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Abstract

This thesis focuses on the fate of chosen antidepressants in the environment. Studied
compounds belong to the class of selective serotonin reuptake inhibitors. Reportedly they
do not completely mineralize by existing water treatment processes and their residues cause
unwanted toxic effects in aquatic organisms. However, to date, insufficient information has
been gathered to form an action plan for managing their presence in the environment, and
especially detailed information on processes they undergo during wastewater treatment and
after they enter the environment is missing.

A literature overview revealed that among the commonly used treatment techniques,
secondary biological treatment with activated sludge is the most efficient in removing
selective serotonin reuptake inhibitors, with some compounds, like sertraline being rarely
addressed. Accordingly, the processes involved in its removal and the efficiency of the
sludge-based treatment were studied. The results revealed adsorption to sludge as the
primary removal process, followed by biodegradation. Removal efficiencies fluctuated
between 77% and 81% in conventional wastewater treatment plants with activated sludge
and exceeded 90% in laboratory-scale simulations. Structures of ten transformation
products were identified and their presence was detected in actual wastewater samples.

Sertraline and paroxetine were chosen for the degradation study during exposure to
sunlight in surface waters. Their photochemistry was researched, and the data was
modelled to obtain information on their degradation kinetics. Altogether fourteen
transformation products were identified, and degradation pathways were proposed. Both
compounds were readily photodegradable with half-lives of only a few days in shallower
water. In both cases, direct photolysis and reactions with photochemically produced
reactive intermediates, more specifically hydroxyl and carbonate radicals, were the main
degradation pathways. The presence of three sertraline transformation products was
confirmed in surface waters for the first time.

For all the studies mentioned above to be successful, sensitive, robust, and precise
analytical methods were developed. Also, specialized materials, 7.e., imprinted polymers
with sertraline as the template, were developed to improve the sample preparation step by
increasing recovery and minimizing matrix effects. Some difficulties were, however,
encountered when using them for trace-level analysis. Then again, they were well suited as
alternative wastewater treatment sorbents for removing selective serotonin reuptake
inhibitors. The materials were also cross-reactive for metabolites and transformation
products of selective serotonin reuptake inhibitors.

Altogether, this thesis fills the knowledge gap regarding the behavior of selective
serotonin reuptake inhibitors after they leave the human body and is a sound basis for
further research. For example, the newly identified transformation products should lead to
a more thorough study of the environmental impact of the studied antidepressants.
Further, insight is provided into an alternative water purification technique applying
molecularly imprinted polymers. Lastly, the experimental designs used in our studies can
be applied to other environmental contaminants.
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Povzetek

Osrednja tema doktorskega dela je usoda izbranih antidepresivov v okolju. Preucevane
spojine spadajo v razred selektivnih zaviralcev ponovnega privzema serotonina. Ze obstojeci
povzrocajo nezelene toksi¢ne ucinke pri vodnih organizmih. Na tej tocki Se vedno nimamo
dovolj informacij za oblikovanje akcijskega nacrta za obvladovanje njihove prisotnosti v
okolju, manjkajo nam predvsem podrobne informacije o procesih, ki so jim podvrzeni med
¢is¢enjem odpadne vode in po vstopu v okolje.

Pri pregledu literature smo odkrili, da je bilo od pogosto uporabljenih nac¢inov ¢iscenja
odpadne vode sekundarno biolosko c¢iscenje z aktivnim blatom najucinkovitejse pri
odstranjevanju omenjenih antidepresivov, pri ¢emer so nekatere spojine, kot je sertralin,
zelo slabo raziskane. V skladu s temi ugotovitvami smo preucevali postopke njegovega
odstranjevanja in ucinkovitost ¢is¢enja z uporabo aktivnega blata. Rezultati so pokazali,
da je adsorpcija na aktivno blato primarni proces odstranjevanja, ki mu sledi biorazgradnja.
Ucinkovitost ¢isCenja je v dejanskih cistilnih napravah nihala med 77 % in 81 %, v
laboratorijskih simulacijah pa je presegla 90 %. Identificirali smo strukture desetih
produktov transformacije in zaznali njihovo prisotnost v vzorc¢enih odpadnih vodah.

Sertralin in paroksetin sta bila izbrana za Studijo razgradnje med izpostavljenostjo
sonc¢ni svetlobi v povrsinskih vodah. Raziskali smo njuno fotokemijo, pridobljene podatke
pa modelirali, da smo pridobili informacije o kinetiki njihove razgradnje. Skupaj je bilo
identificiranih Stirinajst produktov transformacije in predlagali smo tudi dva mehanizma
razgradnje. Obe spojini sta lahko fotorazgradljivi z razpolovnima dobama le nekaj dni v
plitvejsi vodi. V obeh primerih sta bili glavni poti razgradnje direktna fotoliza ter reakcije
s fotokemicno proizvedenimi reaktivnimi intermediati, natancéneje hidroksilnimi in
karbonatnimi radikali. Prisotnost treh produktov transformacije sertralina smo tudi prvic¢
potrdili v povrsinskih vodah.

Da bi bile vse zgoraj omenjene Studije uspesne, je bilo potrebno razviti obcutljive,
robustne in natanc¢ne analitske metode. Razviti so bili tudi specializirani materiali, tako
imenovani vtisnjeni polimeri s sertralinom kot Sablono, z namenom da bi izboljsali korak
priprave vzorca s povecanjem izkoristka in zmanjsanjem uc¢inkov matriksa. Vendar smo pri
njihovi uporabi za analizo sertralina v sledovih naleteli na dolocene tezave. Po drugi strani
pa so bili materiali uporabni kot alternativni sorbenti za odstranjevanje selektivnih
zaviralcev ponovnega privzema serotonina iz odpadne vode. Prav tako so navzkrizno vezali
metabolite ter produkte transformacije selektivnih zaviralcev ponovnega privzema
serotonina.

To doktorsko delo je zapolnilo znanstvene vrzeli, ki se navezujejo na vedenje selektivnih
zaviralcev privzema serotonina, potem ko zapustijo ¢lovesko telo, ter so dobra osnova za
nadaljnje raziskave na tem podroc¢ju. Na primer, novo identificirani transformacijski
produkti bi morali voditi v temeljitejSe raziskave vpliva proucevanih antidepresivov na
okolje. Poleg tega smo predstavili vpogled v alternativno tehniko ¢is¢enja vode z uporabo
molekularno vtisnjenih polimerov. Nazadnje, eksperimentalne nacrte, uporabljene v nasih
studijah, je mogoce uporabiti tudi za druge okoljske onesnazevalce.






xi

Contents

List of Figures xiii
List of Tables XV
Abbreviations xvii
1 Introduction 1
1.1 AntidepreSSants...........ooiiiiiiiiiiiiiiiii 2
11,1 ClassifiCation .........eeeeiiiiiiiee et 2

1.1.2  SSRI: treatment, administration and consumption .............c.cccooevenneee... 2

1.1.3  SSRI: administration, pharmacokinetics and pharmacodynamics ............ 5

1.2 Antidepressants in the Environment.............ccccccooiiiiiiiie e 8
1.2.1 SOUTCES ..ot 8

1,22 Legislation ....cciiiiiiiiiee e 9

1.2.3 OCCUTITEIICE ... eeetiiiie et e e ettt e e et eeeee s 10

1.2.4  Fate and transformation..............cccccooiii 11

1.2.4.1  Wastewater treatment...........ccocuveiviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiie 12

1.2.4.2  Environmental transformation............cccccecouveiiiiiiiiiiiiiiiiiiiiinnnn. 18

Hydrolysis and photodegradation ...........cccccccociiii. 19

Biodegradation ............ccooiiiiiiiiiiiiii e 22

Adsorption and stability in sediment ............cccoociiiiiiiiiiiiinn 22

Bioaccumulation ...........cccccooiiiiiiii 22

1.2.5 ECOLOXICIEY «ovvviviiiiiiiiiii 23

1.3 Analysis of SSRI in the Environment ............cccccccoiiiiiiiiiiiiee e 23
1.3 SAIMPLNG. .eeeeieieeei e 23

10302 SEOTAZE vttt e et e e 24

1.3.3  Sample Preparation .........ccoiiiiiiiiiiiee et 24

1.3.4  Instrumental analysis ...........oocoiiiiiiiiiiiii e 25

1.3.4.1  Analysis of SSRI in environmental samples.................coeeuneeee. 25

1.3.4.2  Identification of TPS.......cccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiees 26

135 QA/QUC o e 29

1.4  Molecularly Imprinted Polymers.........ccccoooiiiiiiiiiiiiiieee e 30
1.4.1  Imprinting approaches.........cccccccoiii 31

1.4.1.1  The non-covalent approach ...........ccccccuuuueeiiiiiiiiiiiiiiiiiiiiiiiiiiines 31

1.4.1.2  The covalent approach ...........cccccovuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiens 31

1.4.1.3  The semi-covalent approach .............ccccccuuuueiiiiiiiiiiiiiiiiiiiiiiiinns 31

1.4.2  The building BlOCKS ......ccoiiiiiiiiiiiiie e 31

1.4.3  Types of POlymerizations........c..uvuiiiieeeiiiiiiiiiiie et 32

1.4.4 Characterization techniques .............ccccociiiii 32

1.4.4.1 Evaluation of the binding characteristics ..........cccccceevviinnnnne. 32

1.4.4.2 Evaluation of chemical characteristics.......cooveeueviieriiieiiiaennnn.. 34



xii

1.4.4.3 Evaluation of physical characteristics...........ccccoovviiiiiiiinnns 34
1.4.5 Applications in environmental SCIENCES........c.uvvviiiiiieiiiiiiiiiiiieee e 34
1.4.6  MIPs for SSRI 1eCOgNItION ..oeeeiiiiiiiiiiiiieeeei e 35
2 Aims and Hypotheses 37
3 Publications 39
3.1 Environmental Fate of Selected SSRI ..., 40
3.1.1 Determination and photodegradation of sertraline residues in aqueous
EIVITOILINICIIT L.ttt 40
3.1.2 Phototransformation study of the antidepressant paroxetine in surface
WABETS ettt 49
3.1.3 Biotransformation study of antidepressant sertraline and its removal
during biological wastewater treatment .............cccccuvviiiiiiiiiiiiiiiiiiiiiiiii. 63
3.2 Application of MIPs in SSRI Environmental Analysis and Treatment.............. 73
3.2.1 Preparation of molecularly imprinted copoly(acrylic acid-divinylbenzene)
for extraction of environmentally relevant sertraline residues ................ 73
3.2.2  Molecularly imprinted polymers for the removal of antidepressants from
contaminated WasteWater...........uuuuiiiiiiiiiiiiiiiiiii 80
4 Conclusions and Future Perspective 101
References 105
Bibliography 129
Biography 131



xiii

List of Figures

Figure 1: A map showing the number of pharmaceuticals detected in environmental water

SAIMIPLES [B]. - s 1
Figure 2: Antidepressant drug consumption in 2000 (light blue line), 2019 (darker blue
line) and 2020 (dark blue diamond) [2]. ......cccoooiiiiiiiiiii 3
Figure 3: Metabolic pathway of FLU (adapted from [23])........ccccccooiiiiiiiiii. 6
Figure 4: Metabolic pathway of CIT (adapted from [24], [28], *-chiral center).................. 6
Figure 5: PXT metabolic pathway (adapted from [15], [37])...cocveriiiiiiiiiiiiiiiiiiiiieee 7
Figure 6: SER metabolic pathway (adapted from [25]). ...cccoooeiiiiiiiiiiiiiiiiiiiicee 7
Figure 7: FVX metabolic pathway (adapted from [26]).........cccocooiiiiiiiniiiiiiiiie 8
Figure 8: Sources and pathways of pharmaceuticals in the environment (adapted from [43],
[ )+ ettt ettt 9
Figure 9: Potential pharmaceutical transformation pathways [78]. ... 12
Figure 10: Proposed biodegradation mechanism of FLU during batch degradation
experiments (adapted from [82])........cciiiiiiiiiiiiiiii 13
Figure 11: Proposed biodegradation pathway of CIT in batch degradation experiments [85].
......................................................................................................................................... 14
Figure 12: FLU TPs identified during DP and IP (adapted from [123], [129], [131]). ...... 19
Figure 13: CIT TPs identified during hydrolysis and photolysis (adapted from [133]-[135]).
......................................................................................................................................... 20
Figure 14: PXT proposed photodegradation (adapted from [136]). .......cccccoviiiiiiiniinirnn. 20
Figure 15: Proposed photodegradation pathway of SER (adapted from [140])................. 21
Figure 16: Photo-isomerization of FVX (adapted from [141]). .....cccoooiiiiiiiiiiiiiie 21
Figure 17: Confidence levels for HRMS compound identification as proposed by Schymanski
et al. (adapted from Schymanski et al., 2014). ..o 27
Figure 18: The schematic representation of imprinting (adapted from [225])................... 31

Figure 19: An example of a binding isotherm of the imprinted (MIP) and non-imprinted
POLYINET (INIP). oot e 33






XV

List of Tables

Table 1: Chemical and pharmaceutical classification of SSRIs [10], [17]-[20]. .....ccocoueeneenne. 4
Table 2: SSRI physicochemical properties. ............eeiiiiiiiiie e 10
Table 3: The maximum concentrations of the SSRI detected in different aqueous matrices
[55], [58], [60][62]- -+ eveeeeeeeeeeeeeeeeeeeeeeeeeeeeee oo 11
Table 4: Overview of the removal efficiencies reported for SSRI at different WWTPs. 100
% removal indicates the presence below limit of quantification (LOQ)..........cccevviiniinn. 15
Table 5: Secondary rate constants and quantum yields of SSRI reported in the literature.
......................................................................................................................................... 22
Table 6: Details on the identification procedure of SSRI TPs during biodegradation and
Photodegradation. ........co.uuiiiii e 28
Table 7: Validation performance characteristics [217]-[221]. .....ccoooiiiiiiiiiiiiiii 29
Table 8: Binding models of adsorption isotherms [222]. ..........cccooiiiiiiiiiiiiini 34

Table 9: List of SSRI imprinted pOLymMers. ..........eviiiiiiiiiiiiiiee e 36






Abbreviations

WW
SSRI
MIP
OECD
FVX
ESC
SER
PXT
CIT
FLU
5-HT
OCD
NFLU
COMT
NCIT
NS
API
WWTP
EU
PE
COD
BOD
WED
SW
ERA
TP
logKow
logKo.
logP
pKa
AOP
uv
USEPA
AC
HQOQ
LOQ
GAC
PAC
DP

P

. Wastewater
. Selective serotonin reuptake inhibitor
. Molecularly imprinted polymer
. Organization for economic cooperation and development
. Fluvoxamine
. Escitalopram
. Sertraline
. Paroxetine
. Citalopram
. Fluoxetine
. b-hydroxytryptamine
. Obsessive-compulsive disorder
. Norfluoxetine
. Catechol-O-methyltransferase
. N-desmethyl citalopram
. Norsertraline
. Active pharmaceutical ingredient
. Wastewater treatment plants
. European Union
. Population equivalent
. Chemical oxygen demand
. Biochemical oxygen demand
. Water Framework Directive
. Surface waters
. Environmental risk assessment
. Transformation product
. Octanol-water partition coefficient
. Sorption coefficient
. Partition coefficient
. Dissociation constant
.. Advanced oxidation processes
. Ultraviolet
. US Environmental protection agency
. Activated carbon
. Hydrogen peroxide
. Limit of Quantification
. Granulated activated carbon
. Powdered activated carbon
. Direct photolysis
. Indirect photolysis
. Quantum yield

xvii



xviii

PPRI
CDOM
HO-
CO;3*~ ..
3CDOM* . ..
10,
BAF
EC50
LC50
NOEC
LOEC
SPE
LSE
PLE
MS
LOD
HPLC
UHPLC
LC

GC
LOD
PDA
MS/MS
HRMS
SRM
MRM
Qtof
DIA
DDA
HILIC

Kq
nempty

Nbound

D

IF
NIP

o
FTIR
NMR
APEX

. Photochemically produced reactive intermediate
. Chromophoric dissolved organic matter

. Hydroxyl radicals

. Carbonate radicals

Excited triplet states of the chromophoric dissolved organic matter

. Singlet oxygen
. Bioaccumulation factors
. Median effective concentration
. Median lethal concentration
. No-observable-effect concentrations
. Lowest observable-effect concentrations
. Solid phase extraction
. Liquid-solid extraction
. Pressurized liquid extraction
. Mass spectrometry
. Limits of detection

.. High-performance liquid chromatography
. Ultra~high-performance liquid chromatography
. Liquid chromatography
. Gas chromatography
. Limit of detection
. Photodiode array
. Tandem mass spectrometer
. High-resolution mass spectrometry
. Selected reaction monitoring
. Multiple reaction monitoring
. Quadrupole time-of-flight
. Data independent acquisition
. Data-dependent acquisition
. Hydrophilic interaction chromatography
. Quality control
. Quality assurance
. International Vocabulary of Metrology
. Target left free in the solution
. Target bound to the polymer
. Retention time
. Association constant
. Dissociation constant

.. Mols of empty binding sites
. Mols of bound target
. Distribution ratio
. Imprinting factor
. Non-imprinted polymer
. Selectivity factor
. Fourier-transform infrared spectroscopy
. Nuclear magnetic resonance
. Aqueous photochemistry of environmentally occurring xenobiotics



Chapter 1

Introduction

A pharmaceutical is any compound or combination of compounds intended to treat or
prevent disease in humans and animals [1]. Rapid economic development, technological
advances, increased livestock and aquaculture practices, and a growing global population
are increasing pharmaceutical consumption [2]. As a result, the number of confirmed cases
(Figure 1) of pharmaceutical residues detected in the environment continues to rise [3].

Number of pharmaceuticals
detected in surface water,
groundwater, tap water,
and/or drinking water

] 1-3
[ 410
[ 11-30
[ 31-100
[ 101-200
7 INodata

Figure 1: A map showing the number of pharmaceuticals detected in environmental water
samples [3].

The pharmaceutical industry, healthcare facilities, agriculture and aquaculture
contribute to environmental exposure to pharmaceuticals; however, urban wastewaters
(WW) remain the main emission source. While pharmaceuticals are metabolized or
degraded in the body, 30-90 % of oral doses are excreted as active substances [2].
Additionally, their removal during WW treatment is still low in most cases, and once in
the environment they are very likely to cause harm since they are specifically designed to
interact with living organisms and produce pharmacological effects. Wildlife exposure is
long-term and includes a cocktail of several substances; hence the outcomes are hard to
predict [3], [4]. The research in this area bloomed after 1990 due to the development of
available instrumentation that can detect low environmental concentrations (ng L' or
lower). Through the years, more attention has been given to certain classes of
pharmaceuticals. Initially, beginning with endocrine disrupting compounds, followed by
antibiotics, anti-inflammatory compounds, cytostatics, antihypertensives, cholesterol-
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lowering agents, antidiabetics, and lately antidepressants [2], [4], [5]. This thesis focuses on
the latter, which aims to fill the observed knowledge gap about the behavior of the most
prescribed antidepressant class, the selective serotonin reuptake inhibitor (SSRI) class. This
thesis further addressed their treatment and chemical analysis, where molecularly
imprinted polymers (MIPs) are employed as a proof-of-concept to demonstrate the versatile
possibilities for their application.

1.1 Antidepressants

1.1.1 Classification

Antidepressants form five classes based on the Anatomical Therapeutic Chemical (ATC)
classification: non-selective monoamine reuptake inhibitors (NO6AA), SSRI (NO6AB), non-
selective monoamine oxidase inhibitors (NO6AF), monoamine oxidase A inhibitors
(NO6AG) and other antidepressants (NO6AX). The group of SSRIs includes nine
antidepressants (Table 1). Six of them, sertraline (SER), fluoxetine (FLU), citalopram
(CIT), escitalopram (ESC), paroxetine (PXT) and fluvoxamine (FVX), are registered
worldwide, and five are also registered in Slovenia [6]. From the remaining three, both
zimeldine and alaproclate were discontinued due to adverse effects on the liver [7], while
etoperidone was withdrawn because of additional effects on the adrenergic and
dopaminergic systems, causing sedative and cardiovascular effects [8]. This thesis focuses
on the SSRIs that are still prescribed and hence can potentially contaminate the
environment.

1.1.2 SSRI: treatment, administration and consumption

As a result of the growing prevalence of psychiatric disorders and awareness of mental
health issues, antidepressant consumption is increasing. The Organization for Economic
Co-operation and Development (OECD) report “Health at a glance”, which provides a set
of indicators on health system performance and population health, states that the
consumption of antidepressants in the OECD countries more than doubled between the
years 2000 and 2020 (Figure 2) [2], [9]. This increase in consumption derives mainly from
the class of SSRIs [10]-[12]. The high number of prescriptions is due to their high
therapeutic efficacy, favorable safety profile, less complex pharmacology and good tolerance
in special populations, such as the elderly [13]-][15].
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Figure 2: Antidepressant drug consumption in 2000 (light blue line), 2019 (darker blue
line) and 2020 (dark blue diamond) [2].

Except for FVX, the registered SSRIs are all in the Top 200 list of Prescribed Drugs in
the US (Table 1) and the list of Top 25 psychiatric medications of 2018 in the US [10],
[16]. The situation is similar in FEurope, including Slovenia, where more than 374,632
prescriptions for SSRIs were given in 2020. ESC or SER are the most commonly prescribed
antidepressants in the countries mentioned above. In Slovenia, they are followed by
duloxetine, mirtazapine, PXT and CIT [10], [11], [17], [18].
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Table 1: Chemical and pharmaceutical classification of SSRIs [10], [17]-[20].

ATC UsT Registered
SSRI Abbreviation | CAS IUPAC name Trade name .op eBts el."e
code 200 list (Slovenia)
7)-3-(4-b henyl)-N,N-dimethyl-3-
NOGABO2 | zimeldine | / 56775-88.3 | (23 (4-bromophenyl)-N,N-dimethy / / No
(pyridin-3-yl)prop-2-en-1-amine
N-methyl-3-phenyl-3-[4- P Selfi Sarafi
NOGABO3 | fluoxetine | FLU 51910-80-3 | | ethyl-3-phenyl-3-| _ rozac, SETCIITE, SATateih 90, Yes
(trifluoromethyl)phenoxy]propan-1-amine Fodiss, Portal
RS)-1-[3-(dimethylami 1]-1-(4-
) (RS)-1-[3-(dime y.amlno.)propy] ( Celexa, Cipramil, Citalon,
NO6ABO04 | citalopram CIT 59729-33-8 | fluorophenyl)-1,3-dihydroisobenzofuran-5- Cital 30. Yes
italox
carbonitrile
Paxil, Brisdelle, P
, (35,4R)-3-[(2H-1,3-benzodioxol-5- o, Dridere, Texeva,
NO6ABO5 | paroxetine PXT 61869-08-7 L Saroxite, Paluxon, Parogen, 78. Yes
yloxy)methyl]-4-(4-fluorophenyl)piperidine
Paroxat
18S,4S)-4-(3,4-dichl henyl)-N-methyl- Zoloft, Lustral, Asent
NO6ABO6 | sertraline | SER 79617.96.2 | (1548)-4-(3 4-dichlorophenyl)-N-methy OO, LSkl Asena, 12. Yes
1,2,3,4-tetrahydronaphthalen-1-amine Mapron
1-(4-chl henyl)-2-methyl -2-yl 2-
NOGABOT | alaproclate | / 60719-82.6 | | (+-chlorophenyl)-2-methylpropan-2-y / / No
aminopropanoate
2-{[(E)-{5-methoxy-1-[4-
NOGABOS | fluvoxamine | FVX 54739-18-3 | (trifluoromethyl)phenyl] Faverin, Luvox / No
pentylidene}amino]oxy }ethanamine
2-[3-[4-(3-chl henyl)pi in-1-
NOG6ABOQ9 | etoperidone | / 52942-31-1 [3-{4-(3-c or?p oy )p1pera.~zm Centren, Depraser, Staff / No
yl]propyl]-4,5-diethyl-1,2 4-triazol-3-one
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1.1.3 SSRI: administration, pharmacokinetics and pharmacodynamics

The SSRI group is structurally heterogeneous; however, the compounds exhibit similar
action in the 5-hydroxytryptamine (5-HT) pathway by inhibiting the reuptake of the
neurotransmitter serotonin from the synaptic cleft and hence increasing its availability at
receptor sites [21]. They have practically no affinity to other receptors (al-, a2-, and f-
adrenergic; serotonergic; dopaminergic; histaminergic 1; muscarinic; and gamma-
aminobutyric acid receptors) [13], [15], [22]. They are all prescribed for major depressive
and obsessive-compulsive disorder (OCD). Some of them also have additional indications
such as panic (CIT, ESC, PXT, SER), social anxiety (ESC, PXT, SER), generalized
anxiety (ESC, PXT) and post-traumatic stress disorder (PXT, SER) as well as bulimia
nervosa (FLU). Other indications, such as neuropathic pain, are being investigated [22].

All SSRIs are administrated orally and are used in salt form, either maleate (FVX),
oxalate (ESC), hydrochloride (SER, FLU, PXT, CIT) or hydrobromide (CIT) [22]. In some
cases, a racemic mixture is used (FLU, CIT), while others are sold as optically pure
enantiomers (SER, PXT, ESC) or are achiral (FVX). They are readily absorbed from the
gastrointestinal tract but have variable bioavailability due to first-pass metabolism. Their
volume of distribution is large (5-45 L kg), and in plasma, they are bound to proteins to
varying degrees (>95 % for FLU, SER, PXT and <80 % for FVX, CIT and ESC). The
pharmacokinetic profiles are linear for SER, ESC and CIT and non-linear for FLU, PXT
and FVX [13], [15], [22]-[30].

FLU is extensively metabolized by CYP2D6 (Figure 3), and its main metabolite,
norfluoxetine (NFLU), retains similar activity and selectivity towards 5-HT reuptake
inhibition. Elimination half-life is four to six days for FLU and four to 16 days for NFLU.
Both are predominantly excreted in the urine, and around 11 % of the initial dose is
excreted as FLU, 7 % as NFLU, 7-8 % as their glucuronides and more than 20 % as
hippuric acid [23], [31].
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Figure 3: Metabolic pathway of FLU (adapted from [23]).

The enzymes CYP3A4, CYP2C19, CYP2D6, monoamine oxidase (MAO) A, MAO-B
and aldehyde oxidase are all involved in CIT metabolism. The formed metabolites, N-
desmethyl (NCIT; 30-50 % of the initial CIT dose), N,N-didesmethyl (5-10 % of CIT dose)
and N-oxide CIT retain activity, while the deaminated propionic acid derivative is inactive
(Figure 4). The elimination time of CIT is about 1.5 days. CIT and metabolites are excreted
via the liver and kidney. 12-23 % of the daily dose of CIT is excreted in the urine unchanged
(28], [29], [32], [33]. While CIT is a racemic mixture, the S-enantiomer is responsible for
most of its pharmacological effects [29]. Hence ESC, the S-enantiomer is twice as potent
and sold separately [29], [34]. Absorption, protein binding, the volume of distribution,
metabolism and elimination are similar to CIT [27], [34], [35].

\
HN

N-desmethyl CIT

CIT
N\

CIT propionic acid

-

F H,oN F
L L
N NZ

N,N-didesmethyl CIT

CIT alcohol

Figure 4: Metabolic pathway of CIT (adapted from [24], [28], *-chiral center).
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The enzymes involved in PXT metabolism are CYP2D6, CYP1A2, CYP3A5, CYP3A4
and catechol-O-methyltransferase (COMT). Its metabolites (Figure 5) are inactive. PXT
and its metabolites are excreted in urine and feces, with only around 5 % of PXT excreted
in unchanged form. The elimination time is approximately 24 h [13], [15], [36], [37].

<1>*Qf ﬁ%

PXT catechol
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|

Conjugated glucuronides and sulfates

Figure 5: PXT metabolic pathway (adapted from [15], [37]).

SER. undergoes extensive first-pass hepatic metabolism following different pathways
(CYP3A4, CYP2C19, CYP2B6; Figure 6). Its primary metabolite, norsertraline (NS), is
modestly pharmacologically active (5-10 % compared to SER). Both metabolite and parent
compound are excreted in urine and feces in equal amounts, with a half-life of
approximately 26 hours and 62-104 hours, respectively. Only 0.2 % of unchanged SER is
excreted in the urine [15], [25], [38].

CH.
HNTT

/ SER \

HOOC | ( Hy t IO

SER carbamic acid N hynrnxy SER SER ketone norsER

. -
— l -
T

Conjugated glucuronides

.

Figure 6: SER metabolic pathway (adapted from [25]).

FVX is extensively metabolized by the CYP2D6, CYP1A2, amine oxidase and N-
acetyltransferase (Figure 7). The structures of nine metabolites, the result of oxidative
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demethylation, have been suggested. None of the metabolites shows any significant activity.
[26], [39], [40].
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Figure 7: FVX metabolic pathway (adapted from [26]).

Drug-drug interactions are important when an active pharmaceutical ingredient (API)
inhibits any enzymes involved in SSRI metabolism. At the same time, PXT, FLU and
NFLU are inhibitors of CYP2D6, while FVX is a potent inhibitor of CYP1A2, CYP2C19
and a moderate inhibitor of CYP2C9, CYP2D6 and CYP3A4 [15], [26].

1.2 Antidepressants in the Environment

1.2.1 Sources

The pharmaceutical industry, agriculture, aquaculture, healthcare facilities and households
are the sources of pharmaceuticals in the environment (Figure 8). While pharmaceuticals
in agriculture or aquaculture seep directly into the surface or groundwater, pharmaceuticals
for human use, such as SSRI, are excreted and sometimes even discarded into the toilet,
where they end up in the sewage system and undergo treatment in wastewater treatment
plants (WWTPs). The SSRIs are only partially removed during treatment; therefore, WW
effluents represent the primary emission source. Based on reports of SSRI adsorption to
solid material, other byproducts of WW treatment, such as biosolids and sludge, could also
contribute to their presence in the environment [4], [9], [41]. According to Langford and
Thomas (2009), the contribution from hospital effluents is small compared to municipal
areas. For example, SER and PXT originating from hospital effluents contributed only 0.5
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% and 0.1 % of the total PXT and SER from Oslo’s WWTPs, respectively. The potential
contribution of the pharmaceutical industry has yet to be determined [9], [42].
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Figure 8: Sources and pathways of pharmaceuticals in the environment (adapted from [43],
[44]). Icon source: Flaticon, Freepik.

1.2.2 Legislation

Legislation regulating the presence of organic contaminants of emerging concern in the
environment, especially pharmaceuticals, is still under development. In the European Union
(EU), the first regulation concerning the collection, treatment and discharge of urban and
specific industrial WW was established in 1991 to protect the environment from the adverse
effects of WW discharges [45]. Initially, it prescribed the WW collection and treatment in
urban agglomerations based on population equivalents (PE). In 1998 and 2003, additional
requirements for WW effluents were added, limiting chemical oxygen demand (COD),
biochemical oxygen demand (BOD), total suspended solids, total phosphorus and total
nitrogen [46]. In 2000, the Water Framework Directive (WFD) was established in order to
protect inland surface waters (SW), transitional waters, coastal waters and groundwater
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[47]. In Slovenia, two additional decrees were established based on the existing legislation:
(1) Decree on the emission of substances in WW discharged from urban WWTPs (2005),
and (2) Decree on the emission of substances and heat when discharging WW into waters
and the public sewage system (2012). Since 2015 the former has no longer been in force.
Also, the regulations do not specifically discuss the presence of pharmaceuticals in the
environment. However, an Environmental risk assessment (ERA) has been a mandatory
part of every application for marketing authorization for a medicinal product for human
use since 2006 [48]. A Watch List for emerging water pollutants was also established in
2015 as part of the WFD. The substances on the list are monitored in SW or another more
appropriate matrix (e.g., biota, sediment) across the EU to obtain data for an EU-wide
risk assessment and to set Environmental Quality Standards when needed. The main
inclusion criteria are a suspected significant risk to the aquatic environment and a lack of
sufficient monitoring or modelled exposure data. The frequency of monitoring is no less
than once per year, and the list of substances is updated every two years. Although
diclofenac,  estrone, 17-beta-estradiol, 17-alpha-ethinylestradiol,  erythromycin,
clarithromycin and azithromycin were included in the first version of the watch list [49],
[50], in the second review, diclofenac was removed from the watch list, since satisfactory
monitoring data were collected. While with other candidates, such as 17-alpha-
ethinylestradiol, the extremely low LOQs needed to provide data of adequate quality still
pose a problem. Ciprofloxacin and amoxicillin were added in 2018 [51]-[53]. In the future
third installment of the Watch List, the first antidepressant, venlafaxine and its metabolite
O-desmethylvenlafaxine are likely to be added [54]. While antidepressants from the SSRI
class have not yet been included in the WFD Watch List, their consumption information
is included in OECD reports, and their environmental concentrations are part of several
monitoring prioritization lists [2], [5].

1.2.3 Occurrence

The number of studies reporting the presence of SSRIs in different compartments of the
environment has been increasing [55]. Their behavior is highly dependent on their
physicochemical properties. The properties reported for SSRIs are gathered in Table 2.
Following the reported properties, the SSRIs in the environment are mainly present in
their salt form and are readily soluble hence their continuous presence in water
compartments. However, the reported low octanol-water partition coefficients (logKey) of
their salt forms do not coincide with their sorption and bioaccumulation properties in the
environment. Occurrence data and experimentally obtained high sorption coefficients for
soil and sediment (logK..) indicate that they are likely affected by the characteristics of
the sorbent [55]-[58]. Kwon et al. (2008) established that the sorption capacity negatively
correlated with the soil and sediment pH and was influenced by organic matter contents.
A cation exchange mechanism was also suggested as a possible reason behind the observed
higher sorption [57].

Table 2: SSRI physicochemical properties. ! — calculated in ChemAxon or ACD/Labs
Percepta Platform, ? — salt form [56], [57], [59], * — based on experiments using two types
of sediment and three types of soil [57].

SSRI CAS MW pKa? | logP! | logK? logK,? Solubility
number (g mol™!) (mg L1)?

FLU 54910-89-3 309.13 10.05 | 4.17 | 1.2240.10 | 4.09-5.49 38.4

CIT 59729-33-8 | 324.16 9.59 3.76 | 1.394+0.10 | 5.32-6.02 | 31.1

PXT 61869-08-7 329.14 10.32 | 3.15 | 1.37£0.10 | 3.91-5.46 61.4
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SER 79617-96-2 | 305.07 947 |5.15 |1.3740.10 | 3.80-4.85 | 3.5
FVX 54739-18-3 | 318.33 939 | 2.80 |1.1240.10 | 3.35-4.28 | 22.2
ESC 128196-01-0 | 324.16 950 |3.76 |/ / /
NS 87857-41-8 | 292.20 952 472 |/ / /
NFLU 57226-68-3 | 295.30 910 [325 |/ / /
NCIT 62498-67-3 | 310.37 105 |/ / / /

Mole and Brooks (2019) reviewed all published literature reporting on the global
occurrence of SSRIs in water matrices. They included 152 relevant publications,
predominately from Europe and North America. Only fifteen papers covered the Asia-
Pacific, and three were found for South America. There is no literature discussing the
presence of SSRI residues in Africa or Antarctica. As expected from the low numbers of
prescriptions for FVX, it was only detected in WW and not in SW. FLU and CIT were
the most researched, followed by SER and PXT. While, in general, the determined
concentrations fall into the lower ng L™ range, the highest detected levels are worrisome
and reach pg L', as reported in Table 3. Even their metabolites and transformation
products (TPs), including NS, NFLU, NCIT and didesmethyl CIT, have been detected on
several occasions [55], [58].

Table 3: The maximum concentrations of the SSRI detected in different aqueous matrices
[55], [58], [60]-[62].

SSRI WW influent [pg L'] | WW effluent [pg L] | SW [pg L]
SER 1.00 1.93 0.22
ESC 32.3 1.14 0.52
PXT 39.7 0.74 0.27
CIT 17.1 9.20 0.43
FLU 3.47 2.70 0.33

Reports of SSRIs adsorbing to sewage sludge are supported by concentrations reported
at a few hundred ng g and, in extreme cases, > 3 ug ¢ (SER and CIT) [63]. Additionally,
although the loss of a methyl group in SSRI metabolites increases polarity, the presence of
NS, NCIT and NFLU in sewage sludge has also been confirmed [63]-[65]. Domestic sludge
was reported to be more contaminated than industrial or mixed sewage sludge [65]. This
tendency of SSRIs to adsorb is also observed in sediment. SER, FLU, PXT, CIT, FVX and
the metabolites NS and NFLU were detected at low ng g' levels. SER had the highest
detection frequency [66]-[68].

The SSRIs have also been determined in aquatic organisms. Most occurrence studies
sampled fish tissue and predominately determined SER, FLU and CIT [55], [69]. The
reported concentrations are mostly in the low ng g' range [58], [67], [70]-[75]. The TPs
NFLU and NS have also been detected in aquatic organisms. While in most cases, NFLU
is reported at slightly higher concentrations than FLU, the ratio between NS and SER is
much higher. This finding indicates that the parent compound is metabolized or excreted
faster than the metabolite. The highest detected levels of NS (647.3 + 111.5 ng g*') were
in fish livers [58], [69].

1.2.4 Fate and transformation

As mentioned, the pathway of a pharmaceutical after it leaves the human body or when it
is inappropriately disposed of most commonly starts in WWTPs and continues into the



12 Chapter 1: Introduction

environment. During this time, it undergoes several processes, such as hydrolysis,
bio/photodegradation, sorption and uptake by plants and animals. These processes
represent the possible pathways of contaminant removal from the environment and the
potential formation of TPs. TPs can either be more, less or similarly active and toxic than
the parent compound [76], [77]. The following chapters include all available data on the
environmental fate of SSRIs.

BIOACCUMULATION
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ADSORPTION REMOBILIZATION &

IMMOBILIZATION

Figure 9: Potential pharmaceutical transformation pathways [78].

1.2.4.1 Wastewater treatment

The processes occurring during WW treatment are an important part of understanding the
fate of the SSRIs in the environment and the risks they present. There are three stages of
WW treatment primary, secondary and tertiary. During primary treatment, coarse solids
and large materials are removed, making adsorption the main removal pathway. This
process is followed by secondary biological treatment. WW is predominantly purified in
bioreactors containing activated sludge designed to remove dissolved biodegradable or
colloidal organic matter. The OECD report states that secondary biological treatment is,
on average, 30% more efficient than primary treatments in removing pharmaceuticals [44].
Tertiary treatments are added in some cases to enhance the removal efficiency of the
WWTP. However, their implementation is generally expensive. The primary removal
mechanism depends on the type of treatment used, ranging from advanced membrane
filtration and carbon adsorption to advanced oxidation processes (AOP) [79]. Since
conventional WWTPs were not designed to remove micropollutants such as
pharmaceuticals, most treatments are not sufficiently effective for removing these
compounds [44].

