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Thesis Abstract 

 

The data presented in this PhD thesis is part of a multidisciplinary project that received funding 

from the European Union's Horizon 2020 Research and Innovation program under the Marie 

Skłodowska-Curie-Grant Agreement No 765860 (AQUAlity). My individual project involves the 

research fields of Analytical Chemistry, Chemometrics tools, Materials Chemistry and Environmental 

Chemistry. The goals of this individual PhD project, were divided in different tasks accordingly to the 

following specific aims:  

- The development of environmentally friendly practices for CECs determination 

- The elucidation of the significance of photochemical reactions on their contribution to 

the abiotic transformation of CECs 

- Via direct or indirect pathways 

- Toxicity assessment 

- And the application of this knowledge to real environmental waters such as hospital and 

WWTP effluent water from Ioannina, and Pamvotis Lake water, which it is a lake located 

in Ioannina as well. 

 The first main objective of this thesis was to develop a green analytical microextraction 

method for the determination and quantification of three different target pharmaceuticals 

(sertraline, citalopram and clozapine), belonging to the family of psychiatric drugs and are consider 

as contaminant of emerging concern. After that, their photolytic fate in the environment was 

investigate, and drugs were irradiated under different conditions (Xe-lamp and artificial and natural 

solar irradiation) and in different matrices (Milli-Q water, hospital effluent, WWTP, and Pamvotis 

Lake water) via direct or indirect pathways. As well, drugs were irradiated in the presence of organic 
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matter (WEOM) extracted under mild conditions from sediment of Lake Pamvotis. Moreover, 

Advance Oxidation Processes (AOPs) such as TiO2 were applied for the abatement of pollution.Drugs 

photoproducts were identified by means of HPLC-HRMS and photodegradation pathways were 

proposed. Finally, toxicity assessment was followed based on Vibrio fischeri and US EPA ECOSAR 

computer mode. 
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Chapter 1. Introduction. State of the art 

 

 

1.1. Emerging contaminants 

The advancement of modern technologies, as well as the science that underpins them, is the 

bedrock of human progress. At both, global and individual levels, technological advancements have 

increased human welfare in terms of health, longevity, and general living conditions. The continual 

expansion of the chemical industry, as well as the employment of chemicals in many aspects of life, 

contributed to a clean impression of chemistry in our society during the first half of the twentieth 

century. Nowadays, the chemical industry is an important part of the economy in industrialized 

countries, and it is regarded as a key sector that contributes considerably to gross domestic product. 

According to the World Health Organization (WHO), more than 100,000 chemicals are released into 

the global environment every year as a result of their production, use, and disposal. Non-polar 

hazardous substances (POPs) and heavy metals were the subject of attention and recognition until 

the 1990s.However, as a result of technology manufacturing or human use, a new class of 

contaminants has emerged as an environmental issue, and there is widespread agreement that this 

type of contamination may require legislative intervention. The new class of contaminants, the so-

called ‘’emerging contaminants’’ (ECs), are defined as anthropogenic chemicals or substances of 

natural origin, which are currently not regulated but might be submitted to future regulations 

because they can pose risks to human health or the environment, as their persistence or toxicity 
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might alter the metabolism of a living being [1].These are not necessarily new contaminants; 

emerging data on legacy compounds can also introduce new regulations or make the existing ones 

stricter. It is an extremely complex field of study, as 100 million chemicals are registered in the 

Chemical Abstract Services (CAS) database, and this number increases each year. Routine monitoring 

programs, determining whether compounds have the potential to be harmful to humans or the 

environment and, as a result, to what extent they should be regulated, their occurrence in 

environmental compartments, and techniques for treating environmental media to remove or 

transform them are all areas where knowledge is being developed [2]. The main CEs are divided into 

categories and are summarized in Table 1.1.  

ECs from which originate before their transport to surface waters, groundwater, sediments, 

and drinking water are varied and include discharges or leaks of domestic, hospital or industrial 

wastewater containing pharmaceutical or personal care compounds, pesticide applications to 

agricultural land, parks, gardens, urban infrastructure, and the transport network, discharges or leaks 

of domestic, sewage sludge application to land, pharmaceutical and pesticides used to treat animals 

and solid waste disposal [3]. 

1.1.1. Effects of ECs in human health and environment 

The increased consumption of these substances in developed countries raises the risk of 

environmental contamination and negative impacts on human health and environments [2]. These 

effects on human and environmental health are largely uncertain and there is no enough information 

about their fate, change, or degradation along the course they take. The effects of ECs on human 

health, environmental waters, and living organisms such as invertebrates and fishes, are important 

even at relatively low levels of exposure, because certain ECs can have an effect on biological 

systems [3,4]. ECs have been shown to have a wide variety of health impacts on humans and other 

animals. It has been noticed that this substance has the potential to cause cancer or have hazardous 

effects in both animals and humans, but the most common concern is endocrine disruption [5–8]. 
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Table 1.1.  Representative list of ECs. 

Category Compound Examples 

Per fluorinated Compounds 
Perfluoroctane sulfonates (PFOS), 

perfluoroctanoic acid 

Pesticides Organophosphorus pesticides, thiocarbamates 

Food additives Sucralose, triacetin 

Nanoparticles Titanium dioxide, fullerenes 

Algal toxins Microcystine 

Antifouling compounds 
Organotins (dibutyltin and triphenyltin ions), 

cybutryne 

Insect repellents N,N-diethyl-m-toluamide (DEET). 

Flame retardants 
Tetrabromobisphenol A, 

Hexabromocyclododecane 

Surfactants 
Alkylphenol ethoxylates, alkylphenols 

(nonylphenol and octylphenol), alkylphenol 
carboxylates 

Antiseptic additives Triclosan, triclocarban 

Plasticizers Bisphenol A 

Steroids & hormones Estradiol, estrone, estriol, diethylstilbestrol 

Water (disinfection) 2,2,2-Trichloroacetamide, chloroacetaldehyde 

Fragrances Nitro, polycyclic, and macrocyclic musks 

Drugs of abuse Morphine, dihydrocodeine, cocaine 

Sunscreen agents 
2-ethyl-hexyl-4-trimethoxycinnamate, 

octocrylene 

Analgesics, anti-inflammatory drugs 
Ibuprofen, acetaminophen, codeine, ,aspirin, 

diclofenac 

Veterinary and human antibiotics Trimethoprim, sulfamethoxazole, erythromycin 

Psychiatric drugs 
Citalopram, Clozapine, Sertraline, Risperidone, 

carbamazepine 

β-Blockers Metoprolol, propranolol, timolol, bisoprolol 

Lipid regulators 
Gemfibrozil, bezafibrate, clofibric acid, fenofibric 

acid, 

X-ray contrast agent Iopromide, iothalamic acid, diatrizoic acid 

Gasoline additives tert-Butyl methyl ether, dialkyl ethers 
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 The negative effects of a chemical can be assessed in a variety of ways. The acute toxicity of a 

chemical refers to its ability to cause harm as a result of a single short exposure. This is likely to be 

important in accidents and spills where the health effect is immediate. Chronic toxicity is the ability 

of a chemical to cause harm after repeated or prolonged exposure, such as in an industrial setting. 

The main effects are: 

- toxicity (ability to cause unspecified harm) 

- carcinogenicity (ability to produce tumors) 

- mutagenicity (ability to cause alteration of genetic material)  

- teratogenicity (effects on the fetus) 

 

Genotoxic carcinogens, which are considered to be the most harmful to people, cause cancer 

by interfering with genetic information in the cells they affect. Other potential adverse effects 

include allergies, immune system disruption, and neurological system disruption. Toxic effects can be 

utilized in monitoring studies to help prioritize contaminants. 

 

1.1.2. Legislation of emerging contaminants 

To preserve the environment and human health, numerous laws have been implemented 

around the world to establish permissible amounts of pollutants in water, air, and soil, as well as 

effective control measures.The Water Framework Directive (WFD) aims to enhance water quality in 

all EU countries. According to the WFD, ecological and chemical factors must be considered in order 

to obtain good surface water quality. The ecological aspect is measured by aquatic plant life and fish, 

whereas the chemical aspect is measured by the presence of particular compounds in sediment, 

water, and biota [9]. 

Directive 2000/60/EC established a framework for the protection of inland surface water, 

transitional waters, coastal waters, and groundwater that prevents further deterioration and 

protects and improves the status of aquatic ecosystems, promotes long-term water use, and aims at 
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enhanced protection and improvement of the aquatic environment through specific measures 

[10,11]. 

Directive 2008/105/EU, amending Directive 2000/60/EC, established the first list of 33 

priority substances/groups of chemicals (PSs) to be monitored in 2008 [12]. The list included 33 

substances, including herbicides, pesticides, metals, alkylphenols, organic compounds, polycyclic 

aromatic hydrocarbons, benzo(a)pyrene, and polycyclic aromatic hydrocarbons, as well as another 

list of substances that would be reviewed for possible classification as priority substances or priority 

hazardous substances. However, these regulations did not involve any pharmaceutical substances. In 

2013, the Directive 2013/39/EU[13] on priority compounds in the context of water policy, revising 

Directives 2000/60/EC and 2008/105/EU, marked a watershed moment in the control of medicines in 

the environment. The Directive 2013/39/EU revised previous documents by recommending the 

monitoring of 45 contaminants and emphasizing the need for new water treatment methods 

[13].The new directive was very useful because it allowed the inclusion of emerging contaminants to 

the list of priority substances based on the findings of various studies, and, specifically in the case of 

pharmaceuticals, these agents are mentioned as contaminants of emerging concern for the first 

time. Furthermore, the Directive 2013/39/EU on advanced water policy established a first Watch List 

as a guideline of substances for which Union-wide monitoring data must be acquired in order to help 

future prioritizing exercises in the EU, with the complete list published in Decision 2015/495/EU.  

This Watch List included ten chemicals/groups of compounds (a total of 17 organic 

substances). The significance of these provisions was demonstrated by the inclusion of three 

pharmaceuticals, diclofenac, 17-estradiol, and 17-ethynylestradiol, on the first watch list in order to 

collect monitoring data to aid in the determination of appropriate measures to address the risk 

posed by these substances [14].The matrices that should be monitored, as well as the possible 

techniques of analysis for each substance/group of compounds, are also mentioned in Decision 

2015/495/EU [14]. Liquid chromatography tandem mass spectrometry (LC–MS/MS) is the 

recommended analytical methodology for most Watch List CECs in the Decision 2015/495/EU [14]. 
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The European Union recently proposed a second Watch List in Decision 2018/840/EU. Five 

compounds from the first Watch List were removed from the second Watch List (diclofenac, 

oxadiazon, triallate, EHMC, and BHT), while three new substances were added: two antibiotics, 

amoxicillin and ciprofloxacin, and the insecticide metaflumizone [10,15].A summary of all regulations 

related to water quality and pharmaceutical compound lists as well as artificial sweeteners are 

summarized in Table 1.2. 

 

Table 1.2. Main Directives and Regulation of environmental interest from EU related to target 

emerging contaminants. 

Regulation Ref. Content 

2000/60/EC [11] 
Establishing a framework for Community action in the field of water 

policy 

2008/105/EU [12] 
Establishing environmental quality standards in the field of water 
policy, amending and subsequently repealing Council Directives 

82/176/EEC, 83/513/EEC, 84/156/EEC, 84/491/EEC 

2013/39/EU [13] 
Establishing a framework as regards priority substances in the field of 

water policy amending Directives 2000/60/EC and 2008/105/EC 

2015/495/EU [14] 
Establishing a watch list of substances for Union-wide monitoring in 
the field of water policy pursuant to Directive 2008/105/EC of the 

European Parliament and of the Council 

2018/840/EU [15] 

Establishing a watch list of substances for Union-wide monitoring in 
the field of water policy pursuant to Directive 2008/105/EC of the 

European Parliament and of the Council and repealing Commission 
Implementing Decision (EU) 2015/495 

2001/83/EU [16] 
Establishing a Community code relating to medicinal products for 

human use 

2001/82/EU [17] 
Establishing a Community code relating to veterinary medicinal 

products 

2004/27/ EC [18] 
Establishing a Community code relating to medicinal products for 
human use, amending Directive 2001/83/EC . Introduces specific 
precautions relating to the disposal of unused medicinal products 

91/271/CEE [19] Establishing a framework concerning urban wastewater treatment 
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2008/1330 EU [20] 
Harmonizes the use of food additives in foods in the Community 

 

1.2. Pharmaceuticals 

Pharmaceuticals are another major group of anthropogenic contaminants found in the 

aquatic environment, as a result of population increase and economic activity[8]. These compounds 

are used for treatment (cure/mitigation), diagnosis, alteration, and prevention of diseases. They are 

either designed to be highly active and interact with receptors in humans and animals, or they are 

aimed to be toxic to a wide variety of pathogenic organisms. Although studies on safety and toxicity 

are utilized to investigate the impacts of pharmaceuticals, the potential environmental consequences 

of their manufacture and use are less well understood and have only recently become a research 

topic of interest. In these chemicals, there is no persistent class of substances with identical 

chemical, structural, biological, or toxicological properties. As a result, they are classified according to 

their function and biological effect (e.g., antibiotics, analgesics, anti-neoplastics, anti-inflammatory 

substances, antihistamines, X-ray contrast media, surface disinfectants, etc.). These compounds are 

also called as Pharmaceutically Active Compounds (PhACs) because they are complex compounds 

with various physicochemical and biological properties and functionalities, which are 

pharmacologically active, resistant to degradation, highly persistent in aqueous medium, and 

potentially capable of causing harmful effects in aquatic organisms and harming human health [21].  

In Europe, their use is continuously rising with 3000 compounds already on the market [22]. 

Pharmaceuticals can enter into the aquatic environment via a variety of methods, including animal 

and human waste, improper residential or industrial discharge, and landfill leaching [8], depending 

on the drug and its qualities. Over the last few decades, a wide range of studies have reported their 

existence in water systems of various types, at concentrations ranging from ng/L to a few g/L [23–

31], raising worries about their possible impacts on human health, particularly after long-term 

exposure to low level concentrations. 
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Pharmaceutical contaminants, according to Rivera-Utrilla et al.[21], are classified based on: 

(a) having molecular masses <500 Da, although larger for some compounds, (b) containing chemically 

complex molecules with a large variety of structures, shapes, molecular masses, and functionalities, 

and (c) consisting of polar compounds having more than one ionizable group. Pharmaceuticals can 

also (d) exhibit properties and a degree of ionization that depends on the medium’s pH, and (e) have 

lipophilic properties, while some may also have moderate water solubility. They also share (f) the 

ability to persist in nature, accumulate in life forms, and remain biologically active. Finally, these 

molecules tend to adsorb and spread in a live body, altering their chemical structure biologically [22]. 

The aquatic and terrestrial environments are threatened by metabolites, environmental 

transformation products (TPs) and parent PhACs. 

 

1.2.1. Effects of PhACsin the environment and in human health 

The extensive range of pharmaceutical structures associated with diverse biological activities, 

their surface-active nature, and persistence, not only of the parent chemicals but also of their 

metabolites, result in adverse effect in the environment, as well as potential dangers to human 

health[2]. Once they enter into the environment, these compounds become the target of diverse 

biotic factors (living organisms) and abiotic factors (sunlight, pH, temperature, salts, metals, other 

chemical compounds, and so on) that can potentially modify their properties and are converted into 

metabolites through a number of physical, chemical, and biological processes, which are often more 

persistent and toxic than the original compound [32,33]. 

Pharmaceuticals exist in the environment as complex mixtures, and their interaction with 

wildlife that may have high similarity with the molecular targets molecules, the so-called non-target 

organisms [34], may occur at relevant environmental concentrations due to combined and 

synergistic effects known as the “cocktail effect” [35]. Hormones and steroids are one of the major 

pharmaceuticals that affects the environmental. Exogenous natural or synthetic hormones have been 

shown in several studies to have a negative influence on the normal reproductive physiology of 
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several species, inducing direct effects on the gonads such as feminization, demasculinization, or size 

reduction. The main sex hormones found in water are 17α-ethinyl estradiol, 17α-estradiol, 17β-

estradiol, estrone, 17α-testosterone, and 17β-testosterone or androstenedione [36–42]. 

In addition, non-steroidal anti-inflammatory drugs (NSAIDs) which are widely used to relieve 

pain, reduce inflammation, and bring down a high temperature, have also been reported to cause 

oxidative stress, cyto-/genotoxicity, and even teratogenesis in a variety of aquatic species, including 

Hyalella azteca, Danio rerio, Cyprinus carpio, and Xenopus laevis [43–45]. A good example of this is 

the deaths of significant numbers of vultures in Central Asia caused by the ingestion of diclofenac by 

feeding on a putrefied body of a cattle which before was treated with this specific drug [46]. As a 

consequence, the death of vultures could cause an ecological imbalance that perhaps becomes a 

potential threat to human health. 

Furthermore, the presence of pharmaceuticals in the environment has been linked to a wide 

range of toxic effects, including mortality, molting errors, hatching, variations in the rhythm of life, 

anatomical deformities, sublethal changes in plant growth, changes in biogeochemical cycles, 

changes in the sexual ratio of higher organisms, disinfectant damage to microbial communities, and 

trophic relationships[10,47,48]. 

Although the risks for humans are less evident than those for the environment, there are still 

significant concern about specific types of molecules, particularly as a consequence of European 

research (BIO IS, 2014), which shows that there is no clear short-term evidence of health effects on 

humans. Antibiotics, antiparasiticides, antifungals, and anticancer drugs are pharmaceutical 

categories that are especially designed to kill the target organism or cells and if they are exposed to 

the environment, they can have a substantial impact on human health.Humans may be exposed to 

pharmaceutical metabolites through drinking water. Although these drugs in drinking water are at 

much lower concentration than those used in therapy, drinking water regulations for most 

pharmaceuticals have yet to be established, even if the harmful effects produced on human health 

arising from these low concentrations in drinking water is extremely unlikely [49].  



Detection, photolytic fate and removal of antidepressants in aqueous environment 

 

22 
 

Furthermore, pharmaceutical effects can have an indirect impact on human populations 

through the food chain, for example if a crucial prey species is damaged[50]. According to several 

studies [51–55], PhACs can accumulate in fish and other aquatic species; therefore, exposure to 

these PhACs through consumption by organisms at higher trophic levels, including humans, must be 

assessed.Due to the lack of information on the accumulation of human pharmaceuticals in terrestrial 

wildlife and the other features mentioned above, it has recently become an important research 

concern. 

 

1.3. Selection of target emerging contaminants 

The NORMAN list of CECs was investigated; it contains 1036 compounds, including the most 

commonly discussed emerging substances and pollutants. Due to this, 41 pollutants of emerging 

concern were chosen as part of the AQUAlity project to investigate their occurrence in the 

environment,photochemistry, potential removal technologies, and toxicity. Three contaminants: 

sertraline (SER), citalopram (CIT) and clozapine (CLO), classified as psychoactive drugs, were selected 

for their determination in environmental aqueous solutions (Chapter 2), detailed photochemical 

studies (Chapter 3,4, 5, and 6) and their removal from the environment through Advances Oxidation 

Processes (Chapter 4 and 5). 

 

1.3.1. Psychiatric pharmaceuticals 

My individual project focuses on three psychiatric compounds, which are one important class 

of pharmaceuticals that has recently received attention because of the global prevalence of 

psychiatric disorders. According to their therapeutic use, there are four main groups: 

antidepressants, anxiolytics, sedatives and hypnoticsand antipsychotics[35]. The consumption of 

antidepressant drugs doubled in Organization for Economic Co-operation and Development 

countries (OECD)between 2000 and 2017 and is represented in Figure 1.1. This could be due to 
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increased awareness of depression, the availability of treatments, the evolution of clinical standards, 

and shifts in patient and provider attitudes[56]. Furthermore, their high consumption could be 

attributable to the increased insecurity caused by the European financial crisis, which could 

contribute to a variety of neurological problems [57–59]. 

As I mentioned before, the three target analytes of my project belong to antidepressant and 

antipsychotic groups, which are going to be explained in more detail below. 

 

 

Figure 1.1.Antidepressant drug consumption between 2000 and 2017 [60]. 

 

1.3.1.1. Antidepressants 

Antidepressants are used to treat depression by acting on multiple neurotransmitter 

systems, namely serotonin, norepinephrine, and dopamine. The three most important groups in 

which they are classified are: selective serotonin reuptake inhibitors (SSRI), where sertraline and 

citalopram are included, tricyclic antidepressants (TCA) and monoamine oxidase inhibitors (MAOI). 

The first antidepressants that were successfully utilized were tricyclic antidepressants [35]. However, 
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in addition to their initial activity, they exhibit neuropharmacological effects. SSRIs are nowadays 

recognized as a therapeutic breakthrough in psychopharmacology. The SSRI works by modifying the 

levels of the neurotransmitter serotonin, specifically by inhibiting the activity of the serotonin 

transporter in cell membranes, resulting in higher serotonin levels [35]. This class of antidepressants 

is largely prescribed to treat depression, anxiety, panic disorder, obsessive-compulsive disorder, 

eating disorders and social phobia. The antidepressants investigated in this study are sertraline (SER) 

and citalopram (CIT), both SSRIs. Below, their structures (Figure 1.2) and their main physical-chemical 

properties (Table 1.3) are shown. 

 

 

Figure 1.2. Structure of SER (right) and CIT (left). 

 

Table 1.3. Main physical-chemical properties of SER and CIT. 

