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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, i.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. Preučevane 
spojine spadajo v razred selektivnih zaviralcev ponovnega privzema serotonina. Že obstoječi 
postopki čiščenja vode niso uspešni pri njihovem odstranjevanju, hkrati pa njihovi ostanki 
povzročajo neželene toksične učinke pri vodnih organizmih. Na tej točki še vedno nimamo 
dovolj informacij za oblikovanje akcijskega načrta za obvladovanje njihove prisotnosti v 
okolju, manjkajo nam predvsem podrobne informacije o procesih, ki so jim podvrženi med 
čiščenjem odpadne vode in po vstopu v okolje.  

Pri pregledu literature smo odkrili, da je bilo od pogosto uporabljenih načinov čiščenja 
odpadne vode sekundarno biološko čiščenje z aktivnim blatom najučinkovitejše pri 
odstranjevanju omenjenih antidepresivov, pri čemer so nekatere spojine, kot je sertralin, 
zelo slabo raziskane. V skladu  s temi ugotovitvami smo preučevali postopke njegovega 
odstranjevanja in učinkovitost čiščenja z uporabo aktivnega blata. Rezultati so pokazali, 
da je adsorpcija na aktivno blato primarni proces odstranjevanja, ki mu sledi biorazgradnja. 
Učinkovitost čiščenja je v dejanskih čistilnih napravah nihala med 77 % in 81 %, v 
laboratorijskih simulacijah pa je presegla 90 %. Identificirali smo strukture desetih 
produktov transformacije in zaznali njihovo prisotnost v vzorčenih odpadnih vodah. 

Sertralin in paroksetin sta bila izbrana za študijo razgradnje med izpostavljenostjo 
sončni svetlobi v površinskih vodah. Raziskali smo njuno fotokemijo, pridobljene podatke 
pa modelirali, da smo pridobili informacije o kinetiki njihove razgradnje. Skupaj je bilo 
identificiranih štirinajst produktov transformacije in predlagali smo tudi dva mehanizma 
razgradnje. Obe spojini sta lahko fotorazgradljivi z razpolovnima dobama le nekaj dni v 
plitvejši vodi. V obeh primerih sta bili glavni poti razgradnje direktna fotoliza ter reakcije 
s fotokemično proizvedenimi reaktivnimi intermediati, natančneje hidroksilnimi in 
karbonatnimi radikali. Prisotnost treh produktov transformacije sertralina smo tudi prvič 
potrdili v površinskih vodah. 

Da bi bile vse zgoraj omenjene študije uspešne, je bilo potrebno razviti občutljive, 
robustne in natančne analitske metode. Razviti so bili tudi specializirani materiali, tako 
imenovani vtisnjeni polimeri s sertralinom kot šablono, z namenom da bi izboljšali korak 
priprave vzorca s povečanjem izkoristka in zmanjšanjem učinkov matriksa. Vendar smo pri 
njihovi uporabi za analizo sertralina v sledovih naleteli na določene težave. Po drugi strani 
pa so bili materiali uporabni kot alternativni sorbenti za odstranjevanje selektivnih 
zaviralcev ponovnega privzema serotonina iz odpadne vode. Prav tako so navzkrižno 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 človeško telo, ter so dobra osnova za 
nadaljnje raziskave na tem področju. Na primer, novo identificirani transformacijski 
produkti bi morali voditi v temeljitejše raziskave vpliva proučevanih antidepresivov na 
okolje. Poleg tega smo predstavili vpogled v alternativno tehniko čiščenja vode z uporabo 
molekularno vtisnjenih polimerov. Nazadnje, eksperimentalne načrte, uporabljene v naših 
študijah, je mogoče uporabiti tudi za druge okoljske onesnaževalce. 
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Chapter 1 

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]. 
 