Cao et al. (2020) researched the contributions of different treatment processes to SSRI
removal in two WWTPs in China. They found that pretreatment processes, such as grit
removal and hydrolysis acidification, could partially remove SER and PXT. The SSRIs
were, however, primarily removed during sludge-based secondary treatment. Among them,
the segmented anaerobic, anoxic and aerobic membrane reactor was the most efficient type
of treatment. Adsorption to sludge was the leading removal mechanism of SSRIs, followed
by biodegradation, which corresponds with the high logK,. values that Kwon and Armbrust
(2008) reported (Table 2). Positive correlations between the removal and the presence of
specific microbial communities were identified, varying between compounds. Tertiary
ultraviolet (UV) radiation treatment removed 1.3 % to 27 %, while chlorination was
efficient in cases of PXT and FLU (6.9 % and 12 %). The removal of SER by chlorination



1.2 Antidepressants in the Environment 13

treatment was not reported though Huerta-Fontela et al. (2011) observed significant
removal (>99 %) after chlorination was used as the pretreatment [80], [81]. The removal
efficiencies of several WWTPs are given in Table 4. Only studies with 24-hour composite
samples were included to allow comparison, and removal efficiencies for SSRIs varied
considerably between the WWTPs studied. These differences may be due to varying
conditions (e.g., inflows) and treatments applied. However, we can generally conclude that
at least secondary treatment is needed for removal efficiencies above 50 %. Including
tertiary treatment additionally improved the removal of SSRIs. Angeles et al. (2020)
highlighted the efficiency of using activated carbon (AC). However, no data has been
reported on FVX removal during WW treatment.

Biological treatment plays an important role in removing SSRIs, and many studies have
tried to elucidate the mechanisms behind their removal. For instance, the
biotransformation of FLU in a batch experiment using activated sludge was researched by
Gulde et al. (2016) at an initial concentration of 120 pg L. The experiment lasted four
days, and FLU removal was >90 %. High adsorption to sludge was observed, and an
additional slight decrease of the initial concentration during the first 24 h, most likely due
to other abiotic processes. The observed transformations included possible FLU
demethylation into NFLU, N-acetylation, N-propionylation and N-succinylation (Figure
10). The latter three reactions were also observed for the demethylated NFLU [82]. High
adsorption has also been observed by Cao et al. (2020) and Salgado et al. (2012), while less
adsorption to sludge and more biodegradation were reported during other studies. For
example, in experiments performed by Veldzques and Nacheva (2017), 84.7 % of FLU was
removed by biodegradation and 8.84+1.9 % by adsorption. In these studies, the authors
used different microbial consortiums, which might have influenced the final results [80],

3], [84].
e

N-acetylation or
N-demethylation and N-propionylation

Q |

H
N o N-succinylation H()J\/ﬁ-‘/N ©
—
F 0] F
e i

F

Figure 10: Proposed biodegradation mechanism of FLU during batch degradation
experiments (adapted from [82]).

Beretsou et al. (2016) studied the biotransformation of CIT in batch experiments
performed in aerated activated sludge at 2 mg L. CIT was not completely removed in six
days. Forty % and 70 % of CIT were removed during the first nine hours and three days
%, respectively, and then stayed stable for the next three days. The high removal in the
batch experiment agreed with the batch experiment performed by Casas et al. (2015), who
reported removal of almost 80 %. A 13 % decrease in CIT concentration was due to
adsorption to sludge. Fourteen TPs were detected, and for 13 of them, tentative structures
were suggested (Figure 11). Four of them also formed during abiotic conditions [85]. Most
of the TPs underwent hydroxylation, oxidation, hydrolysis or N-demethylation. Five of the
identified TPs were detected in the tested WW effluent: N-desmethylcitalopram (NCIT,
CTR 311), 3-0xo-CIT (CTR 339A), CIT N-oxide (CTR341), amide CIT (CTR343) and
CIT carboxylic acid (CTR 344) [85], [86]. Removal in the first nine hours of the batch
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experiment performed by Beretsou et al. (2016) is in the same range as most removals
reported in WWTPs (Table 4). This lower removal in actual WW was also observed by
Casas et al. (2015). While Beretsou et al. (2016) suggest the lower hydraulic retention time
(HRT) to be the main reason, Casas et al. (2015) propose de-conjugation or formation of
the parent compound from other metabolites to be the reason behind their lower removal
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Figure 11: Proposed biodegradation pathway of CIT in batch degradation experiments [85].

Cunningham et al. (2004) performed adsorption and biodegradation studies as part of
the ERA of PXT. PXT was partially adsorbed to activated sludge during the first day of
the experiment, with no further decrease of concentration observed in the following 31
days. It was poorly biodegradable during aerobic biodegradability studies, including various
inocula originating from domestic and industrial WWTPs and soils. Its biodegradability
did not improve even when PXT was present as the single carbon source. As such, no PXT
biodegradation products were identified [88].

Except for the US Environmental protection Agency (USEPA) report, which shortly
evaluated all the SSRIs in an activated sludge experiment, determining all of them as
poorly biodegradable, no data was available on SER and FVX removal mechanisms and
biotransformation [68]. Since the secondary treatment does not entirely mineralize the
SSRIs from WW, different tertiary treatments have already been examined [79].
Considering that they sorb to activated sludge to a high extent, AC, with its large surface
area, was one of the first investigated treatments. Ek et al. (2014) confirmed its efficiency
(90-98 %) in studies where CIT and SER were translocated to AC from WW during a pilot
AC treatment procedure [89]. Guillossou et al. (2019) also observed a 40 % increase in
removal efficiency when AC treatment was added to an existing WWTP, including
secondary biological treatment [90]. There are two types of AC used, granulated (GAC)
and powdered (PAC). The advantage of using PAC is that it can be added when needed;
however, another filtration unit must be installed to remove it from the treated WW. As



1.2 Antidepressants in the Environment 15

a regular treatment, GAC packed in bed filters or columns is used. This method has a
faster breakthrough for more hydrophilic compounds and has higher initial costs than PAC,
but GAC is easier and cheaper to regenerate in the long run. Nevertheless, the material's
performance decreases with every regeneration cycle and must be disposed of eventually
[79], [91]. Greener and more cost-effective alternatives, such as products of pyrolysis of
primary and secondary paper mill sludge, spent coffee grounds, pine bark and cork waste,
have also been considered for the removal of SSRIs with varying success but have yet to
outperform commercial AC [92]-[95].

Advanced membrane filtration was the second type of tertiary treatment considered.
In membrane filtration, the membrane acts as a barrier retaining the particles,
microorganisms and, in some cases, micropollutants. The mechanisms behind the removal
process include size exclusion, charge repulsion and adsorption, with the main categories
including microfiltration, ultrafiltration, nanofiltration, and reverse osmosis [79].
Unfortunately, the removal of SSRIs during tertiary membrane processes has not yet been
investigated.

Lastly, several studies investigate the efficiency of AOPs in removing SSRIs. These
processes involve the production of reactive intermediate radicals, mostly hydroxyl radicals,
which indiscriminately attack organic compounds degrading them in the process. There are
many types of AOP, including UV radiation, oxygen, ozone, hydrogen peroxide (H,0,) and
their combinations. AOP can be chemical, sonochemical, thermochemical or
electrochemical, depending on the method used to produce the reactive oxygen species.
Solid catalysts, such as TiO,, can also be part of the AOP system. The main advantage of
the process is high efficiency and even the possibility of complete mineralization for
recalcitrant compounds. The drawbacks are the cost of maintaining such systems, high
energy consumption and safety issues [79], [96]. In the case of SSRI, ozonation with or
without additives (H:O,, TiO,, UV radiation, iron) is the most commonly researched
process [96]-[105], followed by Fenton or photo-Fenton oxidation [100], [106]-[108]. The
removal of the SSRIs depend on their initial concentration, steric hindrance in tertiary
amines, the dosage of ozone, iron or other additives, treatment duration, matrix pH and
the presence of other carbon sources due to the matrix scavenging effect [98], [106]. AOPs
are promising techniques for SSRI removal. However, on top of the aforementioned
disadvantages, there are also reports of the formation of potential toxic TPs including
aldehydes and N-oxides [101], [104]. In this context, the study by Li et al. (2019) directly
evaluated and compared the potential environmental and toxicity impacts of these three
aforementioned types of WW tertiary treatments by comparing ozonation, GAC and
reverse osmosis. The SSRI FLU, SER and PXT were also among the studied
micropollutants. They highlighted reverse osmosis as the greatest environmental burden
due to high energy and material consumption during treatment. Ozonation was suggested
for local water environments with low eutrophication and ecotoxicity, since it had the best
removal efficiency, while GAC was suggested to be more appropriate for long term regional
scale WW treatment, due to lower electricity consumption, despite the high regeneration
costs [109].

Table 4: Overview of the removal efficiencies reported for SSRI at different WWTPs. 100
% removal indicates the presence below limit of quantification (LOQ). ND — not defined.

SSRI | Removal Type of treatment Reference
FLU | 854 % Primary (mechanical sieves) [110], [111]
16 % Primary (chemically enhanced with alum and FeCls) [64]

32-47 % Secondary (biological nutrient removal)
27-50 % Secondary (aerated filter)




16 Chapter 1: Introduction

24 % Secondary (trickling filter/solid contact)

42 % Secondary (activated sludge)

100 % Secondary (activated sludge with extended aeration); [112]
tertiary (with UV)

100 % Secondary (activated sludge); tertiary (with UV)

65+4 % Secondary (aerated COD removal and activated [59]
sludge)

79-84 % Secondary (fixed bed reactor) [113]

68 % Secondary (trickling filter)

10-70 % Secondary (fluidized bed biological reactor)

2.4 % Primary (hydrolysis-acidification) [80]

3% Primary (grit chamber)

25 % Secondary (cyclic activated sludge system aeration)

10 % Secondary (cyclic activated sludge system sinking)

18 % Secondary (sequencing batch reactor aeration)

12 % Secondary (sequencing batch reactor sinking)

8 % Secondary (anaerobic biologic reactor)

8.7% Secondary (anoxic biologic reactor)

34 % Secondary (aerobic biologic reactor)

-1% Secondary (sedimentation tank)

6.9 % Tertiary (Chlorination)

5.2 % Tertiary (UV)

CIT | 2957 % Primary (mechanical sieves) [110], [111]
3.5 % Primary (chemically enhanced with alum and FeCls) [64]
27-32 % Secondary (biological nutrient removal)

25-37 % Secondary (aerated filter)

3.8 % Secondary (trickling filter/solid contact)

41 % Secondary (activated sludge)

18 % Secondary (activated sludge) [114]

35.5-100 % Secondary (activated sludge with extended aeration); [112]
tertiary (with UV)

34.6 % Secondary (activated sludge with conventional and
extended aeration); tertiary (with UV)

100 % Secondary (trickling filters)

100 % Secondary (activated sludge)

44.6 % Secondary (activated sludge); tertiary (with UV)

100 % Secondary (biofiltration); tertiary (with UV)

36+7 %, 33+£7 | Secondary (aerated COD removal and activated [59]

% sludge)

20 % Primary (hydrolysis-acidification) [80]

-114 % Primary (grit chamber)

53% Secondary (cyclic activated sludge system aeration)

-20 % Secondary (cyclic activated sludge system sinking)

31 % Secondary (sequencing batch reactor aeration)

11 % Secondary (sequencing batch reactor sinking)

27 % Secondary (anaerobic biologic reactor)

19 % Secondary (anoxic biologic reactor)
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49 % Secondary (aerobic biologic reactor)
4.8 % Secondary (sedimentation tank)
-39 % Tertiary (Chlorination)
1.3 % Tertiary (UV)
85-93 % Secondary (fixed bed reactor) [113]
45-61 % Secondary (trickling filter)
57-62 % Secondary (fluidized bed biological reactor)
100 % Secondary (ND); tertiary (GAC and UV radiation) [115]
100 % Secondary (ND); tertiary (moving bed biofilm reactor,
tertiary clarifiers, conventional filtration)
100 % Secondary (ND); tertiary (flocculation sediment,
ozonation, biologically activated filtration, GAC, UV)
11 % Primary; secondary (sequential batch reactor), tertiary
(UV)
15 % Secondary (aerobic/anaerobic batch reactor,
membrane bioreactor); tertiary (UV)
35 % Primary (ND); secondary (sequential batch reactor),
tertiary (chlorination)
11 % Primary (ND); secondary (activated sludge); tertiary
(chlorination)

SER | 11-55 % Primary (mechanical sieves) [110], [111]
26 % Primary (chemically enhanced with alum and FeCls) [64]
25-34 % Secondary (biological nutrient removal)

37-46 % Secondary (aerated filter)

33 % Secondary (trickling filter/solid contact)

48 % Secondary (activated sludge)

81 % Secondary (activated sludge) [114]

100 % Secondary (activated sludge with extended aeration); [112]
tertiary (with UV)

8242 % Secondary (aerated COD removal and activated [59]
sludge)

82-86 % Secondary (fixed bed reactor) [113]

16-67 % Secondary (trickling filter)

28-76 % Secondary (fluidized bed biological reactor)

12.5 % Primary (grit chamber) [80]

14 % Secondary (anaerobic biologic reactor)

10 % Secondary (anoxic biologic reactor)

27 % Secondary (aerobic biologic reactor)

6% Secondary (sedimentation tank)

11 % Tertiary (UV)

100 % Secondary (ND); tertiary (GAC and UV radiation) [115]

99 % Secondary (ND); tertiary (moving bed biofilm reactor,
tertiary clarifiers, conventional filtration)

100 % Secondary (ND); tertiary (flocculation sediment,
ozonation, biologically activated filtration, GAC, UV)

PXT | 1794 % Primary (mechanical sieves) [110], [111]
7.5 % Primary (chemically enhanced with alum and FeCls) [64]
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24-27 % Secondary (biological nutrient removal)

27-29 % Secondary (aerated filter)

26 % Secondary (trickling filter /solid contact)

35 % Secondary (activated sludge)

100 % Secondary (activated sludge with extended aeration); [112]
tertiary (with UV)

41.1 % Secondary (activated sludge); tertiary (with UV)

76+2 %, 76+3 | Secondary (aerated COD removal and activated [59]

% sludge)

% Primary (hydrolysis-acidification) [80]

13 % Primary (grit chamber)

38 % Secondary (cyclic activated sludge system aeration)

-11 % Secondary (cyclic activated sludge system sinking)

29 % Secondary (sequencing batch reactor aeration)

2% Secondary (sequencing batch reactor sinking)

-4.3 % Secondary (anaerobic biologic reactor)

8.8 % Secondary (anoxic biologic reactor)

21 % Secondary (aerobic biologic reactor)

0.4 % Secondary (sedimentation tank)

12 % Tertiary (Chlorination)

27 % Tertiary (UV)

In addition to WW effluent, sewage sludge is another byproduct of WW treatment that
introduces contaminants into the environment. In Europe, most of the sludge is incinerated.
Nevertheless, in certain countries, it is used as fertilizer for agriculture (Ireland - 89 %),
composting (Czechia — 42 %), or landfill (Malta — 100 %) [116], [117]. On the other hand,
USEPA reports land application (e.g., agricultural, home garden, landscaping, golf course)
as the main sludge disposal route (43 %), closely followed by landfilling (42 %) and
incineration (14 %) [118]. Although sludge used for landfilling and land application has to
fulfill strict requirements, there remains a possibility of contamination of ground waters
and crops. SSRIs are a problematic group of compounds because most of them adsorb to
sludge. Additionally, studies researching plant uptake from contaminated soils found that
SSRIs can accumulate in plant tissue, with SER being the main compound accumulated
[119]. The treatment of sludge is suggested as a possible solution. Vasskog et al. (2009),
Bergersen et al. (2015), and Bergersen et al. (2012) researched both aerobic and anaerobic
treatments, both of which proved to be successful in reducing the initial concentrations of
SSRI in sewage sludge. PXT was most easily removed, while SER was the most persistent
under both conditions. The presence of metabolites was also observed (NS, NCIT, NFLU)
[120]-[122].

1.2.4.2 Environmental transformation

Once pharmaceuticals are released into the environment, they undergo the same processes
as other organic contaminants. Their main difference is that they have passed through the
human digestive system and possibly WW treatment. Therefore, they often enter the
aquatic environment partly transformed or, when intact, remain resistant to further
hydrolytic and biological degradation [123]. Therefore, abiotic degradation is considered
the leading transformation process [124].
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Hydrolysis and photodegradation
Once they reach the environment, photodegradation has been considered one of the main
transformation mechanisms of SSRIs. Two main types occur in aquatic systems: direct
photolysis (DP) and indirect photolysis (IP). In DP, the transformation of the observed
compound occurs because it absorbs solar irradiation (100 nm-lmm); hence it is an
important degradation process for sunlight-absorbing compounds. The extent of the
photodegradation will depend on the extent to which the compound absorbs sunlight, the
irradiation intensity of sunlight and the quantum yield (®). The latter represents the
probability that the absorption of a photon induces photolysis [124]-[126]. IP results from
the reaction between the compound in question and photochemically produced reactive
intermediates (PPRIs) formed by light absorption by natural photosenzitizers. These
include chromophoric dissolved organic matter (CDOM), bicarbonate, carbonate, nitrate,
and nitrite. The most important PPRIs formed are hydroxyl (HO"), carbonate radicals
(COs"7), the excited triplet states of CDOM (*CDOM*) and singlet oxygen ('O.). In some
cases, other radical species, such as *NO,, Cl,*~ and Br,'~, can also be involved [124]-[127].
FLU is the most studied SSRI in the group, which is not surprising since it was the
first SSRI approved in 1986 [128]. The quantum yield of DP was determined by both Kwon
and Armbrust (2006) and Lam et al. (2005) under a Xenon lamp with a filter cutting off
wavelengths under 290 nm, while Wols et al. (2014) performed their experiments under a
monochromatic lamp at 254 nm commonly used in WW treatment (Table 5). The
determined quantum yields in the first two reports are in a similar range, although pH-
dependent. However, at 254 nm, the quantum yield is much higher. Although many
polyatomic organic molecules follow Kasha’s rule and have a similar ® at all wavelengths,
FLU seems to be an exception. Its photodegradation is fastest at alkaline pH [123], [129],
[130]. The compound also undergoes IP in the presence of different PPRIs. It is susceptible
to photodegradation in the presence of CDOM and HO", while it is not sensitive to CO3"~
[129], [130]. The determined second-order rate constants are stated in Table 5. The TPs
formed during both DP and IP can be found in Figure 12 and were formed by O-
demethylation, hydroxylation, demethylation and hydrolysis to carboxylic acid [123], [129],
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Figure 12: FLU TPs identified during DP and IP (adapted from [123], [129], [131]).

Similarly to FLU, Kwon and Armbrust (2005) consider CIT hydrolytically stable. On
the contrary, a small percentage of CIT hydrolyzed during the experiments performed by
Osawa et al. (2019) and Sharma et al. (2011). During photodegradation experiments, CIT
was also observed to degrade faster under alkaline conditions, actual SW and in humic
water, which is an artificial approximation of dissolved organic matter found in SW [132].
The latter indicates that PPRIs play an important role in CIT photodegradation. The &
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can be found in Table 5, while no data on the influence of particular PPRI has been
provided in the literature. Nevertheless, several TPs formed during photodegradation in
distilled, humic and SW have been identified (Figure 13). Reactions of oxidation, N-
oxidation, dehalogenation, hydroxylation, N-demethylation and N-hydrolysis were
observed [133]-[135]. H
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Figure 13: CIT TPs identified during hydrolysis and photolysis (adapted from [133]-[135]).

So far, no significant PXT hydrolysis has been observed. However, PXT undergoes
photodegradation at pH 5 to 9 [136], [137]. Again, the higher the pH, the faster the
photodegradation. Contrary to other SSRIs, the degradation rate of PXT was lower in
humic, lake, and river water than in distilled or ultrapure water. This lower rate might
result from the scavenging effect of the water matrix. The ® and secondary rate constants
for the reactions with HO*, CO;*~ and 'O, are stated in Table 5 [130], [136], [137]. Figure
14 shows the structure of two tentatively suggested TPs, with the tricyclic TP resistant to
further photodegradation [136], [138].
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Figure 14: PXT proposed photodegradation (adapted from [136]).

SER was found to be hydrolytically stable [68]. Its photostability was investigated by
Jakimska et al. (2014). Again they observed that a higher pH resulted in accelerated
photodegradation, as did irradiation in river water, WW influent and effluent compared to
ultrapure water, indicating that SER undergoes reactions with the formed PPRIs [139],
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[140]. Seven TPs were identified in irradiated river water samples (Figure 15). The
transformations included hydroxylation, dehalogenation, dehydrogenation and oxidation
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Figure 15: Proposed photodegradation pathway of SER (adapted from [140]).

In the case of FVX, Kwon and Armbrust (2005b) did not observe any notable
hydrolysis. They did, however, observe photoisomerisation of the (E)-isomer to the (Z)-
isomer under simulated sunlight (Figure 16). It occurred at all tested pH (5, 7 and 9) in
two stages, where a slower second stage followed a faster first stage. The ® for both stages
at each pH can be found in Table 5. The isomerization was six- to seven times faster in
humic and lake water than at pH 9. No other TPs were observed during the irradiation of

FVX [141].
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Figure 16: Photo-isomerization of FVX (adapted from [141])
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Table 5: Secondary rate constants and quantum yields of SSRI reported in the literature.

k(SSRI + PPRI), L mol" s

SSRI | &
HO* CO3* 10,
a (4.2:|:1.5))(105 a (8.4:!:0.5)}(109
FLU b (2.3/3.1/8.5))(10'5 a (9.6i0.8)x109 - /
¢ 0.41+0.042 ¢ (9:|:1.8)X109
CIT d 2.6x10* / / /

e (2.71/3.26/3.77)x10" | ¢ (9.6£3.6)x10°

PXT ¢ 0.2140.14 f (8.6540.12)x10° ¢ (4.2+0.9)x108 f (1.1840.13)x108
SER |/ / / /
g 1st stage:
FVX (5.51/5.16/8.55)x1073 / / /
g 2nd stage:
(1.91/2.19/1.87)x1073
* Lam et al., 2005
> Kwon and Armbrust, 2006 (at pH 5/7/9)
¢ Wols et al., 2014 (monochromatic lamp at 254 nm)
4 Kwon and Armbrust, 2005a (at pH 9)
¢ Kwon and Armbrust, 2004 (at pH 5/7/9)
f'Santoke and Cooper, 2017
¢ Kwon and Armbrust, 2005b (at pH 5/7/9)
Biodegradation

In the environment, pharmaceuticals can be further degraded by microbes. Although the
biodegradability of contaminants has been thoroughly studied during WW treatment, few
studies report biodegradation in SW specifically. The concentration of microorganisms
capable of biodegradation is much lower than biological treatments in WWTPs.
Additionally, most pharmaceuticals are not expected to undergo extensive biodegradation
after entering the environment, especially after demonstrating recalcitrance to human
metabolism and WW treatment [123]. In the class of SSRI, FLU is the only compound
where aerobic biodegradation was explicitly studied in SW, estuarine water and seawater.
Both Baena-Nogueras et al. (2017) and Benotti and Brownawell (2009) reported FLU as
relatively labile, reporting half-lives of a few days and up to two weeks, depending on the
conditions [142], [143].

Adsorption and stability in sediment

The sediment is an important reservoir for most SSRIs since their concentrations remain
stable. Only PXT was shown to be sensitive to light even when adsorbed to sediment [67],
[68], [123].

Bioaccumulation

SSRIs were one of the first human pharmaceutical classes found to bioaccumulate in fish
tissue [55], [69], [70], [144]. Parent compounds and metabolites accumulate predominately
in fish brains and liver but have been shown to accumulate also in other organisms such
as crabs [58], [69], [144]. The reported bioaccumulation factors (BAFs) of SSRIs differ
between species and are influenced by the pH of the water. The higher the pH, the less
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ionized the SSRI, and the higher the BAF. From the SSRIs and their monitored
metabolites, NS has the highest reported BAFs for brain, gonad, liver and muscle fish
tissue in different species [58], [69], [70], [145], [146]. However, Bostrom et al. (2017) did
not observe any biomagnification through the food chain for SER or FLU [147].

1.2.5 Ecotoxicity

SSRIs modulate the function of the neurotransmitter serotonin in the human body, which
explains why aquatic organisms with a physiological system that also includes the
serotonergic pathway can be affected by their presence [9], [148], [149]. Although the
specific physiological role of serotonin in many species is unknown, it controls several
biological functions, such as reproduction, metabolism and behavior. Thus, influencing this
pathway is expected to manifest in many various effects.

As mentioned in Chapter 1.2.3, SSRIs have been detected in aquatic organisms. Acute
and chronic toxicity has been studied on cell lines: PLHC-1 (Poeciliopsis lucidahepatoma
cell), RTG-2 (rainbow trout gonadal cell line) [150] and several organisms ranging from
bacteria (Vibrio fischeri), algae (Pseudokirchneriella subcapitata, Scendesmus acutus,
Scendesmus  quadricauda, Chlorella  wvulgaris, Dunaliella tertiolecta, Scendesmus
vacuolatus), protista/protozoa (Spirostomum ambiguum), crustacean (Daphnia magna,
Ceriodaphnia dubia, Gammarus pulex, Thamnocephalus platyurus, Hyalella azteca),
gastropods (Chlorostoma funebralis, Lithopoma americanum, Tegula fasciatus, Nucella
ostrina, Potamopyrgus antipodarum), mussels (Lampsilis siliquoidea, Ligumia recta),
amphibians (Xenopus laevis) to fish (Pimephales promelas, Gambusia affinis, Oryzias
latipes, Oncorhynchus mykiss, Carassius auratus). SER and FLU are the most researched
SSRI in this field, followed by CIT, PXT and FVX. These studies identified SER or FLU
as the most ecotoxic compounds from the SSRI class. The endpoints observed in the studies
were lethality, survival, growth inhibition, immobilization, adhesion to substrate,
deformity, reproduction, number of offspring, foot movement, heartbeat, mobility,
predator-prey behavior, feeding behavior, immunity, gene expression and endocrine
responses. The determined median effective concentration (EC50) and median lethal
concentration (LC50) determined for the estimation of acute toxicity of SSRIs were all in
the range of a few 100 ug L' or even mg L. Conversely, studies researching chronic toxicity
reported no-observable-effect concentrations (NOEC) and lowest observable-effect
concentrations (LOEC) at levels lower than 1 pg L*'. Along with the findings from
Christensen et al. (2007) and Minguez et al. (2018) that the toxicity of the SSRI is additive,
this suggests that chronic toxic effects may already be observed at current environmental
concentrations [56], [69], [145], [148], [151]-][165].

1.3 Analysis of SSRI in the Environment

As seen in the analysis of pharmaceuticals and other similar polar organic compounds, the
analysis of SSRIs and their TPs in environmental samples considers sampling, storage,
sample preparation and instrumental analysis.

1.3.1 Sampling

The most common types of sampling used for SSRI analysis were grab samples and
composite samples. The simplest type, the grab sample, gives us information on the state
of the environment at a specific time. However, this type of sampling does not account for
environmental fluctuations and is hence not very representable. The alternative is to
sample several grab samples over time and test them separately or take composite samples,
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where the samples are combined before analysis. They can be either time or flow-
proportional. Unfortunately, when taking composite samples, data on concentration
variability is lost [166].

Although not widely used in SSRI analysis, passive sampling is also viable. It is based
on the free flow of the analyte from the sample matrix to the receiving phase. The
advantages of this type of sampling include a more representative result and in situ
application with less sample preparation, such as filtration or centrifugation. However, it
includes more initial optimization of the process [166], [167]. Biota can also be seen as a
passive sampler in water matrices. However, by using a living organism, we must consider
its metabolism, excretion, target tissue and movement patterns [166].

1.3.2 Storage

Storage generally depends on the analyte's stability (if known) and the analysis timeframe.
For SSRI analysis, stabilization techniques are applied if the samples are not prepared
immediately. Samples are either frozen at -80°C or -20°C or refrigerated and prepared in
the next 12 to 72 hours [65], [168]-[176]. As an alternative, Lopez-Serna et al. (2011) also
suggested freezing samples loaded onto solid phase extraction (SPE) cartridges [177].
Stability testing was only performed on filtered (0.7 pm pores) spiked WW containing
SSRI and their metabolites (PXT, CIT, FLU, NFLU, SER, NS) by Lajeunesse et al. (2008).
The experiment confirmed their stability at 4°C in the dark for seven days, with losses <
82 %.

1.3.3 Sample preparation

While in some recent studies, the preparation of aqueous samples only involves mixing and
filtering the sample to decrease the time of analysis and sample manipulations, analysis of
SSRIs still mostly includes an extraction step. Their environmental concentration is
generally in the ng L' or ng ¢! range, which is difficult to detect without preconcentrating.
In addition, extraction also reduces the effects of matrix [178]-[180]. Before extraction,
some pre-preparation steps might be included. For example, additives are sometimes added
(e.g., EDTA), or pH is adjusted for better extraction recovery. Aqueous samples are
commonly filtered to avoid clogging the cartridges, and solid samples are homogenized [63],
[170], [171], [173], [174], [181]-[183].

The sample preparation of choice for aqueous samples is SPE, either in online or offline
mode [180], [181], [184]. Commercially available cartridges of different chemistries are most
commonly utilized. Cation-exchange sorbents are used when only SSRIs are determined
since the molecules have an amino group that can be ionized. Mixed mode or reverse phase
polymeric sorbents are used when other differently charged compounds are also targeted.
Cases of mixing a range of different sorbents have also been reported [63], [67], [170], [171],
[173], [180], [181], [183]-[188]. Other alternative extraction techniques that were applied
include solid-phase microextraction [189], traditional liquid-liquid extraction [175], hollow-
fiber liquid-phase microextraction [176] and gel electromembrane extraction combined with
switchable hydrophilicity solvent-based homogeneous liquid-liquid microextraction [190].
These former techniques are based on non-specific binding. In cases where less matrix effect
and better sensitivity are needed, specially tailored materials were also applied as SPE
sorbents (e.g., MIPs) [180], [191].

Liquid-solid extraction (LSE) and pressurized liquid extraction (PLE) were used to
extract SSRIs from solid matrices. PLE, in general, results in higher recoveries and faster
extraction rates and requires less extraction solvent [172], [180], [181], [184], [192]-[195].
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1.3.4 Instrumental analysis

1.3.4.1  Analysis of SSRI in environmental samples

When analyzing SSRIs, reference standards of the compounds are readily available;
therefore, the analysis performed is targeted. The current instruments of choice for targeted
analysis of environmental contaminants are high-performance liquid chromatography
(HPLC) or ultra-high-performance liquid chromatography (UHPLC) for compound
separation coupled with a triple quadrupole (QQQ) or quadrupole-linear ion trap (Qtrap)
for detection [55], [172], [173], [180], [181], [183], [187], [196]-[198].

In the case of SSRIs, liquid chromatography (LC) is favored over gas chromatography
(GC) since GC-based methods require an additional derivatization step in order to make
the compounds sufficiently volatile to ensure a good chromatographic response and relevant
LOQ and limits of detection (LOD). Common silylating agents are inappropriate for SSRIs
since they generally lack the appropriate functional group. Alternatively,
pentafluoropropionic anhydride, heptafluorobutyric acid, acetic anhydride and (S)-(-)-
trifluoroacetylprolyl chloride are viable options [184], [199]. LC separation of SSRI is
usually performed on reverse phase C18 columns. Notable in later studies is the use of
modified particles, particularly ethylene crosslinking, which provides greater stability at
extreme pH of the mobile phase [169], [171], [173], [175], [185], [187], [195], [200]-[206].
Although the use of phenyl C18 columns has reportedly provided better chromatographic
separation of the SSRI due to the additional influence of m-m interactions between the
phenyl moiety on the column surface and the benzene rings present in their structure, they
have seldom been applied in existing studies [170], [207].

For SSRI detection, the trend has shifted from using detectors, such fluorescence,
UV/Vis and photodiode array (PDA) detectors, to single quadrupole mass analyzers,
tandem mass spectrometers (MS/MS) and more recently to high-resolution MS (HRMS)
[180], [193], [194]. MS detectors offer better sensitivity and selectivity, which are crucial in
environmental samples that contain trace amounts of targeted analytes in complex matrices
[180], [193]. MS/MS detection possible with QQQ and Qtrap is favored over MS detection
because it enables an additional fragmentation step and, with it, even higher selectivity
and usually higher sensitivity [198], [208]. Current guidelines also state that when a
reference standard is available, the identity of a compound in a sample is confirmed based
on matching retention times and at least two transitions per target, which cannot be
achieved with MS-only detection [198], [209]. The acquisition mode generally used on QQQ
and Qtrap instruments is the selected reaction monitoring (SRM) or multiple reaction
monitoring (MRM), where precursor-product ion transitions are being monitored [198],
[208]. In most cases, electrospray ionization (ESI) in positive mode is employed. The
[M+H]* ion formed is most likely the result of protonation of the amino group that all of
the SSRIs have in common [180], [184], [207]. This type of ionization is very susceptible to
matrix effects, which can be modified by appropriate sample preparation or using
atmospheric-pressure chemical ionization (APCI) that is less prone to ion-signal
suppression [172], [175], [180], [184], [192], [210].

Although using instruments that enable MS/MS detection with a unit resolving power
is still prevalent in target analysis, the use of HRMS instruments, such as quadrupole time-
of-flight (Qtof) and Orbitrap, brings a specific set of advantages. The newer instruments
have high enough sensitivity in full-scan acquisition mode to detect trace amounts of
contaminants without the initial preselection of transition ions. They also enable additional
advanced acquisition mode combinations (e.g., data-dependent acquisition (DDA) and
data-independent acquisition (DIA)) and offer the option of using accurate mass for
additional identity confirmation [198], [211]. Examples of HRMS instruments used for
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targeted SSRI determination include the studies by Gago-Ferrero et al. (2020) and Baduel
et al. (2015), where emerging contaminants were analyzed in WW and fish tissue, including
FLU, SER, CIT and NCIT. The authors based their findings on MS and MS/MS spectra
obtained during DIA and DDA on LC-Qtof instruments [212], [213]. However, HRMS
instruments are more commonly applied to the identification of compounds with no
available reference standards [51], [198], [214].

1.3.4.2 Identification of TPs

SSRIs and their previously identified metabolites often have available reference standards
and are predominately determined by targeted analysis, and there are only a few cases
reported in the literature where their presence was detected during suspect or non-target
analysis [202], [215]. These types of analysis are more commonly applied to TPs structure
elucidation. In suspect screening, we have some initial information about the compounds
we wish to determine, most commonly molecular formula and structure. Hence, prior to
analyzing samples from existing literature, compound databases and knowledge-based
pathway prediction software tools can be used to form a suspect list. In non-target or
unknown screening, we have no prior information about the compounds to be detected
[198]. In both types of screening, the high resolving power and mass accuracy of the HRMS
is needed for the reliable identification of a compound [51], [198], [214].

Table 6 includes data on identifying SSRI TPs discussed in Chapter 1.2.4, formed
during photo- or biodegradation studies. All TPs were identified in laboratory-scale
experiments. For LC separation, either reverse phase or hydrophilic interaction
chromatography (HILIC) columns were used, and in newer references, they were
hyphenated with HRMS, which provides more reliable identifications. HRMS detection was
performed in DDA when Orbitrap systems were used and in broadband collision-induced
dissociation (bbCID) mode in Qtof instruments [82], [85], [134]. In both acquisition types,
full-scan MS and MS/MS data are obtained within the same acquisition. Due to the data's
complexity, commercial software was used in addition to manual processing by Gulde et
al. (2016) and Beretsou et al. (2016). The software applied for the structure elucidation of
SSRI TPs were Compound Discoverer, Sieve and Metabolite Detect.

The processing steps for HRMS data included exact mass filtering (differences in
monoisotopic mass < 5 ppm), peak detection (based on blank-subtraction, noise filtering,
signal intensity, peak shape), isotopic pattern matching, MS/MS fragmentation matching
and structure-retention relationships prediction modelling. Additionally, the formation
profile of the potential TPs was observed. Information on the increase and decrease of a
TP during the experiment helps to determine if we are dealing with a TP and what the
possible degradation mechanism could be. Where standards were available, the TPs were
confirmed by reference standard matching. The remaining unknown and suspect peaks
were tentatively identified based on the obtained data using a confidence level system
(Figure 17) proposed by Schymanski et al. (2014) [82], [85], [209].
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Figure 17: Confidence levels for HRMS compound identification as proposed by Schymanski
et al. (adapted from Schymanski et al., 2014).

Jakimska et al. (2014) also used HRMS for TP identification; however, their report
does not explain the details of their identification process [140]. Studies performed earlier
when HRMS instruments were not widely available are typically based on identifying TPs
using MS/MS or even just MS data. When reference standards of the TP were used for
identification, the suggested structure still has a high confidence level, while in some cases,
additional confirmation is needed. Alternative methods for additional confirmation were
also applied in certain studies. For example, Sharma et al. (2011) confirmed the identities
of the TPs with orthogonal techniques such as NMR and FTIR, while Lam et al. (2005)
verified the structures of their defluorinated TPs and the one hydroxylated TP by
irradiating standards of two other trifluoromethylated compounds, by performing the
experiment in H,'*O [129], [135].

The next step after confirming the identity of a detected contaminant is its
quantification. Determination of environmental exposure is crucial for toxicity risk
assessment and monitoring prioritization [202], [216]. In order to determine the
concentration of a contaminant, an available reference standard is necessary because the
matrix effect and ionization efficiency vary between each compound. Hence, the measured
height or area of the signals of different compounds are not comparable. Quantifying
compounds in target analysis is, therefore, not a problem, while quantifying previously
unknown TPs can only be achieved if standards are obtained. Instead, a semi-quantitative
approach is often applied, where a structurally similar standard is used based on the
assumption that the response of the target compound and the chosen standard is similar,
as seen in the study of CIT TP formation by Beretsou et al. (2016). Typically the standard
of the parent compound is used since it is, in general, readily available [51], [85], [198],
[202], [216]. Other approaches include using a standard with a similar retention time or
computational predictions based on ionization efficiencies and structural information [51],
[216].
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Table 6: Details on the identification procedure of SSRI TPs during biodegradation and photodegradation. ND - not defined, Photo -

photodegradation, Bio — biodegradation.