Compound MW (g/mole) pKa LogKow 

Sertraline 306,23 9.87 5.10 

Citalopram 324,39 9.78 3.76 

 

1.3.1.2. Antipsychotics 

Antipsychotics or neuroleptics are used to treat several psychiatric disorders, including 

schizophrenia, mania, dementia and delusional disorder. There are two groups: typical and atypical 

antipsychotics. The typical antipsychotic pharmaceuticals are the first generation of antipsychotics 

andthey are chlorpromazine, haloperidol, flupenthixol, perphenazine, thioridazine, thiothixene and 
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trifluoperazine. The atypical antipsychotics, the second generation, include olanzapine, quetiapine 

risperidone, aripiprazole, ziprasidone and clozapine. This last group represents a new generation of 

drugs prescribed for schizophrenia and delusional disorders[61]. The antipsychotics pharmaceuticals 

act by regulating serotonin and dopamine levels in the brain [62].The representative compound of 

this category studied in this work was clozapine(CLO) and its structure (Figure 1.3) and physical-

chemical properties (Table 1.4) are shown below. 

 

 

 

Figure 1.3. Structure of CLO. 

 

Table 1.4. Main physical-chemical properties of CLO. 

Compound MW (g/mole) pKa LogKow 

Clozapine 326.8 7.50 3.23 

 

 

1.4. Extraction techniques of micropollutants 

As I mention before, in recent years there has been a concerning overconsumption of 

psychiatric drugs. A wide spectrum of psychoactive drugs has already been discovered in surface 

waters and wastewater at concentrations ranging from a few ng/L to several tens of g/L [63–66]. As a 

result, identifying and quantifying of such pharmaceuticals in natural water is now critical, with 

concentration levels recorded as high as 78.3 g/L [65]. Numerous analytical procedures for the 

determination of these drugs have been published in the literature. High performance liquid 
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chromatography (HPLC) equipped with a UV–Vis or a mass spectrometric detector (MS) are the most 

widely utilized [67–75]. Gas chromatography (GC) coupled to MS [76–79] or tandem MS [80] has also 

been described, as well as the capillary electrophoretic method (CE) [81]. The limiting of the target 

compound's volatility is a significant disadvantage of GC approaches [82]. In comparison, HPLC can 

analyze both volatile and non-volatile chemicals, making it a user-friendly separation technology [83]. 

Because most samples cannot be directly injected into the chromatographic instrument, 

sample pretreatment is the most critical stage in the chromatographic analysis. Several sample 

preparation methods combined with HPLC for the detection and preconcentration of antidepressant 

in biological fluids have been published.  

Extraction technique is the separation, isolation, and recovery of a substance from a chemical 

system by transferring it from one phase (liquid, solid, or suspension) to another phase (liquid). 

Compounds are extracted from liquid and solid environmental matrices by partitioning them into a 

single immiscible with water solvent and aqueous phase, or by retaining them on a column or a solid 

phase substrate, or, in rare cases, by evaporation to dry and selective reconstitution of the analyzed 

compounds. 

Traditional extraction procedures, such as liquid-liquid extraction (LLE) and solid phase 

extraction (SPE), were established decades ago and have been since applied to sample processing. 

Traditional sample preparation approaches, on the other hand, have significant limitations, including: 

(a) excessive solvent consumption and waste production, (b) laboratory time-consuming routine, (c) 

frequent sample contamination, and (d) analytical errors due to the operator's handling necessary to 

complete these techniques. As a result, today's scientific focus is on analytical procedures that use 

minimal amounts of organic solvents, alternative non-chlorinated solvents, and the capacity to 

automatically deliver accurate, selective, and repeatable results. The progress in the traditional 

extraction technique resulted in a number of different methods using solid phase sorbent materials, 

like magnetic solid phase extraction (MSPE). Although MSPE avoid some of the limitations explained 
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before, still it has some drawbacks in sample preparation: low selectivity and stability in strong acidic 

aqueous media and in many sample matrices where they have a poor dispersion ability. 

The most commonly used procedures are liquid–liquid extraction (LLE) [84] and solid-phase 

extraction (SPE) [85]. Fabric-Phase Sorptive Extraction (FPSE) has lately attracted the scientific 

community's interest, particularly in its application for the identification of pharmaceutical 

substances in biological samples. For this reason, in this project, we have developed a new green 

analytical microextraction method, FPSE, for the determination ofthe target compound in aqueous 

matrices. 

1.4.1. Fabric Phase Sorptive Extraction (FPSE) 

Kabir and Furton first proposed FPSE as a two-step, novel and green sample preparation 

technique [86]. FPSE successfully combines the advantages of sol–gel sorbents used in 

microextraction with a wide range of fabric substrates, resulting in a highly efficient and 

environmentally friendly sample pretreatment approach [87,88]. FPSE is able to overcome the two 

major fundamental limitations of other sorptive extraction techniques: the low sorbent capacity and 

the long sample preparation time. These two parameters are determined by the sorbent's 

thermodynamics, whereas the latter is also determined by kinetics. The maximum amount of 

analytes that can be extracted by unit mass of sorbent under a specific set of extraction conditions is 

determined by the sorbent's thermodynamic characteristics. Sorbent loading should be maximized 

since it allows for the accumulation of a greater mass of analyte under equilibrium extraction 

circumstances. However, the maximal sorbent loading capacity of a microextraction device is 

determined by the substrate type and design [89]. Kinetics, on the other hand, governs the rate of 

extraction and thus the time required to reach the extraction equilibrium. These factors are linked 

because increasing surface area allows for direct interaction with analytes during the extraction 

process and allows for larger sorbent loading without changing the coating method. As a result, more 

target analytes are adsorbed by the sorbent, and the extraction equilibrium time is reduced. Sol-gel 
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coating technology was used to address this issue. The strong connection between sol-gel coated 

sorbent and the substrate suggested by Malik et al.[90] results in a high level of solvent and chemical 

stability. Furthermore, the wide range of sorbent materials with high analyte retention capacity that 

may be employed makes sol-gel technology a versatile and practical coating process. Other 

advantages of this technique are: (a) The media can be direct immersed into the sample, (b) easy 

method, low cost and used of the minimal quantity of solvent, (c) versatility election of the organic 

solvent that can be utilized as eluent, (d) increased efficiency by magnetic stirring or sonication, (e) 

minimization of sample preparation processes, lowering sample pretreatment time and potential 

sources of mistakes, (f) as a sorbent, a variety of efficient sol–gel coatings can be used and (g) FPSE 

media have a high chemical resistance due to a strong chemical connection between the sorbent 

phase and the substrate [91]. 

This microextraction technique is capable of extracting a range of wide polarity analyzers, 

depending on the physicochemical properties of the colloidal gel. The porous network of the sol-gel 

coating, the permeability of the fabric substrate and the high active surface of the FPSE device, result 

in a very high sample loading capacity and high sensitivity in a relatively short time. The desorption of 

the analytes from the FPSE media is much faster, with no significant possibility of reabsorption and is 

accomplished by immersing the coated fabric in organic solvents. It is noteworthy that it allows a 

wide range of target compounds to be extracted directly from the sample, without any 

pretreatment[87]. 

As extraction medium, FPSE uses a natural or synthetic fabric substrate (cellulose, polyester, 

or fiberglass) that has been chemically coated with a sol-gel organic-inorganic hybrid sorbent. The 

FPSE technique generally consists of the following steps: first, the material is cleaned and 

conditioned to eliminate any impurities and to activate the surface of the material. After that, the 

FPSE media can then be directly immersed into the sample (blood, urine, milk, or environmental 

aqueous water) containing the target analytes and without any pretreatment for the extraction of 

the analytes. The FPSE media is removed after the extraction, and the analytes are eluted with a 
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small quantity of solvent into another vial. Then, the retained analytes are back extracted into that 

eluting system and the solvent is injected into the chromatographic system for the analysis. The FPSE 

process is presented below step by step (Figure 1.4). The FPSE medium can be washed with the 

solvent solution and reused, or it can be dried on a watch glass and stored in an airtight glass 

container for later use [92–94]. 

 

 

Figure 1.4. Schematical procedure of FPSE [94]. 

 

1.4.1.1. FPSE media 

Fabric Phase Extraction media are made up of three basic components: (a) a fabric substrate, 

(b) a sol-gel inorganic precursor/organically modified inorganic precursor, (c) and a sol-gel active 

inorganic/inorganic polymer. Each component of the FPSE medium is detailed in detail below. 

 

a) Fabric substrate  

The most common substrates for FPSE media are cellulose, polyester, and fiberglass textiles. 

These materials have active functional groups that are chemically linked to the sol-gel sorbent 

network during the coating process. The amount of sorbent loading per unit area is determined by 

the concentration of sol-gel active functional groups as well as the amount of sorbent loading on the 

FPSE medium. 
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b) Organically/inorganic modified sol-gel precursor.  

The inorganic/organically modified sol-gel precursor is also important in the sol-gel sorbent 

coating process. By inserting the inorganic/organic polymer into the networks in random positions, 

this precursor is responsible for the creation of 3D networks of sol-gel sorbent. It also functions as a 

ligand in sol-gel sorbent networks with fabric substrates. The most used precursors in the literate 

are: methyl-trimethoxysilane (MTMOS), tetra-ethoxysilane (TEOS), tetra-methoxysilane (TMOS), 

octyl-trimethoxysilane (C8-TMOS), 3-octadecyl-trimethoxysilane (C18-TMOS), aminopropyl-

trimethoxysilane (3-APTMOS), phenyl-trimethoxysilane (PTMOS), tetra-methoxygermane, titanium 

isoproxide and zirconium isopropoxide[92].  

c) Sol-gel active inorganic/organic polymer 

Sol-gel active organic polymers such as polyethylene glycol (PEG) and polytetrahydrofuran 

polymers (PTMEG), as well as inorganic polymers such as polydimethylsiloxane (PDMS) and 

polydimethyldiphenylsiloxane, are incorporated into the sol-gel networks via the sol-gel process and 

are the primary source of selectivity and affinity toward the analytes of interest. Each polymer 

utilized in the sol-gel sorbent coating method has a unique structure and properties, resulting in 

various intermolecular interactions between polymers[92].Figure 1.5 shows a schematic 

representation of sol-gel sorbent coated FPSE media. 
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Figure 1.5. Schematic representation of FPSE medium and its different coating parts [92]. 

 

1.4.1.2. Design and preparation of the sol solution for the substrate's sol–gel coating procedure 

The sol solution is an important parameter in the formation of sol–gel sorbents because its 

composition and relative ratios of components influence the porosity, selectivity, and specificity of 

the resulting sorbent[75]. The nature of the target analytes and the sample matrix determine the 

design of the sol solution. The choice of the sol–gel active organic polymer, the inorganic or 

organically modified inorganic sol–gel precursor, the solvent/solvent system, the catalyst, the 

amount of water, and an appropriate relative molar ratio of the constituents, must all be considered 

when creating an effective sol–gel sorbent. 
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Figure 1.6 Chemical reactions involved in the sol-gel coating (poly-dimethyldiphenylsiloxane) [88]. 

 

The major advantages of sol–gel technology for sorbent-based microextractions include 

robust coating retention on the substrate due to chemical bonding, as well as a large reduction in 

extraction equilibrium time and quick mass transfer due to the porous structure [88]. 

The transfer of a liquid colloidal solution named as ‘‘sol" into a solid ‘‘gel" substrate is known 

as the sol-gel process. In this technique, the following primary sets of reactions occur [93,95]: 

 

- Sol–gel precursor hydrolysis catalytically.  

- Hydrolyzed Sol–gel active organic polymer is randomly incorporated into the developing sol–

gel network.  

- Sol–gel active organic polymer is randomly incorporated into the developing sol–gel network.  

- Polycondensation immobilization of the forming sol–gel network on the substrate surface. 

 

The sol-gel precursor is usually methyltrimethoxysilane (MTMS), while the sol-gel catalyst is 

trifluoroacetic acid (TFA) (95%-5% H2O). The three methoxy groups of MTMS are hydrolyzed to 

generate hydroxyl groups during hydrolysis, and then polycondensation begins to form a 3D network. 

Sol-gel active organic polymer enters the network at random during the synthesis of the 3D network. 
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Finally, through polycondensation, the sol-gel sorbent network chemically bonds to the fabric 

substrate via the fabric hydroxyl groups. Figure 1.6 depicts a schematic illustration of sol-gel 

reactions as well as a schematic representation of sol-gel coating on fabric medium (Figure 1.7). 

In conclusion, the aim was to develop a green analytical microextraction technique, called 

FPSE, for the determination and quantification of the three target analytes in different aqueous 

media. In Chapter 2 this technique is explained in detail. 

 

 

 

Figure 1.7. Schematic representation of sol-gel poly(dimethyldiphenylsiloxane) coating on a polyester 

fabric [92]. 

1.5. Liquid chromatographic analysis 

Chromatography is a method of separating chemicals, which is based on the different 

distribution of the components of a mixture between a mobile and a static phase. Depending on the 

nature of the mobile phase, chromatography is characterized as gaseous or liquid. Liquid 

chromatography is a powerful analytical tool capable of identifying both polar and non-polar organic 

compounds in levels of ng/L without the need for derivatization, in a wide range of matrices 

including water bodies (wastewater, surface water, groundwater, and drinking water), solid samples 

(sewage sludge, manure, soil, or sediments), biological fluids (blood, plasma, urine), and 

environmental samples. 
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Emerging contaminants (ECs), as previously documented, can be detected at very low 

concentration levels up to ng/L in a variety of media, both natural and anthropogenic such as 

wastewater, rivers, lakes, soil, air, or live creatures. Since detection techniques in past decades were 

not capable to detect concentration levels in the range of g/L  to ng/L in environmental or biological 

samples, most pollutants were unreported and were not categorized as emerging contaminants. 

Liquid chromatography, usually coupled with mass spectrometry (LC-MS), is a powerful tool for 

performing environmental analysis [96]. 

 

 

Figure 1.8. Liquid chromatographic system[97]. 

High-performance liquid chromatography(HPLC), also known as high-resolution liquid 

chromatography, uses very thin packing particles and a relatively high pressure for analytical 

separations of solutions, detection, and quantification, providing fast analysis times and a very high 

resolution [96]. Figure 1.8 depicts the fundamental components of a typical chromatographic system. 

The stationary phase in liquid chromatography is commonly a packed chromatographic 

column made up of irregularly or spherically shaped particles. Once the sample is introduced, the 

mobile phase passes through the equipment carrying the sample.  Because of variations in ion-

exchange, adsorption, partitioning, or size as the sample moves through this system, the compounds 

interact with the stationary phase, resulting in the retention of distinct solutes by this phase. As a 

result, there is a variation in the rate of transit for these components, allowing the compounds to be 
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separated. A separation requires not only a difference in retention, but also that the peaks of two 

neighboring compounds be sufficiently narrow to allow this difference to be seen. There are a 

number of factors that influence chromatographic efficiency: column length, tube diameter and 

particle size of the column, uniformity in size, shape, and packing material of the column, flow rate 

and linear velocity, temperature and rate of solute diffusion, mobile phase and the initial injection 

volume [97]. 

Reversed-phase liquid chromatography, which utilizes a non-polar (hydrophobic) stationary 

phase, such as a C18 sorbent, and a polar (aqueous) mobile phase, such as water, is the most 

frequently used separation technique for quantitative analysis. Then, reversed-phase 

chromatography appears to be more adaptable for a wide range of substances, using low-cost 

solvents that are also safer than those used in normal-phase chromatography. 

 

1.5.1. LC-Detectors 

One of the most significant advantages of liquid chromatography is that it provides a 

platform compatible with a wide range of detectors. Typical LC detectors include the following: 

- UV detector  

o  Single wavelength (filter)  

o  Variable wavelength (monochromator)  

o Multiple wavelengths (Photodiode array detector (PDA))  

- Fluorescence  

- Electrochemical detector  

- Mass spectrometry 

 

Chromatographic system's detectors are responsible for recording the sample compounds 

that have previously been separated in a chromatographic column and transferring this information 

to a data output device. The combination of LC techniques and mass spectrometry has been formed 
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as a result of advancements in chromatographic systems due to the development of new apparatus 

(MS) [98]. Due to the sensitive and highly specific character of mass spectrometry compared to other 

chromatographic detectors, coupling it to chromatographic procedures has long been desirable. The 

combination of LC and MS takes advantage of both LC's power and versatility as a separation 

technique and MS's value as a sensitive and selective detection and identification tool. These two 

methodologies' inherent qualities have resulted in the advanced development of a potent analytical 

chemistry instrument with applications in environmental chemistry, biomedical and clinical 

toxicology, forensic science, and food analysis, among other fields.  

 

1.5.2. Mass spectrometer 

Due to its high sensitivity, selectivity, mass accuracy, and throughput capabilities, mass 

spectrometry (MS) is one of the most powerful analytical instruments, and its application is growing 

in a variety of scientific fields. Analytical and environmental chemistry [99,100], food authentication 

and food safety [101,102], biomedical and clinical research [103–105], forensic science [106,107], 

sports doping control [108], and pharmaceutical manufacturing industries [109], are only a few of the 

applications. 

Mass spectrometry is an analytical technique that can precisely quantify the atomic or 

molecular weight of ionized atoms or molecules, represented as mass-to-charge ratio (m/z) values. 

The sample introduction, the source where ionization happens, the mass analyzer, and the detector 

are the four basic components of a conventional mass spectrometer. For data output, it has also 

been linked to a computer recorder (Figure 1.9). 
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Figure1.9. Basic Components of a Mass Spectrometer. 

 

Although mass spectrometers come in a variety of shapes and sizes, they consistently share 

three characteristics (Figure 1.9). Firstly, it is a method for ionizing atoms or molecules in the sample. 

Because electric fields employed in mass spectrometers cannot steer neutral species, it is required to 

create ions. There are a variety of ways to do this, which are referred to as ion sources collectively. 

The mass analyzer is the second component of all mass spectrometers. The m/z ratio of ions 

can be measured using numerous different methods. The most common mass analyzers are time-of-

flight (ToF), magnetic sector, and quadrupole mass analyzers, each one with its own set of 

advantages and disadvantages.  

A method for detecting or counting the amount of ions for a certain m/z value is the final 

component common to all mass spectrometer systems. These detectors come in a variety of shapes 

and sizes, the most common being electron multipliers, Faraday cups, channel trons, and channel 

plates. Each has its own set of strengths and weaknesses[110,111]. 

Finally, how to couple the ion source to the sample in order to produce the ions for 

measurement must be considered, especially because all mass spectrometers must be operated 

under vacuum. The sample will be held under vacuum in some situations, at atmospheric pressure in 

others (usually referred to as ambient MS techniques), and others will contain some other kind of 
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separation technology before being introduced to the ionization chamber. The sections that follow 

will go through these three common mass spectrometer components in greater depth. 

 

1.5.3. Ion sources for mass spectrometry 

Prior to analysis in the mass spectrometer, the studied samples are ionized in the ion 

sources.  Mass spectrometry employs a variety of ionization processes. The internal energy 

transferred during the ionization process, as well as the physicochemical qualities of the analyte that 

can be ionized, are the most significant factors to consider. Some ionization processes are quite 

energetic, resulting in a high fragmentation. Other methods are milder, producing ions of the 

molecular species. Only gas-phase ionization is acceptable for electron ionization, chemical 

ionization, and field ionization; hence their employment is restricted to substances that are 

sufficiently volatile and thermally stable. 

However, several molecules are thermally labile or do not have enough vapor pressure. 

Molecules of these substances must be extracted directly from the condensed to the gas phase. 

There are two types of direct ion sources: liquid-phase ion sources and solid-state ion sources. The 

analyte is in solution in liquid-phase ion sources. This solution is transported as droplets into the 

source where ions are generated at atmospheric pressure (API) by nebulization and focused into the 

mass spectrometer via vacuum pumping stages (Figure 1.10). This class includes electrospray (ESI), 

atmospheric pressure chemical ionization (APCI), and atmospheric pressure photoionization sources 

(APPI). The analyte is in an involatile deposit in solid-state ion sources. It is created through a variety 

of processes, the most common of which involves the introduction of a matrix, which can be either 

solid or viscous fluid. Ion production is frequently associated with gas-phase ion–molecule processes 

[112]. 
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Figure 1.10. Atmospheric Pressure Ionization mode (API) with an electrospray ionization (ESI) inlet 

[113]. 

 

Electrospray Ionization (ESI) and Atmospheric Pressure Chemical Ionization (APCI) are the 

two most commonly used APIs for LC nowadays. ESI occurs in the liquid phase and is primarily used 

with polar molecules. APCI, on the other hand, occurs in the gas phase and can be used to ionize less 

polar molecules. Atmospheric Pressure Photoionization (APPI) is a less common ionization technique 

for LC-MS. In comparison to ESI and APCI, APPI is the last soft ionization technology that can ionize 

less polar and nonpolar molecules that ESI and APCI cannot. Figure 1.11 depicts the application of 

various ionization technologies based on the polarity and molecular weight of target chemical 

compounds. 

 

1.5.4. Electrospray ionization (ESI) 

ESI employs electrical energy to aid the transfer of ions from solution to gaseous phase prior 

to mass spectrometric analysis. ESI has emerged as an important ionization technique for the on-line 

linking of liquid phase separation technologies with mass spectrometry (MS). It is a simple and 

precise technology that works with small and large molecules, works at atmospheric pressure, and is 

likely the most gentle ionization technique available for MS. 
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Figure 1.11.Application of atmospheric pressure ionization (API) techniques depending of polarity 

and molecular weight[108]. 

 

ESI is considered a “soft” ionization source under typical conditions, which means that 

relatively little energy is transferred to the analyte, and hence little fragmentation occurs. Increased 

ESI “in-source” fragmentation can be achieved by increasing voltages within the source to promote 

collisions with nitrogen molecules [109]. 

Electrospray ionization (ESI) is a procedure in which a high potential is applied to a liquid to 

produce a fine aerosol (Figure 1.12). Typically, a liquid sample is delivered into a spray 

needle/capillary at a flow rate of 1–1,000 L/min. A voltage of 3–6 kV is applied to this capillary in 

order to establish an electric field gradient. The voltage, which can be either negative or positive 

depending on the nature of the analyte, generates charged droplets that are sprayed out of the 

needle tip into the atmosphere (nebulization) in the shape of a Taylor cone. During the nebulization 

process, the presence of a sheath gas (nitrogen) flowing around the needle at atmospheric pressure 

aids in the size reduction of the droplets due to evaporation. As the solvent evaporates, the charge 

intensity on the droplet's surface rapidly increases and the droplet eventually splits into one or more 

charged ions. The charged droplets pass through a curtain of heated inert gas (nitrogen) or a heated 
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capillary, allowing the analyte to enter the gas phase as a single or multiple charges and becoming a 

gas phase ion [115]. 