 

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-1 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 (N06AA), SSRI (N06AB), non-
selective monoamine oxidase inhibitors (N06AF), monoamine oxidase A inhibitors 
(N06AG) and other antidepressants (N06AX). 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 Europe, 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 

code 
SSRI Abbreviation CAS IUPAC name Trade name 

US Top 

200 list 

Registered 

(Slovenia) 

N06AB02 zimeldine / 56775-88-3 
(Z)-3-(4-bromophenyl)-N,N-dimethyl-3-

(pyridin-3-yl)prop-2-en-1-amine 
/ / No 

N06AB03 fluoxetine FLU 54910-89-3 
N-methyl-3-phenyl-3-[4-

(trifluoromethyl)phenoxy]propan-1-amine 

Prozac, Selfemra, Sarafem, 

Fodiss, Portal 
20. Yes 

N06AB04 citalopram CIT 59729-33-8 

(RS)-1-[3-(dimethylamino)propyl]-1-(4-

fluorophenyl)-1,3-dihydroisobenzofuran-5-

carbonitrile 

Celexa, Cipramil, Citalon, 

Citalox 
30. Yes 

N06AB05 paroxetine PXT 61869-08-7 
(3S,4R)-3-[(2H-1,3-benzodioxol-5-

yloxy)methyl]-4-(4-fluorophenyl)piperidine 

Paxil, Brisdelle, Pexeva, 

Saroxite, Paluxon, Parogen, 

Paroxat 

78. Yes 

N06AB06 sertraline SER 79617-96-2 
(1S,4S)-4-(3,4-dichlorophenyl)-N-methyl-

1,2,3,4-tetrahydronaphthalen-1-amine 

Zoloft, Lustral, Asentra, 

Mapron 
12. Yes 

N06AB07 alaproclate / 60719-82-6 
1-(4-chlorophenyl)-2-methylpropan-2-yl 2-

aminopropanoate 
/ / No 

N06AB08 fluvoxamine FVX 54739-18-3 

2-{[(E)-{5-methoxy-1-[4-

(trifluoromethyl)phenyl] 

pentylidene}amino]oxy}ethanamine 

Faverin, Luvox / No 

N06AB09 etoperidone / 52942-31-1 
2-[3-[4-(3-chlorophenyl)piperazin-1-

yl]propyl]-4,5-diethyl-1,2,4-triazol-3-one 
Centren, Depraser, Staff / No 

N06AB10 escitalopram ESC 128196-01-0 

(S)-1-[3-(dimethylamino)propyl]-1-(4-

fluorophenyl)-1,3-dihydroisobenzofuran-5-

carbonitrile 

Lexapro, Cipralex, Citafort, 

Ecytara, Eqores, Otigem 
19. Yes 
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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 (α1-, α2-, and β-
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-1), 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].   

 

 

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]. 

 

 

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]. 

 

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]. 

 

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]. 

 

 

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 (logKow) 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 (logKoc) 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. 1 – calculated in ChemAxon or ACD/Labs 
Percepta Platform, 2 – salt form [56], [57], [59], 3 – based on experiments using two types 
of sediment and three types of soil [57]. 

SSRI CAS 

number 

MW  

(g mol-1) 

pKa2 logP1 logKow
2 logKoc

3 Solubility 

(mg L-1)2 

FLU 54910-89-3 309.13 10.05 4.17 1.22±0.10 4.09-5.49 38.4 

CIT 59729-33-8 324.16 9.59 3.76 1.39±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 9.47 5.15 1.37±0.10 3.80-4.85 3.5 

FVX 54739-18-3 318.33 9.39 2.80 1.12±0.10 3.35-4.28 22.2 

ESC 128196-01-0 324.16 9.50 3.76 / / / 

NS 87857-41-8 292.20 9.52 4.72 / / / 

NFLU 57226-68-3 295.30 9.10 3.25 / / / 

NCIT 62498-67-3 310.37 10.5 / / / / 

 

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-1 range, the highest detected levels are worrisome 
and reach µg L-1, 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 [µg L-1] WW effluent [µg L-1] SW [µg L-1] 

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-1 and, in extreme cases, > 3 μg g-1 (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-1 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-1 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-1) 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 
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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. 