SSRI Data analysis Identified
/ ) Suspect list Detection At anaiyss Cnie Identification based on Reference
degradation software TPs
C d
Df)mpoun 10 Ref. standard, exact mass,
iscoverer 1.0;
FLU/Bio EAWAG-PPS HPLC-Orbitrap, DDA Sieve 2.9 7 7 fragmentation pattern, isotopic | [82]
ieve 2.2;
. pattern
MassFrontier 7.0
Ref. standard t
CIT/Bi EAWAG-PPS UHPLC-Qtof, full scan, | Metabolite Tools " ; o s artl j,r ’ ertc ma.ss,t ) 5]
io ragmentation pattern, isotopic
MetabolitePredict | MS/MS 2.0 & Pattetth, 1otop
pattern
FLU/Photo / LC-QQQ-ESI, MS ND 1 Ref. standard [123]
P t f tati
FLU/Photo | / LC-QQQ-ESI, MS/MS | ND 4 arent mhass, fragmentation 129]
pattern, retention time
FLU/Photo | / LC-QQQ-ESI, MS/MS | ND 1 Ref. standard [131]
P t i F tati
CIT/Photo | / LC-QQQ-ESI, MS ND P ATCIT mass; Fragientation [133]
pattern
EAWAG-PPS Exact mass, f tati
CIT/Photo , , UHPLC-Qtof, MS/MS | DataAnalysis 4.1 | 17 Xact thass, fagtieitation [134]
MetabolitePredict pattern, isotopic pattern
LC-microTOF, Parent mass, fragmentation
CIT/Phot ND 3 135
[Photo MS/MS; NMR; FTIR pattern [135]
P t frag tati
PXT/Photo | / LC-QQQ-ESI, MS ND P Arent thass, fagtentation [136]
pattern
Exact mass, fragmentation
SER/Photo / UHPLC-Qtof, MS/MS | Mass Hunter 10 [140]

pattern (data not provided)
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1.3.5 QA/QC

In order to guarantee the quality of produced data, a quality control (QC) and quality
assurance (QA) system must be in place. Validation of the developed analytical method is
one of the first levels of QA in a laboratory. In the International Vocabulary of Metrology
(VIM), validation is defined as a “provision of objective evidence that a given item fulfils
specified requirements, where the specified requirements are adequate for an intended use”,
i.e., proving that our analytical procedure, applicable to a specified type of test material
and chosen concentration range is fit for its intended purpose [217]-[219].

The extent of validation depends on the type of method. Different guidelines exist
depending on the purpose of the method. However, the main characteristics that need to
be addressed stay the same (Table 7). Validation of a method can be done in-house, for
only one laboratory or expanded into a collaborative or interlaboratory study, comparing
the validation parameters between different laboratories [219].

Table 7: Validation performance characteristics [217]-[221]. Definitions are cited from VIM.
CRM - certified reference material.

Parameter Definition Expression
The closeness of agreement between ) .
) Expressed with precision and
Accuracy a measured quantity value and a
. trueness parameters
true quantity value of a measurand
The closeness of agreement between
indications or measured quantity
values obtained by replicate
measurements on the same or similar
objects under specified conditions; is
defined on three levels:
1) Repeatability or inter-assa;
1) p. - y. — - - standard deviation (SD)
precision: variability over a ] o
- ) - relative standard deviation
= short time interval under o
Precision o (RSD) or % coefficient of
the same conditions 7
. o variation (% CV)
(2) Intermediate precision or ) )
. . - confidence interval
within-lab variation due to
random effects: variability
over a longer period, under
different conditions
(3) Reproducibility or inter-
laboratory variation: tested
by collaborative studies.
If CRMs are used: bias - an
The closeness of agreement between estimate of a systematic
the average of an infinite number of measurement error
Trueness . . .
replicates measured quantity values If CRMs are not available: %
and a reference quantity value recovery of a known, spiked
amount of analyte
R The proportion of analyte present in % Recovery of a known, spiked
ecover
Y or added to the analytical portion of amount of analyte
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the test material, which is extracted
and presented for measurement
Must be demonstrated:
The ability to assess the analyte - for identification tests as %
unequivocally in the presence of correct classification of negative
Specificity components which may be expected and positive results
to be present, typically impurities, - for quantitative tests as %
degradants, and matrix recovery of samples, spiked with
possible interferences
The lowest amount of analyte in a 3-times the SD of the baseline in
LOD sample which can be detected but the blank samples divided by the
not necessarily quantitated as an slope of the calibration curve or
exact value signal-to-noise ratio 3/1
The lowest amount of analyte in a 10-times the SD of the blank
LOQ sample which can be quantitatively baseline divided by the slope of
determined with suitable precision the calibration curve or signal-to-
and accuracy noise ratio 10/1
The ability (within a given range) to Must be demonstrated, R? of the
Linearity obtain test results which are directly calibration curve,
proportional to the concentration homoscedasticity test (weighting
(amount) of analyte in the sample when necessary)
A measure of its capacity to remain
unaffected by small but deliberate The measure of variability and
Robustness variations in method parameters and reproducibility obtained under
indicates its reliability during normal different conditions
usage
It comprises many components
) that can be evaluated based on
Non-negative parameter .
. . . their SD, from assumed
characterizing the dispersion of the ] o
Measurement . . . probability distributions, based
. quantity values being attributed to a .
uncertainty on experience or other

measurand, based on the information

used

information. Covariance between
components needs to be
established.

1.4 Molecularly Imprinted Polymers

Molecular recognition, the ability to differentiate between molecules, which is best
represented by antibodies, enzymes and receptors, is the principle exploited in MIPs. MIPs
are tailor-made polymers where a chosen template is imprinted during the polymerization
process. After the template is removed from the polymer, we are left with selective
recognition sites that roughly follow the “lock and key principle” (Figure 18) [222], [223].
The obtained MIPs are generally thermally and chemically much more stable compared to
their biological counterparts. The extensive development in the preparation of MIPs, from
specially designed ingredients and complex polymerization procedures to surface post-
modifications, also enables us to tailor the MIPs according to the chosen application's
specifications [224], [225].
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polymerization A template removal rebinding
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&

Figure 18: The schematic representation of imprinting (adapted from [225]).

1.4.1 Imprinting approaches

Depending on the type of interactions applied to bind the template, there are two main
types of molecular imprinting: (1) non-covalent and (2) covalent. A third approach
combines both types of interactions, known as the semi-covalent approach [223].

1.4.1.1 The non-covalent approach

In the non-covalent binding (established by van der Waals forces, hydrophobic, ionic, and
hydrogen interactions), the binding sites are formed by self-assembly between the template
and monomers, followed by cross-linked co-polymerization. After the removal of the
template, the formed interactions between the target and monomer are again non-covalent.
This strategy is utilized more often since the synthetic procedures and template removal is
less complex. However, the interactions are weaker than covalent bonds; hence, we need
several interactions at multiple docking points. Larger complex molecules are also harder
to imprint because they are less rigid, and their secondary or tertiary structures might be
affected during polymerization.

Additionally, their size might prevent their penetration into the polymer matrix in
order to rebind. MIPs produced by this approach are more prone to non-specific
interactions due to the excess monomer needed for the efficient formation of the pre-
polymerization complex. Template leaching or bleeding is also a commonly reported
problem [222], [223], [225], [226].

1.4.1.2 The covalent approach

The reversible covalent bond between the template and monomer is usually formed before
the polymerization step and should withstand polymerization. Ideally, we should be able
to cleave the template in mild conditions, and rebinding should be a fast process. A great
deal of optimization is needed to achieve this. Nevertheless, in covalent bonding, the
reported imprinting yields are better defined and the binding sites formed are more
homogenous than non-covalent binding sites [223], [225].

1.4.1.3 The semi-covalent approach

The semi-covalent approach combines the previously mentioned advantage of having a
reversible covalent linkage between the template and monomer during polymerization with
the non-covalent binding of the target in the rebinding step. This combination should solve
the problems of non-specific interactions, template leaching, non-homogenous binding sites
and slow rebinding [223].

1.4.2 The building blocks

In order to succeed with MIP synthesis, the appropriate building blocks must be chosen.
This choice can be made by studying the existing literature, by studying the non-polymeric
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mode systems with analytical and spectroscopic methods or by applying in silico methods,
e.g., electronic structure methods and molecular dynamics simulations [222], [223]. The
structure of the chosen template dictates what functional elements should be present in
the ingredients, for example, a hydrogen donor/hydrogen acceptor complementary pair.
The template must also be chemically inert and stable during polymerization [223], [227].
The functional monomers are the building blocks interacting and binding the template
during the polymerization or later recognition. In contrast, the structural monomers form
the polymeric network that shapes the recognition sites, supports the functional monomers
and defines the mechanical stability of the polymer. For this reason, the latter are also
referred to as cross-linkers [223], [227]. The solvent brings all the ingredients into one phase
and is responsible for forming the porous structure; hence the name porogen is often
applied. It also influences the stability of the pre-polymerization complex between the
functional monomers and the template [227]-[229]. The most common procedure for the
synthesis of MIPs is free radical polymerization. In order to start the reaction, we need to
add radical initiators. The polymerization can be triggered and controlled by either heat,
light, chemical or electrochemical means.

1.4.3 Types of polymerizations

The application of a MIP dictates the type of polymerization applied. The simplest MIPs
are bulk and in-solvent polymers synthesized in confined spaces. There is a downside to
the simplicity of its synthesis. After the polymerization, the polymer must be washed,
dried, ground, sieved and sometimes even sedimented. These processes are time-consuming
and yield irregularly shaped and sized particles. The binding sites are often hard to access,
meaning the time to reach an equilibrium state can be long [222], [223], [227]. In order to
get spherical particles and skip all the grinding and sieving, the MIPs are made by
precipitation or emulsion polymerization. In both cases, the polymer is formed inside
droplets of monomer. In the former, an emulsion between water and hydrophobic monomer
is formed first; therefore, a surface-active agent is needed to stabilize the droplets and form
micelles. In the latter, the droplets are formed during mechanical dispersion [222], [230].
The problem of slow mass transfer can be addressed with surface imprinting, such as
grafting layers of MIP onto beads by retaining the radical polymerization at the surface
[227], [230], [231]. The polymers can also be synthesized in situ to avoid additional handling
of MIPs after polymerization, for example, in a column ready to be used right after the
template removal [227], [232].

1.4.4 Characterization techniques

1.4.4.1 Evaluation of the binding characteristics

A few established methods are applied to evaluate the recognition characteristics of the
synthesized MIP. The two most prevalent methods are batch rebinding and
chromatography studies, while radioligand studies, calorimetry and solid phase extraction
studies have also been applied [222], [223]. In batch rebinding studies, a known amount of
material is incubated in solutions with known concentrations of the target. The target
concentration left free in the solution (F) is often determined by spectroscopic techniques
or HPLC. The amount of target bound to the polymer (B) is calculated from the data
[222], [233]. When using chromatography for evaluation, the material must be packed into
chromatography columns, considering particle shape and size. The parameter used to
evaluate the material is the injected target's retention factor (k), calculated from the
retention time (tr). If the target exhibits a longer tg, this stands as evidence of selectivity
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[222], [223], [234]. Other studies apply the principles of frontal chromatography by
continuously running a specific target concentration through the column and determining
the breakthrough time or volume when the target appears in the eluent [222].

The MIPs' selectivity, affinity and capacity can be determined from the experimental
data obtained. The first step is the construction of binding isotherms. They present the
concentration-dependent recognition behavior typically plotted as B vs F (Figure 19).
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Figure 19: An example of a binding isotherm of the imprinted (MIP) and non-imprinted
polymer (NIP).

The binding affinity can be evaluated by calculating the association constant (K,) in L

mol! or dissociation constant K; (mol L!). If all the binding sites are identical the K,

can be expressed as K, = —Thound _ ; where NMgmpty is the mols of empty binding sites
Tlempty xF

and Npeyng the mols of the bound target. Since ngppey is hard to determine, the affinity
is more often expressed as Npgyung Or % of the bound target or as distribution ratio D =
g in L g![222], [223], [229]. Binding capacity is similarly calculated in different ways;

however, it is mainly reported as the equilibrium np,,,q at a certain concentration
[222], [235]. Selectivity can be reported as the imprinting factor (IF), comparing the
MIP to its non-imprinted polymer (NIP) or a polymer imprinted with a different
template. Alternatively, it can be evaluated by binding a competitor and expressed as
the selectivity factor (a) [222], [223], [229]. The IF is the ratio between MIP and NIP's
distribution ratios (D), while a is the ratio between the target D and competitor D.
When we have sufficient data points, a binding model can be fitted. The fitting can be
done either empirically or based on the number of binding sites and their affinities. The
models are classified either as homogenous or heterogeneous. The former assumes that
there is only one type of binding site, while the latter assumes the polymer has two or
more types of binding sites [223]. The Langmuir isotherm (Eq. 1) is a homogenous
model most often applied to homogenous systems such as enzymes and monoclonal
antibodies (Table 8). In order to linearize the Langmuir equation, the Scatchard plots
have been used, where g is plotted against B and the Langmuir equation is rearranged
into: % = Kld — 1(%’ where N is the number of binding sites [222], [223], [233].
Unfortunately, most MIPs do not fit into a homogenous model since they have different
types of binding sites. Hence bi- or tri-Langmuir equations (Eq. 2-3) are applied to the
data, taking into account two or three types of binding sites. However, the MIP could
have a continuous range of binding sites. In that case the Freundlich isotherm (Eq. 4)
is fitted to the data, where A [cm™ mg!] and m (dimensionless) are empirical constants.
Although it fits the data of several synthesized MIPs, its main disadvantage is that it
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does not allow for saturation. A combination of both equations, a Langmuir-Freundlich
equation (Eq. 5) has also been fitted to several MIP binding data [222], [223].

Table 8: Binding models of adsorption isotherms [222].

Model Equation

Fxn
Langmuir B = Ka+F (Eq. 1)

F F
Bi-Langmuir B= "4 “T2 (Fq.2)

Kg4,1+F Kgp,+F

. . _ Fxnq Fxny F xng
Tri-Langmuir B = KeatF | KggtF | KgatF (Eq. 3)
Freundlich B=AxF™ (Eq. 4)

. . _ NxAxF™
Langmuir-Freundlich B= (Eq.5)

The same experiments can also be applied to determine other parameters, e.g., binding
kinetics and the influences of temperature, pH, salt ions or other parameters on binding
[222], [236], [237].

1.4.4.2 Evaluation of chemical characteristics

MIPs can be characterized by methods that can be applied to solid samples. For example,
the percentage by mass of carbon, hydrogen and nitrogen can be obtained using elemental
analysis. Similarly, Fourier-transform infrared spectroscopy (FTIR) and solid-state “C
nuclear magnetic resonance (NMR) can be used to garner information on the composition
of the polymer (distinctive functional groups) from characteristic diagnostic signals. The
degree of polymerization can also be estimated with both techniques from peaks
corresponding to unreacted double bonds [228], [233], [238].

1.4.4.3 Evaluation of physical characteristics

Surface area and porosity can be measured using nitrogen sorption or mercury intrusion
porosimetry. The former is used more often since it is better at probing smaller pores. The
information obtainable with these measurements are surface area (m” g'), specific pore
volume (mL g?), average pore diameter and pore size distribution [228]. Solvent uptake or
swelling experiments are often performed to gain an estimation of the specific pore volume
[228], [233], [234]. Lastly, scanning electron microscopy can be used to understand the
macroporous morphology of MIPs better [228], [233].

1.4.5 Applications in environmental sciences

The advantages of MIPs have been exploited in many fields, from chemistry, biotechnology,
pharmacy and environmental sciences. In the latter, the main researched applications are
chromatographic stationary phases, sample preparation, sensor technology and water
purification [239]-[243]. The main problems encountered in the environmental application
of MIPs are water compatibility and bleeding of the template.
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MIPs can be packed into HPLC columns as the stationary phase and used for analytical
or preparative separations [223]. They are commonly used for separating chiral compounds
[241]. There have been a few drawbacks reported, such as poor column efficiencies, severe
tailing and peak broadening because of the slow mass transfer; nevertheless, these
deficiencies are being overcome by the continuous advancements in MIP production [223],
[241], [244], [245].

MIPs can also be used as the recognition element of a sensor, which is responsible for
recognizing and binding the target. It is connected to the interrogative transducer that
translates the chemical signal into a quantifiable signal. They can be optical,
electrochemical or mass sensitive [223], [246]. The research in this area is already quite
extensive, especially for cases where MIP-based sensors can be used as an alternative to
biosensors, which rely on antibodies, enzymes or receptors as recognition elements, with
obvious drawbacks [223], [239], [247].

The most researched area for MIP application is the use in sample preparation, more
specifically in SPE. The main principle and procedure of MIP-packed cartridges are the
same as with other SPE sorbents. They are already commercially available for specific
analytes or groups of analytes [41], [248], [249]. The main advantages of using MIPs should
be the reduced matrix effect and the possibility of reusing the material. One major
drawback, especially in the field of environmental analytical chemistry, where analytes are
found in trace concentrations, is the bleeding of the template leftover from the imprinting,
although this can sometimes be avoided by imprinting a dummy template [223], [242],
[250].

MIPs have also been included in the search for more effective WW treatment
techniques. For example, they have been used as adsorbents that bind problematic
molecules, such as endocrine-disrupting chemicals, pharmaceuticals, metal ions and
pesticides [222], [238], [243], [251]. There has not yet been a large-scale application of MIPs
for water clean-up, although Le Noir et al. (2009) coated Kaldness carriers in an imprinted
cryogel for removing 17b-estradiol, 2-nonylphenol and atrazine. These carriers usually are
used for cultivating microorganisms as a part of biological treatment [222], [252].

1.4.6 MIPs for SSRI recognition

MIP technology has also been studied for SSRI recognition. Table 9 lists the templates
used, the intended targets, the tested matrix and their application. Most studies used FLU
as the template and target since it was the most frequently prescribed SSRI in the past. In
the case of ESC, most MIPs were synthesized to separate ESC from (R)-citalopram,
successfully imprinting only one optical isomer. A few studies also imprinted SER; however,
PXT has not yet been used as a template. The produced MIPs were used as sensors for
SPE or other types of extractions (e.g., stir bar) and chromatographic separation. Except
for Demeestere et al. (2010), the MIPs were applied to biological samples or pharmaceutical
formulations [41]. They have not yet been used for trace-level analysis in environmental
matrices or water purification. The only MIPs used for SPE of river water and WW are
part of the SupelMIP trademark of Sigma Aldrich, and therefore data on the synthetic
procedure, format and template are not available. Demeestere et al. (2010) reported
superior SPE recoveries for SSRI extractions compared to other tested antidepressants.
Nevertheless, compared to commercially available Oasis HLB cartridges, the LODs,
extraction recoveries and matrix ion suppression were similar when the washing step of the
extraction was optimized. Unfortunately, the cartridges can no longer be purchased [249].
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Table 9: List of SSRI imprinted polymers. VEN — venlafaxine, DUL — duloxetine, ND — not defined.

36

Template Target Format Matrix Application Reference
ND PXT, FLU, CIT SupelMIl‘D antidepressz'mt ?"iver water, WW effluent, SPE 1]
commercial SPE cartridges influent
FLU 5LE[;,7 (]?)IEL FVX, SER, ifj;gj;;f;spOlymenzatlon with plasma on-line SPE [253]
FLU FLU precipitation polymerization plasma, capsules sensor [254]
FLU FLU COPI"GCIpltathIl onto @agnetlc water, urine, capsules SPE [255]
chitosan/graphene oxide
FLU FLU precipitation polymerization capsules, plasma, urine SPE [256]
FLU, DUL FLU, DUL bulk polymerization phosphate buffer extraction [257]
. L. pharmaceutical
FLU FLU precipitation polymerization ) sensor [258]
formulations
CIT CIT bulk polymerization water (varied pH) controlled release [259]
CIT CIT precipitation polymerization serum, urine SPE [260]
) o water (varied pH, ionic ) )
ESC ESC coating, bulk polymerization stir bar extraction [261]
strength)

ESC ESC, desmethyl-ESC coating, bulk polymerization urine stir bar extraction [262]
ESC ESC grafting / chromatographic separation | [241]
ESC ESC precipitation polymerization urine sensor [263]
carboxy- ESC ESC grafting urine SPE [264]
SER SER precipitation polymerization tablets, urine, serum sensor [265]
SER SER grafting urine, plasma SPE [266]
SER SER precipitation polymerization tablet, serum sensor [267]
FVX FVX bulk polymerization serum sensor [268]
FVX FVX bulk polymerization urine, plasma SPE [269]
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Chapter 2

Aims and Hypotheses

The surge in the number of reports detecting antidepressants in environmental matrices
combined with data indicating serious sublethal toxic effects has highlighted the need to
investigate their behavior in the environment after they leave the human body. The work
focuses on a class of antidepressants called SSRIs. This class includes the most prescribed
antidepressants and some of the most prescribed pharmaceuticals in Europe and the USA.
Excluded from this study are unregistered compounds. Additional research into FVX was
also deemed less pressing than other SSRIs since environmental concentrations have not
yet reached concerning levels. Although the fate of FLU and CIT (and consequently ESC)
has been researched, information is lacking on the fate of SER and PXT. However, they
were all included in MIP application studies as model compounds. This thesis also
investigated MIPs as tools to improve existing analytical methods and as a form of WW
treatment. The former application included implementing MIPs in sample preparation,
taking advantage of their molecular recognition ability, potentially lowering the matrix
effect and increasing the extraction recoveries. Taking advantage of the fact that SSRIs
are prone to adsorb to solid particles, we also studied the possibility of using the MIPs as
part of WW treatment, comparing it to the existing non-specific tertiary treatment with
AC.

In order to fill the discovered knowledge gap on SSRI behavior and to determine the
benefits of different MIP applications, the aims of this thesis were:

1) development, optimization and validation of analytical methods for
quantification of selected SSRI and identification of their TPs in aqueous
samples;

2) determination of SSRI levels in Slovenian WW and receiving SW;

3) investigation of the least studied SSRIs, namely SER and PXT breakdown
during photodegradation and identification of their TPs;

4) investigation of SER breakdown during biodegradation and identification of
TPs and assessment of removal efficiency of SER during biological treatment;

5) synthesis and performance evaluation of MIPs, when used as SPE sorbents;

6) synthesis and performance evaluation of MIPs used as WW treatment
technique.
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In this frame, the following hypotheses were tested:

H1: Photodegradation is the main degradation pathway of SER and PXT in SW.
During sunlight irradiation, TPs are formed.

H2: SER is only partially biodegradable. TPs are formed during SER biodegradation.
H3: SER and PXT and their residues are present in Slovenian SW and WW.

H4: Besides the original template compound, MIPs can rebind structurally related
analogues, metabolites and TPs.

H5: MIPs can be used as sorbents for SPE of SER and its residues.

H6: MIPs can be utilized to remove SSRI and its residues from WW.
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Chapter 3
Publications

The outcomes of this thesis are included in five scientific publications and divided into two
fields:

1) Chapter 3.1: Environmental fate of SSRIs

I.  Determination and photodegradation of sertraline residues in aqueous
environment.

II.  Phototransformation study of the antidepressant paroxetine in surface
waters.

ITI.  Biotransformation study of antidepressant sertraline and its removal during

biological wastewater treatment.

2) Chapter 3.2: Application of MIPs in SSRI environmental analysis and water
treatment

[.  Preparation of molecularly imprinted copoly(acrylic acid-divinylbenzene) for
extraction of environmentally relevant sertraline residues.

II.  Molecularly imprinted polymers for the removal of antidepressants from
contaminated wastewater.
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3.1 Environmental Fate of Selected SSRI

3.1.1 Determination and photodegradation of sertraline residues in

aqueous environment

The paper “Determination and photodegradation of sertraline residues in aqueous
environment” by T. Gornik, A. Vozi¢, E. Heath, J. Trontelj, R. Roskar, D. Zigon, D. Vione
and T. Kosjek was published in Environmental Pollution in January 2020. Together with
Assoc Prof Dr T. Kosjek and Prof Dr D. Vione, I prepared the experimental design. I was
responsible for the experimental work, method optimization and validation, data analysis
and writing of the majority of the manuscript with assistance from A. Vozi¢ in sample
preparation and from Assist Prof J. Trontelj, Prof R. Rogkar and Dr D. Zigon in sample
analysis. The processing of the laboratory scale data with the “Aqueous Photochemistry of
Environmentally occurring Xenobiotics” (APEX) software and the TP toxicity prediction
was performed by D. Vione. The work was supervised and guided by Assoc Dr T. Kosjek
and Prof Dr E. Heath.

Based on the number of prescriptions, occurrence and ecotoxicology data for different
SSRIs, SER is the compound that should be investigated more in-depth [55], [69], [182],
[200]. Hence, this study focused on the transformations of SER in SW under sunlight and
the mechanisms behind it. Rate constants between SER and different photosensitizers and
reaction quenchers were determined in laboratory-scale irradiation experiments, which
enabled us to predict SER phototransformation kinetics using the APEX software. SER
photodegradation followed pseudo-first-order kinetics dominated by direct photolysis with
a quantum yield of 0.95. Indirect photolysis occurring in the presence of certain reactive
species (e.g., OH®, COs*, 3CDOM") additionally accelerated its degradation rate. The
findings were validated by irradiating SER-spiked SW with sunlight. Structures of five TPs
were suggested, and three were also detected in the sampled Slovenian SW. The ECOSAR
toxicity prediction software indicated that these TPs would either be comparably or less
toxic than the parent compound.

This work fulfils the following thesis aims 1) develop, optimize and validate analytical
methods for quantifying target SSRIs and identifying their TPs in aqueous samples with
different analytical techniques (GC-MS, LC-UV, LC-MS/MS); 2) to investigate SER
breakdown during photodegradation and identify its TPs and 3) determine SER residues
in SW.

The work is unique because it studies in-depth SER photodegradation, including
laboratory scale experiments, photochemical modeling, and even sunlight-irradiated SW
experiments. Additionally, the TPs formed during these experiments were identified. Three
were previously detected during photodegradation experiments, while two were observed
during biodegradation experiments in soil enriched with biosolids. The results also confirm
the presence of three identified TPs in actual SW samples. The paper thus provides
essential insights into SER behavior after entering the environment and establishes
photodegradation as an important SER transformation pathway.
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Sertraline is an antidepressant drug that has been frequently reported in the aquatic environment and
biota. While the research has mostly dealt with its occurrence and toxicity, there is a lack of information
pertaining to its environmental transformation. The present study aimed to fill in these gaps by giving an
insight into mechanisms of sertraline phototransformation in surface waters, which was recognized as
the main transformation pathway for this contaminant.

We performed photodegradation experiments in presence of photosensitizers or reaction quenchers to
determine rate constants and used them to predict sertraline phototransformation kinetics by “Aqueous
Photochemistry of Environmentally occurring Xenobiotics” (APEX) software. It was established that
sertraline degrades by pseudo-first order kinetics mostly dominated by direct photolysis, while the
presence of certain reactive species including *OH, CO3* and *CDOM" further accelerate the compound's
breakdown rate. To validate the predicted results, sertraline-spiked surface water was irradiated by
sunlight, where the half-life of sertraline at around 1.4 days was estimated. While following the pho-
todegradation kinetics, we also identified five transformation products, of which three were determined
in Slovenian surface waters. According to the ECOSAR toxicity prediction, these transformation products
will either have comparable or lower toxicity than their parent compound.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

report on the formation of sertraline ketone (SEK), N-hydroxy-
sertraline and sertraline carbamic acid in the Phase I metabolic
reactions. Glucoronidation is the main reaction of its Phase II

The presence of pharmaceutical residues in environmental
waters has become an established phenomenon all over the world.
These compounds enter wastewater (WW) through human excre-
tion and inappropriate disposal (Vasskog et al., 2006), especially
since their removal in WW treatment plants is often incomplete
(Lajeunesse et al., 2012; Vasskog et al., 2006).

The focus of our study is the antidepressant sertraline (SER), (1S,
4S)-4-(3,4-dichlorophenyl)-N-methyl-1,2,3,4-
tetrahydronaphthalen-1-amine. Before entering the environment,
the drug is metabolized in the liver. N-desmethylsertraline or
norsertraline (norSER), is the major metabolite. In vitro studies also

* This paper has been recommended for acceptance by Charles Wong.
* Corresponding author. Jozef Stefan Institute, Jamova 39, 1000, Ljubljana,
Slovenia.
E-mail address: tina.kosjek@ijs si (T. Kosjek).

https://doi.org/10.1016/j.envpol.2019.113431
0269-7491/© 2019 Elsevier Ltd. All rights reserved.

metabolism (De Vane et al,, 2002). Both the parent drug and norSER
have already been detected in the range of ng L~" in surface waters
(SW) and WW (Golovko et al., 2014; Lajeunesse et al., 2012; Schultz
etal., 2010). SER reportedly also accumulates both in sediments and
aquatic organisms, affecting locomotor activity, feeding behavior,
predator-prey interactions and reproduction (Hedgespeth et al.,
2014; Kwon and Armbrust, 2008; Minguez et al., 2015). The
groups of Kuzmanovic et al. (2016) and Osorio et al. (2016) deter-
mined SER to be one of the main emerging contaminants contrib-
uting to chronic toxic effects in four river basins in Spain
(Kuzmanovic et al., 2016; Osorio et al., 2016).

In the environment, organic pollutants are subjected to biotic
and abiotic degradation processes, among which hydrolysis, pho-
todegradation and microbiological degradation are most common.
SER is known to be hydrolytically stable and poorly biodegradable,
thus photodegradation is potentially its main natural removal
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process (Lam et al., 2004; US Environmental Protection Agency,
2016). During degradation processes structural changes of the
parent compound can occur, resulting in the formation of trans-
formation products (TPs). The chemical structures of TPs are not
necessarily identical to metabolites formed in the human body
therefore exposure and risks related to their occurrence in the
environment should be assessed, starting with the definition of
their exact structures and the assessment of their formation ki-
netics, which are amongst the principal aims of this study.
Jakimska et al. (2014) have carried out photodegradation ex-
periments of SER under natural solar irradiation and using a xenon
lamp. The impacts of matrix and pH on degradation kinetics were
followed, but except for the finding that autocatalytic reactions
occurred in the photodegradation mixture, there were no solid
conclusions made in regards to the effects of different water
matrices (Jakimska et al., 2014). To improve the lacking knowledge
in this field, we aimed to assess the effect of direct (DP) and indirect
photolysis on SER phototransformation kinetics and TP formation
by measurements of photochemical reactivity on adopted labora-
tory systems, which were intended to measure the kinetic pa-
rameters rather than to mimic the environment. The rationale is
that it is not possible to perform laboratory experiments that are
representative of the environmental conditions even if natural
water samples are irradiated, since there are several variables that
are difficult to include in the experimental design (e.g., depth of the
water column) (Bianco et al., 2015). Instead, to improve the un-
derstanding of the photochemical behavior of natural waters, one
has to model photoreactivity in deep waters and, to do so, DP
quantum yields and second-order reaction rate constants are
needed. With the partial exception of the processes mediated by
the excited triplet states of chromophoric dissolved organic matter
(3cDOM*) (Wenk and Canonica, 2012), these parameters are almost
independent of the experimental conditions. Therefore, the labo-
ratory photodegradation experiments should focus on accuracy
rather than on similarity to SW chemistry (Bodrato and Vione,
2014). For these reasons, we accomplished our research by the
following steps: (i) laboratory measurements of SER photo-
reactivity parameters under UV lamps; (ii) photochemical model-
ling of SER photo-fate in shallow solutions; (iii) validation of our
photochemical model by comparing its prediction results with the
behavior of SER in river water under natural sunlight, and (iv)
prediction of the photochemical behavior of SER in sunlit natural
water bodies. In all breakdown experiments we also followed the
formation of TPs and investigated their presence in Slovene rivers.

2. Materials and methods
2.1. Standards, chemicals and materials

The list of standards, reagents and chemicals can be found in the
Supplementary material (SM), Chapter 1.1. and the preparation of

Table 1

standard and working solutions in Chapter 1.2.
2.2. Analytical method

2.2.1. Method development and validation

Samples for the preliminary study of SER degradation kinetics
(initial concentration of 10 ugL ') were analyzed by gas chroma-
tography coupled to mass spectrometry (GC-MS; Table 1, Method 1)
after appropriate sample preparation with solid phase extraction
(SPE) reported in Table 1. In cases where no SPE preconcentration
was needed (initial concentrations of 1 mgL ' and 10mgL ), the
sample was withdrawn, transferred into LC sample vial, diluted if
appropriate and analyzed by an ultra-high performance liquid
chromatograph coupled to a hybrid quadrupole-linear ion trap
mass spectrometry analyzer (UHPLC-QgLIT-MS/MS, Table 1,
Method 2). The structural characterization of TPs in these samples
was performed by an UHPLC-hybrid quadruple time-of-flight mass
spectrometer (UHPLC-QToF MS).

SW samples were analyzed by UHPLC-QqLIT-MS/MS after SPE
cleaning (Table 1, Method 3).

Internal standard (IS) deuterated SER (SER-D3) was added to
samples before undergoing SPE at the concentration of 2.5 ug L'
(Method 1) or 20ngL~' (Method 3), and deuterated bupropion
(BUP-Dg) was added to the first fraction of eluate (4 x 0.6 mL of
methanol) from SW samples in Method 3 at the concentration of
10ngL " to cover for SEK instrumental analysis. Eluates were ni-
trogen dried at 40°C before redissolving them in the injection
solvent. More details on the instrumental operation are given in
SM, Chapter 1.3.

The method performance was evaluated by estimating linearity,
trueness, repeatability, sensitivity, matrix effect and recovery. The
information on the exact determination of each parameter can be
found in SM, Chapter 1.4.

2.3. Photodegradation experiments

2.3.1. Laboratory scale measurements for parameter modelling

Laboratory scale experiments were performed in a cylindrical
glass reactor by exposing 760 mL of MQ aqueous solutions of SER to
UV irradiation, at initial SER concentrations of approximately
10pugL 'and 1 mgL ' (Fig. 5-1). A medium pressure mercury lamp
(MP, 125 W, 3010/PX0686 Photochemical Reactors Ltd, London, UK)
was used as the source of UV radiation. A filter of borosilicate glass
was used to cut off transmission below 300 nm. The intensity of the
lamp was determined with ferrioxalate actinometry as
141 x 10 ®Es~ ', according to the procedure adapted from Kete
(2008) and Murov et al. (1993) (Kete, 2008; Murov et al., 1993).
The spectra of SER absorbance and the relative intensity spectra of
the MP lamp equipped with the filter are provided in the SM (Fig. S-
2).

Degradation kinetics was described with the pseudo-first order

Specifications of sample preparation and analysis for Methods 1, 2 and 3. MeOH — methanol, EtAc — ethyl acetate, TEA — trimethylamine, FA — formic acid, Ac,0 — acetahydride.

Method Instrumental Matrix Cartridges Sample

Flow rate Conditioning Equilibration Washing

Elution Derivatization Injection solvent

analysis volume [mL
[mL] min~']

Method GC-MS MQ  Oasis HLB 200 1-2 3mLEtAc  3mLMQ 3mL MQ 3x06mL2%¥TEAin  15ul of Ac0 500 pL EtAc

1 3mL MeOH water MeOH 5uL of

pyridine

Method LC-MS/MS  MQ | 1 ! / / / / ! Mew

2
Method LC-MS/MS  SW  Strata XC 250 6-7 3mLMeOH 3mL 4mL0.1MHCI; 4 x 0.6 mL MeOH; / 100 L 20% MeOH

3 acidified W 2 mL 20% MeOH 3 x 0.6 mL 5% NH40H in 0.1% aqueous

(pH 2) inw in MeOH FA
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degradation rate constant (k'sgr) and half-life (t;)2) of SER at spec-
ified concentrations. The exposure times were adapted on the basis
of the observed degradation rate. In case of UHPLC-MS/MS analysis
1-mL sub-samples were withdrawn from the same photo-
degradation experiment, whereas in case of the GC-MS analysis a
200-mL sample for each time point was withdrawn from an indi-
vidual photodegradation experiment. Analyses were performed in
duplicates. Repeatability of the photodegradation experiments was
determined as the relative standard deviation (RSD) between three
replicate experiments at the initial concentration of 1 mgL ' and
with the addition of 1 mM NaNOs. The RSD is reported for three
time points (0, 30, 120 min).

In the experiments, we investigated the influence of pH and of
radical sources or scavengers: NaNO3 (1.0 mM), 2-propanol (2-P;
0.3 pM, 3.0 uM, 30 uM), NaHCO3 (0.50, 1.0, 10 mM), NaH;PO4 (1.0,
10 mM), Rose Bengal (RB; 10 uM), anthraquinone-2-sulfonic acid
sodium salt monohydrate (AQ2S; 3.0 uM) on degradation kinetics.
The additives were chosen based on the requirements of the
modelling software (see segment 2.4 Photochemical modelling). In
direct photolysis experiments, for the pH 5.0 adjustment we used
acetate buffer (4 mM) and for pH 12.0 the 4 mM phosphate buffer.
Along with the degradation kinetics study, we followed the for-
mation of TPs. The potential toxicity of SER and the formed TPs has
been predicted with ECOSAR software and can be found in SM,
Chapter 6.

2.3.2. Photodegradation in surface waters

The SW solar irradiation experiments were performed in
1000 mL of SW sampled from river Gradascica (46°02'29.4"N
14°29'16.0"E), spiked at SER initial concentrations of 50 ng L' and
1000 ng L~". The chemical parameters of the SW were monitored
before starting the experiment. The concentration of nitrite and
nitrate ions, dissolved organic carbon (DOC) and chemical oxygen
demand (COD) were determined using Hach reagents for water
analysis (see Table S—4 for details). pH was measured with a pH
meter from WTW, Wissenschaftlich-Technische Werkstatten
GmbH (Weilheim, Germany) and dissolved oxygen (DO) with a
HQ30d probe from Hach (Diisseldorf, Germany). The irradiation
lasted for 504 h, of which 148.2 were sun hours. The experiment
was executed at 45°58'10.6”N 14°41'53.7"E. The irradiation data
was collected at the closest weather station, 25 km away, where the
solar hours were determined with a heliograph with a threshold
between 100 and 150 W/m? of direct irradiation.

Along with the solar irradiation experiments the same matrix
spiked with the same amount of SER was irradiated using UV/VIS
MP lamp as described in 2.3.1.

24. Photochemical modelling

The model assessment of SER photodegradation was carried out
with the APEX software (Aqueous Photochemistry of
Environmentally-occurring Xenobiotics), available for free as Elec-
tronic Supplementary Information of Bodrato and Vione (2014).
The specific requirements are reported in SM, Chapter 3.1.

3. Results and discussion

3.1. Development and validation of the analytical method for SER
determination in aqueous environment

Table S—1 reports the validation parameters for the three
developed methods described in Chapter 2.2.1. The LOQ of Method
1 was too high to tackle environmental levels of SER, while the
UHPLC-QqLIT-MS/MS method was favored due to its simplicity and

sufficient sensitivity. Method 3 is the environmentally applicable
one; it showed satisfactory repeatability and trueness and was
validated in the relevant concentration range (Table S—1). The
trueness error and RSDs at the HC and LC standard additions in SW
samples were both below 15% confirming that Method 3 can be
successfully applied for quantifying SER and its TPs in SW matrices
(Table S—1).

3.2. SER laboratory scale photodegradation for parameter
modelling

Photodegradation of SER followed pseudo-first order kinetics.
The degradation constants and half-lives for different photo-
degradation experiments are listed in Table 2. Half-lives ranged
from less than an hour to more than 2 days, depending on the re-
action conditions, such as the addition of photosensitizers or
quenchers, pH and SER concentration. As shown in Table 2 and
Fig. S-3, higher SER concentration yielded a decrease in the pho-
todegradation rate. The experiment repeatability (RSD) was <6.6%
for all three time points.