 

 
Figure 1.12. Schematic illustration of an Electrospray Ionization in a positive mode [114]. 

 

 

1.5.5. Mass analyzers 

Most mass analyzers operate at high vacuum or low pressure to ensure that charged 

particles do not deviate considerably from their paths due to collisions with the residual gas. 

Analyzers can operate in continuous mode (i.e., magnetic sector, quadrupole), pulsed mode (i.e., 

time of flight), or ion trapping mode, depending on the operation of mass analysis (i.e., quadrupole 

traps, ion cyclotron, orbitrap).  

There are tandem/hybrid arrangements, often known as MS/MS systems, in addition to 

single MS. For measuring organic compounds, single mass analyzers such as the magnetic sector, 

quadrupole, and time-of-flight (ToF), were extensively utilized, but the quadrupole model has 

gradually increased its share due to its lower cost. Aside from these mass analyzers, an ion trap MS 

system, which temporarily collects ions of a specific range before separating them by mass, and a 

tandem/hybrid MS system, which combines multiple MS units, have also been designed. Each of 
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these MS systems takes advantage of their unique capabilities and are utilized to achieve a multitude 

of analytical goals. HRMS coupled with Orbitrap has been used in current survey and is described in 

the following section. The basic types of mass analyzers are summarized in Table 1.5. 

 
Table 1.5. Most common used mass analyzers [111]. 

Acronym Mass analyzer Principle 

B Magnetic sector 

Deflection of a continuous ion 
beam; separation by 
momentum in magnetic field 
due to Lorentz force 
 

TOF Time-of-flight 

Time dispersion of a pulsed ion 
beam; separation by time-of-
flight 
 

Q Linear quadrupole 

Continuous ion beam in linear 
radio frequency quadrupole 
field; s due to instability of ion 
trajectories 
 

LIT Linear quadrupole ion trap 

Continuous ion beam delivers 
ions for trapping; storage, and 
eventually separation in linear 
radio frequency quadrupole 
field by resonant excitation 
 

QIT Quadrupole ion trap 

Trapped ions; separation in 
three-dimensional radio 
frequency quadrupole field by 
resonant excitation 
 

FT-ICR 
Fourier transform-ion 
cyclotron resonance 

Trapped ions in magnetic field 
(Lorentz force); separation by 
cyclotron frequency, image 
current detection and Fourier 
transformation of a transient 
signal 
 

Orbitrap Orbitrap 

Axial oscillation in 
inhomogeneous electric field; 
detection of frequency after 
Fourier transformation of a 
transient signal 

 

1.5.6. High resolution mass spectrometry 
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The use of high-resolution mass spectrometry (HRMS) in research has increased data collection 

capabilities for both targeted and untargeted analyses [101,116,117]. HRMS can distinguish between 

two peaks with minor m/z variations. Furthermore, HRMS instruments have high mass precision and 

can measure the mass of a molecule with an accuracy of 0.0001 Da or less (within 1 ppm) compared 

to the precise mass, in contrast to low resolution massspectrometers that only report whole mass 

values. As a result, HRMS can be used to identify molecules that have the same whole mass but 

different exact masses, enhancing the detection of features in untargeted studies [118]. 

HRMS has been a milestone in the identification of untargeted compounds, with time-of-flight 

(ToF), quadrupole-TOF (QTOF), and Orbitrap spectrometers increasingly being used. As well, the 

development of tandem MS systems, such as the triple and quadrupole linear ion trap (QLIT-MS/MS), 

has enhanced the quantitative and qualitative performance of target analyses [119]. 

Low-resolution mass spectrometers, such as quadrupole filters and ion traps, have unit mass 

resolutions (1000 resolving power), while high-resolution ones, such as time-of-flight instruments 

have power resolutions of tens of thousands. Other HRMS, such as Orbitrap, which have a mass 

resolving power of the order of hundreds of thousands, while Fourier transform ion cyclotron 

resonance mass spectrometer (FT-ICR) achieve a resolving power of hundreds of thousands to 

millions[119].The additional advantage is that, while low resolution mass spectrometry can 

effectively identify small molecules, larger molecules yield more accurate mass data in HRMS 

analyses, which may be utilized to identify these organic molecules with greater precision. 

 

1.5.7. Orbitrap mass analyzer 

Orbitrap is a novel type of mass analyzer that has received great attention due to its analytical 

performance in terms of mass accuracy, resolution, space charge capacity, and linear dynamic range, 

as well as its small size and low cost. The orbitrap mass analyzer, invented by Makarov, is based on 

the Kingdom trap, which employs a wire stretched along the axis of an outer cylinder enclosing the 
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trapping chamber. Two types of orbitrap hybrids have been used in this work. During my 

secondment at Clermont Ferrand in France, products were identified by HRMS performed on an 

Orbitrap Q-Exactive, and during my stay in Turin, Italy, an LTQ Orbitrap mass spectrometer was used. 

The only difference is that in the latter, the mass analyzer orbitrap is combined with a linear ion trap 

LTQ, while the Q-Exactive is a hybrid quadrupole-Orbitrap mass spectrometer.  

Ions generated by the ion source are trapped in the LTQ/quadrupole and analyzed using the MS 

and MSn scan methods. The Orbitrap mass analyzer is based on spectrometer principles and is 

represented in the Figure 1.13. 

The LTQ or Q-Executive Orbitrap hybrid includes three basic components: (a) a linear ion trap 

LTQ or a quadrupole for sample ionization, selection and fragmentation, (b) a device for 

storage(curved linear trap), and (c) an Orbitrap analyzer for Fourier-based analysis [120].  

The Orbitrap mass analyzer, which is made up of two electrodes, one external and one central, 

operates as both an analyzer and a detector. Ions generated by ESI are collected in the LTQ or 

quadrupole, then axially ejected to the curved linear storage trap (C-trap), which is employed as 

store and collision cell of the ions before injection into the orbital trap. By rapidly raising the electric 

field, the ions transported from the C-Trap are caught in the orbital trap ("electrodynamic 

squeezing"). Once the ions are captured, they fluctuate around the central electrode and between 

the two outside electrodes. Because the ions are different, they oscillate at different frequencies, 

causing a mass separation. The signals from the orbital trap's outer electrodes are amplified and 

translated into a frequency spectrum using a fast Fourier transform, which is then converted into a 

mass spectrum. As a result, the Orbitrap mass analyzer acts as a Fourier Transform (FT) mass 

analyzer, similar to the well-known FT-ion cyclotron resonance (ICR) technology, but with the benefit 

of a smaller instrument size and simpler instrument operation [121]. 
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Figure 1.13. Schematic picture of a linear trap or quadrupole -Orbitrap hybrid mass 

spectrometer. 

 

1.6. Fate and remediation methods of CE in the environment: Advanced Oxidation Processes 

 According to EU legislation, wastewater treatment is mandatory and it is known that the 

primary obstacle to preventing water body contamination is WWTPs [122]. Although WWTPs are the 

major CECs pollution sources, traditional physical and biological treatment procedures on which they 

rely are unable to remove them due to CEC´s physicochemical properties (e.g., water solubility, vapor 

pressure, and polarity) [50]and they are discharged directly into the environment.Once released in 

the surface water, they can undergo several transformations processes such as hydrolysis, 

biodegradation, adsorption and photolysis[123,124]. Surface water photochemical reactions, which 

include direct and indirect photolysis, play a crucial aspect in their environmental 

attenuation.Another obstacle to prevent unintentional human exposure to CECs are the Drinking 

Water Treatment Plants (DWTPs) and several studies have demonstrated that traditional treatments 

such as coagulation, filtration, flocculation and chlorination have low removal efficiency as 

well[125,126], while advanced treatment technologies such as ozonation and activated carbon 

adsorption can efficiently remove them [125,127,128]. Furthermore, while these procedures are 

effective, they may involve the use of costly chemicals and equipment.As a result, more efficient, 

cost-effective treatment solutions for a wide range of chemicals that minimize waste and energy 

consumption must be developed. Advanced Oxidation Processes (AOPs) are one potential choice 
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among the alternatives [129]. AOPs are an effective, promising and green technologies for removing 

persistent organic pollutants from water and wastewateras well as for pretreatment to minimize the 

concentrations of toxic organic compounds that inhibit the biological processes of wastewater 

treatment[130,131]. It isbased on the production in situ of a potent reactive oxygen species (ROS), 

such as hydroxyl radicals (•OH) or sulfate radical (SO4•-), which are highly reactive and non-selective 

substances used to degrade organic compounds present in a medium. Moreover, these ROS do not 

produce additional waste, are not corrosive to equipment, are not hazardous, and have a very 

limited existence[132,133]. All AOPs involve two steps: the production of ROS in situ and its reaction 

with the target compound. The performance of an AOP depends on the nature of CE and the 

characteristics of the water matrix[134]. AOPs combine different processes such as photolysis, 

Fenton and like reactions, ozonation, ozonation with H2O2 and/or ultraviolet (UV) radiation, 

photocatalysis activated by semiconductors such as TiO2, sonolysis and electrochemical oxidation 

among other (Table 1.6). 

 

Table 1.6. Different Advanced Oxidation Processes and sources of radicals [133]. 

Advanced Oxidation Processes 
(AOPs) 

Source of Radicals 

O3-based 

O3 

O3/H2O2 

O3/UV 

O3/ H2O2/UV 

Photolysis UV irradiation 

H2O2-based 

H2O2/UV 

H2O2/Fe+2 (Fenton) 

H2O2/Fe+3 (Fenton-Like) 

H2O2/Fe+2/UV (Photo-Fenton) 

Heterogeneous photocatalysis 
TiO2/UV 

TiO2/UV/ H2O2 

Sonochemical oxidation Ultrasounds (water sonolysis) 

Electrochemical oxidation Electricity (water electrolysis) 
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 Although the advantages of using AOPs have already been mentioned, their uses present some 

drawbacks, which include: the inability to treat large volumes of low-concentration drugs, as occurs 

in the environment under real conditions; its effectiveness is restricted by the presence of organic 

matter or inorganic ions, which limit the reaction rates of radicals; the use of costly reagents (for 

example, H2O2); and the consumption of energy (generation of O3 or UV radiation) [133,135]. It is 

also important to highlight that studies have shown that AOPs can produce a variety of toxic 

intermediates that are sometimes even more toxic than the parent compounds [33,135,136], 

therefore the toxicity of the by-products must be assessed. 

 

1.6.1. Degradation by UV-photolysis 

Photolysis is the degradation of a compound caused by UV light absorption [137]. More 

specific, the degradation of micropollutants in water occurs in two ways, direct and indirect 

photolysis. Direct photolysis occurs when the molecule absorbs photons providing the energy 

required to reach from the ground state (S0) to their excited states, forming free radicals that 

undergo a series of chain reactions and indirectly photolysis [138]. Initially, the singlet excited state 

(S1) of the molecule is produced, which is converted to the relative stable triplet excited state (T1) 

very quickly. At this state, it could undergo direct degradation (pathway 1 in Figure 1.14), or/and 

interact with dissolved oxygen (3O2), which can interact in two ways: when the electron transfer goes 

from T1 to 3O2 with the superoxide radical anion (O2•‾) (photooxidation, path 2) or when the energy 

is transferred from T1 to 3O2 for the formation of singlet oxygen (1O2) (path 3) [8]. 

In the case of indirect photolysis, photoactive compounds known as photosensitizes absorb 

sunlight [139]. These molecules generate reactive transients such the hydroxyl radical (•OH) [140–

142], hydrogen peroxide (H2O2) and superoxide radical anion (O2
−) [143], singlet oxygen (1O2) 

[144,145] and chromophoric dissolved organic (CDOM) triplet states (3CDOM*) [146], when exposed 
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to sunlight, which might induce pollutant transformation[142]. Because they can assist in the 

generation of the above-mentioned reactive species, natural water components such as nitrates, 

bicarbonate, and especially dissolved organic matter, which is by far the main sunlight absorber in 

natural waters, play a significant role in the photolytic degradation of organic compounds [147]. 

 

 

Figure 1.14. Mechanisms of direct photolysis of CEC [8]. 

 

When the mentioned photosensitizers are exposed to light, they produce the photoreactive 

transient •OH, which can form another transient (CO3•−, carbonate radical) when they react with 

inorganic carbon species (HCO3
− and CO3

2−)[148]. Irradiated CDOM can also generate reactive triplet 

states (3CDOM*), which when combined with dissolved O2 produce singlet oxygen (1O2) [149,150] 

(Scheme 1.1). The transients are mainly scavenged/quenched by natural water components, despite 

the fact that they play a crucial role in the indirect phototransformation of contaminants.  

 

 

Scheme1.1. Main photochemical processes involving HO•, 3CDOM*, and 1O2 in surface fresh waters. 
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The efficiency of such procedures is determined by several variables including the intensity 

and wavelength of UV irradiation, as well as the water matrix. UV irradiation is characterized as a set 

of electromagnetic radiations with different wavelengths (e.g., 10-400 nm), including UV-A (365 nm), 

UV-B (302 nm), UV-C (254 nm), and Vacuum UV. Recently, sunlight has been evaluated as a 

renewable energy source [117,138,151].  

The main advantages of this category of AOP include that it is a green and sustainable 

method of degradation, as well as the requirement of a low cost of operation and maintenance. 

However, the treatment with UV alone presents some drawbacks. For example, the presence of 

some organic compounds could act as photosensitizers, thus increasing the turbidity of the medium 

and therefore,reducing the efficiency of the process[132,133,135]. However, the use of UV radiation 

alone is rarely applied as an advanced oxidation process (AOP). 

As we have already seen, pollutants in the environment can be directly photolyzed by 

radiation from the sun. Rate laws (also known as differential rate laws) or rate equations are 

mathematical expressions that define the relationship between the rate of a chemical reaction and 

its reactant concentration, that allow to calculate the life of photolysis (time to decay to 1/e of an 

initial concentration) or how quickly this process happens.Considering a pollutant A, which is 

released into the environment and is photolabile. This pollutant A can absorb a photon of the solar 

radiation, hν, and it is a first order reaction because it depends on the concentration of A. The units 

are given by 1/s. It is a unimolecular reaction and other reactants may be present, thought these 

reactions will be of zero order since their concentrations do not affect the rate of the A reaction. 

Thus, the rate law for a first-order elementary reaction with regard to a reactant A is given by: 

A + hν  Products 

The rate of concentration loss of pollutant A, [A] is: 

d [A] / dt = −k [A](1) 
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where k is the rate constant. The rate law is a differential equation, which means it defines how the 

concentration of a reactant changes over the time. The rate law can be integratedto generate an 

integrated rate equation that directly connects the concentrations of reactants or products with 

time. After integrating Equation(1),it is possible to write the final equations in two forms: 

[A]t=[A]0e−kt     (2) 
 

Ln [A]= − k t+ Ln[A]0(3) 
 
[A]t is the concentration of the target pollutantat a particular time t, and [A]0 represents the initial 

concentration of A.To represent it graphically, a plot of Ln[A] vs t will result in a straight line with 

slope of -k. The integrated first-order rate law, on the other hand, is commonly represented as an 

exponential decay equation.The half-life of a first-order reaction can be obtained by using: 

t1/2= Ln 2/ k     (4) 

It can be seen that the half-life of a first-order reaction is inversely proportional to the rate constant 

k. A fast reaction (shorter half-life) will have a higher k and on the contrary, a slow reaction (longer 

half-life) will have a lower k. 

 

1.6.2. Photocatalysis 

Among all oxidative treatments, photocatalytic methods have received a great interest over 

the last decades for the removal of pollutants in water. Photocatalysis is the activation of a 

photocatalytic material or substance by light photons, which accelerate the rate of a chemical 

reaction without consuming it. The photocatalyst might be dissolved in liquid (homogeneous 

photocatalysis) or particles suspended in liquid or anchored on surfaces (heterogeneous 

photocatalysis)[152]. This part is going to be focus on heterogeneous photocatalysis.  

The heterogeneous photocatalytic oxidation process is based on the use of nearUV light to 

photoexcite semiconductor catalysts in the presence of oxygen in order to attack organic molecules 

in water or air for purification and disinfection. There are several photocatalysts such as ZnO, Fe2O3, 
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CdS, GaP, Cu2O, TiO2and ZnS that were successfully used for the removal of a wide range of organic 

compounds under optimal conditions. Among these photocatalysts, TiO2 is the most widely used, due 

to its high photocatalytic activity, nontoxic properties, abundance and low cost,among other 

properties[153,154]. The photocatalytic behavior of TiO2 involves the generation of photo-generated 

electrons in the conduction band of the catalysts, which leads to the formation of highly oxidative 

holes in the valence band, where an interaction with the adsorbed water, for example surface 

hydroxyl, occurs to form the highly reactive hydroxyl radicals [155]. Furthermore, the excited 

electrons may be trapped by O2 and create superoxide radical ions[156]. Organic molecules are then 

degraded by the holes in the TiO2 surface as well as by radicals in the bulk solution[153]. 

This process has mainly two limitations when applied on a large scale for the removal of 

pollutants: the first is the separation of the colloidal catalyst from the water suspension after 

treatment, and the second is based on the mass transfer limitation of the immobilized catalyst on the 

substrate[129]. Although the extensive research in the field of photocatalysis, this technique is barely 

used in industrial or WWTPs due to the poor quantum yield for the formation of OH radicals. 
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Chapter 2. Development of a green analytical microextraction 

method for the determination of three psychoactive drugs 

 

 

In this Chapter, a novel and green microextraction technique called Fabric Phase Sorptive 

Extraction has been developed, optimized and validated for the analysis of three psychoactive drugs 

used in the treatment of mental diseases. 

Part of this work has been carried out during my first secondment at MIRTEC S.A, located in 

Chalkida, Athens, under the supervision of Dr. Vassilis Stathopoulos. During my period there, we 

investigated the utility of polylactic acid as a substrate coated with different polymers.This work is 

already published in Separations: “Investigating the Utility of Fabric Phase Sorptive Extraction and 

HPLC-UV-Vis/DAD to Determine Antidepressant Drugs in Environmental Aqueous Samples” and is 

described below. 

 

2.1. Abstract 

Depression is considered to be one of the most prevalent mental disorders in humans. 

Antidepressant drugs are released in large concentrations and cause adverse effects on the 

environment and/or human health. Fabric Phase Sorptive Extraction (FPSE), a contemporary solid 
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sorbent-handling technique, is a quick, sensitive, and simple analytical process. This paper describes 

a micro-extraction FPSE procedure coupled with High-Performance Liquid-Chromatography–

Photodiode Array Detection (FPSE-HPLC–DAD) for the simultaneous extraction and analysis of five 

antidepressants, namely citalopram, clozapine, mirtazapine, bupropion and sertraline. Three fabric 

media (Whatman Cellulose filter, Whatman Microfiber Glass filter and Polylactic acid disks) and two 

different sol–gel sorbents (polyethylene glycol (PEG 300), alongside poly(ethylene glycol)-block-

poly(propylene glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG 5.800)) were tested. The best FPSE 

device was observed to be the microfiber glass filter coated with PEG 300 sol–gel sorbent. In 

addition, the parameters that affect the efficiency of the process (FPSE media and sorbents, sample 

pH, extraction time, elution time, etc.) were optimized. The proposed methodology displays a linear 

range with absolute recovery values higher than 60%, RSD% of less than 13% and LOQs in the range 

between 1.9–10.7 µg·L−1. Finally, the method was applied in hospital and urban effluents and lake 

water samples, but none of the analytes were detected. 

 

2.2.Introduction 

Depression (major depressive disorder) is one of the most ordinary and widespread 

mentaldiseases caused by various social, psychological, and biological factors interacting and 

correlating among each other. It negatively affects how someone feels, their way of thinking and how 

the person acts. Depending on the nature and period of the symptoms, it may cause a severe health 

disorder that causes restricted psychosocial function, a decreased quality of life and satisfaction, 

feelings of culpability or low confidence, reduced sleep or hunger, poor performance, and may even 

result in suicide.  

The pharmacological treatment of depression began in the 1950s, with the introduction of 

the first-generation antidepressant drugs (ADs), such as tricyclic and tetracyclic antidepressants 

(TCAs), and monoamine oxidase inhibitors (MAOIs). Two decades later, the second-generation agents 
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were introduced, namely selective serotonin reuptake inhibitors (SSRIs). The newest and most used 

antidepressants drugs appeared after the 1990s, (serotonin and norepinephrine reuptake inhibitors) 

[1].  

A concerning overconsumption of ADs has been observed in recent years. A big variety of 

ADs have already been detected in the range of a few ng·L−1 to several tens of µg·L−1 in surface 

waters and wastewater [2–5]. Therefore, the identification and quantification of such drugs is now of 

great importance in natural water, since concentration levels up to 78.3 µg·L−1 have been reported 

[5]. 

The literature has documented numerous analytical techniques for the determination of ADs. 

The most commonly used are high performance liquid chromatography (HPLC) coupled to UV–Vis or 

a mass spectrometric detector (MS) [6–13]. Gas chromatography (GC) coupled to MS [14–17] or 

tandem MS [18], and the capillary electrophoretic technique (CE) have also been reported [19]. A 

significant drawback of GC methods is the restriction of the target compound’s volatility [20]. In 

comparison, HPLC can evaluate both volatile and non-volatile compounds, contributing to an 

adequately user-friendly separation technique [21]. 