 

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 logKoc 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 μg L-1. 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 Velázques and Nacheva (2017), 84.7 % of FLU was 
removed by biodegradation and 8.8±1.9 % by adsorption. In these studies, the authors 
used different microbial consortiums, which might have influenced the final results [80], 
[83], [84].  

 

 

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-1. 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-oxo-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 
[85]–[87]. 

 

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 
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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 (H2O2) 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 TiO2, 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 (H2O2, TiO2, 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 8-54 % Primary (mechanical sieves) [110], [111] 

16 %  Primary (chemically enhanced with alum and FeCl3) [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); 

tertiary (with UV) 

[112] 

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

65±4 % Secondary (aerated COD removal and activated 

sludge) 

[59] 

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 29-57 % Primary (mechanical sieves) [110], [111] 

3.5 % Primary (chemically enhanced with alum and FeCl3) [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); 

tertiary (with UV) 

[112] 

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 

sludge) 

[59] 

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 FeCl3) [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); 

tertiary (with UV) 

[112] 

82±2 % Secondary (aerated COD removal and activated 

sludge) 

[59] 

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 17-94 % Primary (mechanical sieves) [110], [111] 

7.5 % Primary (chemically enhanced with alum and FeCl3) [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); 

tertiary (with UV) 

[112] 

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

76±2 %, 76±3 

% 

Secondary (aerated COD removal and activated 

sludge) 

[59] 

7 % 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-1mm); 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 (Φ). 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 
(CO3

•−), the excited triplet states of CDOM (3CDOM*) and singlet oxygen (1O2). In some 
cases, other radical species, such as •NO2, Cl2•− and Br2

•−, 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 Φ 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], 
[131]. 

 

 

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 Φ 
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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].  

 

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 Φ and secondary rate constants 
for the reactions with HO•, CO3

•− and 1O2 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].  

 

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 
[140]. 

 

 

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 Φ 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]. 

 

 

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.  

SSRI Φ 
k(SSRI + PPRI), L mol-1 s-1 

HO• CO3
•- 1O2 

FLU 

a (4.2±1.5)x10-5 

b (2.3/3.1/8.5)x10-5 

c 0.41±0.042 

a (8.4±0.5)x109 

a (9.6±0.8)x109 

c (9±1.8)x109 

- / 

CIT d 2.6x10-4 / / / 

PXT 
e (2.71/3.26/3.77)x10-4 

c 0.21±0.14 

c (9.6±3.6)x109 

f (8.65±0.12)x109 
c (4.2±0.9)x108 f (1.18±0.13)x108 

SER / / / / 

FVX 

g 1st stage: 

(5.51/5.16/8.55)x10-3 

g 2nd stage: 

(1.91/2.19/1.87)x10-3 

/ / / 

a Lam et al., 2005 

b Kwon and Armbrust, 2006 (at pH 5/7/9) 

c Wols et al., 2014 (monochromatic lamp at 254 nm) 

d Kwon and Armbrust, 2005a (at pH 9) 

e Kwon and Armbrust, 2004 (at pH 5/7/9) 

f Santoke and Cooper, 2017 

g 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, Boström 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 vulgaris, 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 μg L-1 or even mg L-1. Conversely, studies researching chronic toxicity 
reported no-observable-effect concentrations (NOEC) and lowest observable-effect 
concentrations (LOEC) at levels lower than 1 μg L-1. 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, López-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 µm 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-1 or ng g-1 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 π-π 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 H2

18O [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]. 



Chapter 1: Introduction  28 

Table 6: Details on the identification procedure of SSRI TPs during biodegradation and photodegradation. ND - not defined, Photo - 
photodegradation, Bio – biodegradation. 