3.2.1. Direct photolysis and impact of pH on the degradation
constant

In order to evaluate the influence of pH on SER direct photo-
degradation, we performed the experiments at different pH values,
e.g., at pH 5.0, pH 7.0 and pH 12.0. The pH 7.0 was chosen to reflect
natural conditions, while the pH 5 and 12 were chosen to observe if
the ionization of the compound influences the degradation time
and kinetics. Because of the presence of an amino group and pKa of
9.47, at chosen pH the compound is either fully protonated (pH 5
and 7) or in neutral form (pH 12) (Bergersen et al., 2015). The re-
sults (Table 2 and Fig. S-4) proved that photodegradation is pH-
dependent, resulting in fastest degradation at the alkaline pH,
which is in agreement with the findings for the other selective
serotonin reuptake inhibitors (Kwon and Armbrust, 2006, 2005a;
2005b, 2004). We chose to perform the remaining experiments at
pH 7.0 as an approximation of natural pH. At pH 7, the calculation of
the DP quantum yield of SER (see SM, Chapter 3.2) gave dgsgg = 0.95.
This value is quite high, for example the reported quantum yields of
carbamazepine and atrazine are 7.8-10 % and 1.58-10 2, respec-
tively. When the ®sgg value is combined with the absorption of
radiation by SER that is extended up to around 450 nm (Fig. S-2), it
suggests that the DP is likely to be a very important photo-
transformation process for SER in natural waters (Bodrato and
Vione, 2014).

3.2.2. Reaction with *OH
Amongst the sources of *OH we selected nitrate. The reason is
that it gives better estimations of the *OH reaction rate constant

Table 2
Pseudo-first order degradation constant (k'seg) and t;; of SER in the irradiated MQ
solution with different additives.

Concentration 10pgl! 1mgL™!
Conditions Ksrls']  tiplh] Kswls'l tpalh]
pH 50401 <17x10° >60  <1.7x10° >60
pH7.0+0.1 17x10° 116 67x10° 289
pH 120 £0.1 33x10° 578 17x10° 116
1 mM NaNO; 10x10* 193 17x10° 116
1mM NaNO; + 0.5 mM NaHCO;  12x10* 165  67x10° 289
1mM NaNOj; + 1.0 mM NaHCO; 2.7 x10™*  0.72 1.0x107* 193
1mM NaNOs; + 10 mM NaHCO;  83x10% 023  15x10% 128
10 1M RB 35x10% 055 27x10% 072
3.0 uM AQ2S: 1st stage 57x10% 034 83x10* 023

3.0 uM AQ2S: 2nd stage 13x10% 144 17x10° 116
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than nitrite, whose quantum yield of *OH formation varies in the
solar UV range, which is not the case with nitrate. In the experi-
mental setup we added 1.0 mM of NO3, which induced a degra-
dation kinetics that was ideal for SER degradation monitoring. As
expected, the degradation rate in the presence of *OH radicals was
notably higher as compared to the DP (Table 2). 2-P was added at
final concentrations of 0.3 puM, 3.0puM, 30uM to the reaction
mixture for determining the second-order reaction rate constant
between SER and the formed *OH. 2-P works as *OH scavenger and
competes with SER for *OH reaction, resulting in a decrease in the
SER degradation rate (Fig. S-7). The kinetic model used to describe
*OH degradation took into account the occurrence of acetonitrile in
the system, which derived from the dilution of the SER stock so-
lution in this solvent. The exact mechanism and calculations can be
found in SM, Chapter 3.3 (reactions $1-55) (Vione et al., 2011). The
calculated reaction rate constant between SER and *OH was
ksgroeon =2 % 10" M~ s~ 1. The value of ksgg. .oy indicates that the
reaction between SER and "OH is near diffusive control in aqueous
solution.

3.2.3. Reaction with COY~

The concentrations of carbonate and bicarbonate ions in the
environmental waters depend on the composition of rock and soil
that water flows through (“USGS Water-Quality Information: Water
Hardness and Alkalinity,” 2017). During irradiation of natural water
samples, carbonate radicals CO%  are formed upon oxidation of
HCO3/CO%~ present by *OH, and of CO3~ by *CDOM* (Canonica
et al., 2005). These radicals may also affect photodegradation, but
they are less reactive than *OH (Vione et al., 2011). To observe the
effect of CO§ on SER photodegradation, we added NaHCO; at final
concentrations of 0.50mM, 1.0mM and 10mM to the mixture
containing NO3 and SER (Fig. 5-5, 5-8). The nitrate photolysis yields
*OH, which in turn produces CO%  upon reaction with bicarbonate
and carbonate. The proposed mechanism of reaction with SER in-
cludes reactions between all three components (*OH, CO§™ and
SER) (Bouillon and Miller, 2005; Vione et al., 2011). It should
however be noted, that the enhancement of SER photodegradation
by NaHCO; could also be affected by the change of pH, depending
on the fraction of undissociated compound. Namely, the pH of the
solutions increased from 6.5 to 8.2 with the increasing concentra-
tion of NaHCO; additions. To measure how this change influenced
the reaction rate, and in agreement with Vione et al. (2009a), we
conducted experiments with phosphate ions (NaH2PO4 and
NazHPOs), at the same concentrations and pH as in the NaHCO3
experiments. There were no significant changes observed with the
phosphate, which confirms that CO$~ radicals drive the degrada-
tion of SER. Thus, by being sufficiently reactive towards CO% ", SER
will most likely undergo a similar transformation in environmental
waters (Vione et al.,, 2009a, 2009b).

The acceleration of SER photodegradation in the presence of
NaHCO3 could be reproduced reasonably well by assuming
kserico, =2 x105M s (see SM, Chapter 3.4 for additional
details).

3.24. Reaction with '0;

10, is another of the reactive transient species formed in envi-
ronmental waters. As the source of '0; we used the sensitizer
molecule RB. The optimal pH values for this xantene derivative
range between 5 and 12, where it occurs in the dianion form and
absorbs radiation at wavelengths from 450 to 600 nm, with a
maximum at 548 nm. The RB reaction mechanism under irradiation
enabled us to study SER degradation induced by '0; alone. (Vione
et al,, 2011). In agreement with our expectations, '0; accelerated
the degradation of SER as shown in Table 2. The second-order rate

constant for the reaction between SER and '0, was calculated on
the basis of additional experiments with furfuryl alcohol, whose
reactivity with RB has previously been established (Vione et al.,
2011). The calculated second-order reaction rate constant was
Ksgg, 10, = (13£0.2) x 10°Lmol 's~ . This reaction rate constant
is relatively low (e.g., one order of magnitude lower than that of
diclofenac, which reacts negligibly with '0; in the natural envi-
ronment) (Avetta et al., 2016). This means that the reaction be-
tween SER and '0, may be important in laboratory experiments of
RB irradiation but it is unlikely to play an important role in sunlit
natural SW. The information on the exact calculations can be found
in SM, Chapter 3.5.

3.2.5. Reaction with irradiated AQ2S

AQ2S was chosen because it forms a reactive triplet state
(3AQZS') under irradiation, but does not yield 10, or "OH. AQ2S is
here used as the CDOM proxy, since the quinones are a part of
CDOM and they form reactive triplet states. The schematic of the
process can be found in SM (Fig. S-9). AQ2S is usually more reactive
than CDOM, and thus represents an upper limit of *CDOM* reac-
tivity (Bianco et al., 2016; Vione et al.,, 2011). Solutions containing
3.0uM of AQ2S yielded a sufficiently high reaction rate for SER
degradation. Calculation details for the second-order rate constant
(kserssaqase =7 10°Lmol 's ') are provided in SM, Chapter 3.6.

3.3. Photochemical modelling

Based on the calculated photoreactivity parameters of SER,
namely the photolysis quantum yield (®sgz = 0.95) and the second
order rate constants with "OH (ksgg .oy =2 = 10'°Lmol 's 1),
CO5™  (ksgpicoy =2x108Lmol™'s™), 0y (ksparg, =
(13+0.2) x 10°Lmol~'s™') and the AQ2S triplet state, *AQ2S*
(ksggsagase =7 % 10°Lmol~'s7'), it was possible to model the
SER phototransformation kinetics under conditions that are sig-
nificant for SW. Note that kggg 54025+ can be considered as an upper
limit for the reaction rate constant between SER and *CDOM*,
ksgr.scponre, because 2AQ2S* is generally more reactive than
average CDOM?” (Avetta et al., 2016).

Fig. 1 reports the modeled first-order decay constants of SER, as
well as the corresponding half-lives, as a function of the dissolved
organic carbon (DOC) that is a measure of the DOM in a water body.
The different processes that contribute to SER photodegradation
are also highlighted.

The figure shows that, for a water depth of 5m, the photo-
degradation of SER would be dominated by the DP. The reactions
with *OH and CO3" would play a secondary role. The highlighted
role of *CDOM* is referred to kggp.scpoms = Kseresagase» and it
constitutes an upper limit for the importance of the process. The
lower limit is obtained under the hypothesis that the *CDOM*
process is unimportant. To get an insight into the relevant range of
variation, the half-life of SER with DOC = 10 mg C L ! would vary
from 3 days with keep scpoms = Kser:iagase. to 5 days by excluding
the 3CDOM* process. Note that an increase of the DOC is expected to
inhibit the reactions with *OH and CO3 , because DOM is a key
scavenger of both radical species. Increasing DOC also inhibits the
DP, because the CDOM would compete with SER for sunlight irra-
diance. In contrast, the 3CDOM" reactions would be enhanced at
high DOC because of elevated levels of CDOM that is the immediate
3CDOM* precursor (Avetta et al., 2016).

3.4. Identification of TPs and their formation profiles

3.4.1. Peak detection, identity confirmation and formation profiles
Fig. 5-10 in the SM shows the extracted ion chromatograms of a
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Fig. 1. Modeled pseudo-first order rate constant of SER phototransformation (ksgg) as a
function of the water DOC. The right-hand Y-axis also reports the SER half-lives. Other
water conditions: 5m depth, 0.1 mM nitrate, 1 uM nitrite, 1 mM bicarbonate, 10 uM
carbonate. The steady-state CO3 concentration in the modeled conditions
(DOC = 1-10mg C L") was in the range of 10 '°-10 " M. The different photochemical
processes that account for SER photodegradation are highlighted with different col-
ours. The time unit is the SSD (summer sunny days equivalent to 15 July at 45°N
latitude). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)

sample treated with RB and irradiated for 105 min. There are
evident chromatographic peaks of the residual SER at 3.80 min, and
of three TPs, i.e. nor-SER at 3.84 min, SEI at 3.54 min and SEK at

5.14min. Each TP was defined by three MRM transitions
(Tables S—2) and the retention time matching with standards.
Furthermore, we detected two additional compounds with chro-
matographic peaks at tg 3.29 min and tg 3.53 min that underwent
the same transition as SEK (MRM 291 > 238), as shown in Fig. S-10
(D) and Fig. 2. These two compounds (TP1 at tg 3.29 min and TP2 at
tg 3.53 min) were absent in the control samples, thus we presumed
them to be TPs of SER. The enhanced product ion spectra reported
in Fig. 2 were collected at declustering potentials (DP) reported.
The formation of SEI, norSER, SEK, TP1 and TP2 was monitored
over time in photodegradation experiments (direct photolysis,
NaNO3, NaNOj3 + NaHCOs3, RB, AQ2S, see section 2.3.1.) at SER initial
concentration of 1mgL~". The graphs showing TP formation are
presented in the SM, Figs. S-11 to S-19. The formation of SEI has
already been proposed in the photodegradation study by Jakimska
et al. (2014), and by Shen et al. (2011) in the reaction with the
TetraAmido Macrocyclic Ligand (TAML) activator. In our experi-
ments the formation of SEI took place instantly, i.e., at the very
beginning of the irradiation experiments, though it was shown that
the compound did not occur as a product of simple hydrolysis and
there was no SEI observed in non-irradiated samples. The abun-
dance of SEI generally decreased during the course of the experi-
ments, except in the case of the reaction with AQ2S, which suggests
that SEI may also be a product of triplet-sensitized SER degradation.
SEI showed instability in water solutions, even degrading during
the SPE sample preparation, which might explain its absence in real
SW samples. Along with the fact that SEI clearly underwent fast
degradation during the irradiation experiments (Figs. S-11 to 5-19),
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Fig. 2. Enhanced product ion MS spectra of SER (top left), nor-SER (top right), SEI (middle left), SEK (middle right), TP1 (bottom left), and TP2 (bottom right) and the proposed
chemical structures assigned to the fragment ions. The spectra were collected at collision energies (CE) 35V for SER, SEI, TP1 and TP2, 20V for norSER and 10V for SEK, with the

collision energy spread of 15V.
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itis believed that SEI is unlikely to be a persistent TP of SER. NorSER
is a metabolite of SER, but it has also been found in the reaction of
SER with the TAML activator (Shen et al., 2011), whereas Jakimska
et al. (2014) have not reported its formation in their photo-
degradation study (Jakimska, A. et al.,, 2014). In our experiments,
norSER was formed in all cases, except when only NaNO3 (*OH
reaction) was added. SEK formation was observed in most cases,
except for reactions with NaNO3, AQ2S or upon direct photolysis at
pH 5.0. Its formation was already reported by Jakimska et al. (2014)
and by Shen et al. (2011) (Jakimska et al., 2014; Shen et al., 2011).
We detected TP2 only in the photodegradation reactions with
triplet states (AQ2S) and 'O, (RB), while TP1 was observed during
all of the experiments. The peak area of TP1 showed a gradual in-
crease in the irradiation experiments, except in the case of AQ2S,
where it reached a plateau after 15 min irradiation. In any case, the
AQ2S kinetics of TP formation is very specific (Fig. S-19) and is
probably the result of two-stage degradation kinetics of SER (Fig. S-
6).

3.4.2. Identification of TP1 and TP2

Structural elucidation of TP1 and TP2 was performed by the
UHPLC-QToF MS analysis with main results gathered in Tables S—3
and Fig. S-20 in SM. Three main peaks were detected at 3.06 min
(TP1),3.22 min (TP2) and 3.56 min (SER), showing the same elution
order on the C-18 column as in case of the UHPLC-QqLIT-MS/MS
analysis. SER showed its protonated molecular ion at [M+H]"
306.0816, from which its elemental formula Cy7H7NCl; was
calculated. An isotope signal at m/z 308.0810 at about 30% of the
parent mass height confirmed the presence of two Cl ions in the
structure. The fragment ion observed at m/z 275 resulted from the
loss of CH3NH3 and m/z 159 from the further loss of the tetralin ring.

For the compounds TP1 and TP2 the protonated molecule was
observed at [M+H]" 322.0765, corresponding to the elemental
formula Cy7H1gNOCly. This means than an additional oxygen atom
is incorporated into SER structure. In TP1 the most prominent
fragment ion observed was m/z 304 formed after the loss of H,0,
while in TP2 smaller fragments at m/z 304 and m/z 291 were
detected corresponding to the subsequent cleavages of H,O and
CH3NH;. Both TPs showed my/z 273, which is 2 Da less than the
analogous fragment ion of SER (m/z 275), suggesting a double bond
formed during the fragmentation of the TPs. Corresponding frag-
mentation was previously suggested by Li et al. (2013) for TPs
formed during incubation of SER in three types of agricultural soil
with and without the addition of biosolids (Li et al, 2013). In
agreement with this report we propose the formation of hydrox-
ysertraline with three possible placements of the OH group, making
TP1 and TP2 constitutional isomers.

3.5. SW water irradiation

The lab scale photodegradation of SER in SW was carried out
under both the MP lamp and natural sunlight. The photo-
degradation due to solar irradiation was two to three times slower
(in solar hours) than the lab scale experiments, which was expected

Table 3
Degradation k'sgg and ty; of solar and laboratory scale irradiation experiments in SW.

due to the difference in the overall irradiation energy that the
samples received (Table 3).

The predicted half-time for SER photodegradation, following our
model at DOC concentration 4.14 mg L 1as per the irradiated SW
sample should be around 2 SSD. From our experimental data, the
degradation lifetime is estimated at around 1.3-14 days
(31.8—34.7 h), in good agreement with model predictions. The main
reasons for the relatively small discrepancy are probably the dif-
ference in the irradiation energy received, pH, the column-depth
bias and the fact that the SW collected was not sterile. Therefore,
some biodegradation could have occurred, which is suspected
based on the 37% decrease of SER within the 1-month control study
(Fig. S-21).

We observed that four TPs (norSER, SEK, TP1, TP2) were formed
during the SW irradiation experiments. Based on the trend in the
MP lamp experiments and the observed maximum in the solar
irradiated samples (Fig. 3), we may have missed the peak concen-
trations of norSER and SEK during the first week of irradiation. In
addition to norSER and SEK, TP1 and TP2 were formed in both solar
and lab scale experiments, but since there is no reference standard
available for this compound, we cannot report its concentration in
the figures.

3.6. Real surface water samples

As can be seen in Table 4, SER was detected in SW A and C.
Additionally, we determined norSER and SEK in SW C. In the same
sample also TP1 was identified, but not quantified due to the
absence of its reference standard. TP2 was not detected, whereas
possible reasoning for the absence of SEI (instability) is given in the
previous segment. Altogether, we confirmed the presence of three
out of five identified TPs in the environment. To the best of our
knowledge, the environmental occurrence of TP1 and SEK is re-
ported herein for the first time. The highest concentrations of SER
and peak areas of TPs were detected in SW C. This finding is not
surprising when taking into account that SW C flows in the region
of Slovenia having the highest reported percentage of patients
prescribed with SER (Nacionalni institut za javno zdravje, 2018),
while its flow is smaller when compared to those of the rivers SW A
and SW B. Overall, while norSER and SEK may also be SER metab-
olites, TP1 should be significantly produced by photochemical
processes, both direct and indirect.

4. Conclusions

« Both DP and indirect photodegradation contribute to SER photo-
induced degradation, with indirect photodegradation playing a
role at higher concentrations of senzitizers present.

« The degradation kinetics of SER is pseudo-first order. The rate of
degradation is influenced by pH, where the protonated SER is
more photochemically stable than its neutral form.

« This is the first report on formation of norSER during photo-
degradation under conditions that are significant for SW. While
the formation of TP1 and TP2 was before suggested in soil

SER concentration [ng L '] Type of irradiation Units Kser [s7') tiz [h]

50 MP lamp hours 82x10°° 236
solar hours 50x107° 347
solar solar hours 20x10°° 9.33

1000 MP lamp hours 53x10° 3.58
solar hours 83x10° 31.8
solar solar hours 32x10°° 5.94
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Fig. 3. Photodegradation of SER and TP formation in SW at 50 ngL ' (A) and 1 mgL ' (B) under the MP lamp and at 50ngL ' (C) and 1 mgL ' (D) under sunlight.
Table 4
Sampling details, determined concentrations of SER, norSER and SEK, and qualitative determination of TP1 and TP2 in SW A, B and C. ND — not detected.
Sampling data clngl "] Screening
SW Sampling location Sampling date pH DO [mglL'] SER norSER SEK ™1 ™2
A 46°04'10.7"N 14°37'58.6"E October 16, 2018 722 10.04 0.51£0.16 < LOQ = L0Q ND ND
B 46°06'31.7"N 14°36'41.8"E Octaber 17,2018 7.84 891 < LOQ < LOQ < LOQ ND ND
C 46°07'49.5"N 15°02'07.7"E October 18, 2018 7.82 9.10 928 + 069 1.77+0.14 143 £0.26 identified ND

samples, we proved that they form also in the aqueous
environment.

« Solar degradation experiments confirmed the results obtained
by photochemical modelling, which suggested that the SER half-
life might range from <1 day to about 3—5 days, depending on
water conditions.

» The presence of SER and three of its TPs in the aqueous envi-
ronment was confirmed and their potential toxicity evaluated as
comparable or lower than SER toxicity.

Overall, this study brings a substantial insight into the photo-
chemical fate of the antidepressant SER in the aquatic environment,
but there remain several knowledge gaps on its environmental fate.
One example is its unrecognized biological breakdown; yet even
more far-reaching is the general issue on how to improve the
determination of the compound's unknown TPs in the environ-
ment, i.e., how to make the “nontarget analysis more targeted”.

Acknowledgements

The authors acknowledge the financial support from the
Slovenian Research Agency (research core funding No. P1-0143)
and project ]1-6744 (Development of Molecularly Imprinted Poly-
mers and their application in environmental and bio-analysis) and
also acknowledge the help of Tjasa Brcar and Ziga Smidhofer from
the University of Ljubljana Faculty of Pharmacy and the Chair of
Buildings and Constructional Complexes from the University of

Ljubljana Faculty of Civil and Geodetic Engineering. Financial sup-
port from the Scientific and Technological Cooperation Agreement
between Italy and Slovenia (Slovenian Research Agency & Italian
Ministry of Foreign Affairs) is also acknowledged.

Appendix A. Suppl

PP

y data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2019.113431.

References

Avetta, P.,, Fabbri, D., Minella, M., Brigante, M., Maurino, V., Minero, C., Pazzi, M.,
Vione, D., 2016. Assessing the phototransformation of diclofenac, clofibric acid
and naproxen in surface waters: model predictions and comparison with field
data. Water Res. 105, 383—394. https://doi.org/10.1016/j.watres.2016.08.058.

Bergersen, 0., Hanssen, K.0., Vasskog, T, 2015. Aerobic treatment of selective se-
rotonin reuptake inhibitors in landfill leachate. Environ. Sci. Eur. 27, 6. https://
doi.org/10.1186/s12302-014-0035-0.

Bianco, A., Fabbri, D., Minella, M., Brigante, M., Mailhot, G., Maurino, V., Minero, C.,
Vione, D., 2016. Photochemical transformation of benzotriazole, relevant to
sunlit surface waters: assessing the possible role of triplet-sensitised processes.
Sci. Total Environ. 566 (567). 712—-721. https:{/doiorg/10.1016/
j.scitotenv.2016.05.119.

Bianco, A, Fabbri, D., Minella, M., Brigante, M., Mailhot, G., Maurino, V., Minero, C.,
Vione, 2015. New insights into the environmental photochemistry of 5-
chloro-2-(2,4-dichlorophenoxy)phenol (triclosan): reconsidering the impor-
tance of indirect photoreactions. Water Res. 72, 271-280. htips://doi.org/
10.1016/j.watres.2014.07.036.

Bodrato, M., Vione, D., 2014. APEX (Aqueous Photochemistry of Environmentally
occurring Xenobiotics): a free software tool to predict the kinetics of photo-
chemical processes in surface waters. Env. Sci Process. Impacts 16, 732-740.
https://doi.org/10.1039/C3EMO0541K.

47



48

Chapter 3: Publications

8 T. Gornik et al. / Environmental Pollution 256 (2020) 113431

Bouillon, R.-C., Miller, W.L.,, 2005. Photodegradation of dimethyl sulfide (DMS) in
natural waters: of the nitrate-photolysis-induced DMS
oxidation. Environ. Sci. Technol 39, 9471-9477. https://doi.org/10.1021/
es048022z.

Canonica, S., Kohn, T., Mac, M., Real, FJ., Wirz, J., von Gunten, U., 2005. Ph

antidepressant sertraline in agricultural soils. Sci. Total Environ 296-301.
https://doi.org/10.1016/j.scitotenv.2013.02.080, 452—453.

i L. C., lala, C, Dubreule, C., Klenlz-Bouchm V.
Halm-[zmellle. M.-P, 2015. Ti i effects of two

sitizer method to determine rate constants for the reaction of carbonate radical
with organic compounds. Environ. Sci. Technol. 39, 9182-9188. https://doi.org/
10.1021/es051236b.

De Vane, CL, Liston, H.L, Markowitz, |.S., 2002. Clinical pharmacokinetics of ser-
traline. Clin. Pharmacokinet. 41, 1247-1266.

Golovko 0 Kumar V., Fedorova, G., Randak T., Grabic, &2014 Seasonal changes in

P ic drugs, i ines and lipid regula-
tors in a plant. Cl 111, 418-426. https://
doi.org/10.1016/j.chemosphere.2014.03.132.

Hedgespeth, M.L., Nilsson, PA., Berglund 0 2014. Ecological lmphcanuns of altered
fish foraging after exp to al al. Aquat. Tox-
icol. 151, 84—87. https: /ldolorg/ID 1016/j.. aquamx 2013.12.011.

Jakimska, A., Kaszynska, M., Nagorski, P., Kot Wasik, A., Namiesnik, J., 2014. Envi-
ronmental fate of two psy:hlam: drugs, diazepam and sertraline: photo-

ion and i of their p ducts in natural waters,
J. Chromatogr. Sep. Tech. 5 https://doi. urg/104172121‘:7 -7064.1000253.

Kete, M., 2008. Razvoj Pilotnega Sistema Za Ciscenje Vode Na Principu TiO2 Foto-
katalize. Univerza v Novi Gorici.

Kuzmanovi¢, M., Lopez-Doval, J.C., De Castro-Catala, N., Guasch, H., Petrovic, M.,
Munoz, 1., Ginebreda, A., Barcel6, D., 2016. Ecotoxicological risk assessment of
chemical pollution in four Iberian river basins and its relationship with the
aquatic macroinvertebrate community status. Sci. Total Environ. 540, 324—333.
https://doi.org/10.1016/j.scitotenv.2015.06.112.

Kwon, J.-W., Armbrust, K.L, 2008. Aqueous solubility, n-octanol-water partition
coefficient, and sorption of five selective serotonin reuptake inhibitors to sed-
iments and soils. Bull. Environ. Contam. Toxicol. 81, 128—135. https://doi.org/
10.1007/s00128-008-9401-1.

Kwon, J.-W., Armbrust, K.L, 2006. Laboratory persistence and fate of fluoxetine in
aquatic environments. Environ. Toxicol. Chem. 25, 2561-2568.

Kwon, J.-W., Armbrust, K.L., 2005a. Degradation of citalopram by simulated sun-
light. Environ. Toxicol. Chem. 24, 1618— 1623

Kwon, J.-W., Armbrust, K.L., 2005b. Photo-i ion of fl ine in aqueous
solutions. J. Pharm. Biomed. Anal. 37, 643—648. https://doi.org/10.1016/
J.ipba.2004.09.057.

Kwon, J.-W., Armbrust, K.L., 2004. Hy lysis and photolysis of p ine, a se-
lective serotonin reuptake inhibitor, in aqueous solutions. Envunn Twuccl
Chem. 23, 1394-1399.

la;eunesse A., Smyth, S.A., Barclay, K., Sauvé, S., Gagnon C., 2012. Distribution of

P residues in and ing different treat-
ment processes by municipal wastewater treatment plants in Canada. Water
Res. 46, 5600—5612. https://doi.org/10.1016/j.watres.2012.07.042.

Lam, MW., Young, CJ., Brain, RA, Johnson, DJ., Hanson, M.A., Wilson, CJ.,
Richards, S.M., Solomon, KR., Mabury, S.A., 2004. Aquatic persistence of eight
pharmaceuticals in a microcosm study. Environ. Toxicol. Chem. 23, 1431-1440.

Li, H., Sumarah, M.W., Topp, E., 2013. Persistence and dissipation pathways of the

) on Daphnia magna life history traits. Environ. Sci.
Technol. 49 1148—1155 https://doi.org/10.1021/es504808g.

Murov, S.L., Carmichael, I, Hug, G.L., 1993, Handbook of Photochemistry, second ed.
CRC Press.

Nacionalni institut za javno zdravje, 2018. Poraba Ambulantno Predpisanih Zdravil
V Sloveniji V Letu 2017 (Ljubljana).

Osorio, V., Larranaga, A., Acena, J., Pérez, S., Barcel6, D., 2016. Concentration and risk
of pharmaceuticals in freshwater systems are related to the population density
and the livestock units in Iberian Rivers. Sci. Total Environ. 540, 267-277.
https://doi.org/10.1016/j.scitotenv.2015.06.143.

Schultz, M.M., Furlong, ET., Kolpin, D.W., Werner, S.L., Schoenfuss, H.L., Barber, LB.,
Blazer, V.S., Norris, D.0., Vajda, A.M., 2010. Antidepressant pharmaceuticals in
two US effluent-impacted streams: occurrence and fate in water and sediment,
and selective uptake in fish neural tissue. Environ. Sci. Technol. 44, 1918—1925.

Shen, LQ., Beach, ES., Xiang, Y., Tshudy, D.J., Khanina, N., Horwitz, C.P, Bier, M.E.,
Collins, T.., 2011. Rapid, biomimetic degradation in water of the persistent drug

ine by TAML 1} and hyd: ide. Environ. Sci. Technol. 45,
7882-7887. https://doi.org/10.1021 /es201392k.

US Environmental Protection Agency, 2016. Final Report, the Environmental
Occurrence, Fate, and Ecotoxicity of Selective Serotonin Reuptake Inhibitors
(SSRIs) in Aquatic Environments, Research Project Database. NCER | ORD | US
EPA [WWW Documentl https://cfpub.epa.gov/ncer_abstracts/index.cfm/
fuseac lay. Jabstract/1755/report/F (accessed 3.7.16).

USGS Water-Quality Information, 2017. Water Hardncss and Alkalinity [WWW
Document].  https://water.usg: Jowq/h linity.html  (accessed
7.5.17).

Vasskog, T., Berger. u., Samuelsen. P-J., Kallenbom. R., Jensen, E., 2006. Selective

i in sewage and from Tromse,
Norway. J. Chromamgr A 1115, 187-195. https://doi.org/10.1016/
Jj«chroma.2006.02.091.

Vione, D., Khanra, S., Man, S.C., Maddigapu, PR, Das, R., Arsene, C., Olariu, R-I.,
Maurino, V., Minero, C,, 2009a. Inhibition vs. enhancement of the nitrate
induced phototransformation of organic substrates by the «OH scavengers bi-
carbonate and carbonate. Water Res. 43, 4718—4728. https://doi.org/10.1016/
j.watres.2009.07.032.

Vione, D., Maddigapu, PR., De Laurentiis, E., Minella, M., Pazzi, M., Maurino, V.,
Minero, C., Kouras, S., Richard, C., 2011. Modelling the photochemical fate of
ibuprofen in surface waters. Water Res. 45, 6725-6736. https://doi.org/10.1016/
j.watres.2011.10.014.

Vione, D Maunno. V., Minero, C., Carlotti, M.E., Chiron, S., Barbati, S., 2009b.

the e and ivity of the carbonate radical in surface
freshwater. Compt. Rendus Chem. 12, 865-871. https://doi.org/10.1016/
j.€rci.2008.09.024.

Wenk, J., Canonica, S., 2012. Phenolic antioxidants inhibit the triplet-induced
transformation of anilines and sulfonamide antibiotics in aqueous solution.
Environ. Sci. Technol. 46, 5455—5462. https://doi.org/10.1021/es300485u.




3.1 Environmental Fate of Selected SSRI 49

3.1.2 Phototransformation study of the antidepressant paroxetine in

surface waters

The paper “Phototransformation study of the antidepressant paroxetine in surface waters”
by T. Gornik, L. Carena, T. Kosjek and D. Vione was published in Science of the Total
Environment in June 2021. This paper resulted from the collaboration between the
Department of Chemistry at the University of Torino, Italy and the Department of
Environmental Sciences at the Jozef Stefan Institute, Slovenia. Conceptualizing the
experimental work, laboratory experimental work and writing of the manuscript was
performed by myself and Dr L. Carena. My work emphasized analytical method
development and validation, environmental sampling, sample analysis, TP identification,
and data interpretation, while Dr L. Carena performed modelling and interpretation of
photochemical data obtained during the laboratory scale experiments. The work was
performed under the supervision of Assoc Prof T. Kosjek and Prof Dr D. Vione.

Similarly to SER, PXT has also been determined in WW and SW around the globe.
The growing number of reports and its potential toxicity for aquatic organisms makes
researching its behavior in the environment a necessity. In this study, its
phototransformation in SW and the photochemistry behind it were studied in-depth.
Steady-state laboratory scale irradiation experiments were performed to determine the
direct photolysis quantum yield and second-order rate constants of the reactions between
PXT and PPRI (i.e., HO*, 3CDOM" and 'Os). The obtained information was used to model
PXT behavior (pseudo-first order photodegradation rate constant and half-life time) in a
SW scenario by varying the depth and chemical composition. Results suggest that direct
photolysis (& = (4.03+0.25)x10?) in combination with reactions with HO* and COs"~
radicals are the main photodegradation pathways in SW. The structures of nine PXT TPs
were tentatively identified, and a photodegradation pathway was suggested. Seven of the
nine identified TPs were detected for the first time. The occurrence of PXT and its TPs in
three Slovenian SW was also investigated. Neither PXT nor TPs were detected in the
collected samples, and the developed photochemical model for PXT corroborated the
results.

This paper addresses the following thesis aims: 1) development, optimization and
validation of analytical methods for quantifying chosen SSRI and identifying their TPs in
aqueous samples with different analytical techniques (LC-UV, LC-MS/MS); 2)
investigation of PXT breakdown during photodegradation and identification of their TPs
and 3) determination of PXT residues in SW.

The findings contribute to a better understanding of the persistence of PXT and its
TPs in SW. It provides new information on photodegradation kinetics and a potential
degradation pathway, including identifying new TPs with high-resolution MS. It also
suggests that the chemical composition and abundance of SW in Slovenia are essential in
keeping the burden of pharmaceuticals released in the environment lower than expected,
highlighting the additional parameters influencing a contaminants persistence in an
environment.
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3.1 Environmental Fate of Selected SSRI

T. Gornik, L Carena, T. Kosjek et al
1. Introduction

Paroxetine (hereafter PXT) is an antidepressant of the selective sero-
tonin reuptake inhibitors (SSRI) class. It is the 57 on thelist of the Top
200 prescribed drugs in the US (Fuentes et al, 2018), and the 17" on the
list of most prescribed psychiatric drugs in the US (McDermott, 2018).
PXT is the third most commonly prescribed SSRI in Slovenia, behind
escitalopram and sertraline, the presence of which has already been
confirmed in Slovenian surface waters (SW). Esdtalopram has been re-
ported once at a concentration of 042 ng L™" (Klan€ar et al, 2018),
while sertraline has been reported in three cases at concentrations of
024ngL™" (KlanZar et al., 2018), 1.77and 928 ng L™ (Gornik et al.,
2020).

The main PXT source to the environment is human excretion. In the
human body, PXT undergoes extensive phase I and Il metabolism, in-
cluding oxidation to its catechol (PC), followed by formation of the
methyl intermediate (PM), and by conjugation (glucuronidation,
sulfation). Therefore, less than 1% of the ingested PXT is excreted as
the parent compound (Hiemke and Hirtter, 2000; Matsunaga et al.,
2013).

Cunningham et al. (2004) discussed the hydralysis of PXT conju-
gates back to the parent compound or PM in wastewater (WW) treat-
ment systems, suggesting that PXT and PM are the main andidates
for monitoring after they enter the aqueous environment. The group
then studied the PXT and PM behavior in activated sludge (AS) biodeg-
radation experiments, where PM was extensively removed by both
sorption and biodegradation. They also reported that PXT was only re-
moved by sorption to AS. Nevertheless, Radjenovié et al. (2007a,b)
showed high removal of PXT in both, the conventional AS process
(90.6%) and in membrane bioreactors (89.7%) irrespective of the re-
moval mechanism. Despite this, PXT has repeatedly been detected in
different environmental compartments (e.g, WW, surface waters
(SW), sediment, and fish tissue) (Arnnok et al, 2017; Mole and
Brooks, 2019; Schultz et al., 2010; Vasskog et al., 2008, 2006). The re-
ported cancentration in SW is generally a few ng L. The highest con-
centrations up to date were reported in the western Lake Erie basin
(90 ng L") and the Niagara river (270 ngL™") (Arnnok etal., 2017;
Wu et al, 2009). Until now, no data exist on the occurrence of PXT me-
tabolites or transformation products (TPs) in environmental matrices.

Once in the envi t, PXT causes mone-like adverse
effects in aquatic organisms (e.g. changes in reproduction), similarly
as other antidepressants from the SSRI class. Its acute toxicity has
been studied on model aquatic organisms of lower trophic levels,
where the effects are expected to be the mast pronounced (e.g., C.
dubia, D. magna, D. polymorpha, S. striatiunum, P. élliptica, H. tuberculate,
X.laevis) (Fong, 2001; Silvaet al, 2015). In comparison, the acute toxic-
ity of PM for aquatic organisms has also been estimated based on tests
on D. magna, indicating a low risk of any adverse effects arising from
the exposure to PM (Cunningham et al., 2004). Hence, the reason for
choosing PXT as our focus compound lies in the processes occurring
during WW treatment and the results of toxicity tests.

The available literature on the breakdown of PXT after it has reached
the environment is quite limited. However, authors agree on
photodegradation being one of the main processes of PXT elimination
(Cunningham et al, 2004; Henry et al, 2004; Kwon and Armbrust,
2004; Santoke and Cooper, 2017; US Environmental Protection
Agency, 2016). In general, photodegradation of a water pollutant can
occur through two main pathways, namely direct and indirect photoly-
sis. Direct phototransformation takes place when the compound ab-
sorbs solar radiation and gets transformed because of the obtained
extra-energy. In contrast, indirect photochemistry involves the reac-
tions between the xenobiotic and the Photochemically Produced Reactive
Intermediates (PPRIs), which are formed upon sunlight absorption by
natural photosensitizers such as the chromophoric dissolved organic
matter (CDOM), nitrate and nitrite (Vione et al,, 2014). The main
PPRIs in SW are hydroxyl and carbonate radicals (HO" and CO35",
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respectively), the excited triplet states of CDOM (*CDOM*) and singlet
oxygen (*0,). Kwon and Armbrust (2004) have previously performed
PXT irradiation experiments in both synthetic buffer-solutions and
lake water with a fluorescent light. Santoke and Cooper (2017) have
found that HO" and "0, play a role in PXT photodegradation in irradiated
Suwannee river water samples. Reportedly, photod egradation occurs
fast and in a large percentage (Kwon and Armbrust, 2004; Santoke
and Cooper, 2017), which implies that TPs could be respaonsible for the
majority of toxic effects and might be better suited as markers of PXT
environmental presence (Cunningham et al, 2004; Kwon and
Armbrust, 2004). Nonetheless, it is clear from the available literature
that there is still a lack of information concerning the relative impor-
tance of direct and indirect photoche mistry on the environmental fate
of PXT, including the formation of other TPs and the relevance of
different transformation pathways. The roles of direct photolysis and
the reactions with *CDOM* and CO5~, which are known to be
important transformation pathways for xenobiotics (Canonica, 2007;
Wojndrovits et al., 2020), have still to be determined in the case of
PXT. In particular, *CDOM* is produced upon absorption of sunlight by
CDOM chramophores (e.g., aromatic carbonyls and quinones), follow-
ing electron excitation to the first excited singlet state ('CDOM*) and
inter-system crossing (McNeill and Canonica, 2016). The carbonate rad-
ical CO5™ is produced upon oxidation of HCO5 and CO3~ by HO" and,
usually to a lesser extent, upon oxidation of CO3~ by *CDOM*
(Canonica et al, 2005). The CO5 transient plays a mare important role
as the pHis higher (HCO5 s less reactive than CO3~ towards oxidation)
and the DOC is lower (organic matter directly scavenges CO3™ and in-
hibits its formation) (Vione et al, 2014). See SM, Fig. S-1 for a plot of
[CO3™] vs. DOC and pH.