Pretreatment of the sample is the most important step in the workflow of chromatographic 

analysis, since most samples are not able to be immediately injected into the chromatographic 

instrument. Various sample preparation approaches coupled with HPLC for the determination and 

preconcentration of antidepressant drugs in biological fluids have been reported. The most 

frequently employed techniques are liquid–liquid extraction (LLE) [22] and solid-phase extraction 

(SPE) techniques [23]. Fabric-Phase Sorptive Extraction (FPSE) has recently attracted the interest of 

the scientific community, particularly during its application for the determination of pharmaceutical 

compounds in biological samples [24,25].  

Kabir and Furton first proposed FPSE as a two-step, novel and green sample preparation 

technique [26]. FPSE utilizes, as an extraction medium, a natural or synthetic fabric substrate, which 

is chemically coated in the form of an ultra-thin coating with a sol–gel organic–inorganic hybrid 
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sorbent [27]. This microextraction technique is capable of extracting analytes within a wider polarity 

range, depending on the sol–gel’s physicochemical properties. The porous network of sol–gel 

sorbent coating and the permeability of the fabric substratum contribute to the current method, 

which imitates the extraction of the solid phase. The desorption of analytes from the FPSE media into 

organic solvents is much more rapid without a significant chance of carryover. This technique 

overcomes the major drawbacks of other sorptive extraction procedures that exhibit limitations such 

as sample size and preparation time, system or coating damage, resistance to harsh chemical 

environments and organic solvents. FPSE has been widely used for the extraction and determination 

of different analytes from different sample matrices since its invention in 2014 [28–30]. 

In the present study, an easy, green and fast analytical methodology is proposed for 

theextraction of five psychoactive drugs that are commonly used in the treatment of mental diseases 

(citalopram, clozapine, mirtazapine, bupropion and sertraline) by employing FPSE coupled to High 

Performance Liquid Chromatography–Photodiode Array Detection (HPLC–DAD). The primary 

parameters affecting extraction efficiency were investigated and optimized using both univariate and 

multivariate experimental configurations of fractional factorial design followed by Response Surface 

Methodology. Finally, the applicability of the method was examined by obtaining natural water 

samples from wastewater treatment plants. To the best of our knowledge, FPSE has been extensively 

applied to environmental samples [31–34], but the extraction of antidepressants from real water 

samples has not been explored yet. 

 

2.3. Materials and methods 

2.3.1. Reagents 

The starting materials to be coated and used as FPSE media were Whatman microfiberglass 

filters of 110 mm and Whatman cellulose filter papers of 125 mm (Boston, MA, USA). The organic 

polymers polyethylene glycol (PEG 300) and poly(ethylene glycol)-block-poly(propylene glycol)-block-
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poly(ethylene glycol) (PEG-PPG-PEG 5.800) were purchased from Sigma-Aldrich (Athens, Greece). 

Solvents (dichloromethane, acetonitrile (ACN), acetone, methanol (MeOH) and phosphoric acid) 

were purchased fromMerck (Darmstadt, Germany). Trimethoxymethylsilane (MTMS), trifluoroacetic 

acid (TFA), sodium hydroxide, and hydrochloric acid were also supplied by Merck (Darmstadt, 

Germany).  

Polylactic acid (PLA) 3D-printed disks of 0.02 × 0.02 × 0.0015 m were prepared using a Prusa 

i3 3D printer using the fused deposition modeling (FDM) technique [35]. The printing and specimen 

volume filling parameters for the 3D printing process were modified using slicer software. All the 

parts were printed (100% filling density) using rectilinear pattern filling, on a heated bed (60 ◦C) and 

the nozzle (diameter 4 µm) was maintained at 200 ◦C during the process [36].  

Antidepressants citalopram (CIT), clozapine (CLO), mirtazapine (MIRT), bupropion (BUP) and 

sertraline (SERT) were purchased from TCI Tokyo Chemical Industry (Tokyo, Japan). All analytes have 

a purity higher than 98%. By dissolving the compound in methanol, stock solutions containing 1000 

mg·L−1 of each analyte were prepared, and the solutions were stored in glass-stopped bottles at −20 

◦C in the dark. Standard working solutions were prepared daily. The ultrapure water used was 

produced by a Milli-Q system (Evoqua, Pittsburg, PA, USA). 

STATISTICA 7.0 (StatSoft Inc., Tulsa, OK, USA) was used to produce the experimental matrix 

and to evaluate the results. 

 

2.3.2. Sample collection 

Wastewater samples were collected from the outflow of municipal and university 

hospitalwastewater treatment plants in Ioannina city, located in the Epirus region, NW Greece. In the 

municipal wastewater treatment plant (WWTP1) the wastewaters of the whole Ioannina city are 

deposited, with a population of more than 100,000 people. All household and industrial waste and 

rain waters are collected from the WWTP1, frequently surpassing the WWTP’s capacity to handle this 
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volume. In addition, wastewater from Ioannina hospital’s WWTP effluent (WWTP2) was also 

sampled. Ioannina University Hospital is also the center of learning and applied medical science 

linked to the School of Medicine and School of Nursing at Ioannina University. About 45,000 patients 

are treated annually in the Care Clinics of the medical center. Furthermore, the hospital has a 

Department of Psychiatry, making it interesting to research the occurrence of psychotropic drugs in 

the hospital’s WWTP effluent. The hospital’s plant (WWTP2) sheds its treated wastewater into the 

urban network that eventually goes straight to the municipal WWTP; thus, we have a significant 

interest in assessing its efficiency in order to determine the presence of ADs in the municipal WWTP.  

Moreover, surface water was collected from Pamvotis Lake in Ioannina. Covering an area of 

19.4 km2, Pamvotis Lake is one of the largest lakes in Greece. The pollution of the lake is due to the 

illegal dumping of waste from tankers, livestock and industrial plants, pesticide residues, illegal 

landfills, and the fact that parts of the city have not been connected to the city’s wastewater 

network. All the samples were collected in clean amber glass bottles. Finally, the samples were 

transported to the laboratory immediately and placed in the refrigerator at 5C before extraction and 

analysis. 

 

2.3.3. HPLC analysis 

 To determine the selected analytes, a Thermo Fisher Scientific UltiMate 3000 HPLC 

systemequipped with a diode array detector and Chromeleon Thermo Fischer software were used. 

The equipment consists of a Binary Solvent Manager (BSM), a WPS-3000SL autosampler and a 

column manager, all fromWaters Thermo Fisher Scientific (Waltham, MA, USA). The parameters for 

the detection of the targeted analytes were optimized by using a standard solution of a mixture of all 

the compounds.  
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The injection volume into the chromatographic equipment was 20 µL, and the analytical 

column was a Hypersil GOLD 150 × 4.6 mm, with a particle size of 5 µm (Thermo Scientific, Waltham, 

MA, USA), operating at 25 ◦C. 

The mobile phase consists of methanol (A) and water with 0.3% phosphoric acid (B), at 1.0 

mL/min flow in gradient mode. The gradient started at 15:85 (A:B) (v/v) and increased after 3 min to 

50% methanol. The percentage of methanol increased further up to 80% after 7 min and the gradient 

returned, after 2 min, to its initial state 15:85 (equilibrium time 3 min). The whole chromatographic 

separation process finished in 15 min. The parameters of the diode array detector (DAD) were 

chosen for the quantitative analysis of each compound. The UV detector was set at 245 nm for 

sertraline, clozapine and citalopram, at 230 nm for mirtazapine and at 254 nm for bupropion, with 

full spectral scanning from 200 to 400 nm. 

 

2.3.4. Preparation of sol-gel sorbent-coated FPSE media 

2.3.4.1. Pretreatment of media for sol–del coatings 

All fabrics chosen to produce sol–gel covered sorbents have remaining finishing additives 

orother contaminants that agglomerated over time on their surface, which required thorough 

cleaning. Additionally, the surface areas of these fabrics require activation to optimize the sol–gel 

sorbent loading during the polymer sorbent coating phase.  

This was done after we implemented a systematic cleaning procedure. Briefly, a 95 cm2 (11 

cm diameter) circular piece of the Whatman Cellulose filter was soaked with deionized water under 

constant sonication for 15 min, followed by NaOH treatment (1.0 M, 1 h) and then HCl (0.1 M,0 1 h), 

under sonication, respectively. After each one of these three cleaning steps the fabric media were 

washed with a profuse amount of deionized water. The media were then left to dry in ambient air at 

room temperature for 24 h, following the coating step. This procedure was followed to increase the 
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availability of all the hydroxyl groups of the cellulose chemical structure that lead to more chemical 

reactions with the sol–gel inorganic–organic network.  

Almost the same procedure was adopted for the Whatman Microfiber Glass filter 

pretreatment to activate the surface silanol groups. The difference with the abovementioned 

procedure was that the pretreatment time with NaOH (1.0 M) and then HCl (0.1 M) was for 8 h, 

respectively.  

PLA was treated with a mixture of 0.25 MNaOH/EtOH for 4 h to improve its hydrophilicity 

and cell affinity. To stop any major deterioration of the product, an alkali solution was used. Ethanol 

has been found to aid the hydroxide nucleophilic effect on ester bonds of PLA. Then, the conditioned 

PLA was soaked with deionized water and eventually dried overnight under N2 gas flow in inert 

conditions. 

 

2.3.4.2. Preparation of the sol–gel solutions for coating on the substrate surface 

In the sol–gel process, polymer choice is important, depending on the target analytes’ 

polarity/functionality. Taking into account the target analytes’ physicochemical characteristics (Table 

2.1), two sol–gel sorbents were prepared, including polyethylene glycol 300 (PEG 300) and 

poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 5.800 (PEG-PPG-PEG 

5.800). Sol–gel solutions consist of a solvent system, a sol–gel precursor, an organic polymer, and an 

aqua solution of the catalyst. In our study, both polymer solutions were developed using 

methyltrimethoxysilane (MTMS) as the sol–gel precursor, a trifluoroacetic acid (TFA) catalyst 

containing 5% water, and a combination of acetone and dichloromethane (50/50 v/v) as the organic 

solvent. The molar ratio between polymer:precursor:organic solvent:catalyst was optimized and 

maintained at 0.5:0.2:1.0:0.5, respectively. 

 

2.3.4.3. Fabric Phase Sorptive Extraction process 
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First, the coated materials were soaked for 5 min in 2 mL of methanol:acetonitrile (1:1) 

solution, and next were treated with 2 mL deionized water for 5 min to remove the previous organic 

solvents. This step was conducted to clean and activate the coating of the fabric substrate. 

Afterwards, the FPSE media were immersed in the aquatic sample. Adsorption studies were 

conducted (spiking level 100 μg·L−1, Milli-Q water, continuous stirring at 300 rpm provided by 

magnetic stir bar) with the appropriate fabrics to choose the one that could be most effective for the 

target compounds. After this, the target analytes were eluted from the media in a sufficient volume 

of solvent for an optimal period. The collected solvent was adjusted to 100 μL with a gentle N2 

stream, before HPLC analysis. The schematic procedure of FPSE is shown in Figure S2. 

 

Table 2.1. Structures and respective physico-chemical characteristics of target analytes.  

Analyte Molecular Weight, g/mole Chemical Structure pKa logKow 

Citalopram (CIT) 324.39 

 

9.78 3.76 

Clozapine (CLO) 326.82 

 

7.50 3.23 

Mirtazapine (MIRT) 265.35 

 

7.70 2.90 

Bupropion (BUP) 239.74 

 

8.22 3.85 
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Sertraline (SERT) 306.20 

 

9.48 5.10 

 

2.4. Results and discussion 

2.4.1. Selection of FPSE substrate and sol–gel coating 

The selectivity of the extraction depends on the hydrophilic/hydrophobic properties of the 

media and on the polarity of the polymer, which, together, define the extraction performance of the 

FPSE device. A Milli-Q water solution spiked (at 100 μg·L−1) with the five antidepressant drugs was 

prepared to determine the efficiency of the process (N = 3). The concentration of the analytes was 

measured by HPLC-UV-Vis/DAD before and after the extraction step, as well as after the elution step, 

in order to determine the adsorption and desorption efficiency, respectively. The performance of 

extraction was calculated as the ratio of the initial aqueous concentration in the Milli-Q water sample 

to the final concentration. 

During preliminary studies, in which the type and shape of substrate as well as the polymer 

used in the creation of the sol–gel solution were tested, we decided to assess the following three 

different substrates: Whatman microfiber glass filter (FG), Whatman cellulose filter (WC), and 

polylactic acid disks (PLA). Two different sol–gel coatings were developed, high-polarity PEG 300 and 

medium-polarity PEG-PPG-PEG 5.800, which were finally evaluated. From the results obtained, it was 

found that the circle-shaped 100% glass microfiber filter (FG) with a diameter of 1 cm coated with 

PEG300 displayed the greatest adsorption and desorption yields, so this combination was chosen for 

further optimization. 

 

2.4.2. Optimization of the experimental conditions 
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2.4.2.1. Preliminary experiments 

For the optimization of the FPSE process, both univariate and multivariate analysis 

approaches were carried out to encourage sound, rational thinking and responsibility instead of 

‘push-the-button’ automated data. There are many variables that may influence FPSE extraction 

efficiency, among them are sample volume, ionic strength, pH, extraction time and the solvent, as 

well as the elution solvent, time and volume, etc. Four of them were initially investigated to check 

their suitability to efficiently recover the target analytes: sample volume (1 and 10 mL), extraction 

time (10, 20, 30 and 40 min), pH (3, 7, 10 and 12) and ionic strength of the sample (0% and 10% w/v). 

The volume of the aqueous sample as well as the final volume of the extract are closely 

related to the technique’s preconcentration ability. Two sample volumes (1 and 10 mL) with a fixed 

elution volume solvent (1 mL, MeOH) were examined initially under continuous stirring at 300 rpm 

by a magnetic stir bar. The rate of adsorption for 1 mL was higher than for 10 mL (Figure 2.1a) for a 

fixed adsorption time of 10 min, so 1 mL was selected to reach faster equilibrium conditions. 

The extraction time is directly associated with the distribution parameters that determine 

the interaction between the FPSE material and the analytes. Four extraction times were investigated: 

10, 20, 30 and 40 min. The results revealed that extraction times of 10 and 20 min were marginally 

worse than longer extraction times of 30 and 40 min (Figure 2.1b). It can be seen that, after 30 min, 

the equilibrium is established, so 30 min was chosen as the optimum extraction time. 

For the 1 mL sample and 30 min extraction time, four separate pH values were measured: pH 

3, 7 10 and 12. At the alkaline pH region (pH 12) the highest extraction efficiency was obtained for all 

target analytes (Figure 2.1 c). Considering the fact that the analytes act as weak bases (pKas are in 

the range between 7.5–9.8, Table2.1), they are positively charged at environmentally relevant pH 

values, while, at pH values two units higher than their pKa (pKa + 2), they are in neutral form. This 

explains the higher adsorption yield that is observed at alkaline pH levels (pH 12). 

An increased concentration of ions in a solution is advantageous for increasing the recovery 

of organic contaminants from aqueous solution. The effect of ionic strength on analyte adsorption 
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was studied, while the remaining parameters were fixed (1 mL sample volume, 30 min of extraction 

and pH adjusted at 12). For this reason, 10% (w/v) of NaCl was added to the aqueous solution 

containing analytes (Figure 2.1 d). The results have shown that the adsorption efficiency declines 

with increasing ionic strength. The decreased adsorption efficiency may be attributed to the increase 

in the aqueous matrix’s viscosity, resulting in a sluggish distribution of analytes to the FPSE media. 

 

Figure 2.1. Efficiencies of the five antidepressants (ADs) during the adsorption step depending on (a) 

the volume of the sample, (b) extraction time for 10, 20 30 and 40 min under stirring, (c) different pH 

values, and (d) ionic strength; citalopram (CIT), clozapine (CLO), mirtazapine (MIRT), bupropion 

(BUP), sertraline (SERT). 

 

2.4.2.2. Experimental design optimization 

 In the next step, we decided to select the appropriate elution variables to build a model that 

best reflected the variation of the microextraction process. The elution procedure was optimized 

through chemometric tools such as Design of Experiments (DoE) and Response Surface Methodology 

(RSM) (STATISTICA Software v7). The experimental configuration was initially conducted with four 
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variables (two levels for each) to define how these affect the extraction performance (elution 

solvent: MeOH/ACN, elution process: vortex/stirring, elution time: 3/6 min, elution volume 0.1/0.5 

mL). Methanol was far more efficient than ACN, followed by stirring at 300 rpm against a vortex as 

the desorption process, while both a higher elution time and solvent volume had a positive effect on 

the efficiency of the FPSE process (Figure 2.2). 

 

Figure 2.2. Pareto maps of the standardized effects (24 experimental configuration). 

 

Having followed the findings of the previous design, the next task was to improve the 

analytical process further by employing a 32 experimental configuration for an elution volume of 

MeOH (0.75, 1.00 and 1.25 mL) and time (5, 10 and 15 min). The main effects were analyzed, as well 

as quadratic and interaction effects, by ANOVA (Table 2.2) and proved to be significant. The 

expressed a 3D correlation between the MeOH volume and the elution time, which is depicted in 

Figure 2.3. In particular, a higher elution time was needed when a greater amount of MeOH was 

used. A desirability function was used to determine the optimum extraction conditions (Figure 2.4). 
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Figure 2.3. 3D Response Surface representation of elution time and solvent volume (coded values). 

 

To conclude, the optimal parameters for the FPSE process in relation to the extraction of the 

selected antidepressants were as follows: a circle-shaped 100% glass microfiber filter (FG) with a 

diameter of 1 cm c, with PEG300, as the FPSE device. The extraction of the aqueous sample (1 mL, 

adjusted to pH 12) was carried out for 30 min and stirred at 300 rpm. Methanol was used as the 

desorption solvent at 1.0 mL for 10 min under stirring at 300 rpm. The final extract was adjusted to 

0.1 mL before analysis to have a preconcentration factor of 10 (from 1 mL to 0.1 mL). 

 

Table 2.2. ANOVA results obtained by 32 design. 

Factor SS df MS F p 

(1) Elution Time 741.745 1 747.745 48.1578 0.000025 

(2) Elution Volume 615.784 1 615.784 39.9798 0.000057 

(3) Stirring/Vortex mixing 767.013 1 767.013 49.7983 0.000021 

(4) ACN/MeOH 3557.526 1 3557.526 230.9724 0.000000 

Error 169.426 11 15.402   

Total SS 5851.495 15    
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2.4.3. Analytical performance 

The figures of merit of the proposed method were also assessed. A seven-point curve was 

developed among the LOQ of each analyte up to 500 μg·L−1. The method displays linearity at the 

specified range with coefficients of determination (R2) greater than 0.9989. An examination of 

accuracy and precision was carried out at two concentration levels (LOQ and 10 × LOQ) in Milli-Q 

water, spiked with the target analytes. The intraday precision of the process was measured through 

three assessments, while the interday precision was measured over three days by a triplet of 

measures. As depicted at Table 3, satisfactory absolute recoveries (the % concentration of target 

analytes recovered from Milli-Q water) in the range of 60–98% were observed. The % RSDs were less 

than 13% in both cases. 

 

 

Figure 2.4. Desirability profiles and predict levels (coded values). 

 

The method’s LOD and LOQ were determined using a signal-to-noise ratio of three and 10, 

respectively. LODs ranged between 0.64 to 3.22 μg·L−1 (Table 2.3). 
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2.4.4. Applications in environmental samples 

Two wastewater samples from hospital and municipal WWTP effluents and a surface water 

sample from Pamvotis Lake were investigated to assess the applicability of the proposed method. 

However, there concentration levels of the target analytes were lower than the established LODs, or 

antidepressants were absent during this sampling campaign. These water samples were spiked with 

the selected ADs at 50.0 μg·L−1, to confirm the efficiency of the process. A representative 

chromatogram is shown in Figure 2.5. Relative recoveries in real water samples were estimated from 

absolute recoveries of the Milli-Q water samples (relative recovery is defined as the % concentration 

of target analytes recovered from the wastewater and surface water with reference to the 

concentration found in the spiked Milli-Q water). Depending on the water matrix and the analyte, 

relative recoveries varied between 69 and 121% (Table 2.4). 

 

Table 2.3. Analytical parameters of Milli-Q water samples (n = 3). 

Analyte LOD μg·L−1 LOQ μg·L−1 
Recovery (%) 

Intraday  

RSD (%) 

Interday  

RSD (%) 

LOQ 10 × LOQ LOQ 10 × LOQ LOQ 10 × LOQ 

Citalopram  1.13 3.39 61.94 69.31 2.91 2.40 5.49 3.99 

Clozapine  0.64 1.92 70.70 77.50 2.94 2.41 5.40 3.96 

Mirtazapine  3.22 10.71 76.34 83.08 6.92 5.87 8.39 12.63 

Bupropion  2.05 6.82 71.77 75.70 4.22 4.08 10.79 7.41 

Sertraline  1.12 3.36 79.71 98.10 2.38 4.34 4.28 6.76 
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Figure 2.5. A representative chromatogram obtained from Lake water spiked at 50.0 μg·L−1, after 

FPSE procedure coupled with High-Performance Liquid-Chromatography–Photodiode Array 

Detection (FPSE-HPLC–DAD) (1. MIRT, 2. BUP, 3. CLO, 4. CIT, 5. SERT). 

Table 2.4. Analytical parameters of hospital and urban effluents and surface water samples (n = 3). 

