxicity testing should be carried out to follow the potential photo-induced toxic
effects. This way, risks such as inducing antibiotic resistance in bacteria, accumulation of
carcinogenic molecules, or transport of behavior-altering compounds into aquatic organ-
isms could be decreased. In this project, a combination of in silico and in vitro toxicity
tests was applied successfully to assess potentially hazardous molecules. The accuracy of
in silico toxicity estimations increases due to the rapid development of computational
methods and expanding databases; such testing constitutes a promising complementary
approach to in vivo and in wvitro ones. General protocols based on a combination of tox-
icity testing approaches should be implemented to achieve comparable and reproducible

results in the field of environmental toxicity assessment.

As part of a collaboration with Dr. Claire Richard (Université Clermont Auvergne), a
short-term future project includes continuing studying the interaction of natural organic
matter with CECs. This is a promising research area that will help to understand both
the transformations of CECs in the environment and the influence of NOM on water
treatments. As NOM represents a highly complex mixture, SPIX will be an asset in data
processing. It will help overcome already encountered analytical challenges produced by
the high sensitivity of the matrix to various parameters, such as pH and concentration, by
aiding in their optimization to achieve reproducibility. In the mid to long term, SPIX will
be employed in various analytical areas. Our team considers applicating it to aroma and
fragrance authentication studies to find relevant differences when comparing counterfeits
to original samples with strong intrinsic variability. Another planned application is the
monitoring of metabolites of aquatic organisms, studied under controlled conditions and
induced stress in an aquarium. This biological application will help in understanding and
improving filtration systems. In a general perspective, SPIX may be used to monitor all
types of chemical reactions — even unknown or unexpected ones — from the laboratory up

to the industrial scale.
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In conclusion, advances were accomplished in photochemistry, structural elucidation, risk
assessment of photochemical processes, toxicity testing, and HRMS data analysis. This
project showed that large-scale issues, such as the increasing number of contaminants of
emerging concern, have a multi-level impact. To tackle complex problems by finding and
applying innovative solutions, a close collaboration between various stakeholders is neces-
sary, such as governments, researchers, and industries. The AQUAlity project showed that
working together with other European teams brings cross-sectoral and multidisciplinary
expertise, creative ideas, innovation, and fruitful scientific results. European scale projects
are imperative to attain a sustainable future, protect the environment, and improve life
quality. I am sincerely thankful to have had the opportunity to be part of such an am-
bitious project during three years and a half, and for all the gained experience from the

valuable collaborations, both on a scientific and personal level.
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complémentaire a la modélisation en laboratoire

Procédés avancés d’oxydation

Résumé: Les contaminants d’intérét émergent constituent
une source importante de préoccupation en raison de
leurs effets toxiques potentiels et de leur persistance dans
I'environnement. Il est essentiel d’élaborer de nouvelles ap-
proches de traitement pour améliorer la qualité des eaux.
Les procédés basés sur 'irradiation par la lumiére sont treés
prometteurs. Il convient néanmoins de considérer la forma-
tion de photoproduits potentiels et la toxicité de ces derniers.
Un des objectifs de ce projet était de comparer différentes
approches pour étudier la photodégradation des CECs. Une
approche de modélisation en laboratoire a d’abord été ap-
pliquée a cinq contaminants. La photolyse directe et certains
procédés avancés d’oxydation ont été employés en conditions
de laboratoire, ou & ’échelle d’une usine pilote dans des
eaux usées traitées secondaires. La minéralisation des pollu-
ants étant rarement atteinte, des analyses non ciblées ont été
réalisées sur un spectrometre de masse FT-ICR & tres haute
résolution. Cela a rendu possible I'identification précise des

formules moléculaires alors que ’élucidation des structures

Titre: Photodégradation de contaminants d’intérét émergent en matrices environnementales: nouvelle approche holistique

Mots clés: Spectrométrie de masse haute résolution, Produits de photodégradation, Tests in silico, Elucidation structural,

des photoproduits a été conduite par MS2. Des calculs in
silico ont été effectués & partir des structures des photopro-
duits pour évaluer leurs effets toxiques potentiels. Cette ap-
proche a permis d’évaluer le devenir des contaminants, de
proposer et optimiser des procédés de photodégradation effi-
caces et d’élucider les mécanismes réactionnels associés. Par-
allelement & la modélisation, une approche analytique non
ciblée a été utilisée pour étudier des mélanges complexes.
Le logiciel SPIX a été développé pour extraire les informa-
tions pertinentes de ces données complexes. Il permet de
révéler ’évolution d’une série de conditions, proposant des
modeles cinétiques associés. L’exportation de données statis-
tiquement pertinentes et leur traitement ont été réalisés.
L’approche holistique fournie par SPIX constitue un outil
complémentaire aux approches de modélisation; il permet
de détecter et de surveiller les réactions pertinentes dans des
média tres complexes et contribue significativement a réduire

la subjectivité de 'opérateur.

complete the laboratory modeling approach
oxidation processes

Abstract: Contaminants of emerging concern (CECs) show
great environmental concern due to their potential toxic ef-
fect and persistence. Developing and understanding novel
water treatment approaches is essential to improve water
quality and protect the environment. Processes based on
light irradiation are very promising in this way. It is of high
interest to evaluate the formation of potential photoproducts
and their related toxicity. The aim of this project was to ap-
ply different approaches to study the photodegradation of
contaminants. Firstly, a laboratory modeling approach was
applied to five contaminants. Direct photolysis and advanced
oxidation processes, such as peroxide/UV, photocatalysis,
photosensitizers, and Fenton reactions, were employed. They
were either carried out under laboratory conditions or on a
pilot plant scale in secondary treated wastewater to study the
matrix effect. As mineralization is rarely achieved, LC-MS
measurements were performed for the untargeted detection
of photoproducts on an ultra-high-resolution FT-ICR mass

spectrometer. Structural elucidation of numerous photoprod-

Title: Photodegradation of contaminants of emerging concern in environmental matrices: a new holistic perspective to

Keywords: High-resoluton mass spectrometry, Photodegradation products, In silico tests, Structural elucidation, Advanced

ucts was achieved owing to Ms? experiments. Based on these
structures, in silico toxicity calculations were performed to
obtain information on their potential toxic effects. Through
this approach, the scientific achievements include assessing
the fate of contaminants, proposing and optimizing viable
photodegradation processes, and elucidating photochemical
reaction pathways. In parallel with the modeling approach, a
non-targeted analytical approach was used to study complex
mixtures. To better process complex MS datafiles, the SPIX
software was developed. One of its features includes compar-
ing a series of conditions, proposing kinetic models for each
of them individually. The exportation of statistically rele-
vant changes and further data processing was carried out.
The holistic approach provided by SPIX constitutes a com-
plementary tool to modeling approaches; it allows to detect
and monitor relevant reactions in very complex media and
contributes to reducing operator subjectivity during results

interpretation.
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