To fill in this knowledge gap our research involved:
(a) laboratory-scale irradiation experiments to determine the PXT
photoreactivity parameters (ie., direct photolysis quantum yield and
second-order reaction rate constants between PXT and the main
PPRIs); (b) modelling of PXT photochemical fate in surface water;
(c) identification of the TPs formed upon PXT direct and indirect
phototransformation, by means of high resolution/accurate mass-mass
spectrometry (HR/AM MS); (d) determination of PXT TPs in actual SW
samples.

2. Materials and methods
2.1. Standards, chemicals and materiaks

The data on the standards, chemicals and materials we used can be
found in the Supplementary material (SM), Chapter 1.1. The prepara-
tion procedure of the stock solutions is reported in SM, Chapter 12.

2.2.Irradiation experiments

Irradiation runs were performed with differentlamps, dependingon
the aim of the experiment:

1) A Philips narrow band TL20 W/01 lamp, which mainly emits in the

UVB range of the light spectrum (emission maximum at 313 nm).
2) A UVAblack lamp (Philips TL-D 18 W), with emission maximum at

369nm.

3) APhilips TLD 18 W/16 Yellow lamp, the emission spectrum of which

is reported elsewhere (Carena et al,, 2017; Vione, 2020).

Chemical actinometry with 2-nitrobenzaldeheyde (Carena et al,
2019; Galbavy et al., 2010; Willett and Hites, 2000) was used to deter-
mine the spectral photon flux density occurring in the irradiated
solutions.

In general, aqueous solutions (50r 20 mL) contained (i) PXT (usually
at 20 pmol L7, but varied down to 5 pmal L™ in some series of exper-
iments. The latter value is practically the lower limit at which it is still
possible to monitor the PXT time trend by HPLC-UV; we avoided sample

o1
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concentration procedures because they introduce too much variability,
thereby spoiling kinetic data), (if) a suitable photosensitiser (which se-
lectively prod uces a given PPRI) and (when relevant) (iii) a PPRI scaven-
ger. These solutions were put in Pyrex glass cells and magnetically
stirred under steady irradiation. The solution pH ranged between 6
and 7, which is quite near typical surface-water conditions (PXT has
pK; = 9.6; Cunningham et al, 2004). After scheduled irradiation
times, solutions were withdrawn and analysed for PXT with a high-
performance liquid chromatograph, equip ped with a diode-array detec-
tor (HPLC-DAD, Hitachi LaChrom Elite® series).

In general, the time trends of PXT conc foll
first order kinetics, namely [PXT] = [PXT]q x e""" where (Pxn,xsthe
initial concentration of PXT (vide infra for its values), k* the pseudo-
first order rate constant of PXT degradation, and t the irradiation time.
After assessingk’ from the data fit of [PXT] vs. ¢, the initial PXT degrada-
tion rate was calculated as R = k' x | PXT]. An exception was the Kinet-
ics of PXT degradation by '0,, which followed a (pseudo-first order)
exponential decay with a small residual (the details about rate calcula-
tions are reported in the caption of Fig. S-2).

Irradiation experiments aimed at identifying the TPs were carried
out in aqueous solutions (20 mL) containing PXT (100 pmol L") and
a selective photosensitiser. In particular, hydrogen peroxide
(5 mmol L") and NaNO5 (10 mmol L~') were separately used for
HO™induced reactions, benzophenone-4-carboxylate (CBBP,
70 pmol L") for transformation by 3CDOM®, and Rose Bengal (RB,
10 pmol L) for transformation by 'Oz Finally, 2 mixture of NaNOs
(10 mmol L") and NaHCO; (0.8 mol L~") was used as photosensitiser
to produce CO3™ radicals. After collection, samples were analysed for TP
identification by means of a ultra-high-performance liquid chromato-
graph coupled to a hybrid quadruple time-of-flight mass spectrometer
(UHPLC-QTof, Waters Quatro Permier series).

2.3 Sample preparation and instrumental analysis

Samples obtained from the irradiation experiments (Section 2.2)
were injected into HPLC-DAD or UHPLC-QTof without additional
preparation.

The determination of PXTconcentration in SW samples (Section 2.5)
was carried out using a ultra-high performance liquid chromatograph
UHPLC (Shimadzu Nexera X2) - hybrid quadrupole-linear ion trap
mass spectrometry analyser (Sciex Qtrap 4500). Befare injection, sam-
ples were pre-concentrated and cleaned by solid phase extraction
(SPE) on Strata XC cartridges. The 250-mL aliquots of each sample
were first spiked with PXT-Dg as an internal standard at the final con-
centration of 30 ng L7, and then filtered through Whatman GF/C filters.
The pH value was adjusted to 2 with 37% HCl and the samples were
loaded onto cartridges preconditioned with 3 mL of MeOH, and equili-
brated with 3 mL of HCl-acidified ultrapure water (pH 2) at a flow
rate of 6-7 mL min~". Matrix interferences were washed off with 10%
methanol (MeOH) in ultrapure water. PXT was eluted with 3 x 0.6 mL
of 5% NH;OH in MeOH. The extracts were dried at 30 °C under nitrogen
flow, and then reconstituted in 100 plL of 20% MeOH in 0.1% formic add.
Samples were prepared in duplicates. The occurrence of TPs was
checked in the same extracts.

The exact operating conditions for each instrumental analysis can be
found in SM, Chapter 1.3. Information on the analytical method valida-
tion is reported in SM, Chapter 14.

2.4 Identification of TPs formed by PXT photodegradation experiments

The identification was performed with UHPLC-QTof. The screening
approaches were accomplished in the targeted way, where the TPs re-
ported in the literature and candidates predicted from potential
phototransformation reactions were manually screened for (“suspect
list”) (Kwon and Armbrust, 2004; Matsunaga et al, 2013; Vay et al.,
2018; Zhao et al, 2007). In addition, we screened for potential TPs
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using the non-targeted approach with the open-source package
MZmine (version 2.53). The analysis of data obtained with liquid chro-
matography coupled to mass spectrometry (LC-MS) was performed
similarly as in Gornik et al. (2020). Data were transformed from raw
files into mzML format using Proteowizard (version 3.020075) soft-
ware, before being processed in MZmine. The peaks were detected by
first using the centroid mass algorithm, followed by chromatogram
building. For the deconvolution of the obtained chromatograms, wave-
let (Automated Data Analysis Pipeline (ADAP)) algorithm was utilized
(Myers et al., 2017). Deisotoping was done by applying the isotopic
peaks grouper algorithm with the RT tolerance of 0.2 min, a m/z toler-
ance of 25 ppm, and the lowest m/z value asthe representanve isotope.
The peak list alignment algorithm Rand

(RANSAC) was applied to the list and gap filling was perﬁonned based
on the m/z tolerance of 25 ppm. The list of features was filtered and
the obtained list of candidates was further evaluated to exdude the
compounds present in blanks or control samples. The remaining candi-
dates were tentatively identified based on their MS/MS spectra using
Mass Lynx v 4.1. The criteria for TP identification included: 1) a maxi-
mum error of 15 ppm between the measured and theoretical mass of
the protonated parent molecule, and 40 ppm for its productions; 2) iso-
topic pattern score over 80%, where available; 3) reasonable ring double
bond equivalents (RDBE) value. The chemical structures and transfor-
mations were drawn in ChemDraw Ultra 12.0.2 (Perkin Elmer).

2.5.Occurrence of PXT and its TPs in Slovenian SW

We collected six-hour composite ples of three Sl ianrivers
(A. B and C) in order to investigate the occurrence of PXT and its TPs.
The exact sampling locations and dates can be found in Table S-4
(SM). The values of pH and dissolved oxygen (DO) of the river water
at each sampling pointwere measured with a multi-parameter portable
meter MultiLine® Multi 3630 IDS (WTW, Weilheim, Germany).

3. Results and discussion
3.1.Irradiation experiments

3.1.1. PXT direct photolysis

The direct photolyis of PXT was assessed under UVB irradiation (see
Fig 1afor the lamp spectrum, Le, the spectral photon flux density in the
irradiated solutions). Although sunlight has relatively low irradiance in
the UVB region, UVB radiation should account for the vast majority of
PXT direct photolysis in the environment. Indeed, PXT efficiently ab-
sorbs sunlight at X < 320 nm (Fig. 1a), while negligible radiation ab-
sorption occurs in the UVA and visible regions. This issue, together
with the fact that the direct p lysis q yields are
more accurately under narrow-band radiation, justified the choice of
the UVBlamp.

PXT (20 pmol L™") was irradiated in ultrapure water (5 mL) under
UVB light for up to 150 min (Fig. 1b). In such conditions, the rate of
PXTdirect photolysis is expressed as Rup = Ppcrx Bip°(A) x [1 = 107"
Sra M) IXTIIN where p°(A) is the lamp spectral photon flux density
(Fig. 1a), eexa(A) is the molar absorption coefficient of PXT (Fig. 1a), b
is the light optical path in solution (0.4 cm), and dpxy is the apparent
quantum yield of PXT direct photolysis. It was Rap. = 241 +
0 10 nmolL™"s™", and thebfhoton flux absorbed by PXT was P, = fx,

Ap°(A) x [1 = 10EnmtA PIAN = (5.97 + 0.36) x 10™° Einstein
l." s™%. As a consequence, one gets dpxy = Rap (P2) ™" = (403 &
025)x1072%

The obtained value of dpyris ~5 times lower than that measured at
N\ = 254 nm in previous work, although with high uncertainty (Dgxr
(254 nm) = 021 + 0.14; Wals et al., 2014). Such a difference in the
photolysis quantumyield values measured for a certain pharmaceutical
(Challis et al, 2014) could be accounted for by the use of dissimilar irra-
diation wavelengths. Indeed, although the phototransformation
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quantum yields of polyatomic organic molecules often follow Kasha's
rule (Turro et al., 1978), itis not unc to find a wavel h de-

dence in the q yields of photochemical reactions
(Demchenko etal, 2017). In the case of PXT, the UVB quantum yield
would be representative of phototransformation under sunlight (also
b PXT only absorb light in the UVB region), differently from
the 254-nm quantum yield.

3.12. Reaction with HO radicals

The second-order rate constant of the reaction between PXT and HO
radical (ko4 mxay) Was assessed by exploiting the competition between
PXT and isopropanol (2-propanol, hereinafter iPr) for reaction with HO"
(Carena et al., 2018). iPr is a well-known HO" scavenger, which reacts
with HO' radicals mainly through hydrogen abstraction, with a rate con-
stant kisor 44 = 1.9x10° Lmol ™" s~ (Buxton et al, 1988).

Aqueous solutions (5 mL) containing H,0; (5 mmol L™'), PXT
(20.2 pmol L") and iPr (from O to 3 mmol L™') were irradiated
under UVB light, in which conditions H;0; is an efficient HO*
photosensitiser. The potential reactions taking place during irradia-
tion of these solutions are the formation of HO" radicals upon H,0,
photolysis (Eq. (1)), the concurrent scavenging of HO" by Hz0z, PXT
and iPr (Eqgs. (2).(3). (4)), as well as the direct photolysis of PXT
(Eq. (5)). Actually, these reactions are not the only ones that occur
in the system, but they are the most important in the assessment of
K(uer +1vr). Additionally, the reaction between HO® and iPr mainly
forms the a-hydroxyalkyl radical (CH; ),C'OH, which can react with
dissolved Oz to produce superoxide radical, H202 acetone and
other small organic compounds (von Sonntag and Schuchmann,
1991). Because the degradation of iPr by HO" produces several radi-
cal species (here generally defined as X'), the possible reactions be-
tween PXT and X" (Eq. (6)) should not be ruled out a priori.

H,0; + hv=2 HO' (1)

HO' + Hy0,»H,0 + HO; Ky iia

=27 x 10°L mol s~ (Buxton et al. 1988) 2)
HO' + PXT—products Ko soxr) (to be determined) 3
HO" +iPr—H0 + (CH3),COH Ky g oy

=19 x 10°L mol~"s~*(Buxton et al., 1988) 4
PXT + hv— products dpxr = (403 = 0.25) x 1072 (5)
PXT + X' products C]

The overall degradation rate of PXT (R:oe) can be described as the
SUm Rye = Ripxry oy + Rap. + Rasa, Where Ripxry uoy, Rap and Ragy
are the rates of Egs. (3), (5) and (6). respectively. Rap. was measured
as 27 + 0.3 nmol L~" s~ (Fig 2a), in good agreement with the value
0f24 + 0.1nmol L™ s™" reported in the previous section. This is due
to the fact that UVB radiation absorption by H,0; is low enough, not
to interfere significantly with the direct photolysis of PXT (note, how-
ever, that low radlaﬂmabsu'ptlonby H,0, isoffsetby its high quantum
yield of HO' generation, i.e., ®pr™ - 1; Wals et al,, 2014).

Rece Was measured at differentiPr concentrations, and then corrected
for Rap. (i.e.,Reat = Rap. = Ripxry 110 + Raas). The sum Riexry sior) + Rt
decreased with increasing alcohol concentration (Fig. 2b), because of
the competition between iPr and PXT for reaction with HO". Competi-
tion kinetics can be modelled by considering that Rixry sy = ko
+exr) % [HO'] x [ PXT), and by reasonably adopting the steady-state ap-
proximation for the hydraxyl radicals concentration ([HO")). By taking
into account the formation of HO" and its consumption by Hz0z, PXT
and iPr, one gets Ryug = [HO'| % (Kpoyseaz % [H204) + ko
+ox) % |[PXT] + Ko yiery % [iPr]), where Ryue is the formation rate of
HO" radicals upon H,0, photolysis (Eq. (1)). By repladng the value of
[HO'] thus obtained in the expression for Ryacr+ s, one gets the follow-
ing:

Rymr * Kyar ey % IPXT)
k.0, * H202] + Koy yoamy % erlH‘w«m*VPﬂ

Repxrs sy + Ross =

O]

Eq.(7)was used to fit the experimental data reported in Fig. 2b, with
Rysiors Ko+ pxry and Ragg as fit variables, yielding Ko oy = (1.7 £
0.5) x 10" L mol™" s~ . Although slightly higher, this value of ko

+axr) 1S in good agreement with the findings of previous works, where
Wols et al (2014) and Santoke and Cooper (2017) report ks +exny =
(96 + 3.6) x 10° L mol™" s™' and kposen = (87 %
0.1) x 10° L mol™" s, respectively. Indeed, the difference between
these values is well within the variability that is usually found during
the determination of second-order kinetic constants with different ex-
perimental procedures (see, for instance, Berto et al., 2018). Also con-
sider, however, that the method we used here to determine Ko 4 pxn
(substrate + quencher) is more time-consuming than the alternative
method based on substrate + probe molecule, butit is more robust be-
cause it is less prone to interferences by unwanted additional processes
(Minella et al. 2017). Indeed, while it is possible to take substrate direct
photolysis into account in the substrate + probe method, there is no
way at all to account for reactions like Eq. (6) (PXT + X°).
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Data fit also yielded Rgyr = 96 + 1.5 nmol L™ 57" and Ruyy =
7.6 4 06 nmol L™ s, Note that Raas was quite high, thereby suggest-
ing that the reactivity of PXT with X" would not be negligible.

3.1.3. PXT reactivity towards singlet oxygen (*0,)

Aqueous solutions (5 mL) containing PXT (from 5 to 20 pmol L™")
and the dye Rose Bengal (10 umol L") were irradiated under a lamp
Philips TLD 18 W/16 Yellow to assess the second-order rate constant
Kk('az+ pxry OF the reaction PXT + 10, (Vione, 2020). The yellow lamp
was chosen because its long-wavelength emission excites Rose Bengal
selectively, without unwanted excitation of additional species like
PXT.The excited triplet state of RB (*RB*), which is generated following
light absorption by RR is able to efficiently react with dissolved oxygen
inits ground triplet state to produce '0z. The majority of 'Oz undergoes
deactivation by collision with the surrounding water molecules, with a
quenching rate constant kgiaz = 2.5 x 10° s™' (Wilkinson et al.,
1995). The remaining fraction of '0, can react with PXT (Scheme 1).

The rate of PXT transformation by 'Oz, which is assessed from the
measured degradation profiles of PXT (Fig. $-2:a),isR = Koz 4pxy % [
02) x [PXT], where [0 is the steady-state concentration of singlet ox-
ygen. The steady-state condition was here provided by (i) steady
irradiation; (if) partitioning of diaxygen between the irradiated solution
and the headspace of the glass cell; (iii) regeneration of the RB
ground-state after >RB* quenching; (iv) continuous formation of 02
upon RB irradiation, and (v) fast quenching of '0, by water (Scheme
1). By considering the formation rate of 'O by irradiated RB (Rg'oz).

RB+hv —<— °RB

k('nzoru)

7—» Products
PXT

sﬂmelslnuhdsdmem the potential reactions taking place in the
diated salutions, used far the d [ of the second-order rate constant of the
reaction between PXT and singlet oxygen.

.

one has ['02] = Repa(kgraz + Koz +exn % [PXT]) ™ In our case it was
determined Rpaz = (65 + 06) x 1077 molL™" s™" by measuring the
degradation rate of furfuryl alcohol (FFA, 100 pmol L") upon reaction
with '0z. The use of FFA as '0; prabe to measure Ryiaz has been widely
adopted and described in previous works (Carena et al., 2017; Rosario-
Ortiz and Canonica, 2016; Vione, 2020).

Note that the rate constants for the reactions between organic pol-
lutants and '0; in water often range between 10° and
107 Lmol~' s (Arnold et al., 2017; Wilkinson et al., 1995). If this is
our case as well, it should be kqaz +exry % [PXT] « K1z in the adopted
range of [PXT] = 5-20 umol L~ Therefore, the PXT degradation rate
by '02 @n be linearly related to [PXT] as inEq. (8):

Rprgy x k‘lq+[x1’)
] ®

Alinear trend was actually found experimentally for R vs. [PXT] (Fg. S-

2: b), which allows for the assessment of ka2 +xn from the line slope,

= (3294 021) x 10~* 5. By so doing, one finally gets Koz pay =

m x kgioz % (Rpaz)™" = (1.26  0.20) x 10* L mol™" s~ This value is

in very good agreement with that of (1.18 £ 0.13) x 10* L mal~" s~

obtained by Santoke and Cooper (2017) with a competition kinetics
approach.

3.14. Reaction of PXT with the excited triplet states of CDOM (*CDOM"*)

CBBP was here used as proxy molecule for CDOM. CBBP has been
widely adopted as CDOM proxy in previous works (Carena et al,
2019; Li et al, 2015; McNeill and Canonica, 2016; Wenk and Canonica,
2012). A protocol has been recently proposed based on steady irradia-
tion experiments, to assess the reactivity of organic pollutants with
the excited tripletstate of CBBP (CBBP*) (Minella et al., 2018). This pro-
tocol involves the irradiation of aqueous solutions (5 mL) containing
CBBP (~70pumol L~") and different concentrations of the organic sub-
strate S (S = PXT in our case). By studying the dependence of the PXT
degradation rate (R) on the added PXT concentration ([PXT]), the
value of the second-order rate constant of the reaction PXT + *CBBP*
can be obtained with the following equation (Carena et al., 2019;
Minella et al, 2018):

068 x Sy x k
Ko can ey = Ko x (P = = M'#m) 9

ocase kgr0s

where Psae is the photon flux absorbed by CBBP, ks = 6x 10°s™ is
the deactivation rate constant of *CBBP* in aerated solution, 0.68 is the
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fraction of *CBBP* that reacts with dissolved triplet O, (the remaining
fraction of *CBBP* is likely deactivated by internal conversion), S, =
046 is the yield of '0, upon reaction between *CBBP* and 0,, and
kgiaz = 25 x 10° s~ is the "0z quenching rate constant by collision
with water molecules (Scheme 2). Finally, m (in s~ units) is the slope
of the line Rvs. [S}

In our case, PXT was irradiated under the UVA black lamp (see Fig. S-
3 for the lamp spectral photon flux density spectrum, p°(A)). Under
these experimental conditions, the photon flux absorbed by CBBP was
Pacume = B3 p°(A) x [1 — 10~ AA@EH) _ (11 4 0.1) x 10 Ein-
steinL="s~" (b = 0.4 cm and [CBBP] = 70 umol L~"). Note that PXT is
not able to absorb radiation in the length range emitted by the
lamp (Fig. 1a), thus radiation absorption by PXT was not taken into ac-
count in the calculation of Pacaar. Moreover, the lack of UVA absarption
byPXT also p d its direct photolysis under UVA irradiation. Fig. 3a
shows the dependence of the PXT degradation rate on the added [PXT]
(from 5 to 20 umol L™ "). The linear fit of the experimental data (R? =
0.98) gave m = (833 + 0.26)x10™" s~ ", from which kpcase-+ex1) =
(45 + 06) x 10° L mol~" =7 was calculated.

From the above data, the triplet-sensitised reaction of PXTlooks very
fast. However, several previous works have shown that the transforma-
tion reactions, sensitised by *CDOM* and *CDOM" proxies, of some
water pollutants such as anilines and sulfonamides are inhibited by
the antioxidant moieties of DOM (AODOM) (Canonica and Laubscher,
2008; Carena et al, 2019; Leresche et al, 2016; Vione et al,, 2018;

2.0 1

(a)

R? = 098

T T T T
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Wenk et al., 2011; Wenk and Canonica, 2012). In particular, 3CDOM*
can partially oxidise xenobiotics through electron transfer (Davis et al,
2018; Li et al,, 2015; Wang et al., 2015), producing radicals that can be
reduced back to the parent compounds by AODOM (Egs. (10), (11))
(Wenkand Canonica, 2012). Atthe laboratory scale AODOM is well rep-
resented by phenol (PhOH), because PhOH resembles the anti-oxidant
phenolic moieties that are very ¢ in AODOM. M , PhOH
is conveniently water-soluble and it is oxidized to poorly reactive
phenoxy radicals (Carena et al., 2019; Leresche et al.,, 2016; Vione
etal, 2018; Wenk and Canonica, 2012).

S+ *CDOM+/>CBBP+—S™ + CDOM ~/CBBP"~ (10)
$* + AODOM/PhOH—S + AODOM™* /(PhO" + H*) (11)
S**—axidation products (12)

If the back-reduction process induced by PhOH is operational, the ac-
tual (corrected) value of the second-order rate constant for the reaction
of S with *CBBP* should be k(acsap-+5)™" = ¥ x k(acam-+5) (Vione etal,
2018), where ¥ < 1. Because the degradation rate of S by>CBBP* isR =
k(3camp-+5)"™" % |S]  [*CBBP"), one has R = ¥ x R°, where R° = k3cume-
+5) % [S] % [3CBBP ] is the transfor mation rate of S measured in the ab-
sence of PhOH. The correction factor ¥ takes into account the back-
reduction, as ¥ = (1 + [PhOH]/{PhOH], z)~", where [PhOH}, ; is the
phenol concentration that halves the value of R” (Wenk and Canonica,
2012).

g
) TR, (13)
1+ [PROH]

[PhOH], >

Fig. 3b shows that the degradation rate of PXT induced by *CBBP* de-
creases with increasing phenal concentration, which suggests that the
back-reduction process is operational with PXT. The fit of Fig. 3b data
with Eq. (13) yielded [PhOH]1/z = 146 + 025umol L™,

3.15. Photochemical model for surface water (SW)

‘The photochemical fate of PXT in sunlit SW was modelled by means
of the APEX software (Aqueous Photochemistry of Environmentally-
occurring Xenobiotics) (Bodrato and Vione, 2014; Vione, 2020). The
model takes into account the photoreactivity parameters of water pol-
lutants (in the present case PXT, the photochemical parameters of

0.6

5
=
s

R ([PhOH]), nmol L' 7!

5 10 15 20 0 2 4 6 B 10
[PXT], pmol L™ [PhOH], pmol L™
Fig 3. (a) Rate of PXT degradation by *CBBP*, as a function of the added PXT ) d of the rate of PXT (initlal concentration 5 pmol L=7) induced by
CBBP, an the concentration of added phenol (PhOH). Experimental data were fitted with (a) Eq.(9) and (b) Eq.(13) (dashed lines) The, fidence bands (salld lines) and

R?values are also reparted, which bath represent the goodness of the fit
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Tabie 1
Sepond-ord ot dith th mmwmjﬂdm{m]ﬂmmmmmmnuumdﬁereadmma— 005 was
taken from Wals et al. (2014, while 3CD0M* Is here represented by \CBEP.
Compound L kot gy LT 577
(vE) HO ooy oy Tcoma”
PXT (40 £ 03) x 1072 {17 + a5) = 10™ (42 + 0:9) = 107 {13 + 02) = 10° i (45 4 0.6) = 107

[Phot}e = 1.46 pmal L~

which are listed in Table 1), sunlight irradiance, as well as the chemical
campaosition and depth of the water bady. PXT phototransfor mation
was modelled in environmen tal scenarios that differed for both water
depth and chemical compaosition { Fig. 4). In particular, the dissolved ar-
ganic carbon [ DOC, which quantifies the (C)DOM content), nitrate con-
centration and water depth were chosen as master variables of the
maodel. Depthwasset at either 0.5 m (Fig 4a, ) or 5 m (Fig. 4b, d) torep-
resent a shallow river (or the upper layer of a lake ) and a lake epilim-
nion, respectively. The back-reduction process was considered in the
model, by converting the value of [PhOH], z (umol L") into a quantity
that is more representative of SW (DOC; , mgcL™"), through the rela-
tionship DOC,z = B« [PhOH],; (Leresche et al. 2016; Vione et al.,
2018). In particular, the conversion factor 8 was set at 0.4 or 09
when, respectively, Suwannee River fulvic acids (SRFA) or Pany Lake
fulvic acids (PLFA) were used as model AQODOM. These (8 values have
been reported for the back-reduction of a N-centred radical produced
through *CDOM*-sensitised oxidation of NN-dimethyl-4-cyanoaniline

M "o’

[C] Direct Photolysis

Koy, day™’

0.3

- 3.0
0.2 4

K'pyr. day™'

5.0
@1

] 20 40 &0 L1+]
NO,~, umol L'

(Leresche et al, 2016). Furthermore, the previous relationship has
been found to hald as well for the basic form of sulfadiazine, which
would be oxidized to a N-centred radical by the triplet states of DOM
[ Tentscher et al, 2013; Vione et al, 2018). Because also the N atom of
the piperidine ring of PXT may be potentially oxidized by *CDOM?,
forming an aminyl radical that may react with AODOM via back-
reduction, we can expect that the previous equation can apply for PXT
as well. Therefore, the rate omstant between PXT and 3CDOM*® was
corrected as per Koo ey = ¥ % Komapepa . With % =
(1 + DOC/DOC, )" and DOC, 5 as pertheMdlscussbn

The pseudo-first order photodegradation rate constant of PXT
(K'pscr) is strongly dependent on the DOC value (Fig 4a, b). This is
likely due to the key roles played by 003~ and HO® in the overall
phototransformation (Vione et al, 2014). The reaction of PXT with
05 and HO" prevails at low DOC, where scavenging of the two rad-
ical species by DOM is still limited. The reverse happens at high DOC,
where both CO3~ and HO" are very efficiently consumed by DOM.

Il co,- M :cpom+ [0 o,
15
na (B) Fos

1.2 (31
-
P £y
- “w =
e b1 &
L& 08 =
e » "

tyyp, day

03

Koyr, day™
1472, day

", pmel L™

NO,

Fg 4. Psewdo-first order rae canstants (left aods) and hal Flile dimes right ask) of PXT phomndegiadation, 2 a function of DOC (with constant 100pmal L= NOg ) and nitrate content
(with constant 5 mg. L~ DOC). PXT phototransiormation was modelled in a surface-wate r column, with depth 'uiuuol'llSm{a],{chdﬁm{b] {d}L Other water chemisiry

[parameters were: pH 8.0, alkalinity 10 mmol L7, and [NOg ] = 1.0 pmal L7 (a), (&) or0.1 pmol L= (), (d). I

PXT d ction, SKFA was used in the

model as ADDOM praxy. The phototransformation kinetics is referred to mid-latitude irradiation conditions during mid-July. The color code depicts the fractions of PXT
phototransforma don accounted for by the difie rent processes. The | nserts in panels (a), (b) show afocus on the k' and £, 5 profiles for 5 <DOC <10mg. L.

.
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Compared to the DOC, nitrate plays a less important role in the
photodegradation kinetics of PXT (Fig. 4c, d). The increase of K'pxr
with increasing [NO3] is mostly due to the enhancement of
photodegradation by CO5~, while degradation by HO' is poorly depen-
dent on nitrate. The most likely reason for the latter finding is that, in
the presence of 5 mg: L™ DOC, CDOM would out-compete nitrate in
HO" generation.

The direct photolysis of PXT gets slower as the DOC increases, be-
cause of competition for irradiance between PXT and CDOM. In contrast,
avariation of [NO3 '] does not affect the direct photolysis kinetics signif-
icantly, because NO3 is a minor radiation absorber. Interestingly, the re-
actions with *CDOM® and 'O, play a secondary role in PXT
photodegradation. The former process is depressed by back-reduction,
while PXT is poorly reactive with '0,. Concerning the inhibition by
back-reduction, the overall PXT degradation is not significantly affected
by the type of AODOM considered in the model, either SRFA (Fig. 4) or
PLFA (Fig. S-4).

Looking at the photochemical half-life times, our findings suggest
that PXT is degraded fast by both direct photolysis and indirect photo-
chemistry. Therefore, photochemical reactions are potentially impor-
tant degradation pathways for PXT in SW. Lifetimes range from a few
days or less in shallow waters (d = 0.5 m), which are well illuminated
by sunlight, up to 20-30 days in deeper waters (d = 5 m) at high DOC.

Photochemical lifetimes ( annual mean values) of PXT were assessed
for Slovenian lakes and watercourses in 2018 (Fig. 5, and Chapter 3 of
SM). These values were obtained with modelling tools, based on data
about the chemical composition of Slovenian water bodies that were
provided by (https://www.arso.gov.si/vode/). A detailed description of
the modelling procedure is reported in a recently published paper
(Carenaet al, 2021). It is seen that photochemical reactions potentially
play a key role in the environmental fate of PXT, as the drug's lifetime
was <2daysin the majority (~ 60%) of the investigated water bodies, in-
cluding our sampling sites. Additionally, CO5~ radicals and the direct

PXT Lifetime, days
® 03-1.0
® 10-20

20-5.0
® 50-100
® 100-22.0

Fig 5 PXT photoch: 1life map in
means of the QGIS saftware (QGS, 2020).
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photolysis should have been the main PXT phototransformation path-
ways, accounting for, respectively, - 55% and ~30% of the overall PXT
photodegradation (note that many Slovenian surface waters flow in
karst regions, Garmo et al., 2014, providing them with pH and inorganic
carbon conditions that are particularly favourable to the occurrence of
CO3"). The remaining fraction of PXT photodegradation was mainly
due to reaction with HO" radicals, while the reactivity with *CDOM*
and 0, was negligible.

3.2. Validation of the analytical methods

The HPLC-DAD method was linear in the range of 107% - 10™*mol L™
PXT (R? = 09995), with method repeatability of 1.6%. Validation param-
eters of the UHPLC-Qtrap method for PXT are reported in SM, Table S-3.
Because we observed that the metabolite PC partially degraded during
sample preparation, we succeeded to qualitatively determine its occur-
rence but its quantification was not possible.

3.3. Detection, identification and formation of TPs

Our workflow first followed the screening of the 53 candidates from
our suspect list, resulting in TP-210, which has already been reported in
the literature (Kwon and Ambrust, 2004; Sakié et al,, 2013). Moreover,
an additional three candidates from the predicted suspects were de-
tected (TP-192, TP-226, TP-328).

The MZmine analysis of the LC-MS data gave rise to a list of 908 fea-
tures. After application of our filtering criteria (remove duplicates, re-
tention time < 7.1 min, 100 < m/z < 500), we were left with 453
features. In order to extract possible TP candidates, we campared blanks
and control ples (withdrawn at the beginning of the experiment)
with the corresponding irradiated samples using scatter plots. An exam-
ple is Fig. S-5, which compares a scatter plot of a contral sample with
that of a sample withdrawn after 180 min of irradiation, both in the

water bodles, referred to the year 2018.Th

dts are annual mean values o depch of 20 cm. The map was made by
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presence of NaNO;. The ions that are placed above the chosen signifi-
cance level are more abundant in the sample irradiated for 180 min,
and thus represent potential TP candidates. This acquired list of poten-
tial TPs was also checked manually. For each of the candidates, MS/MS
spectrawere obtained and nine of them werne identified as TPs of PXT.
All the identified TPs were detected with the positive elecrospray
ionisation mode, while no newly formed TPs were observed in negative
ionisation mode. The accurate masses of the protonated maolecules and
MS/MS fragmentation patterns were the basis for TP identifi@tion. The
level of confidence for each identified TP was assigned based on the

Table2

Chapter 3: Publications
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system suggested by Sclymanski etal. (2014). When no other structure
fitred the experimental information, a level of confidence Zb was
assigned to the TP. If the exact location of a functional group was un-
known, a level of confide nee of 3 was assigned. The level of confidence
4 was assigned if we determined the elemental formula of the TP, but
were unable to propose any possible structure. The isotope ratio score
was obtained with the MZmine “Predict molecular for mula® tool. The
diagnostic information for PXT and its identified TPs can be found in
Table 2, and the process of assigning chemical structures t the detected
TPs. including their MS/MS spectracan be found in the SM, Chapter 2.2

Summary of the diagnestc data on the | dent fled TPs: compound 1D, RT, mexsured mass of [M + HJ™, mass error [ppm ] and proposed e lemental formula, RDBE, isotope ratio sore [X], the
dizgnoatic product lon mass with the cormespanding mass enror [ppm] and ele mental compasition of fragment jons.

Compound RT Mexiured mass  Enror Hemental frmula; RDBE Batope rati Confidence  [Magnostic Error Elemental compos ton
o [min] [+ H] [ppm] ™ + H]™ score [] level production mass lppm]  of Fagment lons
PXT 15z 3IWAEI 48 CpgHy, POy W % 1 1921200 57 G,
1781046 78 CoathafN
1630435 74 Tyt aF
1510412 —65 Calis
1350628 B3 CaliaF
1230610 —33  CatigF
1090457 13 CoHeF
TATSZ Lag 152 1402 73 CpHghD 5 ! [ ] 1741306 B2 Cyathah
1451000 —ng Cartha
1300804 5.1 Crotho
170718 64 Callg
1050736 354 Calin
L0552 0.7 [,
TR210 LED 2101305 45 Ctyn N0 5 95 L2b 1521194 256 Crzth oMM
1630934 67 [
1350616 44 CgHyF
1230627 B3 CaHgF
1080465 0.1 CHF
TR226 226 2261276 43 CpHy N0y 5 ! 3 2081110 -B5 Ty oty P
1781050 1 Cy oty
1630626 18 CpHF
135064 104 CoHgF
1090432 202 CrHaF
TP238 227 2381261 76 CaHpN0s & ! 3 1630930 43 CapthaF
1350584 —1E2 ColigF
1230683 i3 CrHeF
1080457 18 CoHaF
TP29 233 296.1411 —135 TN 11 ! La 273128 —33 Caghh N
2521472 353 CyathaNO
210134 M7 Tyt ;PN
1821232 ns ChzthafN
16304955 B5 CoothaF
1350637 200 CalaF
1230640 3 C7HeF
TRIZE 237 3IWMIsEL 37 CyHyNO, w ) 1Zh 015485 M5 C N0,
2981441 —07  CygHy Oy
270156 41 T, Hy N0,
2410918 n CyaHy sy
212122 LT3 T
TR350 2151 3501404 o € Hy, FNOy 3 o 3 3321390 173 C M, N0,
3061531 B85y H,,FNOy
210132 WIS C, M, FND
1921214 B3 CrathafN
1901045 a7 CyathasfN
1630908 Bo CodthaF
1350634 153 CaliaF
1230636 177 CaHaF
TP-364 399 364.1135 68 i CIFND: L1 ! 3 1921206 83 Caath N
1801032 13 CyathafN
1781026 —34 CoathafN
1510408 —-53 Caltls
1350637 00 CaHgF
1230636 73 CyHeF
1080460 55 CoHgF
TP37E 349 375.1354 35 T 0 11 @= 3 1821212 zo Caath oM
1781082 56 Oy
1630933 61 CyHyF
1350630 MME  CyHF
1730626 BO  CHF
1090467 113  CHF
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Fig. S-18shows the formation profiles of the TPs, which served as the
basis for constructing the degradation pathway (Fig. 6). TP-192 was
formed during direct photolysis and in the reactions involving hydraxyl
and carbonate radicals (Fig. S-18: a, b, ¢, f). According to the TP forma-
tion profiles in Fig. S-18 and in line with its chemical structure, TP-192

HO'{H;07)
Scopom*
|°z
coy

NO; (NaNQCs)

N
HO. 2 0.
HO {H,0;) f
(o]
F
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results from the deavage of fluorine from TP-210. A TP with
[M+ H]* 192 was also observed by Kwon and Armbrust (2004) during
their photodegradation experiments, but the structure of the
dehydrated form of TP-210 was suggested based on the MS spectra ob-
tained with a low resolution instrument. TP-210, which has also been

N

HO'(NaNO3)
HO'(H,07)
foleT

APRI (H202)

H
N
cdi <° :@/O
o]
PXT b

dp
HO'(NaNO3)
HO'(H;0;)
‘cpom*
'o;
co;”

H

ZI

F
TP-210 TP-238
dp
HO'(NaNOs)
HO'(H;0;)
coy”
H
N
HO.
TP-192
the main phonchemical dp - direct photaly

Fig 6. Propased phatodegradation pathway of PXT inch
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identified as a photoproduct by Kwon and Armbrust (2004) and Sakié
etal (2013) was formed during all of our experiments, and it was one
of the most abundant TPs of PXT. In contrast, TP-226 (Fig S-18: a,
d) and TP-238 (Fig. S-18: ¢) were formed only under certain conditions
and ona smaller scale, and they likely originate from hydroxylation and
formylation of TP-210. As we were not able tosuggest an exact structure
for TP-296, we excluded it from the predicted pathway. All the remain-
ing TPs (TP-328, TP-350, TP-364 and TP-375) are formed from the par-
ent molecule. While hydroxylation (TP-350, Fig. S-18: ¢, d, e, f) and
axidative deflourination (TP-328, Fig. S-18: a, b, ¢, f) are known photo-
reactions (Garnik et al, 2020; Horsing et al., 2012; Kosjek et al, 2013),
chlorination and nitration are less common. However, nitration has
been reported as the result of biotransformation (Kosjek et al., 2008).
TP-375 in our experiments was formed y because of the pres-
ence of nitrates in the irradiated solution (Fg.S-18:b, f), which yieldthe
nitrating agent"NO, upon UV photalysis (Mack and Bolton, 1999; Vione
etal,2011):

NO;™ +hv + H'5[NOz + HO'|pe (14)
['NO; + HO'|yge—NO; ™ + H* (15
['NO; + HO']0e—'NO; + HO' (16)
['NOz + HO'),,.~~HOONO 17
HOONO-NO; ™ + H* (18
HOONO- *NO; + HO' (19

Maost reported nitrate levels in SW are below the limit of 50 mg L,
assigned in the Nitrates Directive (European Commission, 2019), while
during the irradiation experiments we used a nitrate concentration that
was more than ten-fold higher. Hence, the formation of TP-375 in SW is
possible albeit this TP would be less abundant as compared to our ex-
periments. The formation of TP-364 is even less probable in freshwaters.
The only possible source of Cl in our experiments was the PXT reference
standard itself, which is sold in the HCl salt form. The combination of
UVBlight, H,0; and chloride probably resulted in the formation of chlo-
rine reactive spedes (Vione et al, 2005) that effectively chlorinated the
parent compound (Fig. S-18: ¢).