Analyte 

Lake Water Hospital Effluent Urban Effluent 

50.0 μg·L−1 50.0 μg·L−1 50.0 μg·L−1 

Absolute 

Recovery 

(%) 

Relative 

Recovery 

(%) 

Absolute 

Recovery 

(%) 

Relative 

Recovery 

(%) 

Absolute 

Recovery 

(%) 

Relative 

Recovery 

(%) 

Citalopram  65.37 100.57 81.94 116.06 72.92 112.18 

Clozapine  74.99 111.36 56.18 86.43 60.04 92.37 

Mirtazapine  101.34 104.07 99.01 120.75 107.86 113.34 

Bupropion  65.93 93.16 53.46 75.54 49.18 69.49 

Sertraline  69.07 107.60 61.22 94.20 56.14 86.38 

 

2.5. Conclusions 
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The study presented above is the first attempt to introduce the procedure of Fabric Phase 

Sorptive Extraction to extract and pre-concentrate five ADs contained in aqueous environmental 

samples. The aim of our study was not to reach the highest sensitivity of the methodology, otherwise 

different preconcentration factors and more sensitive analytical techniques (ultra-high-performance 

liquid chromatography coupled to high resolution mass spectrometry, UPLC–HRMS) would have been 

employed. FPSE proved to be an easy, green and fast analytical method for the determination of the 

selected psychoactive drugs by employing HPLC-UV-Vis/DAD at concentration levels that may occur 

in natural aquatic systems (μg·L−1). The most significant variables affecting the efficiency of the 

process were optimized by employing different experimental configurations. The proposed method is 

reproducible with good RSDs and acceptable recoveries in Milli-Q and real water samples, 

respectively. In addition, the method was applied in real water samples (hospital and urban effluents 

and Pamvotis Lake samples), but no ADs were detected. The future aim of the research team is to 

investigate different substrate/sorbent combinations in order to produce a FPSE device that would 

extract a broader number of pharmaceuticals and employ a more sensitive analytical technique 

(UPLC–HRMS) for their determination. 
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Supplementary Material 

 
 

Figure S1. FT-IR spectra of different components in (a) Whatman uncoated material, (b) PEG-PPG- 

PEG polymer, (c) MTMS precursor and (d) Whatman PEG-PPG-PEG coated media. 
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Figure S2. General procedure applied in FPSE extraction. 

 

 

 

Figure S3. Different materialsin different shapes used in the preliminary experiments for the 

selection of the optimal FPSE media. 
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Chapter 3. Phototransformation of three psychoactive drugs in 

presence of sedimental water extractable organic matter 

 

 

In this Chapter, the direct photolytic behaviour of the three target drugs has beenstudied in three 

different matrices: in MQ and lake waters and WW samples. For this, samples have been irradiated 

under natural and artificial solar light. As well, during my secondment at CNRS in France, under the 

supervision of Prof. Claire Richard, organic matter was isolated from sediments from lake Pamvotis 

and in the presence of the target analytes were irradiated and the effect on the kinetics of the three 

compounds was studied.  This last part has been already published in Molecules: 

“Phototransformation of Three Psychoactive Drugs in Presence of Sedimental Water Extractable 

Organic Matter”. It is described below. 

 

3.1. Abstract 

 Psychoactive drugs are classified as contaminants of emerging concern but there is limited 

information on their fate in surface waters. Here, we studied the photodegradation of three 

psychoactive drugs (sertraline, clozapine and citalopram) in the presence of organic matter (WEOM) 

extracted under mild conditions from sediment of Lake Pamvotis, Greece. Spectral characterization 



Detection, photolytic fate and removal of antidepressants in aqueous environment 

 

92 
 

of WEOM confirmed its humic-like nature. Preliminary experiments using chemical probes showed 

that WEOM was able to produce oxidant triplet excited state (3WEOM*), singlet oxygen (1O2) and 

hydroxyl radicals under irradiation with simulated solar light. Then, WEOM at 5 mgC.L-1 was 

irradiated in the presence of the three drugs. It enhanced their phototransformation by a factor of 2, 

4.2 and 16 for sertraline, clozapine and citalopram, respectively. The drastic inhibiting effect of 2-

propanol (5×10-3 M) on the reactions demonstrated that hydroxyl radical was the key intermediate 

responsible for drugs photodegradation. A series of photoproducts were identified by ultra-high-

performance liquid chromatography (UHPLC) coupled to high resolution mass spectrometry (HR-MS). 

The photodegradation of the three drugs proceeded through several pathways, in particular 

oxidations of the rings with or without O atom inclusion, N elimination, and substitution of the 

halogen by OH. Formation of halogenated aromatics was observed for sertraline. To conclude, 

sedimental natural organic matter can significantly phototransform the studied antidepressant drugs 

and these reactions need to be more investigated. Finally, ecotoxicity was estimated for the three 

target analytes and their photoproducts, using the Ecological Structure Activity Relationships 

(ECOSAR) computer program. 

 

3.2. Introduction 

 Psychoactive drugs are widely used to treat diseases such as depressive symptoms and social 

anxiety disorder. This is due to the lack of regulation, together with the ignorance of their fate and 

the absence of effective methods of elimination, these drugs have been classified as contaminants of 

emerging concern (CECs). The increasing consumption of these compounds in developed countries 

enhances in fact the risk of environmental contamination and adverse effects on human health and 

habitats [1]. They enter the aquatic environment mainly through hospital effluents and wastewater 

treatment plants and, being poorly degradable by traditional biologicalprocesses, they are present in 

relative high amounts in water bodies and sediments. The psychoactive drugs sertraline (SER), 
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citalopram (CIT), and clozapine (CLO) were detected between 13.2 ng L−1 to 15.0 µg L−1 in wastewater 

treatment plants effluents, 8.9 ng L−1 to 30.0 µg L−1 in fresh waters, and 14.4 to 71.9 ngg−1 in river 

sediments [2–4]. Once released in the aquatic environment, these compounds can undergo chemical 

reactions and generate new chemicals, that might also be harmful and therefore need to be 

identified. Although there is no consistent literature data on the ecotoxicity of these compounds, it 

has been found that acute and chronic exposure of SER and CIT show effects on algae [5], 

crustaceous [6–8], bivalves [9,10] and fish [11]. As well, Villain et al. classified these 3 drugs as class 1 

toxicity, where metabolites should be analyzed in priority and the ecotoxicity can be estimated with 

QSAR models [12]. Calza et al. has found that after 20 min of solar light irradiation, SER and its 

photoproducts, in the presence of TiO2 display higher acute toxicity potential (based on ECOSAR 

software) [13]).  

 The degradation of these psychoactive drugs can be induced by solar light because they absorb 

solar radiations between 295 and 450 nm (Figure 3.1A). According to the literature data, irradiation 

with simulated solar light in pure water yielded a half-life of 65 d for CIT [14], 8 h for CLO [4] and 

between 6 min at pH 12 and > 1 h at pH 5 for SER [15]. The phototransformation of SER and CIT were 

also reported to be sensitized by the natural organic matter, NOM, present in surface water [13–16]. 

Indeed, NOM that contains humified light-absorbing compounds can photoinduce the degradation of 

chemicals through the generation of reactive species such as hydrogen peroxide (H2O2) and 

superoxide radical anion (O2
−) [17], 1O2 [18,19], oxidant triplet excited state (3NOM*) [20], and 

hydroxyl radical (HO.) [21–23]. 

Part of NOM present in the water column of lakes and rivers comes from 

sedimentresolubilization. Sediments are formed by accumulation of deposited particulate organic 

matter, that undergoes biochemical transformations [24]. Sediment organic matter generally 

contains a high proportion of humified compounds and can potentially sensitize the 

photodegradation of aquatic contaminants. The water-soluble sediment organic matter can be 
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recovered by sampling the sedimental pore water [25], or by extraction from sediment using neutral 

or slightly alkaline water as described for soils [26].  

 

 

Figure 3.1. UV-vis absorption of sertraline (SER), clozapine (CLO) and citalopram (CIT) at 5 ppm in 

water at pH 7 (A) and WEOM (18 mgC L−1) at pH 9.2 (B). 

 

 In this work, we aimed to better understand the fate of SER, CLO and CIT psychoactive drugs 

when irradiated in the presence of natural organic matter extracted from the Lake Pamvotis 

(Ioannina, NW Greece) sediment. The water soluble sedimental organic matter (WEOM), beforehand 

extracted with water under mild conditions, was first characterized by spectral techniques to confirm 

its humic-like nature. Then, using the scavenging technique, we investigated its capacity to generate 

reactive species (3WEOM*, 1O2 and HO.) to finally demonstrate the important role of HO. in the 

photodegradation of the three drugs. The drugs photoproducts were identified by means of UHPLC-

HR-MS and photodegradation pathways were proposed. A toxicity assessment was followed based 

on the ECOSAR computer model for the parent molecules and their by-products. 

 

3.3. Materials and methods 

3.3.1. Sediment sampling and analysis 
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Sediment was collected in Lake Pamvotis in Ionnina (Epirus Region, Greece). Lake Pamvotis is 

a shallow Mediterranean urban lake and it occupies an area of 22.8 km2 with a mean depth of 5 m, 

and is classified among the few European lakes that are sufficiently old to feature native faunas and 

floras. It is considered as one of the European biodiversity hot spot and is used for different activities 

such as recreation, tourism, fishing and irrigation. The regional capital Ioannina to the west and the 

town of Perama to the north are urban settlements fringing the lake, the remaining of its periphery is 

composed of farmland. In the form of ditches, two major inflows of surface runoff water occur. One 

of them drains an agricultural watershed mainly, while the second drains a mixed of urban, rural, 

agricultural and industrial land use watershed. An outflow to the north-west controls the water level 

for flood prevention. The climate in the region is continental, with cold, wet winters (<0 oC) and hot, 

dry summers (>30 oC). Annual precipitation (1.1–1.2 m) approximates the evaporation of the lake 

surface. Sediments were collected in September 2019 close to the lake bank (depth 3–7 cm) using an 

Eckman type sampler [48] and were air-dried. The samples were then stainless-steel sieved over 2 

mm to remove large detritus and benthic organisms. The average particle size of sediment was 

measured in wet dispersions using a laser diffraction particle size analyzer Malvern Mastersizer 3000 

and the percentage of organic matter was obtained by loss-on-ignition (dry combustion between 400 

and 500 oC) during 8 h using a high temperature furnace. 

 

3.3.2. Chemicals and preparation of solutions 

Clozapine (8-Chloro-11-(4-methyl-1-piperazinyl)-5H-dibenzo[b,e][1,4]-diazepine) was 

purchased fromSigma-Aldrich (quality level 300). Citalopram (1-[3-(dimethylamino)propyl]- 1-(4-

fluorophenyl)-3H-2-benzofuran-5-carbonitrile, hydrobromide) and sertraline (1S,4S-4- (3,4-

dichlorophenyl)-N-methyl-1,2,3,4-tetrahydronaphthalen-1-amine, hydrochloride) were purchased 

from TCI Tokyo Chemical Industry (Tokyo, Japan). All these drugs had a purity higher than 98%. 2,4,6-

Trimethylphenol (certified reference material), furfuryl alcohol (analytical grade), terephthalic acid 
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(98%) and hydroxyterephthalate disodium (97%) were purchased from Sigma-Aldrich and used as 

received. Acetonitrile and methanol for HPLC were from Carlo-Erba and VWR, respectively. The other 

reagents were of the highest grade available. Water was purified using a reverse osmosis RIOS 5 and 

Synergy (Millipore) device (resistivity 18 MΩ.cm, DOC < 0.1 mg L−1).  

Stock solutions of sertraline (1 × 10−3 M) and citalopram (5 × 10−3 M) were prepared in 

purified water while those of clozapine (10−3 M) in water-acetonitrile (95-5, v/v). Solubilization was 

achieved after 24 h stirring at 400 rpm. Stock solutions of 2,4,6-trimethylphenol (6.2 × 10−4 M), 

furfuryl alcohol (10−2 M), 2-propanol (2 M), terephthalic acid (10−2 M), and hydroxyterephthalate 

(10−3 M) were prepared in purified water and stored in the refrigerator in amber glass bottles before 

use. When necessary, solutions were buffered at pH 7 using a mixture of KH2PO4 and Na2HPO4. 

 

3.3.3. Water extractable organic matter extraction 

Extraction of WEOM was performed by adding 12 g of sediment in 100 mL of purified water 

adjusted at pH 9.0–9.5 using NaOH and containing Na2HPO4 (6.6 × 10−3 M). Suspensions were placed 

in 200 mL amber glass screw-capped bottles, degassed in a stream of N2 during 10 min, closed and 

stirred during 5 d at 500 rpm at room temperature. After that, the suspensions were filtered using a 

vacuum filtering flask (Millipore system), first with filters of 5 µm (5VPP, Durapore membrane filters, 

Millipore) and then with filters of 0.45 µm (HA, Nitrocellulose, Millipore). The obtained WEOM 

aqueous solutions were characterized in terms of dissolved organic carbon (DOC), UV-Vis absorption, 

and fluorescence. The procedure was repeated 3 times and all the WEOM solutions were pooled. 

 

3.3.4. DOC analyses 

A Shimadzu 5050 TOC analyser was used to measure the DOC content of solutions. 

Measurements were made in triplicate. 



Chapter 3. Phototransformation of three psychoactive drugs 

97 
 

3.3.5. Optical analyses 

 UV-visible analyses of WEOM solutions were conducted on a Varian Cary 3 spectrophotometer 

in a 1-cm cuvette with purified water as a reference. The absorbances were measured from 250 to 

600 nm. The spectral slope (S in nm−1) was calculated between 275 and 295 nm using Equation (1): 

Aλ = Aλo x e-S(λ-λο)(1) 

where Aλ and Aλo are the absorbances at 295 and 275 nm, respectively [48]. The specific 

absorptioncoefficient at 254 nm (SUVA254 in L mg−1 m−1) was calculated by dividing the absorbance at 

254 nm by the DOC concentration in mg L−1. The ratio E2/E3 was calculated by dividing the 

absorbance at 250 nm by the absorbance at 365 nm, where E2 and E3 are the absorbance at 250 and 

365 nm, respectively. The percentage of aromaticity [49] and the average molecular weight (Mw) of 

WEOM [50] were estimated following Equations (2) and (3), respectively: 

percent aromaticity = 6.52 × SUVA254 + 3.63 Eq(2) 

Mw = 0.315 × e(4.96/(−1.72 + E2/E3))Eq(3) 

 The three-dimensional fluorescence spectrum was recorded using a Perkin Elmer LS 55 

Luminescence Spectrometer fitted with a 1-cm quartz cuvette. The bandwidths were set to 10 nm for 

excitation and 10 nm for emission. A series of emission scans between 250 and 600 nm were 

collected over excitation wavelengths between 240 and 450 nm at 10 nm increments. The 

fluorescence index (FI) was obtained by dividing the emission intensity at 450 nm by the emission 

intensity at 500 nm for excitation at 370 nm [51] and the biological index (BIX) was calculated as the 

ratio of emission intensity at 380 nm to 430 nm with excitation at 310 nm [52]. 

 

3.3.6. Irradiations 

Irradiations were carried out in a device equipped with six fluorescent tubes (Sylvania, F15 

W/350BL) emitting polychromatic light between 300 and 500 nm with a maximum at 365 nm 

(Supplementary Figure S5). Ten mL of solutions were irradiated in a Pyrex glass reactor (14 mm i.d.) 
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let open to air. Drugs (5 × 10−6 M) were irradiated alone in purified water buffered to pH 7, or in 

presence of WEOM (5 mgC L−1). Dark control experiments were also performed in order to determine 

whether adsorption of drugs on WEOM takes place. For this, starting solutions of each drug and 

WEOM (5 mgC L−1) covered with aluminum foil were kept in the dark and aliquots (5 mL) were 

withdrawn from the bottles after 1, 2 and 3 h to determine the drug concentration. Probe molecules 

(2,4,6-trimethylphenol at 5×10−6 M, furfuryl alcohol at 10−4 and 5 × 10−5 M, or terephthalic acid at 

10−5 M) were also irradiated alone in pH 7 buffered purified water, or in presence of WEOM (5 mgC 

L−1). When drugs, or probe molecules were irradiated in the presence of WEOM, the reactants were 

mixed with vortex during 3 min, poured in the reactor and immediately after lamps were turned on. 

At given irradiation times, small aliquots were taken for HPLC analyses. These data were used to 

determine the initial rates of phototransformation. The number of photons received by the 10 mL of 

solutions in the cylindrical reactor was measured using a radiometer QE65000 from Ocean Optics 

coupled to chemical actinometry using metamitron [53]. The rate of light absorption of WEOM (5 

mgC L−1), Ra
WEOM was equal to (7.2 ± 0.7) × 10−6 E s−1 (Supplementary Figure S1). 

The screen effect of WEOM on drugs was calculated as described in SI-Text 1. All the rates of 

photodegradation obeyed an apparent first order kinetics, and the apparent first order reaction rate 

constants (k in s−1) were calculated according to Equation (4): 

ln Ct/C0 = −k × t  (4) 

where Ct is the concentration of the chemical at the irradiation time t and Co is the initial 

concentration. Irradiations were duplicated. 

 

 

3.3.7. HPLC Analyses 

HPLC analyses were carried out at 25 ◦C on an Alliance (Waters, Milford, MA, USA) apparatus 

equipped with a photodiode array detector (model 2998), fluorescence detector (model 2475) and 
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two pumps (Waters 2695). Separation was achieved on a reverse phase Nucleodur, Macherey-Nagel 

C8 column (5 µm, 150 mm × 4.6 mm) equipped with a 4/3 pre-column made of the same material. 

The binary solvent system used was posed of solvent A (100% MeOH) and solvent B (water acidified 

by 0.03% of H3PO4). The best separation of psychoactive drugs was obtained with the following 

gradient: from 0–20 min, 20% A, then from 20–27 min, 80% A and return to 20% A. The solvent flow 

was 0.75 mL.min−1 and the volume injection was 25 µL. The eluent was a mixture of 20% MeOH and 

80% water acidified with orthophosphoric acid (0.1%) for the experiments with terephthalic acid and 

furfuryl alcohol while a mobile phase of 50% acetonitrile and 50% acidified water was used for the 

experiments with 2,4,6-trimethylphenol. Hydroxyterephthalate concentration was measured by 

fluorescence (λexc = 320 nm and λem = 430 nm) using a calibration curve (Supplementary Figure S3). 

Analyses were duplicated.  

Psychoactive drugs photoproducts were identified by HRMS performed on an Orbitrap Q-

Exactive (Thermo Scientific, Waltham, MA, USA) coupled to an UHPLC Ultimate 3000 RSLC (Thermo 

Scientific, Waltham, MA, USA) equipped with an Acquity Phenomenex (2.1 mm × 100 mm, 1.7 µm 

particle size) analytical column (Waters, Milford, MA, USA). The aqueous solvent (A) consisted of a 

mixture of 0.1% formic acid and the organic phase (B) was acetonitrile. The separation was achieved 

with a gradient program consisting of 0–7.5 min 5%, 7.5–8.5 min 99% of the mobile phase B. After 

8.5 min the gradient was returned to the initial conditions and analytical column was reconditioned 

for 3.5 min. The flow rate was set to 0.45 mL.min−1. The injection volume was 20 µL. The mass 

spectrometer operated in the positive and negative (ESI) electrospray ionization mode. The system 

was controlled by Xcalibur 2.2 (Thermo Fisher Scientific software, Waltham, MA, USA). The spray 

voltage was 3 kV for the positive and negative mode. For all proposed elemental formula, the error 

between the measured mass and the exact mass was less than 5 ppm. 

 

 

3.3.8. Ecotoxicity assessment 
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The ecotoxicity of the 3 target analytes and their by-products were predicted using ECOSAR 

program (v 2.0). ECOSAR uses a quantitative structure-activity relationship approach to predict the 

toxicity of a molecule based on its structure. The relevant endpoints are the acute toxicity, LC50 

(concentration of tested compound that is lethal to half of fish and daphnia population after 96 h and 

48 h of exposure, respectively) and EC50 (concentration of tested compound that inhibits the growth 

% of green algae after 96 h of exposure). The chronic toxicity values (ChV) of the drugs and their by-

products also were predicted using the same program, for freshwater fish, daphnid and algae as well. 

Concerning accuracy, a compound is considered more toxic than another if the expected values vary 

by at least an order of magnitude [54]. The program (v 2.0) is freely available at the website: 

https://www.epa.gov/tsca-screening-tools/ecological-structure-activity- relationships-ecosar-

predictive-model (accessed on 1 March 2021). 

 

3.4. Results and discussion 

3.4.1. Main characteristics of the sediments 

Sediment was analyzed prior to drugs adsorption measurements. The sedimentparticle size 

was found to be equal to 100 ± 10 µm and the percentage of organic matter to 1.91 ± 0.02% of the 

dry matter. In the literature, the averaged grain size and organic matter content in lake, river and sea 

sediments vary between silt (2–500 µm) and clay (<2 µm) composition, and contain between 0.37–

8.0% of organic matter [27]. Lake Pamvotis is a shallow, closed and eutrophic Mediterranean Lake 

with ecological significance [28,29]. This lake has been shown to exist since the Pleistocene period 

[30]. In a previous work, the organic matter content in Lake Pamvotis sediments was found to vary 

between 4.8% and 15.3%, where the lowest content was found in the coarser sandy sediments and 

the highest in the silt-clay portion [31]. Our sediments showed a grain size larger than that of 

previous studies, and the organic matter content obtained was therefore lower, in agreement with 

previous publications [32,33]. 
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3.4.2. Extraction and characterization of WEOM from sediments 

By stirring sediment (120 g L−1) in pH 9.2 water during 5 d, we could recover WEOM. The DOC 

content of the WEOM solution was of 18 mgC/L. WEOM showed the typical UV-visible absorption 

spectrum of humic-like substances with an exponentially decreasing absorption extending up to 600 

nm with a shoulder around 280 nm (Figure 3.1B). SUVA254 was equal to 0.44 L./mg m, S275-295 to 

0.0105 nm−1 and E2/E3 to 3.41. From the SUVA254 and E2/E3 values, we could estimate that the 

percentage of aromaticity was equal to 6.5% and the average Mw to 1.7 kDa. These data that 

characterize an organic matter moderately aromatic with an overall small molecular weight are in 

line with those of other sediment organic matters [25,34]. Among main ions detected in Lake 

Pamvotis, nitrate was the highest concentrated. UHPLC-MS analysis revealed that nitrate (m/z = 

61.9873 at ±5 ppm) was present in WEOM at a concentration <5 × 10−5 M, therefore too low for a 

significant photochemical effect.  