SSRI/ 

degradation 
Suspect list Detection 

Data analysis 

software 

Identified 

TPs 
Identification based on Reference 

FLU/Bio EAWAG-PPS HPLC-Orbitrap, DDA 

Compound 

Discoverer 1.0; 

Sieve 2.2; 

MassFrontier 7.0 

7 

Ref. standard, exact mass, 

fragmentation pattern, isotopic 

pattern 

[82] 

CIT/Bio 
EAWAG-PPS 

MetabolitePredict  

UHPLC-Qtof, full scan, 

MS/MS 

Metabolite Tools 

2.0 
14 

Ref. standard, exact mass, 

fragmentation pattern, isotopic 

pattern 

[85] 

FLU/Photo / LC-QQQ-ESI, MS ND 1 Ref. standard [123] 

FLU/Photo / LC-QQQ-ESI, MS/MS ND 4 
Parent mass, fragmentation 

pattern, retention time 
[129] 

FLU/Photo / LC-QQQ-ESI, MS/MS ND 1 Ref. standard [131] 

CIT/Photo / LC-QQQ-ESI, MS ND 2 
Parent mass; Fragmentation 

pattern 
[133] 

CIT/Photo 
EAWAG-PPS 

MetabolitePredict 
UHPLC-Qtof, MS/MS DataAnalysis 4.1 17 

Exact mass, fragmentation 

pattern, isotopic pattern 
[134] 

CIT/Photo / 
LC-microTOF, 

MS/MS; NMR; FTIR 
ND 3 

Parent mass, fragmentation 

pattern 
[135] 

PXT/Photo / LC-QQQ-ESI, MS ND 2 
Parent mass, fragmentation 

pattern 
[136] 

SER/Photo / UHPLC-Qtof, MS/MS Mass Hunter 10 
Exact mass, fragmentation 

pattern (data not provided) 
[140] 
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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 

Accuracy 

The closeness of agreement between 

a measured quantity value and a 

true quantity value of a measurand 

Expressed with precision and 

trueness parameters 

Precision 

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:  

- standard deviation (SD) 

- relative standard deviation 

(RSD) or % coefficient of 

variation (% CV) 

- confidence interval 

(1) Repeatability or inter-assay 

precision: variability over a 

short time interval under 

the same conditions 

(2) Intermediate precision or 

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. 

Trueness 

The closeness of agreement between 

the average of an infinite number of 

replicates measured quantity values 

and a reference quantity value 

If CRMs are used: bias - an 

estimate of a systematic 

measurement error 

If CRMs are not available: % 

recovery of a known, spiked 

amount of analyte 

Recovery 
The proportion of analyte present in 

or added to the analytical portion of 

% Recovery of a known, spiked 

amount of analyte 
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the test material, which is extracted 

and presented for measurement 

Specificity 

The ability to assess the analyte 

unequivocally in the presence of 

components which may be expected 

to be present, typically impurities, 

degradants, and matrix 

Must be demonstrated: 

- for identification tests as % 

correct classification of negative 

and positive results 

- for quantitative tests as % 

recovery of samples, spiked with 

possible interferences 

LOD 

The lowest amount of analyte in a 

sample which can be detected but 

not necessarily quantitated as an 

exact value 

3-times the SD of the baseline in 

the blank samples divided by the 

slope of the calibration curve or 

signal-to-noise ratio 3/1 

LOQ 

The lowest amount of analyte in a 

sample which can be quantitatively 

determined with suitable precision 

and accuracy 

10-times the SD of the blank 

baseline divided by the slope of 

the calibration curve or signal-to-

noise ratio 10/1 

Linearity 

The ability (within a given range) to 

obtain test results which are directly 

proportional to the concentration 

(amount) of analyte in the sample 

Must be demonstrated, R2 of the 

calibration curve, 

homoscedasticity test (weighting 

when necessary) 

Robustness 

A measure of its capacity to remain 

unaffected by small but deliberate 

variations in method parameters and 

indicates its reliability during normal 

usage 

The measure of variability and 

reproducibility obtained under 

different conditions 

Measurement 

uncertainty 

Non-negative parameter 

characterizing the dispersion of the 

quantity values being attributed to a 

measurand, based on the information 

used 

It comprises many components 

that can be evaluated based on 

their SD, from assumed 

probability distributions, based 

on experience or other 

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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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 tR, 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). 