The occurrence of the identified TPs as well as that of PXT was
assessed in three Slovenian river-water samples, but PXT concentra-
tions were below the LOQ and no TPs were detected in any sample (-
Chapter 4.4 of SM). This finding, together with results reported in
Fig. 5, might suggest that photoreactions taking place in Slovenian
SWs can efficiently degrade both PXT and its TPs.

4. Conclusions

+ Direct photolysis and reaction with HO" radicals should be the main
reactions that induce degradation of PXTin most SWs. Carbonate rad-
icals can play an important role in PXT transformation aswell, in par-
ticular atlow DOC values and in the presence of high pH and inorganic

Chapter 3: Publications
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determine either PXT, its metabolite PC or any of the identified
TPs in the sampled SWs.

Slovenia is a freshwater-rich country, with high precipitation and,
consequently, high dilution factors. Natural attenuation is also very
likely because of very well-preserved ecosystems, with more than half
of the country covered with forests and a relatively low population den-
sity. Therefore, it would be intriguing to apply the same methodology in
countries that face water scarcity, high population density and a higher
degree of industrialisation.
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3.1.3 Biotransformation study of antidepressant sertraline and its

removal during biological wastewater treatment

The paper “Biotransformation study of antidepressant sertraline and its removal during
biological wastewater treatment” by T. Gornik, A. Kovaci¢, E. Heath, J. Hollender and T.
Kosjek was published in Water Research in August 2020. I led and performed most of the
experimental work, method optimization and validation, data analysis, data interpretation
and manuscript writing under supervision of Assoc Prof Dr T. Kosjek and Prof Dr E. Heath
and Prof Dr J. Hollender. The measurements on the UHPLC coupled with a hybrid
quadrupole-orbital trap were performed at the Eawag, Swiss Federal Institute of Aquatic
Science and Technology in Switzerland, by Assoc Prof Dr T. Kosjek.

Based on available information, the behavior of SER in the environment is of concern.
Hence, this study aimed to fill a clear knowledge gap on SER removal during biological
WW  treatment. It included laboratory-scale batch biodegradation and sorption
experiments and flow-through pilot wastewater treatment bioreactors that helped
determine the leading mechanisms and extent of SER removal. Sorption of the drug
prevailed, eliminating 90 % of SER in the b atch experiments. However, biodegradation
also occurred, resulting in the formation of TPs. The structures of 10 TPs were suggested,
including the known metabolites NS, sertraline ketone and TP hydroxy-sertraline. The
flow-through bioreactors confirmed the high removal percentages for sertraline during
biological treatment at 94 %. In order to support laboratory findings, the influents and
effluents of two WWTPs and untreated wastewater from a psychiatric hospital were
sampled. Eight previously identified TPs were detected in WW | while removal efficiencies
were 81 % and 77 %.

The results of this study provided addressed three aims of this thesis. Namely, 1)
investigation of the biodegradation of SER and identification of TPs, 2) determination of
SER and PXT residues in SW and SER residues in WW samples and 3) assessment of
removal efficiency of SER during biological treatment.

This paper is the first to study SER behavior during WW treatment extensively. It
highlights sorption as the primary removal mechanism, investigates the mechanism of its
biodegradation and identifies seven new TPs, confirming their presence also in actual WW.
The TPs determination in sampled sewage hospital WW also established that limited
biotransformation already occurs in the sewage system before reaching the WWTP.
Consequently, it provides vital information for further research on SER recalcitrance and
ecotoxicity.
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Sertraline is one of the most commonly prescribed antidepressants in the last few years. Therefore, it is
not surprising that it is regularly detected in wastewaters, surface waters, sediments, biosolids and biota.
Effluents from wastewater treatment plants are the main contributors to its presence in the environ-
ment. The presented study aims to elucidate the processes involved in its removal, concentrating mainly
on sorption and biodegradation during wastewater treatment.

We performed our laboratory scale experiments in two sets of experiments: 1) batch biodegradation
and sorption experiments and 2) flow-through laboratory scale pilot wastewater treatment bioreactors.
The batch experiments revealed that sorption to activated sludge was the leading removal process,
eliminating up to 90% of sertraline present in the batches. Biodegradation was however the secondary
removal process, influenced by the presence of alternative easily biodegradable carbon sources. We
postulated chemical structures of ten detected biotransformation products. Among these, we propose the
previously recognized metabolite norsertraline, sertraline ketone and hydroxy-sertraline. All the
remaining biotransformation products are herein reported for the first time.

The removal efficiency of approximately 94% was determined after the treatment in the flow-through
bioreactors. To support our findings, we sampled influents and effluents from two wastewater treatment
plants and untreated wastewater from a psychiatric hospital. Removal efficiencies of 81% and 77% were
determined, and along with the parent compound sertraline, the presence of eight transformation
products was confirmed in the actual wastewaters.

Keywords:

Mass spectrometry
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Degradation

Sorption
Transformation product
Activated sludge

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction secondary treatment are sorption and biodegradation. Nonetheless,
the existing treatment techniques are only partially successful in
removing them (Choubert et al., 2011). Consequently, the discharge

from wastewater treatment plants (WWTPs) is often the main

Pharmaceuticals in the environment have been one of the most
discussed topics in environmental sciences in the last few decades.

Examining the occurrence, behavior and toxicity of these com-
pounds is essential in order to determine the risk arising from the
exposure and to put an appropriate legislation in place (Rowsell
et al,, 2010). One of the main factors influencing the occurrence
of a contaminant in the environment is wastewater (WW) treat-
ment. For micropollutants, such as pharmaceuticals, secondary
biological treatment is on average 30% more efficient than primary
WW treatments. The main mechanisms of removal during

* Corresponding author. Jozef Stefan Institute, Jamova 39, 1000, Ljubljana,
Slovenia.
E-mail address: tina kosjek@ijs.si (T. Kosjek).

https://doi.org/10.1016/j.watres.2020.115864
0043-1354/© 2020 Elsevier Ltd. All rights reserved.

source of contamination for receiving waters (Luo et al., 2014).

As the focus of our study, we chose the antidepressant sertraline
(SER). It belongs to the selective serotonin reuptake inhibitor (SSRI)
class and is reported as the 14th on the list of top 200 drugs pre-
scribed in the USA (Fuentes et al., 2018). The occurrence of SER in
both WW and surface waters (SW) has been reported several times,
in the range of a few ng L-' and up to 200 ng L', whereas its
highest concentrations at almost 1 pug L~ ' were reported for two
WWTP effluents discharging into the east-branch of the Niagara
river located in the USA (Arnnok et al., 2017; Golovko et al., 2014;
Gornik et al., 2020; Nagarnaik et al., 2011; Yuan et al., 2013). The
reported concentrations are not expected to cause lethal acute toxic
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effects on aquatic organisms. However, based on toxicity pre-
dictions and hazard assessments by Ortiz de Garcia et al. (2013),
Kuzmanovic et al. (2016), Osorio et al. (2016) and Mole and Brooks
(2019) the sub-lethal concentrations of SER will likely cause chronic
toxic effects on organisms in the sampled rivers. Studies by
Minguez et al. (2015), Vaclavik et al. (2020) and Gomez-Canela et al.
(2019) have confirmed this hypothesis, reporting that through
influencing biochemical processes (e.g., neurotransmitter concen-
trations, enzymatic activity) SER causes behavior changes, such as
suppression of the escape reflex, decreased food consumption or
increased swimming activity. Further, several sources report on SER
bioaccumulation in aquatic organisms including invertebrates (e.g.,
mollusks, crustaceans), fish and water beetles (de Solla et al., 2016;
Grabicova et al., 2017, 2015). Bostrom et al. (2017) reported that the
bioaccumulation factors decrease with higher trophic level. In
addition to SER, its most abundant metabolite norsertraline (NS)
has been shown to bioaccumulate in fish tissue, where Arnnok et al.
(2017) showed that the metabolism from SER to NS can also take
place in the fish.

While the toxicity and occurrence have been extensively stud-
ied, there is a lack of data on SER biodegradation and biotransfor-
mation, apart from the Final report on the environmental
occurrence, fate, and ecotoxicity of SSRIs in aquatic environments,
by the Environmental Protection Agency (EPA) USA site (US EPA,
2001-2007), where no biodegradation was observed within the
test period. Few papers however reported on removal efficiencies
in WWTPs, but the outcomes were very inconsistent, varying from
only a few percent to almost 100% elimination, without any further
results on the actual mechanism responsible for the removal
(Golovko et al., 2014; Lajeunesse et al., 2008, 2012; Schliisener et al.,
2015; Silva et al., 2014).

To fill in these gaps, the objectives of our study were as follows:
1) to assess the biodegradability of SER, 2) to identify potential
transformation products (TPs) formed during this process, and 3) to
determine its removal efficiency during WW treatment. We set up
a batch biodegradation experiment in order to study the biodeg-
radation kinetics and biotransformation. To determine SER removal
efficiency we simulated WW treatment on previously designed
laboratory-scale pilot wastewater treatment bioreactors (PWTB)
(Kosjek et al., 2007). The findings obtained by these two experi-
ments were then compared to the behavior of SER at two Slovenian
WWTPs with activated sludge (AS) biodegradation as the second-
ary treatment.

2. Materials and methods

The list of standards, reagents and chemicals, together with the
description of standard solution preparation, can be found in the
Supplementary material (SM), Chapter 1.

2.1. Biodegradation experiments

We studied biotransformation of SER by a modified Zahn-
Wellens test (Kosjek et al., 2013), whereas the removal was inves-
tigated by simulating secondary WW treatment in PWTB.

2.1.1. Batch biodegradation and sorption experiments

Batch biodegradation tests were carried out in 0.5 L glass bot-
tles. During the experiment, they were kept in the dark and aerated
with an aquarium pump (see Table 1). SER was added at the con-
centration of 1 mg L. Series A, B, C, D and BL contained 10 mL of AS
obtained from the Slovenian WWTP. 330 mL of nutrient rich me-
dium was added into A, B and BL, while mineral rich medium
without an added carbon source was added to C and D (for the
composition of nutrient and mineral rich medium see SM,

Tables S—3). Batch E and F contained deionized water without the
addition of AS. The biological activity was inhibited in batches B, D
and E by adding 2% formaldehyde. These three series were
employed as controls to the batches A, C and E, respectively, to
account for possible abiotic degradation. BL served as the control of
matrix and was prepared without the addition of SER. The ambient
temperature was kept at 23 °C and pH was monitored at each
sampling event. Biomass concentration was determined at the
beginning of the experiment in three separately prepared flasks,
containing 10 mL of AS and 390 mL of deionized water. Two 50-mL
parallels of the homogenized sample were taken from each flask
(n=6)and filtered through GF-2 filters, that were beforehand dried
to constant weight at 105 °C. After filtering, the filters with biomass
were again dried at 105 °C and weighted. From the difference in
masses we calculated the concentration of biomass. After the
closure of the experiment the biomass concentration was again
determined following the same procedure for each sample flask (A-
F, BL) in two 50-mL parallels.

4-mL samples for determination of biodegradation were with-
drawn from each flask in approximately 24-h intervals, during an
incubation period of nine days. The first sample was withdrawn
after 15 min post spiking, when, to assure homogeneous concen-
tration of SER, we intensively stirred the flask’s content.

To account for a possible influence of the formaldehyde on SER
sorption to AS or to glass surfaces we performed an additional
sorption experiment, as demonstrated in Table 1. The medium used
was ultrapure water with the addition of 10 mL of AS. In the first
series the AS was left intact (G), while in the second set it was again
inhibited by adding 2% formaldehyde (H), and in the third by
autoclaving the AS beforehand (I). | and K series correspond with
controls E and F, respectively (Table 1). SER concentration was again
monitored by withdrawing the first sample at 15 min post spiking,
and then after 0.5, 1, 4, 8, 24 and 48 h.

2.1.2. PWTB

The benchtop PWTBs simulate the biological treatment applied
at most WWTPs. A detailed description of the bioreactors and their
configuration is given by Kosjek et al. (2007). Each bioreactor
contained 4 L of wetted volume including AS obtained from the
Slovenian municipal WWTP A. Three flow-through bioreactors
were used: BR1, BR2 and BRO. To the influents of BR1 and BR2 SER
was added at the concentration of 1 ug L', while BRO served as the
control reactor, which was operated at the same conditions, but
without SER addition. The daily feed rate was 2 L at hydraulic
retention time of 48 h. The adaptation period after the addition of
AS to each bioreactor was one month. After this period, sampling of
the bioreactors’ influents and effluents was performed monthly for
six months. Effluents were sampled 48 h after influent sampling.
Parameters such as pH, temperature and dissolved oxygen were
measured on each sampling occasion in each compartment (anoxic,
aerated and settling tank). Biomass concentration, NO3—N, NHs—N
and chemical oxygen demand were measured at the beginning of
the experiment and after three and six months. Additional infor-
mation on how the parameters were measured can be found in SM,
Chapter 3 on PWTB.

2.2. Occurrence in Slovenian WWs

We sampled WWs from two Slovenian WWTPs with the ca-
pacity of 149.000 and 360.000 population equivalents for the
WWTP A and B, respectively. Both WWTPs receive municipal, in-
dustrial and hospital WWSs. They both apply a combination of
mechanical and biological treatment with an anaerobic stabiliza-
tion of sludge. The 24-h composite samples of influents and efflu-
ents were sampled on two respective days in August 2019. In
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Table 1
The constituents of each series in the batch biodegradation and sorption experiment.

Sample AS [mL] Nutrient rich medium [mL] Mineral rich medium [mL] DIW [mL] FDH [mL] SER standard addition [pL] Total volume [mL]
Biodegradation experiment

SER-A/1 10 330 0 60 0 400 400
SER-A/2 10 330 0 60 0 400 400
SER-B 10 330 0 0 60 400 400
SER-C/1 10 0 330 60 0 400 400
SER-C/2 10 0 330 60 0 400 400
SER-D 10 0 330 0 60 400 400
SER-E 0 0 0 340 60 400 400
SER-F 0 0 0 400 0 400 400
BL 10 330 0 60 0 ! 400
Adsorption experiment

SER-G/1 10 0 0 390 0 400 400
SER-G/2 10 0 0 390 0 400 400
SER-H/1 10 0 0 330 60 400 400
SER-H/2 10 0 0 330 60 400 400
SER-I/1 10" 0 0 390 0 400 400
SER-I/2 10* 0 0 390 0 400 400
SER-J 0 0 0 340 60 400 400
SER-K 0 0 0 400 0 400 400

* autoclaved.

addition to the WWTPs, a 6-h composite sample from a Slovenian
psychiatric hospital was sampled from the hospital sewer in order
to determine the occurrence of the parent compound and metab-
olites before entering the treatment system.

2.3. Sample preparation and instrumental analysis

The purpose of the batch biodegradation experiment (2.1.1) was
the identification of the formed TPs, which was done using the high
performance liquid chromatograph (Ultimate 3000, Dionex)
coupled to QExactive Plus hybrid quadrupole-orbital trap™
(Thermo Scientific) high resolution mass spectrometer (HPLC-
QExactive). Samples were processed by filtering 0.5 mL of each
sample through 0.2 um syringe filters and addition of 20 pL of
deuterated SER hydrochloride (SERD3) and 13¢C Jabeled norsertra-
line (NS *Cg) internal standards (IS) at the final concentration of
200 ng L. The samples were kept frozen at —20 °C until analysis.

SER quantification in the PWTB samples (2.1.2) was determined
by gas chromatography coupled to mass spectrometry (GC-MS;
7890B/5977A, Agilent Technologies) following the instrumental
method applied in Gornik et al. (2020). The sample preparation was
adapted and slightly modified from the method applied to SW, also
found in Gornik et al. (2020). The main differences can be found in
the washing step, one-step elution and additional derivatization
step detailed in the Supplementary material, Chapter 1.3.

Trace-level analyses of SER, NS, sertraline ketone (SEK), and
semi-quantitative analyses of the TPs identified in PWTB effluents
(2.1.2) and actual WW (2.2) samples were performed using a Shi-
madzu Nexera X2 ultra-high performance liquid chromatograph
(UHPLC) coupled to Sciex hybrid quadrupole-linear ion trap mass
spectrometry analyzer (Qtrap) 4500. Samples were prepared
following the method for SW in Gornik et al. (2020).

The exact procedures and operating conditions for all three
methods are stated in SM, Chapters 1.3, 1.4 and Tables S—1.

2.4. Analytical method validation

The performance of the quantification methods was evaluated
by estimating linearity, trueness, repeatability, sensitivity, matrix
effect and extraction recovery. The information on the determina-
tion of the validation parameters can be found in SM, Chapter 1.5.

2.5. Detection and identification of transformation products

We did the screening and the identification of TPs following two
workflows. The first one was done in XCalibur™ ver. 3.0 software by
adding suspects either already identified in the literature (De Vane
et al.,, 2002; Gornik et al., 2020; Jakimska, A. et al., 2014; Li et al.,
2013; Shen et al, 2011), predicted by the Eawag-BBD Pathway
Prediction System (EAWAG, BBD Pathway Prediction System) or
generated from parent compounds using possible modifications
that were applied for at least three generations as described in
Stravs et al. (2017).

In the second workflow we used the open-source software
packages MZmine (version 2.37) and R (version 3.5.2) in order to
screen for possible TPs in a nontargeted way (R Core Team, 2011).
First, differential analysis was performed for a set of samples based
on LC-MS data with MZmine software. The peaks were detected
using the exact mass algorithm, followed by a chromatogram
building. The chromatographs were deconvoluted by the wavelets
(Automated Data Analysis Pipeline (ADAP)) algorithm (Myers et al.,
2017) and deisotoped with the isotopic peaks grouper algorithm
with a m/z tolerance 0.015 mu or 25 ppm, retention time (RT)
tolerance of 0.2 min and the lowest m/z value as the representative
isotope. The peaks were aligned using the Random Sample
Consensus (RANSAC) algorithm. Gap filling was performed based
on the same RT and m/z range gap with m/z tolerance of 0.015 mu or
25 ppm. The results were filtered by removing duplicates and m/z
below 100 and over 600. The obtained data was processed further
using R (Vervliet, 2018). A student t-test was employed in order to
obtain statistically significant features between the samples and
their controls (fold change > 10 and p-value < 0.05). The elemental
formula of the selected m/z values was predicted in MZmine with
the “Predict molecular formula” tool and compared with the pre-
diction obtained by XCalibur™. The tentative structures were
proposed based on the mass shift compared to the parent com-
pound, the suggested elemental formula and MS/MS fragmenta-
tion. The criteria applied to the identification of TPs were based on
1) maximum error of 10 ppm between the measured and theo-
retical mass of the (de)protonated molecule and its product ions; 2)
isotopic pattern score over 70%, where available; 3) DBE value; 4)
absence of the TPs in the blanks, biologically inhibited control
samples and in samples withdrawn at the onset of the biodegra-
dation experiment.
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Fig. 1. Degradation of SER in mineral rich medium (C). The 90% decrease of SER took
place during the first 15 min post spiking.

The chemical structures and transformations were drawn in
ChemDraw Ultra 12.0.2 (Perkin Elmer). The raw data of the po-
tential candidates was examined and processed manually in XCa-
libur ™,

3. Results and discussion
3.1. Biodegradation kinetics and sorption experiments

For the batch biodegradation experiment, we prepared nine
flasks, of which two series (A and C) served as biodegradation test
samples, whereas, B, D, E, F and the blank served as the controls.
Series A and C were run in parallels. Compared to the initially
spiked, i.e. “expected initial concentration” we observed a signifi-
cant decline of 74% and 90% SER in the nutrient-rich (A) and
mineral-rich medium (C) already at the first sample withdrawal,
which took place 15 min post the addition of SER into the flasks
(Fig. 1). In the C series, the level of SER decreased further, until only
3.8% of the initial concentration remained in the flask after nine
days. Conversely, we noted only a slight further decrease in the A
series. We assume that AS in nutrient rich medium had superior
growing conditions and utilized easily biodegradable nutrients,
which in turn slowed down the biodegradation of SER. In series C
however, SER was the only available carbon source and was
therefore consumed more rapidly. Its biodegradation followed
pseudo-first kinetics (Fig. 1), with the half-life of 4.6 days. In the
absence of AS (series E and F) or when AS was inhibited (series B
and D), hardly any degradation was observed, with RSDs below 15%
during the nine-day experiment.

To investigate further the reason for the initial decline of SER in
series A and C, we studied its sorption. For this purpose we
compared the untreated AS (series G), formaldehyde inhibited AS
(series H), and previously autoclaved AS (series I). It was shown that
only 19% of the initially spiked SER was left after 15 min in series G.
A similar drop to 26% of the initial concentration was observed in
series |, while there was no change in SER concentration in series H.
SER concentration decreased for an additional 5-10% during the
next 24 h in the batches G and L. This finding indicates that sorption
to AS was responsible for the initial drastic decline in concentration
of SER, whereas formaldehyde (series H) prevented this process.
The result was in agreement with articles reporting high sorption
coefficients and constants with soils, sediments and activated
sludge (Silva et al,, 2015; Horsing et al., 2011).

An alternative mechanism for elimination of aliphatic amines
with pK; 7—10 is ion trapping in protozoa, as suggested by Gulde
et al. (2018). This mechanism has also been reported for the
structurally related SSRI antidepressant, citalopram. The ion trap-
ping occurs due to the pH difference between the relatively neutral
outside environment and the acidic conditions of vesicles present
in eukaryotic cells of the protozoa. This difference allows the
amines to diffuse into the vesicles in their neutral form, while their
diffusion back from the vesicles is strongly inhibited by their pos-
itive charge. In order to either confirm or refute this potential
mechanism, additional experiments are needed by specifically
inhibiting protozoa (Gulde et al., 2018).

The biodegradation experiment started with 0.57 = 0.01 gL' of
biomass and ended with a similar concentration of 0.46 +0.15g L.
It was shown that the pH remained constant during the experiment
in all batches. As illustrated in the SM (Figure S-1), pH ranged be-
tween 6.6 and 8 in the batches A, C, F and BL. The addition of
formaldehyde however reduced the pH, resulting in the average pH
of 4.2 in the batches B and D, whereas in the batch E, which was not
buffered by the AS and mineral nutrient medium, the pH was about
one additional unit lower (pH 3.1). Pharmaceutical drug stability
stress tests (Singh and Bakshi, 2000; Walash et al., 2011) and study
by Lam et al. (2004) have shown that SER was highly hydrolytically
stable. Accordingly, we observed no increase in the degradation of
SER under acidic conditions in the batches B, D and E.

3.2. Detection, identification and formation of BTPs

The TPs were detected only in series C or A, meaning that they
were the result of biodegradation and are therefore from now on
referred to as biotransformation products (BTPs). All BTPs were
detected in positive ionization mode, while we found no newly
formed compounds in the negative, neither did we find any adduct
ions to imply their presence in the biodegradation mixtures. The
diagnostic information on SER and its nine BTPs can be found in
Table 2. A level of confidence proposed by Schymanski et al. (2014)
was assigned to each BTP based on available reference standards,
previous references, MS, MS/MS spectra and possibility of existing
isomers. The isotope ratio score was determined using MZmine's
“Predict molecular formula” tool. Their MS/MS spectra, together
with the tentative chemical structures are illustrated in Figure S-2.
The chromatograms are reported in Figure S-3.

The parent compound SER eluted from the column at 12.6 min,
with the protonated molecule [M-+H]" 306,08 corresponding to the
elemental formula of Cy7H7ClzN. Its MS/MS spectrum shows ion
fragment ions at m/z 275.04 formed by the loss of CH3NH3, m/z
158.98 by the further loss of the tetralin ring, m/z 129.07 repre-
senting the protonated dihydronaphtalene and m/z 91.05 the pro-
tonated toluene.

The fragment ions observed in the MS/MS spectra of BTP-292
(NS), BTP-320b, BTP-334 and BTP-406 correspond to those found
in the SER MS/MS spectrum (m/z 275.04, 158.98, 129.07, 91.05). The
identity of BTP-292 ([M+H]* 292.07, CygH;5CI;N) being the deme-
thylated SER or NS was confirmed by the reference standard. To
assign the structure to the remaining three BTPs, we took into ac-
count that their fragment ion at m/z 275 stayed intact, implying that
the transformation likely occurred on the amine group. Based on
the elemental formulae of BTP-320b (|[M+H]" 320.06, C17H5CIzNO)
and BTP-334 ([M+H]" 334.08, C;gH7CI;NO) their structures
correspond to formamide and acetamide moiety bound to NS,
respectively. According to the addition of C4H403 to the elemental
formula of SER (Cy7H17Cl2N), we propose that the BTP-406 ([M+H]™
406.10) is the product of N-succinylation.

BTP-158 ([M-+H]" 158.10, Cy;HyN) is tentatively formed by the
loss of dichlorophenyl ring from SER. The only identified fragment
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Table 2
Summary of the di, ic data on the i BTPs: ¢ ID, RT, mass of [M+H]", mass error [ppm] and proposed elemental formula, DBE, isotope ratio
score [%], the diagnostic product ion mass with the corresponding mass error [ppm| and el; | c ition of ions.
Compound RT Measured mass Error Elemental DBE Isotope ratio Confidence Diagnostic product Error Elemental composition of
ID [min] [M+H]" [ppm]  formula score [%] level ion mass [ppm]  fragment ions
SER 12,61 306.08089 -0.63 Cy7Hy7CIN 9 70 L 275.03681 -7.53 CyH13Cl3
158.97613 -0.94 C7HsCl3
129.07017 225 CioHg
91.05424 0.1 CH7
P-158 11.58 158.09645 0.13 CnHyN 7 N L2b 143.07312 119 CioHgN"
TP-176 9.06 176.10703 023 CiiHi3NO 6 N L3 158.09648 032 CiHiaN™
143.07327 224 CioHgN™
TP-292 12.87 292.06526 -0.58 CygHyisCN 9 80 L1 275.03864 -0.87 CigHi3Cl3
(NS) 15897621 ~044  CHsCl
129.06996 0.62 CyoHg
91.05437 154 GHY
TP-320a 1398 320.06016 -0.59 Cy7HisCI,NO 10 N L3 302.04861 -3.87 Cy7H14CIN"
238.05482 1.85 CygHyyCI°°
TP-320b 1520 320.06024 -033 Cyi7HisCbNO 10 N 2b 275.03888 0 CyiHy3Cl3
158.97635 0.44 C7HsCl3
129.07001 1.08 CioHs
91.05418 ~0.55 CH7
P-322 10.61 32207572 -0.87 Ci7HyCbNO 9 79 L3 291.03354 -0.89 Cy6Hy3CL07
273.02286 ~1.36 CysHy Cl3
238.05411 ~1.13 CyeHyyC1°°
TP-334 1540 334.07570 -09 CisHy7CbNO - 10 81 12b 275.03848 ~145 Ci6Hy3C13
158.97612 ~1.01 C7HsCl3
129.06976 -0.93 CioHs
91.05405 -198 CHj
TP-350 13.10 350.07076 -0.43 CygHyCI,NO; 10 N 273.02255 -2.49 CigHpiCl3
238.05453 0.63 CigHy CI*
TP-406 1530 406.09700 -0.32 CyHyCNO3 11 77 275.03873 055 CyiHy3Cl3
158.97661 2.08 C7HsCl3
129.06990 0.15 CioHs
91.05408 -1.65 C7Hj

ion at m/z 143.07 indicates the loss of the methyl group. This
fragment ion was previously observed in the MS spectra of SER
imine, identified as protonated radical ion of naphthalene-1(2H)-
imine (Gornik et al, 2020). The suggested structure of BTP-176
([M+H]" 176.11) with the elemental formula of Cy1H3NO is hy-
droxylated BTP-158, justified by the diagnostic ions m/z 158.10 that
indicates the cleavage of H,0, and the previously mentioned m/z
143.07.

BTP-320a ([M+H]" 320.06) is an isomer of BTP-320b, both
differing in their retention times (RT) and MS/MS spectra. By the
loss of H,0 the fragment ion at m/z 302.05 can be observed. Further
fragmentation leads to the m/z 238.05 corresponding to the radical
cation of chlorophenyl-dihydronaphthalene. The fragment ion has
been reported before by Jakimska et al. (2014) and Gornik et al.
(2020) in the MS/MS spectra of hydroxy-SER, SER imine and SEK.
A double bond is formed, which argues in favor of the hydroxyl
group located in the cyclohex-2-enamine system. BTP-322 and
BTP-350 also have the fragment ion at m/z 238.05 in their spectra,
indicating that the transformations took place at the same potential
locations. The elemental formula Cy7H7CI;NO of BTP-322 ([M+H]*
322.08) suggests that an additional oxygen was added to SER, and
based on its fragmentation pattern (m/z 291.03, 273.02, 238.05),
exact mass and cross-confirmation of the RT it was concluded that
this compound is the product of SER hydroxylation. This compound
was previously identified as the product of solar photodegradation
by Gornik et al. (2020), and degradation in soil by Li et al. (2013).
The elemental formula CigH7CI;NO; and fragmentation ions m/z
273.02 and m/z 238.05 in the spectra of BTP-350 ([M+H]" 350.07)
suggest that in this case hydroxylation occurred on BTP-334.

Sertraline ketone (TP-291, SEK) was determined following tar-
geted identification using UHPLC-Qtrap. Its identification was
based on three MRM transitions including m/z 291 > 145, m/z
291 > 238 and m/z 291 > 117 in ratios and the RT at 5.12 min, all

matching with the SEK reference standard. Therefore, the level of
confidence 1 was assigned to this compound. There could be
several possible reasons why SEK was not detected in the QExactive
measurements. The most plausible reason is that the method
sensitivity was too low to detect it.

Fig. 2 shows the kinetic profiles of the BTPs formed by biodeg-
radation of SER by AS in the nutrient rich medium. The duration of
the experiment is plotted against the ratio between the area under
curve (AUC) of each BTP versus SERD3 or NS *Cg, which were used
as IS. NS Cg was used as the IS for studying the kinetics of NS and
SEK, whereas SERD3; was used for all remaining BTPs. Based on the
identified structures and their kinetic profiles we also propose a
breakdown mechanism, as depicted in Fig. 2.

The level of BTP-291 or SEK (Fig. 2, A) increased from the
beginning of the experiment, but reached a plateau on the second
day, after which another rise was observed at the end of the
experiment. SEK could either have formed directly from SER as
suggested by Jakimska et al. (2014) or from NS, as suggested by
Shen et al. (2011), so the breakdown pathway in Fig. 3 is con-
structed accordingly.

The levels of BTP-292 or NS increased fast to the maximum on
the second day and then decreased till day seven, whereafter the
compound was not detected in the mixture anymore (Fig. 2, B).
BTP-334 gradually increased from day one, but it did not reach the
plateau during the time of the experiment. A much milder increase
was observed for the compound BTP-350, starting from day three,
though its levels remained substantially lower in comparison with
the first two compounds (provided that the ionization levels of the
three BTPs are comparable). Based on these data we constructed
the pathway in the breakdown scheme (Fig. 3), postulating that SER
is first demethylated to form NS, which is followed by the acety-
lation to BTP-334 and hydroxylation to BTP-350.

The levels of BTP-322 (Fig. 2, C) gradually increased from day
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Fig. 2. Kinetic profiles of BTPs: A: BTP-291 (SEK) kinetics was studied by UHPLC-Qtrap and is therefore depicted in a separate plot; B: kinetic profiles for BTP-292 (NS), BTP-334, BTP-
350; C: kinetic profiles for BTP-176, BTP-320a, BTP-322; d: kinetic profiles for BTP-158, BTP-320b and BTP-406.
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one to nine, probably by hydroxylation of SER, while the levels of
BTP-320a increased accordingly, then reached a plateau after the
day three, possibly due to its further transformation into BTP-176.
BTP-176 was not detected until day four, then its concentration
started to increase and kept this trend until the end of the

experiment. It is hypothesized that TP-320a was formed from BTP-
322 by dehydrogenation (Gornik et al., 2020; Shen et al,, 2011) and
BTP-176 after the cleavage of the dichlorophenyl ring from BTP-
320a.

Fig. 2 (D) shows how BTP-158 slowly increased from the
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beginning of the biodegradation experiment, reaching a plateau
after six days. The exact mechanism of BTP-158 formation could not
be predicted based on the available data, nevertheless it probably
includes the cleavage of the dichlorophenyl ring, also observed in
the formation of BTP-176.

Further, we hypothesize that BTP-320b (Fig. 2, D) was formed
either directly from SER after «-C-oxidation or from N-formylation
of NS. Similarly, we suggest BTP-406 is formed by N-succinylation
of SER. Both reaction pathways have been shown on several ex-
amples of amine-containing micropollutants investigated in the
study by Gulde et al. (2016).

3.3. Validation of the analytical methods

The validation details for the quantification methods are re-
ported in SM, Tables S—2 in Chapter 1.5.

3.4. Occurrence and removal in WW

3.4.1. Removal in PWTB

SM (Tables S—4) reports on physicochemical WW quality pa-
rameters determined in the influents and effluents of the control
bioreactor and two test bioreactors, which were run at 1 pg L™ of
SER spiked in the influent. The conditions in PWTB were kept as
stable as possible by controlling the external influences, but since
the biomass is a lively system, the changes of biomass concentra-
tion through the six-month period could not be avoided. The sec-
ond problem that we encountered, was keeping the anoxic
conditions in the non-aerated compartments of the bioreactors.
Since the return flow from the oxic into the anoxic compartment is
strong, and because the concentrations of dissolved oxygen in the
oxic compartment is high, it was not possible to keep the low ox-
ygen levels in the anoxic part, as it was earlier discussed in Kosjek
et al. (2007). As the result, the BTPs formed in our experiments
were the products of aerobic biotransformation only. As shown in
SM Tables S—4 the levels of N—NH4 are substantially lower than
10 mg L' and chemical oxygen demand concentrations are lower
than 100 mg L' in the effluents of all three bioreactors. Hence, the
quality of WW treated in PWTB meets the national requirements
(Official Gazette of the Republic of Slovenia, 2007) for the discharge
of WW.

Despite somewhat varying physicochemical parameters
measured in the PWTBs, the removal efficiency of SER remained
sufficiently high and reasonably constant; i.e. 95.0 + 2.4% for BR1
and 93.3 + 2.2% for BR2. Along with the SER removal studies, we
followed the formation of BTPs in PWTB effluents. NS was present
in concentrations of 3.6 + 29 ng L ' and 5.6 + 2.7 ng L ' in BR1 and
BR2, respectively. SEK was determined at 0.6 + 0.2 ng L' in BR1,
and at 0.7 + 0.1 ng L ' in BR2. Other BTPs, including BTP-176, BTP-
320b, BTP-322, BTP-334 and BTP-406 were also detected in the BR1
and BR2 effluents.

Table 3

3.4.2. WW samples

Table 3 reports on concentrations or qualitative determinations
of SER and its BTPs in WWs obtained from psychiatric hospital and
from two WWTPs.

The WW sampled in the hospital sewage system revealed the
presence of SERat 549 ng L', NSat 139 ng L' and SEKat 13 ngL .
In addition, BTP-176, BTP-320b, BTP-322 and BTP-334 were
detected. NS and SEK can be formed by human metabolism as well
as by biotransformation of SER, so they can be formed by either of
the two processes. Namely, it is assumed that limited biotransfor-
mation can already take place in the sewage waters before they
reach WWTPs. This also explains the presence of four other BTPs
found in the hospital WW.

The concentrations of SER at the influents of WWTP A and B
were remarkably similar, at 114 ng L' in A, and at 119 ng L " in the
WWTP B. In the effluents, the concentrations of SER after 24 h were
determined at 26 ng L' in WWTPA and 23 ng L' in the WWTP B.
This corresponded to the removal of 77% at WWTP A and 81% at
WWTP B. The removal determined in WWTPs was less than 15%
lower compared to the removal of SER in the PWTBs. One possible
reason for this difference could be the fact that the leading removal
process, sorption, is a non-specific process. Since there are several
compounds present in real WW that also bind to the available AS,
the altogether capacity is lower. Other reasons for higher removal
in the PWTB can involve the controlled conditions, the adaptation
of the biomass and constant influent concentration of SER. The
removal efficiencies of SER were also similar to the ones reported
by Golovko et al. (2014) at 81% and Schliisener et al. (2015) at
82 + 2%. In both cases, comparable conditions to ours were applied,
where 24-h composite samples were taken from WWTPs, where
the secondary biological treatment took place. Subedi and Kannan
et al. (2015) also reported a similar removal efficiency, stating that
most of the mass load of SER had been removed by the sorption
during primary treatment. On the other hand, Lajeunesse et al.
(2012) reported lower removals ranging from 25 to 48%. Most pa-
pers report only on occurrence of SER in WW, not mentioning its
BTPs.

The levels of NS in the effluents were 5.5 ng L ' and 9.0 ng L ' in
WWTP A and B, respectively. In the influents, the concentrations of
NS were markedly higher, i.e.88 ngL ' in WWTPAand 79 ngL 'in
WWTP B. The main source of NS in the influent is most likely hu-
man metabolism of SER, while the drop in NS concentration was
94% at WWTP A and 89% at WWTP B. Since our batch and PWTB
experiments indicated that NS formed during biological treatment,
we cannot label the change in the concentrations as removal of NS,
however, it is apparent that more of NS is removed than formed
during the treatment. Literature indicated a smaller drop in NS
concentrations during WW treatment, e.g., 35 + 7% determined by
Schliisener et al. (2015), and 17—28% by Lajeunesse et al. (2012), but
this could be explained by the variability of several processes
involved (i.e., sorption, biodegradation and formation).