The three-dimensional fluorescence spectrum of WEOM contained peaks A and C, assigned 

as UVC and UVA humic-like fluorophores, respectively, and peaks T assigned as protein tryptophan-

like fluorophores (Figure 3.2) [35]. All these spectral characteristics confirmed the humic-like nature 

of WEOM. The values of fluorescence indices FI (1.47) and BIX (0.79) that represent the relative 

contribution of terrestrial and microbial DOM sources and the relative contribution of autochthonous 

natural organic matter, respectively, indicated that sediments from Lake Pamvotis had a terrestrial 

contribution, as supported by previous publications [36]. 
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Figure 3.2.Three-dimensional fluorescence spectrum of WEOM (18 mgC L−1) at pH 9.2. 

 

3.4.3. Photoproduction of reactive species upon WEOM irradiation 

Three chemical probes (2,4,6-trimethylphenol, furfuryl alcohol and terephthalic acid) were 

used to evidence the production of photooxidants 3WEOM*, 1O2 and HO., respectively [37]. While it is 

photostable when irradiated alone, 2,4,6-trimethylphenol (5 × 10−6 M) disappeared in the presence 

of WEOM (5 mgC L−1) at circumneutral pH in accordance with the formation of 3WEOM* 

(Supplementary Figure S3). The apparent first order rate constant of reaction k was equal to 0.020 ± 

0.002 min−1 (Supplementary Figure S1). The quantum yield coefficient of the phenol 

photodegradation fTMP was equal to k/Ra WEOM, where Ra WEOM was the rate of light absorption 

by WEOM in the reactor. One found fTMP = 46 ± 5 M−1, a value falling in the range of those reported 

for other NOMs [38].  

WEOM was also expected to generate 1O2 because this species is produced from the 

deactivation of 3WEOM* by oxygen. The loss of furfuryl alcohol (5 × 10−5 and 10−4 M) upon irradiation 

in the presence of WEOM (5 mgC L−1) confirmed this hypothesis (Supplementary Figure S2). From the 

k value (0.0011 ± 0.0002 min−1), one could estimate the quantum yield of 1O2 formation, ΦSO, using 
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the simplified relationship: ΦSO = αFFA × k × (Furfuryl alcohol)/Ra
WEOM, where αFFA is the fraction of 

1O2scavenged by furfuryl alcohol. Considering that 1O2 reacts with furfuryl alcohol with a bimolecular 

rate constant of 1.2 × 108 M−1s−1 [39] and is deactivated in water with a monomolecular rate constant 

of 2.5 × 105 s−1 [40], it comes that αFFA was equal to 2.3% and 4.6% by furfuryl alcohol at 5 × 10−5 and 

10−4 M, respectively. This gives ΦSO = 0.055 ± 0.010, a value in the upper limit of those reported for 

aquatic NOMs [19].  

We also irradiated terephthalate (10−5 M) in the presence of WEOM (5 mgC L−1)at pH = 7. As 

expected, we observed the formation of the fluorescent hydroxylated photoproduct resulting from 

the reaction between terephthalic acid and HO. radicals (4.4 × 109 M−1s−1 [41]) (Supplementary Figure 

S3). Using a calibration curve (Supplementary Figure S3), one could determine that the hydroxylated 

photoproduct was formed at a rate of (5.9 ± 0.6) × 10−11 M s−1 during the first 40 min of the reaction. 

Therefore, as for other NOMs of water and soils, WEOM of Lake Pamvotis sedimentwas able 

to generate photooxidants under simulated solar light irradiation (Scheme 3.1A). 

 

 

Scheme 3.1. Reactive species production from WEOM (A) and chemical structure of SER (B). 
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3.4.4. Irradiation of drugs in the presence of WEOM 

The drugs (5 × 10−6 M) were first irradiated in pH 7 buffered purified water to measure their 

rate of direct photolysis. Plots of lnC/C0 vs. irradiation time are presented in Figure 3.3A–C. The rate 

constants deduced from these linear plots (kdirect photolysis) were of (1.6 ± 0.2) × 10−5, (0.60 ± 0.03) × 10−5 

and (1.3 ± 0.1) × 10−6 s−1 for SER, CLO and CIT, respectively (Figure 3.3D and Supplementary Table S1). 

This order of photoreactivity is consistent with the literature data, where SER was reported to be 

faster photolyzed than the two other drugs [4,14,15]. 

 

 

Figure 3.3. Photodegradation of SER (A), CLO (B) and CIT (C) (5×10−6 M) in purified water buffered at 

pH 7 (Δ), in the presence of WEOM (5 mgC L−1) (•) and in the presence of WEOM (5 mgC L−1) and 2-

propanol (5×10−3 M) (•). Dark control experiments (▲). Apparent first order of disappearance of 

drugs in different conditions (D). 
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Then, drugs were irradiated in the presence of WEOM (5 mgC L−1) (Figure 3.3A–C). For all of 

them, the plot of lnC/C0 vs. irradiation time presented two parts. The slope of the first linear part 

(between 0 and 20 to 50 min) was higher than that of the second linear part. Such a two-part 

photodegradation curve was neither observed with 2,4,6- trimethylphenol (Supplementary Figure S1) 

nor with furfuryl alcohol (Supplementary Figure S2). Dark control experiments revealed that drugs 

disappeared even in the absence of light—likely by adsorption on the small particles < 0.45 µm 

present in WEOM solutions filtrated with 0.45 µm filters. Accordingly, the three drugs showed 

significant adsorption on the sediment (Supplementary Figure S4). Therefore, the first part of the 

plots was not taken into account for the kinetic study and the rate constants k were extracted from 

the second part of the plots exclusively.  

The k values in the presence of WEOM varied between 2.1 and 3.5 × 10−5 s−1 (Figure 3.3D). In 

the presence of WEOM, drugs were supposed to disappear by direct photolysis and by WEOM-

mediated photodegradation and k was thus equal to: 

k = kdirect photolysis* + kWEOM 

where kdirect photolysis* was kdirect photolysis after correction for the screen effect of WEOM (SI, Text 1), and 

kWEOM is the rate constant due to the sole contribution of WEOM. Values of kWEOM were obtained by 

subtracting kdirect photolysis* from k. Values of kWEOM varied within a very narrow range (1.8–2.0 

× 10−5 s−1) (Supplementary Table S1) in line with an important contribution of HO. radical in the 

reactions because these radicals show poor specificity and were expected to oxidize the three drugs 

at the same rate.  

To confirm the involvement of HO. radical, drugs were irradiated in the presence of WEOM (5 

mgC L−1) and 2-propanol (5 × 10−3 M) used as an HO. radical quencher (kHO = 1.9 × 109 M−1 s−1 [42]). All 

the rates of disappearance were drastically reduced (Figure 3.3 A–C) and for each drug the rate 

constant obtained in the presence of WEOM and 2-propanol (k2-propanol) approached kdirect photolysis* 

indicating the very high contribution of HO. radical in the WEOM photosensitized reaction (Figure 

3.3D, Supplementary Table S1). In the case of SER, k2-propanol was even lower than kdirect photolysis*. 
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3.4.5. Drugs photoproducts 

Photoproduct analysis was performed on neutral solutions of drugs (5 × 10−6 M) and WEOM 

(5 mgC L−1) irradiated for 8 h until drugs conversion between 33% and 69%. UHPLC-MS data are 

compiled in Tables 3.1–3.3 while main pathways deduced from MS data are given in Figure 3.4. 

 

Table 3.1. HRMS data of the main photoproducts of SER after 8 h of irradiation in the presence of 

WEOM. Percentage of conversion = 69% 

  

Peak Code 
Elemental formula 

of [M+H]+ 
m/z 

TIC Peak 
Area 

Chemical Modifications 
vs. SER 

SER C17H18Cl2N 
306.0803 308.0771 

310.0734 
  

SER-1 
Several 
peaks 

C17H18Cl2NO 
 

322.0753 324.0722 
326.0687 

3.2 x 108 

SER + O 
fragment 
M− H2O 

SER-1bis 
Several 
peaks 

C17H18Cl2NO 
322.0753 324.0722 

326.0687 
SER + O 

SER-2 
Several 
peaks 

C17H18Cl2NO2 
338.0699 340.0670 

342.0641 
1.7 × 107 

SER + 2O 
FragmentM− H2O for 

some of the peaks 

SER-3 
2 peaks 

C17H16Cl2N 
304.0647 306.0615 

308.0581 
4.3 × 107 SER − 2H 

SER-4 C16H13Cl2O 
291.0330 293.0300 

295.0266 
9.8 × 107 SER − CH3NH2 + O 

SER-5 
2 peaks 

C17H19ClNO 288.1146 290.1110 3.7 × 107 SER − Cl + OH 

SER-6 C17H20NO2 270.1481 1.8 × 106 SER − 2Cl + OH + OH 

SER-7 C16H14ClO 257.0721 259.0690 1.8 × 107 SER − CH3NH2 + O − Cl+H 

SER-8 C6H3Cl2O 
160.9553 162.9524 

164.9495 
5.7 × 106 3,4-dichlorophenol 

SER-9 C7H3Cl2O2 
188.9507 190.9275 

192.9279 
2.6 × 106 3,4-dichlorobenzoic acid 
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Table 3.2. HR-MS data of the main photoproducts of CLO after 8 h of irradiation in the presence of 

WEOM. Percentage of conversion = 44%. 

 

 

 

  

Peak Code 
Elemental Formula 

of [M+H]+ 
m/z TIC Peak Area 

Chemical 
Modifications vs. 

SER 

CLO C18H20Cl2N4 
306.0803 308.0771 

310.0734 
327.1375 329.1341  

CLO-1 
Several 
peaks 

C18H20Cl2N4O 
 

322.0753 324.0722 
326.0687 

 
343.1323 345.1291 

CLO + O 

CLO -2 
Several 
peaks 

C18H20Cl2N4O2 
338.0699 340.0670 

342.0641 
359.1273 361.1238 CLO + 2O 

CLO -3 
2 peaks 

C18H20Cl2N4O3 
304.0647 306.0615 

308.0581 
375.1226 377.1193 CLO + 3O 

CLO-4 C17H18ClN4 
291.0330 293.0300 

295.0266 
313.1218 315.1186 CLO − CH2 

CLO-5 C16H18ClN4 288.1146 290.1110 301.1216 CLO – C2H2 

CLO-6 C18H21N4O 270.1481 309.1716 CLO − Cl + OH 

CLO -7 C17H18ClN4O 257.0721 259.0690 329.1166 331.1136 CLO– Cl + H - CH2 

CLO -8 C17H19N4O3 
160.9553 162.9524 

164.9495 
327.1455  

CLO – CH2 –Cl + OH 
+ 2O 

CLO -9 C18H19N4O2 
188.9507 190.9275 

192.9279 
323.1504 

CLO – Cl + OH -2H + 
O 
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Table 3.3. HR-MS data of the main photoproducts of CIT after 8 h of irradiation in the presence of 

WEOM. Percentage of conversion = 33%. 

 

 

Peak 
Code 

Elemental Formula 
of [M+H]+ 

m/z 
TIC Peak 

Area 
Chemical Modifications 

vs. SER 

CIT C20H22ON2F 
325.1714  

 
  

CIT -1 
Several 
peaks 

C20H22O2N2F  341.1658 

1.3 × 109 

CIT + O  
Fragment M – H2O 

CLO -1 
bis 

Several 
peaks 

C20H22O2N2F 341.1658 CIT + O  

CIT -2 C20H20O2N2F 339.1506 7.2 × 108 CIT – 2H + O  

CIT -3 C20H20O3N2F 355.1456  1.3 × 107 CIT – 2H + 2O 

CIT -4 C19H20ON2F 311.1560 
2 × 107 

 
CIT − CH2 

CIT- 5 C20H23O2N2 323.1757 2.5 × 108 CIT – F + OH 

CIT -6 C214H199ON2 231.1492 1 × 107 CIT–aromatic ring 

CIT -7  
Several 
peaks 

C14H17O2N2 245.1287 2.2 × 108 
CIT – aromatic ring – 2H 

+ O 

CIT -8 C19H20O2N2F 327.1509 2 × 108 CIT – CH2 + O 

CIT -9 C19H20O3N2F 343.1456 
1 × 107 

 
CIT – CH2 + 2O 

CIT -10 C19H19O2N2F 325.1350 1.2 × 108 CIT – CH2- – 2H + O 

CIT -11 C20H21O4N2 353.1495  8.3 × 106 CIT – F – 2H + OH + 2O 

CIT -12 C20H21O3N2 337.1546 
1.1 × 107 

 
CIT – F + OH – 2H 

CIT -13 C20H23O3N2 339.1703 1.2 × 107 CIT – F + OH + O 

CIT -14 
Several 
peaks 

C19H21O4N2 341.1491 1 × 107 CIT – CH2- – F + OH + 2O 

CIT -15 C10H19O3N2 323.1393 1.3 × 106 CIT – CH2- – F + OH– 2H 
+ O 
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Figure 3.4. Photodegradation pathways. 
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Most of the peaks were detected in positive mode. Molecular ion clusters at m/z = 322.0753, 

324.0722, 326.0687 (SER- and SER-1bis), m/z = 343.1323, 345.1291 (CLO-1) and peak at m/z = 

341.1658 (CIT-1) corresponded all to [M+O+H]+. Double O atom addition was also detected for SER 

and CLO (SER-2, CLO-2) and even triple O atom addition for CLO (CLO-3). 

Molecular ion clusters at m/z = 304.0647, 306.0615, 308.0581 (SER-3) corresponded 

to[M−2H+H]+ and to the formation of a double bond C = C or C = N. Formation of an imine was 

already proposed [15,16]. In acidic aqueous solution, the imine is expected to be hydrolyzed into the 

corresponding carbonyl [43]. SER-4 with m/z=291.0330, 293.0300, 0295.0266 corresponding to 

SER−CH3NH2+O, could therefore be formed in two steps, first oxidation with the imine RR’C = N−CH3 

formation, then imine hydrolysis into the carbonyl RR’C = O. In the case of CIT, the elimination of 2 H 

atoms and addition of O was observed (CIT-2) in accordance with a carbonyl formation [44].  

Substitution of the halogen atoms, F or Cl, by OH was observed for the three drugs:SER-5 

with m/z = 288.1146 and 290.1110, SER-6 with m/z = 270.1481 [16], CLO-6 with m/z = 309.1716 and 

CIT-5 with m/z = 323.1757. Such nucleophilic substitution was often reported in the photolysis of 

halogenoaromatics and was already observed for the studied drugs [4,44,45].  

Interestingly, analysis in negative mode yieldedmolecular ion clusters at m/z = 

160.9553,162.9524, 164.9495 (SER-8) and m/z = 188.9507, 190.9275, 192.9279 (SER-9) 

corresponding to 3,4-dichlorophenol and 3,4-dichlorobenzoic acid, respectively. This result 

demonstrated that ring detachment took place. The formation of these compounds that show 

potential toxicity as halogenophenols in general was never reported in the literature to the best of 

our knowledge. For CIT, the peak at m/z = 231.1492 (CIT-6) may also result from the cleavage of the 

aromatic ring. 

CLO and CIT both underwent N-demethylation as demonstrated by the detection of 

[M−CH2+H]+ ions (CLO-4 and CIT-4), not observed in the case of SER. This reaction was reported by 

several authors [2,4,14,44] under various oxidation conditions (UV photolysis, photocatalysis, 

simulated sunlight irradiation in river water).  
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Last, in the case of CLO, piperazine ring opening probably took place as shown by the 

detection of molecular ions cluster at m/z = 301.1216 and 303.1184 (CLO-5) corresponding to 

[M−C2H2+H]+. The same compound was observed in the photocatalysis transformation of CLO [4].  

Several other photoproducts were found, arising from the combination of the above 

described pathways, for instance: SER-7 formed after CH3NH2 and Cl elimination, CLO-7 after 

demethylation and dechlorination, and CIT-10 after demethylation and oxidation.  

Given the complexity of the drugs structure and the very oxidant properties of HO. radicals, it 

is highly probable that the attack of drugs by HO. took place on several sites (Scheme 3.1. B). Some of 

M+O compounds (SER-1 and CIT-1) loose H2O easily. It is in line with the presence of CH(OH)-CH2 

functionalities in the molecule and with the abstraction of Ha, Hb or Hc, leading to the aliphatic ring 

oxidation. N-demethylation observed for CLO and CIT were likely due to abstraction of methyl H 

atoms. HO. radicals could also add to the aromatic rings (d and e in Scheme 3.1B) to form phenolic 

structures at the end [2,15,16]. Lastly, the oxidation of the N atom into N-oxide after abstraction of 

Hf seems possible [14,44]. The carbon radical produced after H abstraction can either loose a second 

H atom and yield a double bond or add O2 to generate a peroxyl radical, then an hydroperoxide and 

further a carbonyl or an alcohol. On the other hand, the addition of HO. on the aromatic ring leads to 

a ring-HO. adduct and finally to a phenolic compound after abstraction of a ring H-atom elimination. 

Ring eliminations required the cleavage of a C-C bond and probably involved a complex sequence of 

processes, the first step of which might have been the abstraction of Hc by HO. (Scheme 3.1B). 

 

3.4.6. Prediction of ecotoxicity assessment 

The potential acute (LC50 and EC50) and chronic toxicity (ChV) of the 3 target analytes and 

their photoproducts were predicted using ECOSAR computer program (version 2.0). Based on the 

predicted ecotoxicity values, SER, CLO, CIT, and their transformation products (TPs), could be 
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classified according to the system established by the Globally Harmonized System of Classification 

and Labelling of Chemicals (GHS) [46] (Table 3.4). 

 

Table 3.4. Toxicity classification according to the Globally Harmonized System of Classification and 

Labelling of Chemicals (GHS). (United Nations, 2011). 

Toxicity range [mg/L] Class 

LC50/EC50/ChV ≤ 1 Very toxic 

1 > LC50/EC50/ChV ≤ 10 Toxic 

10 > LC50/EC50/ChV≤ 100 Harmful 

LC50/EC50/ChV > 100 Not harmful 

 

SER has been found as a moderately toxic compound (EC = 20 mg L−1) [13]. ECOSAR program 

predicted that SER and its by-products were very toxic to fish, daphnia and algae, except by-product 

SER-6, which shows an acute toxicity LC50 for fish up to 10.8 mg/L, and is classified as a harmful 

compound (Table 3.5). SER-3 in particular was even more toxic than SER. This finding supports the 

previously reported observation that treatment of drugs by irradiation can generate products of 

greater toxicity than the parent compound [47]. 

CLO is considered to be a harmful compound, and most of its TPs formed during 

thedegradation process are much less toxic (Table 3.6). No standardized acute or chronic assay was 

found in the literature for CLO.  

In the case of CIT, data at Table 3.7 show that the obtained for the parent molecule for fish 

was about 4.47 mg L−1, while LC50 and EC50 were much lower for daphnia and green algae (about 

0.652 and 0.360 mg L−1 respectively). The same behavior has been observed for SER and CLO (Tables 

3.5 and 3.6). In the three cases, the values for chronic toxicity estimated by ECOSAR are lower than 

those for acute toxicity, suggesting that invertebrates are likely the most sensitive species to these 

TPs. Based on the predicted ecotoxicity values, SER and its TPs are toxic or very toxic. CIT is 
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considered as a toxic compound and most of the TPs formed are harmful or not harmful. By contrast, 

CLO is classified as harmful and most of its by-products formed are not harmful. 

 

Table 3.5. Toxicity predictions for SER and its transformation products using ECOSAR software.  

 
Acute toxicity 

[mg/L] 
Chronic toxicity (ChV) [mg/L] 

 Fish (LC50) Daphnid (LC50) Algae (EC50) Fish (LC50) Daphnid (LC50) Algae (EC50) 

SER 0.408 0.071 0.028 0.0074 0.0085 0.012 

SER-1 0.887 0.147 0.063 0.019 0.017 0.027 

SER-2 1.93 0.301 0.154 0.049 0.032 0.059 

SER-3 0.078 0.132 0.00072 0.0018 0.021 0.019 

SER-4 0.477 0.357 0.839 0.065 0.075 0.408 

SER-5 2.10 0.322 0.162 0.0057 0.034 0.064 

SER-6 10.8 1.45 0.942 0.435 0.134 0.341 

SER-7 1.59 1.13 2.07 0.201 0.201 0.879 

SER-8 6.24 3.88 0.566 0.671 0.489 1.46 

SER-9 5.96 3.92 5.31 0.692 0.572 1.92 

 

 

Table 3.6. Toxicity predictions for CLO and its transformation products using ECOSAR software.  

 
Acute toxicity 

[mg/L] 
Chronic toxicity (ChV) [mg/L] 

 Fish (LC50) 
Daphnid 

(LC50) 
Algae (EC50) Fish (LC50) Daphnid (LC50) 

Algae 
(EC50) 

CLO 17.7 2.32 1.58 0.764 0.210 0.563 

CLO-1 65.2 20.1 6.40 4.58 2.20 8.65 

CLO-2 141 15.9 14.6 9.71 1.24 4.67 

CLO-3 518 53.1 59.1 47.9 3.76 17.6 

CLO-4 23.3 2.98 2.13 1.09 0.263 0.746 

CLO-5 26.0 3.29 2.41 1.25 0.287 0.835 

CLO-6 155 17.2 16.4 11.3 1.31 5.17 

CLO-7 86.0 10.0 8.66 5.38 0.804 2.83 

CLO-8 1.65E+3 153 207 206 9.82 57.3 

CLO-9 683 67.7 80.5 69.8 4.65 23.4 
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Table 3.7. Toxicity predictions for CIT and its transformation products using ECOSAR software. 