 

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 (𝐾𝑎) in L 
mol-1 or dissociation constant 𝐾𝑑 (mol L-1). If all the binding sites are identical the 𝐾𝑎 

can be expressed as 𝐾𝑎 =  
𝑛𝑏𝑜𝑢𝑛𝑑

𝑛𝑒𝑚𝑝𝑡𝑦 𝑥 𝐹
 ; where 𝑛𝑒𝑚𝑝𝑡𝑦 is the mols of empty binding sites 

and 𝑛𝑏𝑜𝑢𝑛𝑑 the mols of the bound target. Since 𝑛𝑒𝑚𝑝𝑡𝑦 is hard to determine, the affinity 

is more often expressed as 𝑛𝑏𝑜𝑢𝑛𝑑 or % of the bound target or as distribution ratio 𝐷 =

 
𝐵

𝐹
 in L g-1 [222], [223], [229]. Binding capacity is similarly calculated in different ways; 

however, it is mainly reported as the equilibrium 𝑛𝑏𝑜𝑢𝑛𝑑 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 (α) [222], [223], [229]. The IF is the ratio between MIP and NIP's 
distribution ratios (D), while α 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 
𝐵

𝐹
 is plotted against B and the Langmuir equation is rearranged 

into: 
𝐵

𝐹
=  

𝑁

𝐾𝑑
−

𝐵

𝐾𝑑
, 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-3 mg-1] 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 

Langmuir 𝐵 =  
𝐹 𝑥 𝑛

𝐾𝑑+𝐹
 (Eq. 1) 

Bi-Langmuir 𝐵 =  
𝐹 𝑥 𝑛1

𝐾𝑑1+𝐹
+ 

𝐹 𝑥 𝑛2

𝐾𝑑2+𝐹
 (Eq.2) 

Tri-Langmuir 𝐵 =  
𝐹 𝑥 𝑛1

𝐾𝑑1+𝐹
+ 

𝐹 𝑥 𝑛2

𝐾𝑑2+𝐹
+  

𝐹 𝑥 𝑛3

𝐾𝑑3+𝐹
 (Eq. 3) 

Freundlich 𝐵 = 𝐴 𝑥 𝐹𝑚 (Eq. 4) 

Langmuir-Freundlich 𝐵 =  
𝑁 𝑥 𝐴 𝑥 𝐹𝑚

1+𝐴 𝑥 𝐹𝑚  (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 13C 
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 (m2 g-1), specific pore 
volume (mL g-1), 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. 

 

Template Target Format Matrix Application Reference 

ND PXT, FLU, CIT 
SupelMIP antidepressant 

commercial SPE cartridges 

river water, WW effluent, 

influent 
SPE [41] 

FLU 
FLU, CIT, FVX, SER, 

VEN, DUL 

precipitation polymerization with 

modifications 
plasma on-line SPE [253] 

FLU FLU precipitation polymerization plasma, capsules sensor [254] 

FLU FLU 
coprecipitation onto magnetic  

chitosan/graphene oxide 
water, urine, capsules SPE [255] 

FLU FLU precipitation polymerization capsules, plasma, urine SPE [256] 

FLU, DUL FLU, DUL bulk polymerization phosphate buffer extraction [257] 

FLU FLU precipitation polymerization 
pharmaceutical 

formulations 
sensor [258] 

CIT CIT bulk polymerization water (varied pH) controlled release [259] 

CIT CIT precipitation polymerization serum, urine SPE [260] 

ESC ESC coating, bulk polymerization 
water (varied pH, ionic 

strength) 
stir bar extraction [261] 

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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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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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. 

III. 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  

I. 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. Vožič, E. Heath, J. Trontelj, R. Roškar, D. Žigon, 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. Vožič in sample 
preparation and from Assist Prof J. Trontelj, Prof R. Roškar and Dr D. Žigon 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●, CO3

-●, 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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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 Jožef 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 1O2). 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 (Φ = (4.03±0.25)×10−2) in combination with reactions with HO• and CO3

•− 
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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3.1.3 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. Kovačič, 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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3.2 Application of MIPs in SSRI Environmental Analysis 

and Treatment 

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. Jeřabek 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. Jeřabek. 

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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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−1, 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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Chapter 4 

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). 

2) 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.  

3) 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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