As shown in Table 3, SEK was below LOQ in all four WWTP
samples. The remaining BTPs were either absent in both influent

Occurrence of SER and its BTPs in WWs. H — hospital WW, A, B— WWTPs, inf — influent, eff — effluent, D — detected, ND — not detected, AUC;, — ratio between the area in the

corresponding influent vs. effluent, normalized to internal standard.

samples  SER[ngL'|  NS[ngL'|  SEK[ngL'|  BTP-176 BTP-320b  BTP-322 BTP-334 BTP-350 BTP-406
H 549 + 24 13949 131 D D D D ND ND
A-inf 1448 88+ 10 <10Q’ D ND D D ND ND
A-eff 26403 55+0.1 <10Q D(0.7AUCy) D D(03AUCy)  D(1.6AUCy) D D

B-inf 1944 7945 <10Q ND ND D D D ND
B-eff 23:01 941 <10Q ND D D(02AUCy)  D(24AUCy)  D(2AUCy) D

4 1L0Q for SEKis 1 ng L'



3.1 Environmental Fate of Selected SSRI

8 T. Gornik et al. / Water Research 181 (2020) 115864

and effluent (i.e. BTP-176 in WWTP B), or present only in the ef-
fluents, but not in the influents (BTP-350 in WWTPA, BTP-320b,
BTP-406 in both WWTPs). BTP-334 (WWTP A and B) and BTP-350
(WWTP B) were found in the influents and effluents, with the ra-
tios between the normalized area in the influent and area in the
effluent over 1. Having detected them in the influents, BTP-334 and
BTP-350 were apparently formed before the WWTP treatment took
place, and since they have never been recognized as SER metabo-
lites, we suppose that biotransformation occurred already before
the compounds actually entered the WWTPs. Interestingly, the
ratio under 1 was observed for BTP-176 (in WWTP A) and BTP-322
(in WWTP A and B). Both BTPs were also already found in the
psychiatric hospital sewage, in addition to BTP-334, which supports
the hypothesis that biotransformation can already take place before
the compound actually enters a WWTP.

4. Conclusions

e This study investigated the transformation of SER during
biodegradation. The formation of ten BTPs was reported,
including the previously identified NS, SEK and BTP-322, while
the formation of seven BTPs was reported for the first time. The
presence of eight of the identified BTPs was confirmed in actual
WWs from hospital or WWTPs. Occurrence of BTP-158 and BTP-
320a could not be excluded considering their instability during
sample preparation and analysis.

SER is a partially biodegradable pharmaceutical. The degrada-
tion is faster with SER being the sole substrate. In contrast with
its biodegradability, its sorption rate is fast, and is considered
the principal mechanism responsible for the removal of SER.
The elimination in PWTBs and in two investigated WWTPs was
relatively high (>77%), which was presumably on account of its
sorption to the AS, being the leading removal process.

The results of the study provide further understanding into the
mechanism of SER transformation and removal in the environment.
In the future, determining the concentrations of SER present in AS
would provide better understanding of processes and mechanisms
involved in SER elimination from WW. The data is also relevant in
cases, where AS is additionally processed and used as fertilizer or
disposed to landfills. Further investigations should also involve the
toxicity of the newly formed BTPs.
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3.2.1 Preparation of molecularly imprinted copoly(acrylic acid-
divinylbenzene) for extraction of environmentally relevant

sertraline residues

The paper “Preparation of molecularly imprinted copoly(acrylic acid-divinylbenzene) for
extraction of environmentally relevant sertraline residues” by A. Koler, T. Gornik, T.
Kosjek, K. Jerabek and P. Krajnc was published in Reactive and Functional Polymers in
October 2018. Dr A. Koler designed and synthesized the polymers, performed chemical and
physical characterization studies, and wrote most of the manuscript. I was responsible for
developing and optimizing the analytical method for determining the recognition
parameters of the synthesized material and writing the corresponding part of the
manuscript. All work was supervised by Assoc Prof Dr T. Kosjek and Prof Dr P. Krajnc,
with valuable input from Prof Dr K. Jerabek.

The paper focused on synthesizing SER imprinted MIPs and their application as sorbent
material during SPE of SER and its metabolites and TPs NS and sertraline ketone to
improve existing analytical methods. The MIPs were prepared following two different
polymerization approaches: in solvent or bulk polymerization and by two-stage
polymerization. The former types of polymers continued to leach SER even after thorough
washing and were therefore deemed inappropriate materials for SPE of SER from
environmental samples. However, the high cross-reactivity toward NS and sertraline ketone
make them potential sorbents for extracting SER-related compounds, such as metabolites,
TPs and other antidepressants. Conversely, in the two-stage polymerized MIPs, the
removal of SER below the method’s LOQ was successful. In addition, these MIPs also
showed increased selectivity towards SER compared to the NIP. However, unfortunately,
the cross-reactivity toward NS and sertraline was lower than in solvent-synthesized
polymers.

This work addresses the thesis aim of synthesizing and evaluating MIPs used as SPE
sorbents, and hence it provides valuable information for improving analytical methods
using specialized materials. It also highlights the possibility of using such materials for
extracting compounds structurally related to the imprinted template, such as metabolites
and TPs. Additionally, it researches the influence of an alternative two-stage
polymerization to minimize the leaching of the template used during synthesis.
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ARTICLE INFO ABSTRACT

Keywords: Aiming to improve the sensitivity and specificity of analysis of we in-
Molecularly imprinted polymers vestigated the use of molecularly imprinted poly (MIPs) as the solid phase extraction sorbents for rebinding
Sertraline of the parent drug, its metabolite norsertaline and its transformation product (TP) sertraline ketone. MIPs were
Porous polymers s h d using the antids sertraline as the target, where two polymerisation approaches were used:
;w;::: polymerisition polymensanon in solvent and two-stage polymerisation. Leaching of sertraline from the imprinted material

presented a major problem in case of MIPs polymerised in solvent. On the contrary, by synthetizing MIPs with
the two-stage polymerisation approach, sertraline was removed to below the limit of quantification (LOQ). Two
MIPs were selected that showed the best binding characteristics during the solid phase extraction rebinding
experiments: one was prepared by polymerisation in solvent and another one by two-stage polymerisation. The
former bound norsertraline and sertraline ketone in a high binding ratio compared to its non-imprinted ana-
logue, while the latter had the hlghes( imprinting factor for sertraline. Based on the proved cross-selecuv“y of
MIPs, we propose their use in enrich ion and isolation of i novel

compounds that have before not been recogmsed

1. Introduction

At the preparation of molecularly imprinted polymers (MIPs), target
molecules are reversibly bound to a functional monomer and copoly-
merised with a crosslinker to provide an artificial recognition site inside
a rigid polymer network in order to achieve increased affinity and se-
lectivity [1-3]. The target molecule is removed after the polymerisation
and leaves an imprint for its future rebinding. Due to their special
properties MIPs have found many applications, e.g. in sensors [4,5],
drug delivery [6], extraction of contaminants from water [7] and food
[8], tissue engineering, etc. [9]. Covalent [10] or non-covalent [11]
interactions between a target molecule and a functional monomer play
a major role in a successful imprinting approach. Among them, non-
covalent mteracnuns such as ionic interactions, hydrogen bonds and
hydrophobi ions are ble for the preparation of MIPs,
because their kinetics of rebinding of a target molecule is faster, as
compared to the rebinding kinetics in case of covalent interactions.

Preservation of the target molecule imprint after its removal

requires high rigidity of the polymer matrix and hence, its accessibility
cannot depend on polymer swelling. Useful polymer imprints must be
located on the walls of “true” pores of the polymer backbone. Typically,
phase separation during the polymerisation of monomers in the pre-
sence of a suitable solvent (porogen) is used for the creation of porous
morphology. In the majority of such preparations, the phase separation
is proceeded by macrosyneresis mechanism when solid polymer pre-
cipitates within the continuous liquid phase. In the resulting “cauli-
flower” morphology with pores formed by spaces between clusters of
particles, high surface area can be achieved only at the cost of very
narrow pores. Recently, the group of Jefabekin Prague identified con-
ditions at which the phase separation during polymerisation is pro-
ceeded by a microsyneretic mechanism, a separation of nanodroplets of
the porogenic liquid within the continuous polymeric phase [12]. This
resulted in a foam-like morphology, which offers a high surface area in
relatively wide pores in the mesopore size range, where pore walls are
formed by a highly crosslinked polymer matrix. For MIPs, such mor-
phology seems to be advantageous.
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The choice of the right functional monomer for the interaction with
a target molecule is crucial in molecule imprinting technique [13].
Commonly, methacrylic acid (MAA) is used as a functional monomer in
the non-covalent molecular imprinting approach because of hydrogen
bonding and ionic interactions with amines [14]. Structurally similar
acrylic acid (AA) is also used. AA in absence of a methyl group un-
dergoes auto-accelerated polymerisation which causes the differences
in polymer morphology and recognition between molecularly im-
printed poly(MAA) and poly(AA) [15].

As our target compound, we chose sertraline (SER), a pharmaceu-
tical compound that belongs to the class of selective serotonin reuptake
inhibitors (SSRIs). Its presence in environmental waters and other en-
vironmental compartments, such as sediments, sewage sludge, bioso-
lids, fish and invertebrate tissues, has been confirmed in several studies
and ranges over 100 ng/L in wastewaters, and up to a few pg/g in tissue
and sewage sludge [16-21]. Furthermore, this emerging contaminant
also shows the potential for accumulation [22,23] and toxic effects
already at pg/L levels in invertebrates. In the latest studies from the
groups of Kuzmanovi¢ and Osorio, SER was shown to be the one mostly
responsible for exceeding the chronic risk threshold in the river basin of
Llobregat [24,25]. Its metabolite norsertraline (norSER) has also been
found in the abovementioned compartments at comparable con-
centrations. Furthermore, SER transformation products including ser-
traline ketone (SEK) were reported to be potentially persistent in water
[26,27]. The chemical structures of SER, norSER and SEK are illustrated
in Fig. 1.

The need for an effective monitoring of SER residues, including the
parent compound, its metabolites and TPs at the environmental levels is
growing. This kind of studies face the ever-present constraint of target
analysis, which is limited to the group of predetermined analytes, thus
often overlooking pharmaceutical TPs, in particular those that have
never before been recognised in the science. On the other hand, the
nontarget analysis is generally too indistinct to tackle this particular
question. Due to the low concentrations of SER residues and due to
complexity of the envir | matrices, a sample preparation step,
such as solid phase extraction (SPE) is needed. Commercial sorbents are
available and show varying success with extraction of samples con-
taining SER and norSER [17,18,28-32]. The idea is to overcome the
abovementioned limitations by using novel MIP sorbents to extract,
enrich and isolate the TPs. In this view, the fundamental hypothesis of
the presented research is that “The characteristics of the MIP sorbents
to selectively bind a target analyte along with its structural analogues
may be exploited for concurrent isolation of the parent compound, its
metabolites and TPs.” To our knowledge the MIPs have to date not been
used for this purpose.

Not many examples of SER imprinted polymers can be found in the
literature. One is a potentiometric sensor, prepared from MIP that
consisted of MAA as the functional monomer and ethylene glycol di-
methacrylate as the crosslinker, while sertraline hydrochloride
(SER*HCI) was used as the target molecule [33]. Potential response to

CH,

HN NH,

I Cl I Cl I Cl
Cl Cl

Cl
SER norSER SEK

Fig. 1. Chemical structures of SER and its residues, norSER and SEK.
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SER was determined, where the high selectivity towards the target
compound was proven. Khalilian et al. grafted the MIP on SiO,/gra-
phene oxide using a sol-gel method to overcome difficulties with the
removal of the target molecule [34]. The polymeric adsorbents were
again made of MAA (functional polymer) and ethylene glycol di-
methacrylate (crosslinker), and were used in dispersed SPE for de-
termination of SER in biological samples of urine and plasma achieving
recoveries above 92%.

In the present report we describe a novel method of preparation of
SER imprinted porous polymer using AA and divinylbenzene (DVB) as
monomers and its performance in a designed environment. The overall
aim of this study is the development of MIP to be used for enrichment of
SER residues from agq envire in order to support the en-
vironmental fate and treatment studies.

2. Materials and methods

Materials

SER*HCI for MIP synthesis ((1S,45)-4-(3,4-dichlorophenyl)-N-me-
thyl-1,2,3,4-tetrahydronaphthalen-1-amine hydrochloride, 98% min.)
was purchased from Fox-Chemicals GmbH, Pfinztal, Germany, whereas
SER*HCI refi dard was ob d at Sigma-Aldrich (European
Pharmacopeia Reference Standard, Sigma-Aldrich, St. Louis, MO, USA).
Other internal and reference standards were sertraline-D; hydro-
chloride (SER-D3*HCI, 99.8%) and norsertraline-'>C¢ hydrochloride
(norSER-'C¢*HCl, 99.1%), both obtained from Cerilliant (Sigma-
Aldrich), norSER*HCl (99.1%, LGC, Teddington, UK), 4-(3,4-di-
chlorophenyl)-3,4-dihydronaphthalen-1(2H)-one  (SEK, 98%, TCI,
Tokyo, Japan) and 1-(2,6-Dichlorophenyl)-2-indoli (DPI,
Ch yntha NV, Meulebel ). DVB (80%, d of 80%
of DVB and 20% of ethylvinylbenzene, Sigma Aldrich) was purified by
passing through a layer of aluminium oxide (Al,O3, Sigma Aldrich) to
remove the inhibitors. Other chemicals involved in MIP synthesis were
AA (anhydrous, 99%, Sigma Aldrich), a,a"azobisisobutyronitrile (AIBN,
Sigma Aldrich), potassium peroxodisulfate (Sigma Aldrich), toluene
(=99,8%, Carlo Erba, Milano, Italy), tetrahydrofurane (THF, =99,8%,
Fischer Scientific, Loughborough, UK), methanol (MeOH, for analysis,
Carlo Erba), sodium hydroxide (Merck, St. Louis, MO, USA) and hy-
drochloric acid (37%, Sigma Aldrich).

The sol and r used for chemical lysis were pyridine
(Py, 99.8%, Acros Organics, Geel, Belgium), dichloromethane (DCM,
p.a., J.T. Baker, Deventer, Netherlands), ethyl acetate (EtAc, p.a., J.T.
Baker), methanol (MeOH, p.a., J.T. Baker), acetonitrile (ACN, p.a., J.T.
Baker), hydrochloric acid (HCI, p.a., J.T. Baker,), acetanhydride (99%,
Sigma-Aldrich) and triethylamine (99.5%, Sigma-Aldrich). All aqueous
standard and working solutions were prepared by using MilliQ
(18.2 MQ.cm, Millipore).

2.1. Methods

2.1.1. Preparation of sertraline imprinted poly(divynilbenzene-co-acrylic
acid) using polymerisation in solvent

AA, DVB, SER*HCI (various amounts, see Table 1), AIBN (1 wt% to
the mass of monomers AA and DVB combined), 90 mL of THF and
10mL of deionised water were placed into a round bottom flask
equipped with a magnetic stirrer and stirred for 1 h at room tempera-
ture. The content of the flask was transferred into a polypropylene mold
and polymerised for 24 h at 80 °C (hot air). Polymers were purified by
Soxhlet extraction for 24 h with water and for 24 h with ethanol and
then air dried.

The resulting material was ground and sieved to obtain particles
smaller than 200 pm. These polymer samples are in Table 1 annotated
as A or Ai (polymerisation in solvent; A without the target molecule and
Ai with the target molecule).
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Table 1
Compositions and BET surface area of MIP samples.
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Sample m (DVB) [g] Degree of crosslinking” m (AA) [g] m (SER) [g] n (AA/DVB) n (AA/SER) BET area [m%/g]
Al 8241 57 1,760 1,500 1:2,59 511 401
A2 9026 66 0,977 0,821 1:5,09 511 402
A3 9492 73 0,525 0,43 110 511 659
Bil 1452 NA" 0,161 0,137 15 5:1 342
Bi2 1592 NA" 0,176 0,149 15 511 420

a Calculated as follows: —"crstinker0.80

' monomer x n crosslinker

" Not applicable (two stage polymerisation).

X 100 = degree of crosslinking ().

2.1.2. Preparation of sertraline imprinted poly(divynilbenzene-co-acrylic
acid) using a two-stage polymerisation procedure

DVB, tol (various Bil: DVB:tol = 1:1mL, Bi2:
DVB:toluene = 1:3mL) and AIBN were added into a round bottom flask
(see Table 1 for amounts) and were stirred for 1 h at room temperature,
transferred into polypropylene molds and polymerised for 24 h at 60 °C
(hot air). Prepared monoliths were ground and sieved to get particles
smaller than 200 pm, washed with 20 mL of toluene, 20 mL of toluene/
methanol (1/1, v/v) and 20 mL of methanol, and then air-dried for 24 h.
Dried materials were reswollen subsequently in THF, THF/water (1/1,
v/v) and water. AA, SER*HCI, potassium peroxodisulfate (1 w.% in
regards to the mass of AA and polyDVB) and 5 mL of water were added
(see Table 1 for amounts). Mixture was stirred at 70 °C for 24 h and then
washed with water (5 x 50 mL) and air dried. The samples obtained by
two-stage polymerisation procedure are annotated as B or Bi (two-stage
polymerisation; B without the target molecule and Bi with the target
molecule).

2.1.3. NIP (non imprinted polymer) preparation
Non imprinted poly(DVB-co-AA) polymers were prepared by the
same procedure as MIPs however in the absence of SER*HCI.

2.1.4. Characterisation of polymers

Nitrogen adsorption/desorption measurements were done on
Micromeritics TriStar 113020 porosimeter using Brunauer-Emmett-
Teller (B.E.T) method for surface area determination.

Morphology of selected polymers in swollen state was characterized
using inverse steric exclusion chromatography (ISEC). In these mea-
surements the examined polymer was used as filling of a chromato-
graphic column and elution volumes of solutes with known effective
molecular size with THF as the mobile phase were measured. The ef-
fective solute molecular sizes covered range from 319nm for poly-
styrene (My 9835 kDa) down to 0.55nm for The

solution at the concentration of 10 ug/mL in ACN. SER-D3*HCl and
norSER-'*C*HCl were purchased as 100 pg/mL MeOH solutions and
were stored at —20°C as required in the Material safety data sheet
(Cerilliant, n.d.).

2.1.7. Solid phase extraction method for the determination of imprinting
factor and cross-selectivity

The sorbents (MIP and NIP) were packed into empty 3mL SPE
cartridges (30-50 mg). To determine the imprinting factor and cross-
selectivity of the materials towards SER residues the target compound
SER, its metabolite norSER and transformation product SEK were bound
on MIP and its corresponding NIP. The sorbents were preconditioned
with 3mL of DCM, 3mL of EtAc and 3 mL of MeOH and equilibrated
with 3mL of MilliQ water, then 200 mL test solutions of 10 pg/L SER,
norSER or SEK were loaded on the tested MIP or NIP sorbent at a flow
rate of 1-2 mL per minute. The sorbents were vacuum dried for 30 min.
The compounds were eluted with 12 mL of the DCM/EtAc/MeOH (1/1/
1, v/v/v) mixture, then the eluates were N, dried at 40 °C down to
0.5 mL, quantitatively transferred to 1.5-mL glass vials and blown down
to dryness. The analytes were derivatized with a mixture of acetanhy-
dride (15 pL) and pyridine (5 pL) at room temperature for 15 min. The
samples were again N, dried at 40°C and reconstituted in 0.5mL of
EtAc.

We assessed the imprinting effect by comparing the extraction
performances of MIP and NIP at SER concentration of 10 pg/L and re-
ported it as the imprinting factor: the ratio between the amount of SER
bound to MIP and the amount bound to its corresponding NIP. In order
to evaluate the cross-selectivity of MIPs, the binding ratios for its en-
vironmental residues (norSER and SEK) were also calculated.

2.1.8. Instrumental analysis
The quantification of the compounds was performed on a gas

state morphology was modelled as a set of discrete pore fractions, each
with its characteristic dimension and volume. Mathematical treatment
of experimental data consisted of fitting of the model fraction volumes
to achieve the best agreement of the determined elution volumes of the
standard solutes and values computed on the base of the model. Details
of the ISEC experimental procedure and data treatment can be found
elsewhere [35].

2.1.5. Removal of sertraline from molecularly imprinted polymers

Both MIP and NIP samples were washed alternately with 5 x 50 mL
of 1M NaOH and 5 x 50 mL of 1 M HCI. We repeated the 24 h Soxhlet
extraction with three organic solvents of different polarities from lowest
to highest: DCM, EtAc and MeOH.

2.1.6. Preparation and storage of standard solutions

Stock solutions of SER*HCI, norSER*HCI and SEK were prepared in
ACN at concentrations 100 pg/mL and 5.0 ug/mL and were stored in the
dark at 4 °C for 3 to 5 months. The stability of the stock solutions at the
storage temperature was confirmed for the solvent and for the duration
of storage. The internal standard DPI was also prepared in stock
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chr graph coupled to mass selective detector, GC-MSD (7890B/
5977A Agilent Technologies, USA). The oven temperature programme
was 100 °C held for 2 min, 25 °C/min to 300 °C and held for 6 min. The
total runtime was 16 min. We used a HP-5ms Ultra Inert, 30 m long
capillary column, with a 0.25mm i.d. and 0.25pm film thickness.
Helium was the carrier gas with a flow rate of 1 mL/min. 1 uL samples
were injected in splitless mode at the inlet temperature of 270 °C. The
ionisation mode was electron impact (EI) at 70 eV.

3. Results and discussion
3.1. Preparation of molecularly imprinted poly(DVB-co-AA)

Firstly, polymerisation in solvent using 57 (Ail), 67 (Ai2) and 73
(Ai3) mol. % of DVB (Table 1) as the crosslinker was performed to
prepare samples of MIPs. High amounts of DVB lead to high rigidity of
polymer chains, which is important for fixation of cavities and conse-
quently polymer morphology and recognition (rebinding of SER). An
improved recognition and rebinding of SER and its structurally similar

ds is exp d when higher of a cr are used.
AA was chosen as the functional monomer in order to form acid-base
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Fig. 2. Scanning electron microscopy images of samples A2 (left, Fig. 2a) and B2 (right, Fig. 2b), Bar on Fig. 2a is 10 um, on Fig. 2b is 5pum.

interaction with SER. Typically, in the presence of a porogenic solvent,
porous polymer with a well-defined micro porosity and high specific
surface area is formed [36]. It was reported that THF, toluene and 1,2-
dichloroethane are good porogens for DVB-based polymers [12]. Fur-
thermore, THF is a more polar solvent than toluene and 1,2-di-
chloroethane, and more miscible with AA [37]. With this rationale, a
mixture of THF and water in volume ratio 90/10 was applied as the
porogen. It is well known that solvation of polymer chains or swelling is
the most efficient way to get access to reactive groups from the fluid
phase to functional groups attached to the polymer [38]. Difference in
polarity between DVB and AA forces the latter to polymerise mostly on
the surface. Hence, it is expected to achieve a better accessibility of
active functional groups.

As seen in Table 1, the resulting MIP samples all had high dry
surface areas (401 m?/g, 402 m?/g and 659 m?/g, for Ail, Ai2 and Ai3,
respectively), which is the consequence of a high degree of crosslinki

Table 2
Swollen-state morphology data as determined by ISEC.
Polymer sorbent Bil Bi2
True pores Pore volume [cm®/g] 0.45 119
Medium pore diameter [nm] 12.9 121
Surface area [m?/g] 144 401
Swollen polymer Swollen gel volume [cm®/g] 1.03 0.98
Medium pore chain density [nm/nm*] 0.5 0.6

the porogenic solvent used in the first stage of the preparation of the
sample Bi2 (see Table 1). In the swollen-state morphology evaluation
by ISEC two types of the polymer porosity were distinguished - “true”
pores modelled as cylindrical holes in the polymer matrix and porosity
of swollen polymer gel depicted as spaces between randomly oriented
rods rep ing polymer chains (Ogston model). Morphology para-

and the use of THF/water as the porogenic solvent. It can be seen from
the scanning electron microscope image (Fig. 2a) that a fine porous
structure with a cauliflower-like morphology and pores in between the
fused beads of polymer with appr average di between
500 nm and 2 pm, is present.

With an aim of improving the accessibility of the imprinted reaction
sites, we applied another method of polymerisation. Namely, to obtain
a polymer with a higher concentration of acid functional groups posi-
tioned near the surface of the polymer, a two-stage polymerisation
procedure was performed. Firstly, DVB alone was used as the monomer
together with toluene as the porogen. Polymerising only DVB typically
results in a substantial amount of free double bonds not consumed in
the polymerisation [39]. So prepared polyDVB was further treated
firstly with the swelling solvent (toluene) and then with AA and a ra-
dical initiator. AA was thus grafted (copolymerised) onto the swollen
polyDVB in the second stage of this procedure.

Dry BET surface areas were comparable to solvent polymerisation
samples, i.e. 342m?/g for Bil and 420 m?/g for Bi2, respectively (see
Table 1), and dependent on the initial concentration of porogen. No
dramatic change in dry surface areas were found compared to solvent
polymerised samples suggesting similar meso and micro porous struc-
ture, while the ratios of monomers (AA:DVB) had a significant impact
on the SER binding in further experiments studying the imprinting ef-
fect. Furthermore, the investigation using scanning electron microscopy
revealed similar morphology comparing to solvent polymerised sam-
ples, however significantly smaller macro pore size can be seen, with
diameters in the range between 150 nm and 1 pm (Fig. 2b).

Samples Bil and Bi2 were further investigated for swollen state
porosity using ISEC. It has been shown previously that elucidating
surface area and pore size distribution data solely from gas adsorption/
desorption on dry material, which is the case in using BET model, can
yield in deceptive results as the polymers are actually used in wet
conditions rather than dry [40].

It can be illustrated from the comparison of the dry-state surface
area determination, which shows only a small difference between the
values obtained for Bil and Bi2, in spite of 3-times greater volume of
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meters as determined by ISEC are shown in Table 2.

ISEC results show true pore volumes and surfaces significantly more
in accordance to the volume of toluene as the porogen used in the first
stage of the polymer preparations, compared to nitrogen adsorption
experiments on the dry samples. On the other hand, the detected vo-
lume of the swollen gel phase, probably formed by the grafted acrylic
acid, is in both polymers quite similar, what corresponds with the si-
milar amounts of the reagents used in the second preparation stage (see
Table 1).

3.2. Imprinting effect and cross-selectivity study through solid phase
extraction

Despite many efforts paid to the repeated washing of the polymers
using a series of solvents of different strength and polarity, the complete
removal of the target compound was unsuccessful for the MIPs prepared
by the polymerisation in solvent (Ai). SER remained present in the
leachate in the concentrations above instrumental limit of quantifica-
tion (LOQ) (54.3ng/mL). The continuous leaching may imply that
there are some specific electrostatic interactions between the target

Table 3
Imprinting factor determined for SER and binding ratios for norSER and SEK for
the MIP samples.

MIP/NIP Polymerisation type Imprinting factor/binding
nr. ratio
SER Bil/B1 two-stage 1.89
Bi2/B2 two-stage 0.56
norSER  Ail/Al polymerisation in solvent  0.95
Ai2/A2 polymerisation in solvent  1.62
Ai3/A3 polymerisation in solvent  1.11
Bil/B1 two-stage 0.74
SEK Ail/Al1 polymerisation in solvent  1.12
Ai2/A2 polymerisation in solvent  2.14
Ai3/A3 polymerisation in solvent  1.63
Bil/B1 two-stage 1.39
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molecule and the polymer (acid-base interactions), which in turn make
the detection of SER at environmental concentrations impossible. For
this reason, we tested the polymers for the binding of the two SER re-
sidues, i.e. norSER and SEK. Table 3 reports the binding ratios.

In contrast to the MIPs prepared by polymerisation in solvent, we
did not observe SER leaching from the two-stage polymerised Bil and
Bi2 (i.e., the leaching concentration was below the instrumental LOQ).
Therefore, we report the imprinting factor for SER, and cross-selectivity
binding ratios for its metabolite and transformation product, norSER
and SEK (Table 3).

Bi2 showed very poor rebinding of SER and was therefore not tested
further, while we observed a promising amount of SER and SEK bound
to Bil. The grafted layer of AA imprinted with SER is in the sorbent Bi2
spread across a much wider surface area than in Bil. It may promote
higher mobility of the acrylic acid polymer chains, what could be re-
sponsible for erasing of the SER imprints evident in the low imprinting
effect found for the Bi2 sorbent.

However, for norSER the imprinting effect in two-stage polymerised
MIP was < 1 (Table 3), which suggests that i

fic ion:
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structurally related P ds were synth d. The MIPs were pre-
pared according to two polymerisation approaches, namely poly-
merisation in solvent and a two-stage polymerisation. We found that
the latter, tailored polymerisation procedure improved the accessibility
of MIP-induced cavities and was therefore the more effective poly-
merisation approach in regards to the improved imprinting effect of
SER, since swelling of polyDVB in the first stage of polymerisation made
unreacted vinyl groups more accessible for further binding of AA in the
second stage. On the other hand, polymerisation in solvent resulted in
an improved imprinting effect of structurally related compounds, i.e.
norSER and SEK. The degree of crosslinking proved very important for
fixation of cavities and consequently selectivity.

Since we conﬁrmed the existence of cross-selectivity between SER
and its envir resid our future pt will be to use MIPs
for extraction of other structurally related SER residues, in particular
transformation products, which may appear in environment, but they
have possibly not been recognised yet.

Ack lod

between norSER and B1 outweighed specific plus nonspecific interac-
tions between norSER and Bil. The possible explanation for this is that
the Bil polymer binds with specific electrostatic interactions to a single
norSER enantiomer. In support to this justification is the fact that
norSER reference standard was a racemic mixture [41], whereas SER
standards we used for both imprinting and analysis were optically pure
(18, 4S).

Generally, the degree of crosslinking is highly important for me-
chanical stability of MIPs resulting in better fixation of cavities thus
having an effect also on the ability of imprinting effect of the polymer
support. Sample Ail, with the lowest crosslinking degree (57%) within
the series, had the lowest binding ratio for norSER and SEK among the
MIPs polymerised in solvent, while sample Ai2 (67% crosslinked) had
the highest binding ratio (Table 3). Sample Ai3 with the highest
crosslinking degree (73%) again exhibited reduced binding ratio for
norSER and SEK. This may be ascribed to the very high crosslinking
resulting in cavity sites being inaccessible for the target molecule, while
up to a certain value, this increase in the crosslinking degree has a
positive effect on selectivity due to increased rigidity of polymer chains
keeping the cavities in proper shape. The sample Ai3 also leached the
smallest amount of SER (Fig. 2) among the polymers synthetized in
solvent, but at the same time, the smallest amount of SER was added
during the polymerisation (Table 1). Since the material was still
leaching SER we should also keep in mind that not all of the possible
binding sites have been successfully washed off, therefore, there is
potential for an even higher binding ratio.

Among the synthesized MIPs, Bil is the only one that could po-
tentially be used as an SPE sorbent for SER at the environmental levels.
Still, experiments using more sensitive instrumental methods such as
LC-MS/MS should confirm this finding. Other MIPs synthesized within
this study either showed very poor imprinting effect (Bi2) or caused
[& leaching of the 1. molecule (Ail, Ai2 and Ai3), so
that the assessment of their imprinting effect was not possible. On the
other hand, Ai2 was shown most promising for binding of the meta-
bolite norSER and the transformation product SEK, which proves that
there exists a cross-selectivity between SER and its structurally related
compounds. This finding opens up several possibilities and potentials
for using MIP Ai2 and its further development. One example is to use it
as a sorbent for sensitive and matrix-free determination of SER residues
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3.2.2 Molecularly imprinted polymers for the removal of

antidepressants from contaminated wastewater

The paper “Molecularly imprinted polymers for the removal of antidepressants from
contaminated wastewater” by T. Gornik, S. Shinde, L. Lamovsek, M. Koblar, E. Heath,
B. Sellergren and T. Kosjek was published in Polymers in December 2020. Part of the
experimental work was performed at the Department of Biomedical Sciences and Biofilms-
Research Center for Biointerfaces at the Faculty of Health and Society in Sweden. I was
responsible for the conceptualization, experimental work, methodology, analysis,
interpretation and writing of the manuscript under the supervision of Dr S. Shinde, Prof
Dr B. Sellergren and Assoc Prof Dr T. Kosjek.

Considering that antidepressants are regularly detected in WW effluents and surface
waters, it seems that existing WW treatments are not successful in removing them before
they contaminate the environment. This study investigated the possibility of using
imprinted polymers as sorbents to remove the most prescribed group of antidepressants,
the SSRIs. The polymers were prepared via bulk polymerization using SER as the template.
The composition of the polymeric mixture was optimized to obtain the best recognition
characteristics for SER during batch rebinding experiments. The maximal observed
capacity in water was 72.6 mg g~!, with a maximum imprinting factor of 3.7. The MIPs
were also cross-reactive towards other SSRIs, metabolites, and TP NS. However, no cross-
reactivity was noted for the TP sertraline ketone, indicating that the amino group is needed
for specific interactions. The steric hindrance of the amino group also played a crucial role
in the binding ability of the MIP. While the goal in preparing a MIP is to have as much
specific binding as possible, the results indicate that non-specific binding majorly
contributes to the removal efficiency. In this case, non-specific binding was also
considerably influenced by the salt concentration in the matrix. Lastly, the performance of
the MIPs was compared to AC, where the MIPs were deemed superior when used in WW.

With this research, we strived to fulfill the aim of synthesizing and evaluating MIPs
used as WW treatment technique. It is one of only a few studies that study in-depth the
sample parameters and material characteristics influencing the binding during WW
treatment with MIPs. Furthermore, we demonstrated that producing specialized materials
can be a viable WW treatment option for specific hard-to-remove contaminants or even
groups of such contaminants.
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Abstract: Selective serotonin reuptake inhibitors (SSRIs) are a class of antidepressants regularly
detected in the environment. This indicates that the existing wastewater treatment techniques are
not successfully removing them beforehand. This study investigated the potential of molecularly
imprinted polymers (MIPs) to serve as sorbents for removal of SSRIs in water treatment. Sertraline
was chosen as the template for imprinting. We optimized the composition of MIPs in order to
obtain materials with highest capacity, affinity, and selectivity for sertraline. We report the maximum
capacity of MIP for sertraline in water at 72.6 mg g~ !, and the maximum imprinting factor at 3.7.
The MIPs were cross-reactive towards other SSRIs and the metabolite norsertraline. They showed a
stable performance in wastewater-relevant pH range between 6 and 8, and were reusable after a short
washing cycle. Despite having a smaller surface area between 27.4 and 193.8 m?-g !, as compared to
that of the activated carbon at 1400 m?-g~, their sorption capabilities in wastewaters were generally
superior. The MIPs with higher surface area and pore volume that formed more non-specific
interactions with the targets considerably contributed to the overall removal efficiency, which made
them better suited for use in wastewater treatment.

Keywords: molecular imprinting; polymer; wastewater treatment; sertraline; cross-reactivity; SSRI;
template; sorbent

1. Introduction

The fast population growth, advances in industry, and increased agricultural activ-
ity have greatly influenced the environment. In order to continue with the current pace,
we need solutions in environmental management, especially wastewater (WW) reuse.
The development in the area of sample preparation and instrumentation has put the re-
moval of trace-level emerging contaminants in the forefront of environmental research [1,2].
Among them, pharmaceuticals are a very problematic group, since they are particularly
designed to have a pharmacological effect on humans or animals, thus potentially yielding
adverse effects in living organisms [3] after they have entered the aquatic environment.

The selective serotonin reuptake inhibitors (SSRIs) are members of the most prescribed
class of antidepressants in the USA and Europe [4-6]. They have been repeatedly detected
in WW, surface waters, sediments, and aquatic organisms [7-12], and are thus part of
different monitoring programs [13]. In aquatic organisms, SSRIs cause changes in biochem-
ical processes, feeding behavior, survivorship behavior, growth, and potential changes in
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their genetic material [7,14-17]. Hence, it is crucial to improve their removal from WW
before they are introduced into the environment. Among the existing WW treatment
techniques, advanced oxidation processes and biological treatment are most successful in
removing SSRIs from WW [18,19]. While during the former, the leading process of removal
is degradation, sorption to activated sludge seems to be responsible for the removal of
the majority of SSRIs during biological treatment [19]. Hence, other adsorption-based
treatment techniques have been considered. Among them, activated carbon (AC) is by far
the most researched material for SSRI removal [20,21]. AC as a treatment technique is tech-
nologically simple, has relatively fast kinetics, and removes a high variety of contaminants.
Its main disadvantages are a high initial investment, the non-selectivity of the process,
and the need for frequent regeneration due to fouling, which is expensive, time-consuming,
and results in the loss of material in each regeneration cycle [22,23]. Greener alternatives,
such as using products of pyrolysis of primary and secondary paper mill sludge, spent cof-
fee grounds, and pine bark have been reported [24,25]. However, there is a lack of literature
investigating modified synthetic composite materials, such as carbon-based nanomaterials,
different types of membranes, and other forms of modified polymers, which, however,
present promising alternatives to achieve superior SSRI removal from WWs [19,26-29].
On the basis of this knowledge gap, we investigated molecularly imprinted polymers
(MIPs) as an alternative sorption material to AC [23,30,31].

MIPs are polymers that have been imprinted by a chosen template during the polymer-
ization step in order to create selective recognition sites and are therefore often referred to
as artificial antibodies or synthetic receptors [32]. After the template is removed from the
MIP, the same or similar molecule can be rebound. They have already been commercially
used for solid-phase extraction (SPE) [33,34] and researched for several other applications,
such as catalysis, chromatography, and drug delivery [35,36]. In the last few years, the num-
ber of studies considering MIPs for water treatment has increased. Thus far, they have
been utilized to remove non-steroidal anti-inflammatory drugs, antibiotics, antimicrobials,
endocrine-disrupting compounds, herbicides, phenols, and beta-blockers from contaminated
WW [30,35,37-41]. The advantages of using MIPs for water treatment are their high selec-
tivity and affinity for their targets. Hence, we expect to be able to regenerate the material
after longer intervals compared to AC, since slower fouling rates are expected. Literature
reports MIPs as mechanically and chemically stable, and thus they should withstand several
regeneration cycles unchanged, making the treatment more cost-effective [35,38]. The main
disadvantage of MIPs is, however, the initial investment into the production of the polymers.
Among multiple polymerization procedures available today, we chose bulk polymerization
as one of the simplest and cheapest one for MIP production [2].

The aim of this work was to develop a MIP that could be used for removal of not
only our targeted template, but for the whole class of SSRIs. We evaluated the affinity,
capacity, and selectivity of the synthetized MIPs for sertraline (SER) and chose the best
performing materials. Further characterization included cross-reactivity towards other
antidepressants fluoxetine (FLU), paroxetine (PXT), escitalopram (ESC), bupropion (BUP),
two SER metabolites—norsertraline (NS) and sertraline ketone (SEK) [9,10,42], and struc-
turally related compound bupivacaine (BUC) (Figure 1). Potential parameters influencing
the removal were considered and the performance of the MIPs in WW was tested in order
to evaluate their applicability for WW treatment. The composition of the polymers was
confirmed using Fourier transform infrared spectroscopy (FTIR) and elemental analysis.
Surface properties and pore volume were calculated on the basis of the obtained Brunauer—
Emmett-Teller (BET) isotherms, and scanning electron microscopy images of materials
were taken for morphological characterization.
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Figure 1. Chemical structures of the tested compounds.