 
Acute toxicity 

[mg/L] 
Chronic toxicity (ChV) [mg/L] 

 Fish (LC50) 
Daphnid 

(LC50) 
Algae (EC50) Fish (LC50) Daphnid (LC50) Algae (EC50) 

CIT 4.47 0.652 0.360 0.140 0.065 0.138 

CIT-1 48.0 5.86 4.62 2.60 0.493 1.56 

CIT-2 21.3 2.77 1.93 0.954 0.247 0.680 

CIT-3 249 26.9 27.0 19.7 2.01 8.35 

CIT-4 5.88 0.838 0.486 0.199 0.082 0.183 

CIT-5 61.6 7.35 6.06 3.58 0.604 2.01 

CIT-6 37.2 4.50 3.62 2.08 0.374 1.21 

CIT-7 260 27.2 29.1 22.7 1.97 8.80 

CIT-8 56.7 6.81 5.54 3.23 0.564 1.85 

CIT-9 330 34.7 36.6 28.0 2.53 11.1 

CIT-10 28.1 3.56 2.60 1.36 0.310 0.903 

CIT-11 636 63.8 74.1 62.6 4.44 21.7 

CIT-12 294 31.2 32. 24.4 2.29 9.88 

CIT-13 134 15.1 13.9 9.22 1.17 4.43 

CIT-14 918 89.3 110 99.2 6.02 31.6 

CIT-15 176 19.4 18.8 13.1 1.48 5.88 

 

3.5. Conclusions 

We showed that the water-soluble organic constituents of sediments are able to induce the 

oxidation of drugs under simulated solar light. The scavenging techniques revealed that hydroxyl 

radicals were the major contributors of these oxidations even though irradiation of WEOM led to 

other oxidant species. Thirty-five photoproducts were detected and identified by means of high-

resolution mass spectrometry. Some of the proposed degradation pathways are found to be in 

common with all three drugs (oxidation through O addition or substitution of the halogen by OH), 

some are shared by only two of them (ring detachment or N-demethylation), while others are 

specific to a particular drug (de-hydrogenation, N-elimination or ring opening). This study 

demonstrates that the fate of sertraline, clozapine and citalopram in lakes can be affected by 

sedimental organic constituents through photodegradation and that many by-products potentially 

toxic can be formed. Based on ECOSAR software, ecotoxicity assessments showed that toxic and very 

toxic by-products can be produced for sertraline, while harmful and not harmful TPs could be formed 

after WEOM mediated photodegradation of citalopram and clozapine. 
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Supplementary material 

Table SI-1. Physicochemical properties of Lake Pamvotis water taken from Kosma et al. (2017).  

Parameter Value 

pH 8.5 

Conductivity (μS.cm-1) 242 

TDS (mg.L-1) 273 

DOC (mg.L-1) 10.0 

NO3
- (mg.L-1) 9.50 

Br - (mg.L-1) 0.483 

NO2
- (mg.L-1) 0.012 

Cl- (mg.L-1) 100 

HPO4
2- (mg.L-1) 0.04 

NH4
+ (mg.L-1) 0.261 

TDS: Total Dissolved Solids; DOC: Dissolved Organic Carbon 

Kosma, C.I., Lambropoulou, D.A., Albanis, T.A., 2017. Photochemical transformation and wastewater 

fate and occurrence of omeprazole: HRMS for elucidation of transformation products and target and 

suspect screening analysis in wastewaters. Sci. Tot. Environ., 590-591, 592-601. 

 

 

Table SI-2. Rate constants of photodegradation of SER, CLO and CIT in water (kdirect photolysis), in 

the presence of WEOM (k), and in the presence of WEOM+2-propanol (k2-propanol). kdirect photolysis* 

corresponds to kdirect photolysis after correction for the screen effect of WEOM . 

k(s-1) Sertraline Clozapine Citalopram 

kdirect photolysis
 1.6×10-5 0.60×10-5 0.13×10-5 

kdirect photolysis* 1.4×10-5 0.53×10-5 0.11×10-5 

k= kdirect photolysis*+ kWEOM 3.2×10-5 2.5×10-5 2.1×10-5 

kWEOM 1.8×10-5 2.0×10-5 2.0×10-5 

k2-propanol 0.49×10-5 0.46×10-5 0.44×10-5 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0048969717304989?via%3Dihub#!
https://www.sciencedirect.com/science/journal/00489697
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Text 1. Screen effect calculation 

 The rate of light absorption by drugs (𝑅ad) are calculated using the following Eq. SI-1 when 

they are alone:  

𝑅a
d = ∑𝛴𝜆=290

𝜆=500𝛪0
λ (1 – 10−𝛢𝜆𝑑)      (SI-1) 

where 𝐼0
λ is the amount of photons received by the samples for the wavelength range λ - λ+ 5 nm 

and 𝛢𝜆𝑑 is the absorbance of the drug solution averaged for the same wavelength range. The rate of 

light absorption by WEOM (𝑅a
WEOM) is also calculated using Eq. SI-1 by replacing 𝛢𝜆𝑑 by Aλ𝑊𝐸𝑂𝑀.  

In the presence of WEOM, the rate of light absorption by the drugs, 𝑅a
d

WEOMbecomes:  

𝑅𝑎𝑊𝐸𝑂𝑀
𝑑 =  𝛴𝜆=290

𝜆=500 𝐴𝜆𝑑

𝐴𝜆𝑑+ 𝐴𝜆𝑊𝐸𝑂𝑀
𝐼0

𝜆(1 − 10−(𝐴𝜆𝑑+𝐴𝜆𝑊𝐸𝑂𝑀)(SI-2) 

The apparent first order reaction rate constants kdirect photolysis* of drug disappearance in 

presence of WEOM are therefore equal to:  

kdirectphotolysis* =kdirectphotolysis× 
𝑅𝑎 𝑊𝐸𝑂𝑀

𝑑

𝐼𝑎
𝑑     (SI-3) 

 

300 350 400 450 500

0

50

100

150

200

250

300

m
W

.c
m

-2
.n

m
-1

Wavelength/nm

 

Figure SI-1. Irradiance of the fluorescent tubes. 
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Figure SI-2. Calibration curve of hydroxyterephthalic acid (TAOH) obtained by UHPLC-HRPS analyses 

(A) and formation profile of TAOH upon irradiation of terephthalate (10-5 M) in the presence of 

WEOM (5 mgC.L-1) at pH=7 (B). TAOH is formed by reaction of terephthalate with HO. radicals. 
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Figure SI-3. Photodegradation of 2,4,6-trimethylphenol (5×10-6 M) irradiation in the presence of 

WEOM (5 mgC.L-1) at pH=7. The slope corresponding to the apparent first order reaction rate 

constant is equal to k=0.020±0.002min-1. 

 

 

Figure SI-4 Photodegradation of furfuryl alcohol (10-4 M and 5×10-5 M) upon irradiation inthe 

presence of WEOM (5 mgC.L-1) at pH=7. The slope corresponding to the apparent firstrate constant is 

equal to k= =0.0011±0.002min -1. 
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Figure 

SI-5: Adsorption of SER (),) CLO (), and CIT () (0.27-0.29 mg) to sediment. Percentage of 

adsorbed drug against the amount of sediment in suspension (A) and logarithmic representation of 

Freundlich equation (B). KF= 1210, 302 and 62 for SER, CLO and CIT, respectively. 

 

Adsorption experiments were performed by adding 2.5, 5, 10, 25, 50, 100 and 500 mg of sediments 

to 16 ml of purified water and 2 ml of phosphate buffer at pH 7 in 50 ml amber glass screw-capped 

bottles. The suspensions were stirred at 400 rpm for 30 min. After this equilibrium period, drugs at 

10-4 or 5×10-5 M were added and suspensions were stirred again for 24 h. Then, 1.5 ml of 

suspensions were sampled, centrifuged during 10 min at 13400 rpm and analyzed by high pressure 

liquid chromatography (HPLC) to determinate the drug concentrations in water at the equilibrium. 
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Chapter 4.Exploring the photolytic and photocatalytic 

transformation of Sertraline: kinetics, degradation mechanism and 

toxicity assessment 

 

 

This Chapter describes the photolytic fate of sertraline in different aqueous matrices via 

direct and indirect pathways. As it was mentioned, although the compounds were degraded faster in 

environmental waters, still they are stable in the environment, so advance oxidation processes were 

applied for the abatement of pollution caused by the presence of residual sertraline in waters. This 

work is already published in Science of the Total Environment: “Study of the Photoinduced 

Transformations of Sertraline in Aqueous Media” and it is described below. 

In the same way, Chapters 4 and 5develop the same concepts but for citalopram and 

clozapine, respectively. The work on citalopram has been accepted in Molecules: “Exploring the 

photolytic and photocatalytic transformation of the antidepressant Citalopram: kinetics, degradation 

mechanism and toxicity assessment”. For clozapine, the corresponding publication is now in 

progress. 
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4.1. Abstract 

 In the present study, the photoinduced degradation ofthe antidepressant drug sertraline 

under artificial solar radiation was examined. Photolysis was studied under different experimental 

conditions to explore its photolytic fate in the aqueous environment. Photolytic degradation kinetics 

were carried out in ultrapure water, wastewater effluent, as well as in the presence of dissolved 

organic matter (humic acids), bicarbonate and nitrate ions which enabled their assessment on 

sertraline photo-transformation. The reaction of sertraline with photoactive compounds accelerated 

sertraline transformation in comparison with direct photolysis. Moreover, TiO2- mediated 

photocatalytic degradation of sertraline was investigated, and focus was placed on the identification 

of by-products. As expected, photocatalysis was extremely effective for sertraline degradation. 

Photocatalytic degradation proceeded through the formation of forty-four transformation products 

identified by HPLC-HRMS and after 240 min of irradiation total mineralization was achieved. 

Microtox bioassay (Vibrio fischeri)was employed to assess the ecotoxicity ofthe photocatalysis-

treated solutions and results have indicated that sertraline photo-transformation proceeds through 

the formation of toxic compounds.  

 

4.2. Introduction 

 Antidepressants are medications that can help relieve symptoms of depression, social anxiety 

disorder, anxiety disorders, seasonal affective disorder, and dysthymia, or mild chronic depression, 

as well as other conditions. As with other emerging pollutants, these compounds enter the aquatic 

environment mainly through effluents from wastewater treatment plants (WWTPs) and hospitals [1]. 

The presence and fate of these chemicals in wastewater and receiving waters has attracted the 

attention from the scientific community.  

 There is a growing public and scientific concern about the effects on ecosystem and human 
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health posed by the presence of pharmaceuticals in the environment. Over the last few decades, the 

fate and occurrence and effects of pharmaceutical compounds, including psychiatric drugs, in the 

aquatic environment (i.e. drinking water, groundwater, surface water and treated water) was 

assessed [2-8]. Psychiatric drugs in surface water and waste water have been reported in a wide 

range of concentration levels from ppt to several ppb over the world [6-8].  

 Once released in the surface water, they can be subjected to several attenuation processes 

such as hydrolysis, biodegradation, adsorption and photolysis [9,10]. Photochemical reactions 

occurring in surface waters, that comprises direct and indirect photolysis, play a key role in their 

environmental attenuation. In the case of direct photolysis, sunlight absorption by the pollutant 

triggers its transformation [11]. As far as indirect photochemistry is concerned, sunlight is absorbed 

by photoactive compounds called photosensitizes [12]. Upon sunlight absorption, these compounds 

produce reactive transients such as the hydroxyl radical (•OH), singlet oxygen (1O2) and CDOM triplet 

states (3CDOM*), which can induce pollutant transformation [13]. Natural water constituents such as 

nitrates, bicarbonate and especially dis- solved organic matter play an important role in the 

photolytic degradation of organic compounds since they can participate in the production of the 

above-mentioned reactive species [14]. Therefore, indirect photolysis has been found as an 

environmentally important elimination way of organic pollutants, including pharmaceutical 

compounds and personal care products. Accordingly, identifying their effect on sertraline photo-

transformation was of interest.  

 Sertraline occurrence in waste water and surface waters has been reported at concentration 

levels from 2 ng/L up to few μg/L [15-17].  

 Low to moderate removal rates (25–48%) of sertraline from WWTPs [18] implicates search for 

alternative and more effective methods. The exploitation of Advanced Oxidation Processes is among 

the possible ways for increasing the treatment efficiency. In particular, the use of photocatalysis 

could be a powerful solution for environmental remediation, and TiO2 is among the most commonly 

used and effective metal oxides [19,20]. 
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 Considering the fact that sertraline residues have been detected in environmental aquatic 

systems, firstly the aim of this work was to perform experiments under simulated solar radiation in 

ultrapure water as a reference (without matrix components) and in an effluent of WWTP to 

investigate its photolytic fate; to simulate a natural process that occurs in the environment. The 

effects of natural organic matter, nitrate and bicarbonate ions were also studied. Moreover, AOPs 

were applied for the abatement of pollution caused by the presence of residual sertraline in waters. 

Special attention has been given to the assessment of the photocatalytic transformation of 

sertraline, using mild experimental conditions to identify possible transformation by products 

evolved and suggest possible degradation pathways. Finally, toxicity assessment was followed based 

on the bioluminescent bacterium, Vibrio fischeri and US EPA ECOSAR computer model. 

 

 

4.3. Experimental details 

4.3.1. Reagents 

 Antidepressant sertraline (SERT) was purchased from TCI Tokyo Chemical Industry (Tokyo, 

Japan). The analyte has purity higher than 98%. For analytical purposes sertraline was dissolved in 

methanol to provide a stock solution containing 1000 mg/L of analyte. The solution was stored in 

glass-stopped bottles at −20 °C in the dark. Standard working solutions were prepared, daily. 

Ultrapure water used was produced by a Milli-Qsystem (Evoqua, Pittsburg, USA). Photosensitizers: 

humic acid, NaNO3 and NaHCO3 were purchased from Sigma-Aldrich (Athens, Greece). Irradiation 

procedures of sertraline were carried out by experimental solutions that were prepared by dissolving 

sertraline directly in ultrapure water, ultrapure water+sensitizers, WWTP effluent. The latter was 

collected from the WWTP of the city of Ioannina in amber glass bottles prerinsed with deionized 

water. Up on their arrival in the laboratory, were centrifuged (4000 rpm, 25 °C, 10 min) and filtered 

with 0.2-μmpolypropylene (PP) filters to eliminate the particulate matter. Wastewater 
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characterization parameters are given at Table S1. 

4.3.2. Irradiation procedures 

4.3.2.1. Direct and indirect photolysis 

Aqueous solutions of sertraline (1 mg/L, 50 mL) were irradiated under simulated solar conditions 

using a Suntest CPS+ apparatus from Heraeus (Hanau, Germany) equipped with a Xenon arc lamp 

(1500 W). The runs were performed adjusting the lamp power to 750 W m−2 with a simulated solar 

emission within 300 to 800 nm. The lamp was equipped with a glass filter that inhibits the 

transmission of wavelengths under 290 nm. Solutions were irradiated in a 100 mL Pyrex glass UV-

reactor with a flat flange lid with three necks. Samples were irradiated under magnetic stirring. A tap-

water cooling system was used, for samples to not exceed 25 °C. Aliquots (0.5mL) werewith- drawn 

from the photoreactor at specific time intervals.  

 In order to examine the effect of humic acids (2.5, 5.0, 10 mg/L), nitrate (2.5, 5.0, 10 mg/L) and 

bicarbonate ions (2.5, 5.0, 10 mg/L), aqueous sertraline solutions (1 mg/L) in ultrapure water (50 mL), 

were exposed to artificial solar light (Suntest).  

 The kinetics of reaction is analysed directly from the concentrationversus time curves. The 

first-order equation Ct =Co e−kt: was applied to determine the rate constant (Ct is sertraline 

concentration at time t, Co is the initial concentration and k is the rate constant). 

 

4.3.2.2. Photocatalytic procedures 

 Sertraline photocatalytic degradation in ultrapure water was carried out in Pyrex glass cells 

(2.3 cm height × 4.0 cm diameter), filled with 5 mL of sertraline (20 mg/ L) and TiO2 (400 mg/ L) 

suspension kept under magnetic stirring. Samples were irradiated for different times using a PHILIPS 

Cleo 6 × 15WTL-D Actinic BL with maximum emission wavelength at 365 nm. The UV integrated 

irradiance on the cells in the 290–400 nm range wavelengths was 90 ± 2 Wm−2 (measured with a 
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CO.FO.MEGRA. (Milan, Italy) power-meter). After irradiation, samples were filtered through a 0.45 

μm filter and analysed with the proper analytical technique. In all studied photoinduced processes, 

the decomposition rate of sertraline fitted a pseudo-first kinetics model. 

 

4.3.3. Analytical procedures 

 Kinetics from direct and indirect photolysis were followed by a Thermo Scientific UltiMate 

3000 HPLC system equipped with a diode array detector and Chromeleon Thermo Scientific software. 

The equipment consists of a Binary Solvent Manager (BSM), a WPS-3000SL autosampler and a 

column manager all from Waters Thermo Scientific (Waltham, Massachusetts, USA). The injection 

volume into the chromatographic equipment was 20 μL, and the analytical column was a Hypersil 

GOLD 150 × 4.6 mm, with a particle size of 5 μm (Thermo Scientific, Waltham, Massachusetts, USA) 

operating at 25 °C. The mobile phase consists of methanol (A) and water with 0.3% phosphoric acid 

(B), at 1.0 mL/min flow in gradient mode. The gradient starts at 15:85 (A:B) (v/v) and is increasing in 3 

min to 50% methanol. The percentage of methanol further increased up to 80% in 7 min and the 

gradient returned in 2 min to the first state 15:85 (equilibrium time 3 min). The whole 

chromatographic separation process finished in 15 min. The UV detector was set at 245nm.  

 The degradation of sertraline and the identification of its transformation products (TPs) in 

ultrapure water was followed using an Ultimate 3000 High Pressure Liquid Chromatography coupled 

through an ESI source to an LTQ-orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany). 

The chromatographic separation was achieved with a reverse phase C18 column (Gemini NX C18, 150 

× 2 mm, 3 μm, 110 Å; Phenomenex, Castel Maggiore, BO, Italy) using 5 mM aqueous 

heptafluorobutanoic acid (eluent A) and acetonitrile (eluent B). Gradient separation ramp started 

with 5% B, increased up to 40% B in 18 min and to 100% in 5 min; then the column came back to the 

initial conditions.  

 The LC mobile phase was delivered to ESI ion source using nitrogen both as sheath and 
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auxiliary gas. Source parameters were set as followed: sheath gas 30 arbitrary unit (arb), auxiliary gas 

25 arb, capillary voltage 4.0 kV and capillary temperature 275 °C. Full mass spectra were acquired in 

positive ion mode in the m/z range between 50 and 500, with a resolution of 30 k. MSn spectra were 

acquired in the range between ion trap cut-off and precursor ion m/z values. Precursor ions were 

focused in a window of3 Da width, for supposed chlorinated species the width was extended to 5 Da. 

Mass accuracy of recorded ions (versus calculated) was ±0.001 u (without internal calibration). 

 As described by Zhu et al. (2006) the photocatalysis degradation processes that characterize 

the photodegradation operation brought to a customized list of the main unknown m/z values of the 

hypothetic transformation products derived from sertraline [21]. The customized list of suspected 

TPs was prepared using Xcalibur software (Xcalibur 4.1). In particular we searched for the following 

“known-unknowns” derivatives: mono-hydroxylated (322 m/z), di-hydroxylated (338 m/z), tri- 

hydroxylated (354 m/z), oxidized (304 m/z), oxidized/mono- hydroxylated (320 m/z), oxidized/di-

hydroxylated (336 m/z), oxidized/tri-hydroxylated (352 m/z), dechlorinated (272 m/z), 

dechlorinated/mono-hydroxylated (288 m/z). By Xcalibur software additional non-target analytes 

were identified after manual inspection of the chromatograms (“unknown unknowns” based on 

signal/noise value). Three technical replicates for each time point was performed. Isotope ratio was 

manually checked in the case of supposed chlorinated species, using isotopic pattern simulator of 

Xcalibur software. M+ 2 and M+ 4 ion intensity of the hypothesized molecules was confirmed within 

±10% of relative values.  

 Total organic carbon (TOC) was measured using a Shimadzu TOC-5000 analyzer (catalytic 

oxidation on Pt at 680 °C). The calibration was performed using standards of potassium phthalate. 

 Inorganic ions formed during sertraline degradation were identified by ion chromatography 

analysis using a Dionex chromatograph equipped with a Dionex 40 ED pump and Dionex 40 ED 

conductimetric detector. For chloride, nitrate and nitrite anions, a Dionex Ion Pac AS9- HC 4 × 250 

mm column, and Ion Pac ASRS-ULTRA 4 mm conductivity suppressor was applied. Ammonium was 

analyzed using a Dionex Ion Pac CS12A 4 × 250mmcolumn, and Ion Pac CSRS-ULTRA 4mm 
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conductivity suppressor, using 9 mM Na2CO3 as eluent at 1 mL/min. 

4.3.4. Toxicity 

 The acute toxicity of sertraline and its transformation products in ultrapure water in the 

presence of TiO2 (400mg/ L)was evaluated using a Microtox Model 500 toxicity analyzer (Milan, Italy). 

The analysis was performed evaluating the bioluminescence inhibition assay in the marine bacterium 

Vibrio fischeri by monitoring changes in the natural emission of the luminescent bacteria. Freeze-

dried bacteria, reconstitution solution, diluent (2% NaCl) and an adjustment solution (non-toxic 22% 

sodium chloride) were obtained from Azur (Milan, Italy). Samples were tested in a medium 

containing 2% sodium chloride, and the luminescence was recorded after 5, 15 and 30min of 

incubation at 15 °C. The luminescence inhibition percentage was determined by comparing with a 

non-toxic control. Moreover, the acute toxicity of SER and its transformation products to three 

aquatic organisms was assessed employing the ECOSAR model v2.0. The chronic toxicity 

concentrations for these organisms were also calculated using ECOSAR [22,23]. 