2. Materials and Methods

The list of chemicals, materials, and the description of standard solution preparation
and pre-preparation of the polymerization ingredients are reported in the Supplementary
Material (SM) Section 1.

2.1. The Synthesis of MIP
The polymers were prepared via bulk radical polymerization with the ingredients in
ratios specified in Table 1.

Table 1. Polymer compositions (molar ratio) and ingredients used for the synthesis of molecularly imprinted polymers (MIPs).

Initiator

Material Template MAA mMA HEMA EGDMA (V-65) Porogen
MIP1 SER x HCI (1) 4 / / 20 _ CHCl3
MIP2 SER xHCI (1) 4 8 / 12 z CHCl3
MIP3 SERxHCI (1) 4 / 8 12 2 CHCl3
MIP4 SER (1) 4 i / 20 g MeOH
MIP5 SER (1) 4 / / 20 g CHCl;
MIP6 SER (1) 4 / / 20 o ACN
MIP7 SER (1) 4 / / 20 = toluen
MIP8 SER (1) 4 8 / 12 Z CHCl3
MIP9 SER (1) 4 8 / 12 5 ACN
MIP10 SER (1) 4 8 / 12 E toluen
MIP11 SER (1) 4 / 8 12 3 CHCly
MIP12 SER (1) 4 / 8 12 g ACN
MIP13 SER (1) 4 / 8 12 @ toluen

The mini-MIP library was synthesized by varying functional monomer, porogen, and the
form of the template, as illustrated in the Table 1. The molar ratio between the template, func-
tional monomer, and cross-linker was 1/4/20. In the case of mini-MIPs, 34.1 mg (0.1 mmol)
of sertraline in HCl salt form (SER HCI) or 30.8 mg (0.1 mmol) free base sertraline (SER),
34 uL (0.4 mmol) methacrylic acid (MAA), and 380 uL (2 mmol) ethylene glycol dimethacry-
late (EGDMA) was used. A total of 560 uL of porogen (either CHCl3, methanol—MeOH,
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or acetonitrile—ACN) was added, with the exception of anhydrous toluene, where 580 uL
was needed due to solubility issues. For polymers prepared using two functional monomers,
we changed the ratio to 1/4/8/12 for the template (30.8 mg SER, 0.1 mmol), functional
monomer (34 uL MAA, 0.4 mmol), co-monomer (860 uL of methyl methacrylate (mMA)
or 970 uL of 2-hydroxyethyl methacrylate (HEMA), 0.8 mmol), and 227 uL of the EGDMA
cross-linker (1.2 mmol). We used 1 wt % of the initiator 2,2"-azobis(2,4-dimethyl valeronitrile)
(V-65) for synthesis of polymers on the basis of total monomers.

The synthetic procedure was identical for all MIPs. The monomers and the template
were first mixed and dissolved in the porogen solvent. Then cross-linker EGDMA was
added and the solution was mixed again. Finally, the initiator V-65 was added. The solution
was mixed, purged with N; for 10 min, and polymerized at 50 °C for 24 h in an oven.
After 24 h, the polymerization was carried out for another 2 hours at 70 °C. The correspond-
ing non-imprinted polymers (NIPs) were prepared following the identical procedures in
the absence of the template.

Best-performing MIPs and their corresponding NIPs were later prepared in a 10 times
larger quantity, maintaining the same polymer compositions and ingredients. The polymers
were then crushed and sieved into 25-50 pum particle size. Both MIPs and NIPs underwent
Soxhlet extraction in 10% of acetic acid in methanol for 96 h until no SER was detected by a
high-performance liquid chromatograph coupled with a diode array detector (HPLC-DAD).
The polymers were further washed with water and MeOH to remove the acetic acid, before
drying them in the oven at 50 °C for 24 h. The dried polymers were used for further
physical and analytical characterization.

2.2. Selection of the Material: Batch Rebinding

Batch rebinding tests were performed in both water and acetonitrile (ACN). A total of
5mg of each MIP and the corresponding NIP was weighed and placed in 1.5 mL Eppendorf
tubes containing 500 uL of the SER solution with increasing concentrations: 0.1, 0.4, 1.0,
2.0, 3.0, and 4.0 mM. We used SER x HCI for rebinding in water, and SER in the free base
form for the rebinding in ACN. All the experiments were performed after the equilibrium
had been reached, i.e., after 20 h (see Section 2.5). The suspension was centrifuged at
10,000 rpm for 15 min. The supernatant was diluted 10 times with the mixture of 50% ACN
and 50% 20 mM phosphate buffer at pH 3.70 (mobile phase) and subsequently quantified
by HPLC-DAD analysis. The levels of bound compounds to the MIP/NIP for each solvent
mixture were estimated from plotted calibration curves. We plotted the data in the form of
rebinding isotherms using the bi-Langmuir isotherm as the best fit (R> > 0.90). The capacity,
affinity, and selectivity were calculated for each polymer. Capacity was reported as the
mass of bound compound per gram of polymer. Affinity was determined as the distribution
ratio (D), the ratio between the amount of SER bound to the polymer (B), and the remaining
SER in the supernatant (F). The selectivity was calculated as the imprinting factor (IF),
comparing the D of MIP to the D of its corresponding NIP. All the parameters were
calculated at equilibrium at the highest added concentration of 4.0 mM. On the basis of the
results in both ACN and water, we chose three best performing MIPs for further testing.

2.3. Reusability Experiments

Reusability of the chosen MIPs and NIPs was tested by repeating 4 times the batch
rebinding of 0.1 mM SER in ultrapure water (UW) on the same material, while following
any changes in the performance. Between the cycles, the polymers were washed with 1 mL
1% trifluoroacetic acid (TFA) in MeOH (30 min) and 1 mL of MeOH (15 min) in order to
remove SER from polymers. Solvent-free polymers were obtained by drying in the oven
for 1 h at 60 °C. The experiment was performed in 5 parallels.

2.4. Cross-Reactivity Experiments

The cross-reactivity of the 3 materials selected as described in Section 2.2 was evaluated
by binding experiments for antidepressants and their structurally related compounds: NS,
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SEK, FLU, ESC, PXT, BUP, and BUC. The cross-reactivity was assessed through selectivity
factor (e), the capacity, and the difference in binding between MIP and NIP for each compound.
A was calculated as the ratio between the D of SER and D of the tested compound.

The cross-reactivity experiments were performed separately for each compound in UW,
applying the same conditions as for SER rebinding tests (see Section 2.2.). The experiments
were performed at the concentration of 1 mM, which was selected on the basis of the maximal
solubility of NS in UW. SEK binding was evaluated in ACN due to solubility limitation.
The concentrations in the supernatant were again determined with the HPLC-DAD.

2.5. Time to Reach Equilibrium

The time to reach the equilibrium state was estimated in batch experiments in UW.
A total of 5 mg of each chosen polymer and AC were shaken for 15min, 30 min, 1h, 4 h, 8 h
and 20 h. The 0.5 mL solutions contained a mixture of SER and the compounds included in
Section 2.4 (test mixture), each added at the final concentration of 0.1 mM. The removal
percentage was determined by HPLC-DAD.

2.6. Binding in WW Matrix: Influence of pH, Salts, and Chemical Oxygen Demand

The behavior of the chosen polymers and AC was observed in WW matrix spiked with
the test mixture, again at the final concentration of 0.1 mM. The binding experiments were
performed in 3 different matrices: UW, artificial wastewater (WW1) [43], and actual wastew-
ater (WW2) obtained from a Slovenian wastewater treatment plant (WWTP). The WW was
filtered (see SM, Section 1.1) before spiking in order to remove particulates and microor-
ganisms that could have influenced the removal. The pH of the WWs was measured using
the pH electrode by Wissenschaftlich-Technische Werkstitten GmbH (Weilheim, Germany)
and the chemical oxygen demand (COD) was determined on a spectrophotometer using
Hach reagents for water analysis, LCK 314 and 514.

We researched the influence of 2 parameters most often reported to influence the
binding: pH and the presence of salt ions [44-46]. Since the reported pH of WW is between
6 and 8, the performance of the polymers was tested by batch tests in 50 mM phosphate
buffer solutions with pH adjusted to 6.0, 7.0, or 8.0 with either a2 mM HCl or 1 mM NaOH
solution. The influence of salt ions was observed by comparing the binding in UW and in
NaCl solutions at the concentrations of 0.1 M and 1.0 M.

2.7. Upscale Experiment

In order to observe the performance of the materials on a larger scale and at lower
concentration of substrate, we packed the material into SPE cartridges by separately
weighing 50 mg of MIP, NIP, or AC. MIPs and NIPs were sedimented beforehand in a
mixture of MeOH and water (v/v = 80/20) four-times for 1.5 h to avoid the loss of material
through the frit. For the same reason, AC mesh size 100400 was used.

The materials were first washed with 5 mL of MeOH and 5 mL of UW water. Then,
the cartridges were stacked on top of Oasis HLB cartridges in order to bind the remainder
of the unbound compounds. The method used for Oasis HLB conditioning, equilibration,
loading, and elution was adapted from our article on photodegradation of SER [9].

A total of 50 mL of WW2 spiked with the mixture of compounds at concentrations of
0.4 uM was loaded at the flow rate of 2 mL min ! on to each material. The solution then
flowed directly onto the Oasis HLB cartridge. After loading, the Oasis HLB cartridges were
dried for 30 min and then eluted with 3 x 0.6 mL of triethylamine in MeOH. The elution
solvent was evaporated, and the extracts were redissolved in 0.5 mL the HPLC mobile
phase and filtered through 0.45 pum syringe filters before the HPLC measurements.

2.8. Leaching Evaluation

To examine the applicability of developed MIPs as SPE extraction materials, we checked
the potential leaching of the template from the MIP. As reported under the upscale experi-
ment (Section 2.7), 50 mg of each MIP was packed in the SPE column, conditioned, loaded,
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and eluted with 5 mL 1% TFA in MeOH. The extract was dried under nitrogen at 40 °C
and the amount of leaching was quantified with a Nexera X2 ultra high performance liquid
chromatograph (UHPLC, Schimadzu, Kyoto, Japan) coupled to the hybrid quadrupole-
linear ion trap mass spectrometry analyzer QTRAP 4500 (Sciex, Framingham, MA, USA)
following the method developed by Gornik et al., (2020a) [9].

2.9. Chemical and Morphological Characterization

Fourier transform infrared (FTIR) spectroscopy was performed on IRAffinity-1S
(Schimadzu, Kyoto, Japan).

Elemental analysis was performed on a 2400, Series I, CHNS/O Analyzer (Perkin-Elmer,
Waltham, MA, USA).

BET surface area analysis was performed with Porozimeter TriStar IT (Micromeritics,
Norcross, GA, USA).

The morphological characteristics were observed using a scanning electron microscope
(SEM). The images were recorded with JSM-7600F (JEOL Ltd., Tokyo, Japan).

2.10. HPLC Measurements

For the determination of SER, NS, SEK, FLU, ESC, PXT, BUP, and BUC in the solutions,
we utilized an HPLC-DAD (1260 Infinity Agilent Technologies, Santa Clara, CA, USA).
For separation, we applied the column Zorbax Eclipse C-18 column (150 mm x 4.6 mm,
5 um) (Agilent Technologies, Santa Clara, CA, USA). The injection volume was 10 puL or
20 uL, depending on the tested concentration range. The mobile phases were (A) ACN
and (B) 20 mM phosphate buffer at pH 3.70. The gradient started with 70% B for 2 min,
decreased to 61% in 13 min, then increased back to 70% B in 0.1 min and was kept as so
for 1.5 min. The flow rate was 1 mL-min~'. The retention times of the compounds were
3.27 min for BUP, 4.04 min for BUC, 6.20 min for ESC, 8.52 min for PXT, 11.95 min for NS,
12.65 min for FLU, and 13.04 min for SER. SEK was determined with a separate method at
flow 2 mL-min !, isocratic elution at 70% A and 30% B. Other parameters coincided with
the previous method. SEK eluted at 3.80 min.

3. Results and Discussion

All experiments with the exception of the reusability experiments (1 = 5) were per-
formed in duplicate. The inter-day repeatability reported as the relative standard deviation
(RSD) for experiments performed in UW was <5% and in WW < 6%.

3.1. MIP Synthesis, Selection, and Reusability

We optimized the polymer composition to tune recognition properties of the material.
The initiator (V-65) and cross-linker (EGDMA) were kept constant for all polymerization
experiments, while different porogens and co-monomers were added in order to obtain
water compatibility, increase capacity, and improve selectivity. The behavior of MIPs
compared to their corresponding NIPs was evaluated in batch rebinding experiments
performed in water and ACN at different concentrations to generate binding isotherms
and calculate the capacity, affinity, and IF. The data we obtained during ACN rebinding
experiments enabled us to quantify the binding on the basis only of specific interactions,
such as hydrogen bonding, with the minimal non-specific hydrophobic effect [47], while our
prime goal was recognition of the investigated compounds in water.

EGDMA in combination with MAA in different porogen solvents is one of the most
commonly reported compositions of MIPs to date [30,48,49], including those in MIPs
imprinted with SER [50,51]. Unlike in the literature [50,51], we observed no imprinting in
MIPs where SER was used in its salt form (MIPs 1-3 in Table 1). Adding the extracted free
base form of SER, on the other hand, resulted in successful imprinting. As shown in Figures
2 and 3, we observed higher capacities and affinities in water compared to those in ACN
for most tested MIPs, except for MIP11 and MIP12. However, compared to ACN, the Ifs in
water were lower in all the cases, indicating loss of selectivity in water. This can be justified



3.2 Application of MIPs in SSRI Environmental Analysis and Treatment

Polymers 2020, 13,120

7 of 19

B [umolig]

8 [umolig]

B [umolig]

by the hydrophobic effect established in polar solvents such as water, and disrupting
the formation of hydrogen bonds. In order to improve the recognition abilities in water,
we tested the influence of adding co-monomers mMA or HEMA (see examples MIP8—
MIP13 in Table 1). Here, the ratios between monomers and cross-linker we applied were
based on the results from Dirion et al., (2003). HEMA was chosen on the basis of the
reports on improved Ifs in water [47,48], while the mMA was selected as its more non-polar
alternative. MIPs with the mMA added into the polymerization mixture (MIP8, MIP9,
and MIP10) had a similar IF in ACN, as compared to MIPs 5-7, which were prepared by
MAA only (Table 1). However, the Ifs in water were slightly higher for all three materials
(Figure 3). The capacities and affinities of MIP8, MIP9, and MIP10 in ACN were higher,
yet lower or comparable in water. Compared to MIPs 5-7, adding HEMA as a co-monomer
(MIP11, MIP12, and MIP13) did not improve the capacity or affinity of the MIPs in ACN.
Additionally, both parameters were noticeably lower in UW. The considerable improvement
was, however, observed in IF; the highest was that of MIP13. This high IF is in agreement
with the results of Dirion et al., (2013).
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Figure 2. Rebinding isotherms for MIP (blue symbols) and non-imprinted polymer (NIP; red symbols) combinations 5-13
in ultrapure water (UW; full symbols) and acetonitrile (ACN; empty symbols).
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Figure 3. (a) The selectivity (imprinting factor, IF), (b) the affinity (L-g '), and (c) the capacity (mg-g ') of the MIPs in UW
in blue. (d) The selectivity (IF), (e) the affinity (L-g~"), and (f) the capacity (mg-g~') of the MIPs in ACN in green.

As seen in Table 1 and Figure 3, the porogen severely influenced the selectlv1ty,
capacity, and affinity of the MIPs. Thxs happens as it affects the stability of the “pre-
polymerization complex” (i.e., interactions between functional monomers and the template
in the chosen porogen), which plays a crucial role in the imprinting effect. If the porogen
disrupts hydrogen bonds between the template and monomers, no specific binding is
observed, as can be seen in the case of MeOH (MIP4). On the contrary, using a more non-
polar aprotic porogen, the pre-polymerization complex is stabilized, resulting in higher
IF, which we showed in MIPs 7, 10, and 13 synthetized in toluene, as compared to those
synthetized in ACN (MIPs 6, 9, 12) or CHCl3 (MIPs 5, 8, 11) (Table 1, Figure 3a,d) [47].

Determining rebinding characteristics allowed us to select three most promising
materials for further testing. In terms of capacity and affinity in water, the material MIP5
was chosen. MIP13 was chosen for its highest IF. Lastly, MIP9 was chosen because it
combines satisfactory selectivity, capacity, and affinity in both water and ACN. The chosen
polymers were reusable, with the maximum observed decrease in the capacity for SER in
four consecutive rebinding experiments being only 2%.

3.2. Cross-Reactivity

We determined the cross-reactivity of three selected MIPs for the following antide-
pressants and structurally related compounds (Figure 1): BUC, BUP, ESC, PXT, NS, SEK,
and FLU. While SEK, the metabolite of SER, was also initially included, it however showed
very poor binding in ACN and no observed selectivity for any of the three MIPs. Its binding
will therefore be based on non-specific interactions only. As for its poor solubility in water,
it was thus excluded from further testing.

The results of cross-reactivity tests are selectivity factors («) reported in Table 2.
In general, « for each compound were comparable between the three selected MIPs,
with the exception of BUP in MIP13. Here, the factor « 3.29, as compared to 9.60 and
9.76 for MIP5 and MIPY, respectively, indicated more cross-reactivity of MIP13 towards
BUP. As reported in Table 2, for NS the selectivity factor was below 1, indicating better
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binding as compared to SER, which is reasoned by the absence of the methyl group in
the chemical structure (Figure 1). Among the SSRI compounds, FLU and PXT had the
factors slightly above 1, meaning comparable binding, while the factor for ESC varied
between 2.7 and 2.9. The fact that ESC was the only SSRI with a tertiary amine in the
structure, together with the favorable « for NS, suggests the impact of steric hindrance
of the hydrogen bond-forming amino group on cross-reactivity. The size of the binding
site seemed to be of lesser importance, considering that PXT and FLU are larger molecules
as compared to SER and NS. BUC and BUP showed higher « in all three MIPs, which is
justified by them being less structurally related to the SSRI group. Additionally, their amino
groups are also sterically more hindered (tert-butyl group and tertiary amine).

Table 2. The capacity and selectivity factor of MIP5, MIP9, and MIP13 and the difference in binding of each compound
between MIP and the corresponding NIP at 1 mM concentration of each tested analyte.

MIP5 MIP9 MIP13
Compound Capacity  Selectivity % (MIP-  Capacity  Selectivity % (MIP-  Capacity  Selectivity % (MIP-

(mg-g~1)  Factor (@) NIP) (mg-g~1)  Factor (x) NIP) (mg-g~1)  Factor (&) NIP)
SER 26.6 = 0.6 1.0 8.4 244+04 1.0 174 11.0£03 1.0 25.6
NS 263+ 03 0.8 7.2 231404 1.0 171 13.0 £0.1 0.7 335
FLU 253+ 0.6 13 4.9 224+ 04 12 16.2 10.34+0.2 1.1 253
ESC 203 +0.5 29 47 18.8 + 0.6 27 14.8 5502 28 10.8
PXT 273+ 0.1 1.0 3.4 263+ 04 1.0 16.8 11.3+0.1 1.1 25.0
BUP 7.9:30:1 9.6 22 6.5+03 9.8 8.0 35+03 33 123
BUC 103 £03 8.7 94 9.7 +03 7.0 9.4 22+04 7.0 6.1

In general, the capacities of the three MIPs for SSRIs followed the same pattern as
in SER binding. The highest capacity was observed in MIP5, closely followed by MIP9,
and with more than half-lower capacities observed in MIP13 (Figure S1). Furthermore,
we compared the binding to the corresponding NIPs. The difference between MIP and NIP
was the largest in the case of MIP/NIP13 and the lowest in MIP /NIP5 (Table 2).

3.3. Time to Reach the Equilibrium

The time to reach equilibrium was tested for the chosen polymers and AC. A 0.1 mM
test mixture was added. Figure S2 illustrates that for AC, the equilibrium was reached
within 1 h; in cases of MIP5 and MIP9, the equilibrium was reached in 4 h; and for MIP13,
in 20 h. For the NIPs, similar times to reach the equilibrium were shown as for their
corresponding MIPs. As also depicted from Figure 4, AC non-selectively bound all the
available compounds until their concentrations in the solvent reached below the limit of
quantification (LOQ ~ 0.001 mM).
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Figure 4. The impact of matrices (UW, artificial wastewater (WW1), and actual wastewater (WW2)) on the performance of
MIPs, NIPs, and AC in the batch rebinding test.

3.4. Effect of WW Matrix

With the underlying objective to remove pharmaceuticals from WWs, we tested the
capacity of MIPs to bind them. This way, we evaluated the ability of MIPs to be applied
as sorbents in WW treatment systems. Aiming to get closer to the conditions during
WW treatment, we employed the pH adjusted to 6-8 and simulated actual WW matrix
composition. By comparing the results between the binding of BUP, BUC, ESC, PXT, NS,
FLU and SER in UW, WW1, and WW2, we observed large differences in the removals of the
test compounds (Figure 4), whereas AC removed all the tested compounds in any matrix
to below LOQ concentrations (0.001 mM). In contrast with our expectations, as shown
in Figure 4, the removal efficiencies of MIPs were lowest in UW and highest in the most
complex matrix, WW2. In line with the trends shown in the capacity experiments, MIP5
and MIP9 showed best performance, closely followed by NIP5, NIP9, MIP13, and finally
NIP13. By investigating the reason for such behavior, we determined the pH and COD
of each inspected matrix. The pH values of UW, WW1, and WW2 were approximately 7,
7.2, and 8.2, respectively, whereas we measured COD at <15 mgAL’1 for WW1 (LOQ of
the test) and 379 mg-L~! for WW2. On the contrary, the literature reports either no change
(up to 690 mg-L~! COD) or a slight decrease in adsorption of their chosen templates to
their MIPs at high COD values (over 800 mg-L“) [52-55]. The MIPs in these cases used
similar reagents to those in our synthesis, i.e., MAA and EGDMA, albeit in different ratios,
and employed DCM or ACN as porogens and 2,2'-azobisisobutyronitrile (AIBN) as the
initiator [52-55]. Hence, we did not expect the higher COD values to be the cause behind
the increased removal.

In order to deeper investigate the reasons behind the positive impact of matrix com-
plexity on the removal of pharmaceuticals, we performed the rebinding experiments at
different pH values and salt concentrations. Here, the imprinted and non-imprinted
polymers showed similar trends, with the most notable differences for MIP and NIP13,
as portrayed in Figure 5. The pH in the range of 6 to 8 had almost no influence on the bind-
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ing with differences below 1%. The only exception was NIP13, with differences between
pH 6 and pH 8 ranging up to 7.8%. On the other hand, the increasing salt concentration
improved the removal of pharmaceuticals. This finding was further supported by the
improved binding found during the pH tests, which were performed in phosphate buffer,
as compared to the binding in UW. Our results are consistent with the findings of Kempe
and Kempe (2010), where elevated concentrations of salts had a significant influence on
the removal of penicillin G from solution and followed the Hofmeister series. As seen
in Kempe and Kempe (2010), the higher removal was of non-specific nature, observed in
both MIP and NIP [46]. The kosmotropic ions seem to promote the formation of stable
interactions between the polymers and tested compounds. Since phosphate ions are more
kosmotropic than chloride ions, this would also explain the larger effect in the buffer
solutions, despite their lower concentrations [56].
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Figure 5. The effect of pH and presence of salt ions in MIP13 and NIP13.

3.5. Upscale Experiment

The performance of the materials was evaluated as the difference between the initial
concentration and the remainder extracted by Oasis HLB SPE. This way, we avoided
underestimating the performance of AC, since completely eluting compounds off the AC
is a known difficulty [23]. The results on the performance of selected materials in the
upscale experiment are shown in Figure 6. The main difference from the batch (mini-MIP)
experiments is the less efficient binding to AC (Figure 6). The two main reasons behind this
may involve the shorter contact time between the material and WW, or lower capacity of
the material due to the non-specific binding of other matrix components. Since in the batch

experiment AC showed shortest time to reach equilibrium, the latter is more probable.

Furthermore, several reports showed AC performance deteriorating with an increase of
matrix complexity (e.g., COD, total dissolved solids) [23,55].
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Figure 6. The remainder of compounds detected in the Oasis HLB extracts in the upscale experiment.

In the Oasis HLB extracts from MIP5, NIP5, and MIP9, none of the investigated pharma-
ceuticals were detected. On the contrary, as expected, their highest remainder was determined
in the Oasis HLB extracts from NIP13, again implying its lowest binding capacity.

While non-specific rebinding is not desired in MIPs that are used, for example, in sam-
ple preparation or chromatography, we show here that this phenomenon is favorable in
WW treatment. As Le Noir et al., (2007) pointed out, it only becomes a problem if it causes
lower capacity and affinity of the selective binding [39]. MIP5 and MIP9 both showed
higher capacities compared to MIP13, and even NIP5 and NIP9 performed better under
tested conditions. This means that a larger amount of MIP13 would have to be used to
achieve the competitive removal efficiencies. However, specific interactions of MIPs will
likely play a more important role at higher volumes and more complex matrices. At the
same time, we show that the NIPs, which are based on non-specific binding only, are less
negatively affected by matrix, as compared to AC, and along with their easy recyclability
they could therefore pose a less expensive alternative for the removal of pharmaceuticals.

3.6. Leaching

As an alternative to sorption in WW treatment, we also considered the developed
MIPs for SPE extraction of environmental samples. As for our hypothesis, MIP could be
employed as an SPE sorbent in order to selectively extract targeted compounds, thus reduc-
ing the suppressing effect of matrix interferences in further liquid chromatography coupled
to mass spectrometry (LC-MS) analysis. Such sorbents may potentially be employed in a
highly sensitive analytical method for an ultra-trace level determination of contaminants
in WW [57]. MIPs have previously been used for SPE several times [58-61]. However,
given the fact that the template in polymerization (SER) is also the analyte in the LC-MS
method, the MIP sorbent would have to pass the “leaching test”, which means that it
would have to show a negligible leaching and thus avoid interfering with the assessment
of trace-level analytes in the subsequent LC-MS analysis. Leaching of SER from the ma-
terial was tested on UHPLC-QTRAP, applying the instrumental method developed by
Gornik et al., (2020a) [9]. By using 5 mL of 1% TFA in MeOH, we eluted up to 3.5 ug of
SER from the MIPs. Alternative methods for template removal, such as microwave or
ultrasound-assisted extraction, heating under pressure, or even the use of another acid dur-
ing Soxhlet extraction, could have lessened the leaching from the MIPs. On the other hand,
the more extreme conditions could also have damaged or distorted the imprinted cavities
and thus decreased the selectivity, affinity, and capacity of the MIPs [62,63]. Furthermore,
the synthesis of MIPs and the subsequent washing procedures triggered the formation
of SER transformation products (NS, SEK, hydroxyl-SER) [9], which in turn leached off
the materials, thus interfering the environmental analysis. Unfortunately, this makes the
material inappropriate for the determination of SER residues including its metabolites
and transformation products at trace levels. Finding an appropriate dummy template that
would substitute SER and produce a MIP cross-reactive towards SSRI could be a viable
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solution to such a problem [35]. Nonetheless, the synthetized material can still be applied
to SPE of the remaining tested pharmaceuticals (Figure 1).

3.7. Characterization

The FTIR spectra for the chosen MIP/NIP pairs 5, 9, and 13 can be found in Figure 7.
The broad band visible at approximately 3500 cm™! corresponds with the stretching
vibration of the hydroxyl group from MAAs COOH group. The stretch bands around
2950 cm ! in all the spectra are part of the C-H vibration present in MAA, mMA, HEMA,
and EGDMA. The band around 1720 cm ™! represents the vibration from the carboxylic
C=0 group that can be associated with the C=O groups from MAA, mMA, and EGDMA.
The 1250 and 1140 cm ™! stretch bands contributed to the stretching of C-O also present
in all three compounds. The stretch bands corresponded with the polymerized material.
Since the composition of the synthetized materials did not vary strongly, the resulting FTIR
spectra were accordingly similar.

MIP13

e L

NIP9

! MM#KU/M Mm"ﬁm |

MIPS
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Figure 7. The FTIR spectra of MIPs and NIPs 5, 9, and 13.
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The results of the elemental analysis of the MIP and NIP pairs 5, 9, and 13 are reported
in Table 3. The results are in accordance with the expected values of the synthetized
material. With this measurement, we confirmed that the added reagents reacted in the
expected ratio.

Table 3. Results of the elemental analysis for MIPs and NIPs 5, 9, and 13.

MIP 5 % C % H NIP 5 % C % H
Theoretical 60.21 7.11 Theoretical 60.21 7.11
Actual 59.56 7.81 Actual 59.68 8
Deviation 0.65 -0.7 Deviation 0.53 —0.89
MIP 9 % C % H NIP 9 % C % H
Theoretical 59.99 7.28 Theoretical 59.99 7.28
Actual 59.55 8.18 Actual 60.2 8.25
Deviation 0.44 -09 Deviation —-0.21 —-0.97
MIP 13 % C % H NIP 13 % C % H
Theoretical 59.27 723 Theoretical 59.27 7.23
Actual 57.00 7.60 Actual 58.03 8.17
Deviation 227 -0.37 Deviation 124 —0.94

The BET surface area, pore size, and pore volume of the MIPs and NIPs are reported
in Table 4. As expected, the larger the surface area and pore volume of the tested polymers,
the higher the reported capacity and affinity. All three parameters were comparable
between MIP and NIP pairs 5 and 9, with BET surface areas for MIP/NIP 5 in the 200 m?.g !
range and MIP/NIP 9 at the 100 m?-g~! range. However, NIP13 exhibited a more than
five times lower BET surface area and pore volume compared to its corresponding MIP
(Table 4). A similar difference was observed in MIP and NIP pairs using HEMA as the
copolymer in toluene in the research by Dirion et al., (2003). They reported that stronger
swelling was observed for the NIPs and similar elution times measured for void markers
(acetone or MeOH) in their chromatographic evaluations of the polymers. This indicated a
smaller difference between the MIP and NIP in their swollen state.

Table 4. Brunauer-Emmett-Teller (BET) surface area of MIPs and NIPs 5, 9, and 13.

Pore Volume

. 2 1 2
Material BET Area (m*-g~1) Pore Size (nm) (cm®-g-1)
MIP5 193.8 7.7 0.374061
NIP5 262.1 7.2 0.470623
MIP9 136.0 10.3 0.349167
NIP9 125.7 9.6 0.300946
MIP13 274 7.6 0.051835
NIP13 5.5 6.6 0.009074

The SEM images of the surface of our polymers in Figure 8 support the surface area
and pore volume measurements. While the morphology of MIP5/NIP5 and MIP9/NIP9
were comparable, the surfaces of MIP13 and NIP13 were dissimilar. These differences in
the morphology between MIP and NIP 13 indicate that care should be taken when NIPs
are used for the evaluation of MIP selectivity. Comparing a material imprinted with a
completely different compound or the determination of & between the template and other
compounds can offer more information [35,48].
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MIP13

Figure 8. SEM images of MIPs and NIPs 5, 9, and 13.

Compared to AC with a surface area of 1400 m?-g~! [64], the surface areas of MIPs
and NIPs were 5 to 253 times lower. Nevertheless, some of them showed superior binding
characteristics in WW.

4. Conclusions

This study investigated the ability of MIPs imprinted with the free base form of SER to
remove SSRIs and their metabolites. The functional monomers and porogens revealed a strong
impact on the capacity, affinity, and selectivity of the synthetized MIPs. The three selected
MIPs showed cross-reactivity towards the SSRIs and the metabolite norsertraline, whereas
they bound a lesser amount of the competitors BUP and BUC. Further, the loss of selectivity
towards the metabolite SEK was probably due to the loss of the amino group, which was thus
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found crucial for selective binding to the MIP. The performance of both the imprinted and
non-imprinted materials was strongly influenced by the presence of salt ions, which improved
their performance in WW. The performance of MIPs was stable throughout WW-relevant pH
range 6-8. Compared to AC, the synthetized polymers had at least five times lower surface
area and required a longer equilibration time. This slower mass transfer was particularly
evident when selective binding was the main driving force behind the removal, as observed
in MIP13. However, the capacity in WW for two out of the three tested MIPs surpassed that of
AC, and thus both the non-specific and specific interactions showed an important role for the
removal from WW. The surface area calculated from the BET isotherm for the MIPs correlated
with a higher removal and more non-specific interactions. The advantage of the MIPs is also
their reusability that, together with the lower number of regeneration cycles needed due to
slower fouling, will cut the costs of the treatment. Unfortunately, the MIPs were found
inappropriate for SPE of samples containing trace levels of SER due to continuous leaching
of the template and its degradation products. Future work should include a large-scale
experiment confirming the advantages of the synthetized material for the removal of SSRIs
from WW.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
360/13/1/120/s1: List of standards, chemicals, and materials; Standard solution preparation; Pre-
preparation of the ingredients. Figure S1: Cross-reactivity of MIP5, MIP9, and MIP13 in UW. Figure
S2: Time to reach the equilibrium for MIP5, MIP9, MIP13, and activated carbon (AC).
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Chapter 4

Conclusions and Future Perspective

This thesis provides knowledge on the behavior and fate of SSRI antidepressants during
water treatment and in the environment that was missing from the existing literature.
Furthermore, using SSRI as model compounds, we demonstrated that specialized materials
such as MIPs hold great potential as sorbents for SPE or as an alternative form of WW
treatment for contaminants. The scientific contributions of this thesis are presented in five
scientific papers published in SCI international journals and presented as oral and poster
presentations at national and international conferences (see appendix). The significant
achievements and conclusions of this thesis are:

1)

Developed, optimized and validated analytical methods for quantifying nine
common SSRIs, where we would like to underline less studied SSRI, SER and PXT,
and the identification of their TPs employing different techniques (HPLC-UV, GC-
MS, UHPLC-MS/MS, UHPLC-HRMS). The methods were applied to different
aqueous matrices (WW effluent, WW influent, artificial WW, hospital sewage,
SW).

SER and PXT breakdown during sunlight exposure in SW was researched. A well-
thought-out experimental design using photosensitizers and scavengers enabled the
collection of a sufficient amount of data to model it successfully with APEX
software, additionally considering different depths and compositions of SW. Thus,
clarification is provided on the photochemistry and kinetics involved in SER and
PXT degradation. The experimental design can be applied again to other
compounds. In addition, the identities of their phototransformation products
formed during laboratory-scale experiments were tentatively suggested, and their
degradation pathways were proposed. SER degradation behavior was additionally
observed in sunlight-irradiated samples of actual SW. Based on these results, the
first hypothesis, H1: Photodegradation is the main degradation pathway of SER
and PXT in SW, can be accepted. Also, during sunlight irradiation, TPs were
shown to form.

The removal of SER during biological treatment was thoroughly examined.
Adsorption to activated sludge was the leading removal process, while
biodegradation occurred to a certain extent. Chemical structures for the determined
biotransformation products and the most probable degradation pathway were
suggested. The removal efficiencies determined were high, ranging from 77 % to
>90 % in actual WWTP and laboratory-scale experiments, respectively.
Nevertheless, SER and its TPs were still detected in the WW effluent, thus
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supporting the second hypothesis H2: SER, is only partially biodegradable. TPs are
formed during SER biodegradation.

4) Actual composite samples of WW and SW samples from Slovenian rivers, WWTPs
and hospital sewage were collected and analyzed. The results supported only part
of hypothesis H3: SER and PXT, and their residues are present in Slovenian SW

and WW. SER and its residues (metabolites and TPs) were determined in WW
and SW samples, whereas no PXT or its residues were detected in Slovenian SW.

5) MIPs were synthesized and evaluated for the application as sorbents used in SPE
to improve the sample preparation step. With bulk polymerization, successfully
imprinted polymers with good recognition characteristics for SER and its
metabolites/ TPs were obtained, partially confirming hypothesis H4: Besides the
original template compound, MIPs can rebind structurally related analogues,
metabolites and TPs. However, continuous leaching of the imprinted SER from the
material meant they could not be used to analyze environmental samples containing
trace amounts of SER. With two-stage polymerization, we obtained MIPs with
more binding sites on the surface of the polymer. No leaching of the template was
detected with the analytical method applied, making it an appropriate sorbent for
SPE and confirming hypothesis H5: MIPs can be used as sorbents for SPE of SER
and its residues.

6) Another set of MIPs was prepared via bulk polymerization to assess their
performance in WW treatment. The ingredients used in the polymerization were
varied to obtain the best possible recognition abilities for SER. The produced
material was cross-reactive towards other antidepressants and their TPs (PXT,
FLU, ESC, NS), supporting hypothesis H4. The crucial characteristics were the
surface area of the MIP, contact time with the sample, salt concentration in the
matrix and the structure of the analyte, especially the amino group. The polymers
were reusable, and when comparing the removal efficiency between AC and our
chosen MIPs at higher volumes of WW, the polymers performed better despite
their lower surface areas enabling hypothesis H6: MIPs can be utilized for the
removal of SSRI and its residues from WW, to be accepted.

Since the consumption of antidepressants is on the rise with no indication that this
trend will change [2], future work should focus on the impact of rising consumption on
their environmental occurrence. However, the occurrence of the parent compounds should
not be the only area of interest for future research. Now that the data on the potentially
formed TPs is available, their presence in the environment should be equally researched.
Not only that, some recent studies are suggesting that they could be more toxic than their
parent compounds [139]. Hence, studying their ecotoxicity and possible interactions with
other contaminants will be crucial for estimating if any SSRIs and their TPs need to be
included in official monitoring programs or regulated.

Models and predictions, as seen herein for phototransformation of SER and PXT, can
offer guidance on future work. Hence, in the future they will in all likelihood enter the
foreground of environmental research [77], [270]. Further development, optimization and
harmonization of similar models predicting the behavior of contaminants in the
environment will become essential tools that will enable better environmental resource
management in the future.

Another direction that future work should take is to find alternative treatment options
that will enable the mineralization of both parent compounds and TPs. Awareness of the
behavior of SSRIs, their metabolites and TPs, for example, the tendencies to adsorb and
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photodegrade, can allude to which techniques to investigate first. While the currently
studied AC and AOP are both excellent choices, the rising presence of SSRIs reported in
different compartments of the environment indicates that it is an issue that urgently needs
to be addressed. More innovative techniques and materials, such as MIPs, are welcome
options and this thesis only scratched the surface of the possibilities of applying molecular
imprinting to WW treatment. Several other polymerization techniques and approaches are
available, giving the material characteristics that would improve the recognition properties
of chosen analytes and make them easier to use (e.g., particle size and magnetic properties).
Of course, the balance between the efficiency of the treatment, reusability and regeneration
of such materials and investment costs should be carefully considered. Such options,
however, are not only needed for antidepressants but all contaminants of emerging concern
where reported concentrations are reaching critical levels.
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