 

4.4. Results and discussion 

4.4.1. Photolytic degradation 

 Direct photolysis of sertraline in ultrapure water and in WWTP effluent under artificial solar 

irradiation, followed a first order kinetics (Figure4.1). Sertraline photolysis at the effluent of WWTP is 

greater than ultrapure water showing a strong dependence on the constitution of the irradiated 

media. To be more specific, when sertraline was irradiated in ultrapure water, a half-life (t1/2) of57h 

was found. However,when sertraline was irradiated at different aqueous matrix (effluent of WWTP) 

the rate constant increased almost 40%, (t1/2 decreased to 34 h, Table 4.1). There are several 

parameters that may affect the photodegradation process: radiation source, presence oforganic and 

inorganic substances, pH etc. Jakimska et al. (n.d.) have conducted photolytic degradation 
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experiments of sertraline at the same concentration level (1mg/L) in a variety of experimental 

conditions employing natural solar irradiation as well as xenon lamp [24]. Pseudo-first order 

degradation kinetics were followed, and sertraline photolysis was faster in natural waters in 

comparison to ultrapure water attributed to autocatalytic reactions [24]. However, there were no 

solid conclusions with regards to the effects of different water matrices. It is well documented in the 

literature that natural water constituents such as dissolved organic matter, nitrates, and 

bicarbonates are significant participants in the photochemical degradation of organic 

microcontaminants in surface waters. Studies have shown that DOM can promote or inhibit the 

photolysis of organic pollutants [13]. The promotion mechanism is mainly through indirect photolysis 

processes such as photosensitized oxidation reaction. This behaviour has been reported also for 

other antidepressants such as clozapine [25]. Inhibition mechanism is mainly embodied in the 

abundant conjugated chromophore structure in DOM, which may be related to the photo-shielding 

effect of organic pollutants competing to absorb light and the quenching effect of DOM on the 

excited state of pollutants. In addition, the presence of bicarbonate or nitrate ions hastens the 

photoinduced reactions thanks to the production of reactive oxygen species (ROS) [14]. Therefore, in 

our study to investigate their reactivity on the photodegradation of sertraline, experiments were 

carried out in ultrapure water and different environmentally realistic concentrations of humic acids, 

nitrate, and bicarbonate ions.  

Figure 4.1 depicts the degradation curves of the antidepressant in different irradiation 

conditions specified at Table 4.1. Our data clearly demonstrate that humic acids (HA) greatly increase 

the rate of sertraline photo-transformation (t1/2 =7 h, when HA = 10 mg/L). HA can promote sertraline 

photolysis, by acting as a photosensitizer through the generation of •OH and O2 [26,27], suggesting 

that natural organic matter (NOM) would affect the photolytic process, particularly at high 

concentrations. Recently, Gornik et al. (2019), investigated the phototransformation of sertraline (at 

0.01 and 1mg/L, 125 W medium pressure mercury lamp) under laboratory scale measurements in 

different matrices chosen based on the requirements of the modelling software APEX (Aqueous 
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Photochemistry of Environmentally-occurring Xenobiotics) [28]. Results have shown that 

photodegradation is pH dependent, resulting in fastest degradation at the alkaline pH, as observed in 

our study (ultrapure water vs WWT effluent). Moreover, in agreement with our findings, the 

presence of photosensitizers such as dissolved organic matter, nitrate and carbonate/bicarbonate 

ions accelerated the photolysis reaction rate in comparison to ultrapure water [28].  

 

 

 

Figure 4.1. Kinetics of sertraline in direct and indirect photolysis. 

 

 The degradation rates in the presence of OH radicals produced by nitrate photolysis, was 

higher compared to ultrapure water (Table 4.1). Increased concentrations of NO3
− from 2.5 to 10 

mg/L have a positive effect on the photodegradation rate, with t1/2 comprising between 35 and 18 h. 

Considering the effect of carbonate radicals that were produced in the presence of different 

bicarbonate concentrations (2.5–10 mg/L, and 1 mg/L of nitrate), results have demonstrated that 

carbonate radicals enhance the degradation of sertraline although to a much lesser extent compared 

to organic matter and nitrate. Even if studies have shown that sertraline is affected by irradiation, 

and undergoes direct/indirect degradation, it does not mean that the contamination problem is 

solved since photo-transformation products formed can be more toxic than the parent molecules 
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[27]. The effectiveness of the photodegradation efficiency could be dramatically increased by 

employing AOPs [29-32]. 

 

Table 4.1. Degradation kinetic parameters of sertraline in different aqueous media under artificial 

solar irradiation. 

  R2 k (h-1) t1/2(h) 

Ultrapure water  0.9767 0.012 58 

WWTP  0.9968 0.0203 34 

HA(mg/L) 

2.5 0.9889 0.0193 36 

5 0.9855 0.0313 22 

10 0.9984 0.0978 7 

NaNO3 (mg/L) 

2.5 0.9762 0.0198 35 

5 0.9907 0.0242 29 

10 0.9823 0.0380 18 

NaHCO3
a (mg/L) 

2.5 0.9867 0.0126 55 

5 0.9735 0.0141 49 

10 0.9850 0.0180 39 
a Nitrate 1 mg/L was present to assist on CO3·- production 

 

 

4.4.2. Photocatalytic performance 

 The introduction of the TiO2 as photocatalyst [29-31] strongly enhanced the process, and after 

1 h of irradiation, both parent molecule and its TPs were mineralized.  

 As regards the mineralization process, after only 1 h of irradiation, the TOC was <5% of the 

initial organic carbon (Figure4.2). Chlorine atoms are released faster than nitrogen and they reach 

the stoichiometric amount within 1 h of irradiation. Nitrogen is mainly released as ammonium 

[30,32] and it reaches the stoichiometric amount after 1 h of irradiation, when ammonium accounts 

for almost 75% and nitrate 25% of the stoichiometric amount. Although pharmaceuticals found in the 

outlet of municipal WWTPs may not require immediate attention regarding their removal, 

treatment-at- source may still be a plausible option replacing conventional chlorination by an AOP 
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induced disinfection/oxidation technique [32].  

 

 

Figure 4.2. Sertraline disappearance, TOC decrease and ammonium, nitrate, and chloride ions release 

(left) and some TPs (right) in the presence of TiO2. 

 

 

 Our findings suggest that consideration of advanced treatment strategies like photocatalysis 

may overcome the limitations of primary and secondary treatment processes to eliminate sertraline 

residues in wastewater. Moreover, the attention should also be given to the potential that removal 

of these drugs following AOPs could lead to the evolution of by-products that would need to be 

identified, quantified and evaluated for their biological activity [18]. For this reason, all samples were 

analyzed via HPLC coupled with high- resolution mass spectrometry (Orbitrap) with an electrospray 

ionization source in positive ion mode for the identification of sertraline transformation products. 

The photocatalytic process used for the abatement of sertraline leads to the formation of forty-four 

transformation products, as can be observed all of them are completely abated in 40–60 min. 

Figure4.3 depicts a representative LC-HRMS chromatogram showing main TPs formation at 5 min of 

photocatalytic degradation. 
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Figure 4.3. LC-HRMS chromatogram showing main TPs formation at 5 min of photocatalytic 

degradation. On peaks top, m/z values are displayed. 

 

 

4.4.3. Structural elucidation of the transformation products 

 The accurate mass for all transformation products (TP) was established, so allowing to obtain 

their empirical formulae and are collected in Table 4.2.MS2 and MS3 spectra analysis permits to 

assign a tentative structure for most of the transformation products; all MSn fragments are reported 

in Tables S2-S10 as Supplementary Information, while MS2 spectra and the proposed fragmentation 

pathways are showninFigs. S1–S23.  

 A level ofconfidence recommended by Schymanski et al. (2014) wasassigned to each TP and is 

reported in Table 4.2 as well. Aiming at TPs structural elucidation, the sertraline fragmentation 

pathway was firstly investigated by MSn experiments, ascertaining the most likely losses from the 

protonated molecule ([M+H]+ 306.0820). MS2 spectrum presents the structural diagnostic ion at 

275.0395 m/z that involves the detachment of methylamine from the tetrahydronaphthalene moiety 

(Table S2 and Figure S1). MS3 shows two peculiar fragments at 129.0697 m/z, due to the detachment 
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of dichlorobenzene with the formation of the protonated dihydronaphtalene and 158.9756 m/z, 

resulting from the formation of the very stable dichlorotropylium cation, in agreement in literature 

data [17].  

Among the identified TPs, many of them are in the form of several isobaric species and their 

formation involves mono and polihydroxylation, oxidation, dehydration, dechlorination, cleavage of 

the molecule with the partial or total release of the dichlorophenyl moiety; their structural 

elucidation is presented below because of the reaction involved in their formation. All the identified 

TPs are collected in Fig 4.4 and, based on the evolution profiles shown in Figs. S24 and S25, tentative 

transformation routes are proposed. 

 

Table 4.2. Sertraline and its transformation products formed during the photocatalytic process. 

[M + H+] Empirical 
formula 

Δmmu DBE RT (min) Confidence level 

306.0820 
(sertraline) 

C17H18NCl2  9 13.10 L1 

132.1017 C6H14O2N −0.205 1 2.89 L3 

176.1071 C11H14ON 0.109 6 3.55 L2b 

186.1279 C13H16N 0.174 7 5.59 L2b 

188.1072 C12H14ON 0.209 7 13.58 L2b 

194.1177 C11H16O2N 0.145 5 2.89 L2b 

206.1179 C12H16O2N 0.345 6 5.97 L3 

214.1228 C14H16ON 0.159 8 13.98 L3 

232.1337 C14H18O2N 0.495 7 7.42 L2b 

236.1285 C13H18O3N 0.380 6 5.14 L3 

272.1207 (A, B) C17H19NCl 0.646 9 12.20 L2b 

288.1155 (A, B) C17H19ONCl 0.532 9 10.34–10.84 L2b 

304.0660 C17H16NCl2 0.010 10 11.88 L2b 

320.0609 (A, B) C17H16ONCl2 0.554 10 11.47 L2b, L2b 

322.0768 
(A, B, C, D, E, F) 

C17H18ONCl2 0.255 9 11.00 - 11.25 - 11.80- 
12.03 - 12.44 - 12.99 

L3-L3-L2b-L2b-
L2b-L3 

338.0715 
(A, B, C, D, E) 

C17H18O2NCl2 0,589 9 10.28 - 10.56 - 11.14- 
11.68 - 12.39 

L3-L3-L3-L2b-L3 

352.0507 C17H16O3NCl2 0.525 10 11.79 L2 

354.0661  
(A, B, C, D, E, F, G, 

H, I, L) 

C17H18O3NCl2 0,275 9 9.12 - 9.90 - 10.32- 
10.50 - 10.89 - 11.19- 
11.52 - 11.93 - 12.25 - 

16.67 

L3-L-L3-L3-L3-L3-
L3-L3-L3-L2b 
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4.4.3.1. Hydroxylated compounds 

 We detected six species at m/z 322.0768, five at m/z 338.0715 andten at m/z 354.0661, 

matched with formulae corresponding to the monohydroxy, dihydroxy and trihydroxysertraline, 

respectively. They are among the most abundant TPs, are quickly formed, reached the maxima 

amount after 5 min, and then completely disappear in 20 min of irradiation (see Figure S24). 

Monohydroxylation was already recognized to occur via biodegradation [17] and 

phototransformation [24] with the formation of two isomers, while we identified several bihydroxy 

and trihydroxysertraline isomers for the first time. The loss of unmodified methylamine was detected 

in their MS2 spectra; therefore, a hydroxylation on the methylamine moiety can be excluded for all of 

them. No additional data useful to assign the OH position was available (see Tables S2–S4).  

 Analyzing monohydroxysertraline, isomers C, D and E share the fragment at m/z 129.0697 

implying the detachment of the hydroxydichlorophenyl group; thus, based on their retention times, 

the three isomers bear the hydroxyl group on C2 (E), C5 (C)and C6 (D) of the phenyl ring (see Figs. S2 

and S3-top). Conversely, isomers A, B and F display two product ions at m/z 145.0646 and 158.9756 

in MS3 spectrum, well-matched with the hydroxylation on the tetrahydronaphtyl moiety. Even if it 

was not possible to definitely elucidate their structures, for isomer B the loss of a molecule of water 

inMS2 spectrum allows to place the OH group in the tetrahydro ring, while for isomers A and F 

hydroxylation occurs on the aromatic ring (see Figure S3, bottom).  

 Considering dihydroxy sertraline, isomer B bears both hydroxylations on the dichlorophenyl 

moiety as assessed by the formation of the ion at m/z 129.0697 in MS3 spectrum, while isomer A 

produced the ions at m/z 145.0646 and 174.9712, consistent with one hydroxylation on the 

dichlorophenyl moiety and the other one on tetrahydronaphthalene.  

 Isomers C, D and E produce the ion at m/z 158.9756, coherent with the presence of both OH 

groups on the tetrahydronaphthalene unit; the formation of the complementary ion at m/z 161.0597 

further sup- ports this assumption (see Figure S4). For isomer D the structural diagnostic loss of 

hydrogen peroxide (34.0062 Da) in MS2 spectrum allows to locate the two OH groups on C2 and C3 
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(see Figure S5). Isomer E bears the loss of a molecule of water MS2 spectrum, thus signifying the 

presence of a hydroxy group in the tetrahydro ring. The fragment at m/z 158.9756 in MS3 spectrum 

evidenced that the dichlorophenyl ring was not subjected to hydroxylation and, being the less polar 

isomer, we can tentatively postulate a hydroxylation on C2 prone to form a hydrogen bond with the 

amino group. In the case of isomer C, the absence of water losses suggests the presence of both OH 

groups on the aromatic moiety.  

 Regarding the trihydroxylated species, for isomer L the structural diagnostic ion at m/z 

129.0697 permits to postulate that tri- hydroxylation took place on the free positions on the 

dichlorophenyl ring. For the other isobaric species, the available information is not enough for a 

definite structure elucidation but allows some considerations (see Figure S6 and S7). The absence of 

water losses for isomers A–D, F and G permits to state that the hydroxylation occurring on 

tetrahydronaphthalene involved the aromatic portion. Additionally, for isomers C, D and F the ion at 

m/z 161.0597 is well-matched with the presence of two of the three OH groups on the 

dichlorophenyl moiety, while for isomers A, B and G the formation of the ion at 145.0646 m/z in MS3 

lets to place there only one OH group. 

 Conversely, isomers E, H and I hold the tri-hydroxylation on the tetrahydronaphthalene moiety 

as assessed by the formation of the ion at m/z 177.0546; the loss of a molecule of water inMS2 

spectrum advises that one of them is on the tetrahydro moiety and the other two on the aromatic 

portion.  

 Four TPs involved the formation of double bond(s) and are collected in Table S5 and Figs. S9–

12. TP with [M+H]+ 304.0660 and empirical formula C17H16NCl2 is attributed to sertraline with a 

double bond; the loss of methylenamine (29.0266 Da) allows to place it on the methylamine moiety, 

in agreement with literature data [24]).  

 Two TPs at m/z 320.0609 were detected and derived fromone of theaforementioned 

monohydroxylated species. They practically coeluted and are distinguishable only byMSn. Because 

ofdifferent fragmentation pathways these species are not the same of320m/z species identified by 



Chapter 4. Exploring the photolytic and photocatalytic transformation of Sertraline 

143 
 

Gornik et al. (2020). Isomer B holds the double bond in the methyl- amine moiety, as assessed by the 

loss of methylenamine, and the hydroxyl group on the dichlorophenyl moiety, justified by the 

formation ofthe ions at m/z 129.0697 and 174.9712 inMS3 spectrum; it reasonably comes from the 

reduction of 322 (C, D or E). Isomer 320 A produces in MS2spectrum the neutral loss of 47.0372 Da 

attributed tomethanolamine (see Figure S11), reliable with the hydroxylation on the methylamine 

and a double bond formed in the tetrahydro ring.  

 TP at m/z 352.0507 was detected for the first time; it yieldsthe double bond on the 

methylamine moiety owing to the loss of methylenamine. The formation of the ion at m/z 158.9756 

allows locating the three hydroxyl groups on the tetrahydronaphthalene moiety; the loss of hydrogen 

peroxide in MS3 spectrum (ions at m/z 289.0182) attested that the two OH groups are on C2 and C3 

and the third one on the aromatic moiety (Figure S12). 

 

4.4.3.2. Dechlorinated compounds 

 We detected four de-chlorinated TPs quickly formed with a maximum evolution achieved in 5 

min and a complete disappearance after 30 min of irradiation (see Figure S24) collected in Table S6. 

Two of them involved a reductive dechlorination with the removal of one chlorine atom and the 

formation of two isobaric species at m/z 272.1207 (see Figure S13), in agreement with literature data 

[14]. We also detected two TPs at m/z 288.1155 formed through the replacement of a chlorine atom 

by an OH group. The formation of the cation chlorohydroxytropilium at m/z 141.0100 confirms the 

proposed structure (see Figure S14). 

 

4.4.3.3. Compounds at lower molecular weight 

 We identified nine TPs at lower molecular weight, whose formation involved the molecule 

breakage and occurred slower (maximum at 10 min of irradiation, see Figure S24).  
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 TPs with [M + H]+ 176.1071 and 194.1177 are formed via the detachment of the 

dichlorophenyl ring followed bymono (or di)hydroxylation. TP at m/z 176 is one of the main TPs, 

already recognized via biotransformation [14]. Its MS2 spectrum evidenced the loss of methylamine 

and of a molecule of water, suggesting a hydroxylation on the tetrahydro ring (see Table S7 and 

Figure S15). TP at m/z 194.1177 was detected for the first time and, again, the loss of hydrogen 

peroxide with the formation of the fragment at m/z 160.1121 argues in favor of the two OH groups 

on C2 and C3 and to link its formation to the rupture of TP 338-D (Figure S16).  

 Finally, we detected for the first time six TPs at [M+ H]+ 186.1279, 188.1072, 236.1285, 

206.117, 214.1228 and 232.1337 that involved a partial detachment of dichlorophenyl ring (see 

Tables S8–S10 for their MSn ions). TPs 214 and 232 are abundant and easily formed, while TPs 186, 

188, 236 and 206 are among the less abundant by-products and their formation is delayed.  

TPs with [M+ H]+ 236.1285 and 206.1179 and empirical formula C13H18O3Nand C12H16O2N hold a 

carboxylic group. The former exhibits the loss of two molecules of water (fragments at m/z 218.1179 

and 200.1073), the joint losses of water and methylamine (m/z 187.0756) and of methylamine and 

formic acid (m/z 159.0804) (Figure S17), while the latter involved the loss of methylamine (ion at m/z 

175.0755) and formic acid as well (m/z 129.0697) (Figure S18). 

 The species with [M + H]+ 214.1228 and 232.1337 result from a partially oxidized chain. The 

proposed structures are shown in Figs. S19–20 and are justified by the joint loss of CO and 

methylamine, with the formation of the ion at m/z 155.0855. The absence of other losses could be 

the result of the highly stable ion formed. Furthermore, for TP at m/z 232.1337 the loss of a molecule 

of water is consistent with the hydroxylation on the tetrahydro ring.  

 A species at [M+H]+188.1072 is formed from TP 232 through a demethylation and the 

detachment of CO. It forms the fragment at m/z 160.0757 via the loss of a molecule of ethylene and 

at m/z 131.0583 through the ring opening via the loss of C2H3NO and ethylene (see Figure S21). 

Considering m/z 186.1279, it comes from TP 214 via CO loss. MS2 spectrum shows the loss of 

ethylene (ion at m/z 158.0695), so we can postulate the structure shown in Figure 4.4. 
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 Lastly, TP at m/z 132.1017 exhibits a linear structure, is one of the most abundant TPs and its 

formation is delayed, as assessed in Figure S25. MS2 spectrum forms the ion at m/z 86.0960 through 

the loss of formic acid, well matched with the proposed structure (see Figures 4.4 and S23). 

 

 

Figure 4.4. Main transformation products formed during the photocatalytic process. 

 

 

4.4.4. Toxicity ofsertraline and its TPs 

 The potential acute toxicity of sertraline and its formed TPs was assessed via the Vibrio fischeri 

bioassays by assessing the inhibition on the luminescent bacteria emission. The samples resulting 
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from the photo- catalytic degradation as a function of irradiation time are plotted (Figure 4.5). 

Sertraline is a moderately toxic compound (EC50 = 20 mg/L) and its transformation in the first steps 

proceeded through the formation of toxic compounds. The percentage of inhibition increased up to 

70%, at irradiation times when the larger part of TPswas formed. Then after 20 min of irradiation, the 

toxicity of the irradiated solution decreased to levels around 10%. The samples from 40 min present 

a significantly lower inhibition in agreement with the complete removal of the observed identified 

TPs and the significant mineralization observed, as shown in Figure 4.5.  

 

 

 

Figure 4.5. Toxicity assessed for sertraline as a function of the irradiation times. 

 

 Since the identified TPs of SER are not commercially available, ECOSAR program was employed 

as a good alternative to derive toxicity data for fish, daphnia, and algae and to link the toxicity results 

obtained by luminescent bacterium test. This program can screen and predict the aquatic toxicity of 

chemicals based on the similarity of structure to chemicals for which the aquatic toxicity has been 

previously reported, and therefore is widely used to predict acute and chronic toxicity of compounds 

observed during water treatment processes [23]. Data at Table 4.3 show that the LC50 obtained for 

SER for fish was about 0.408 mg/L, whilst LC50 and EC50 were much lower for daphnid and green 
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algae (about 0.071 and 0.028 mg/L respectively). Considering the ranking of these toxicity values, 

almost all the TPs produced during the photocatalytic treatment of SERT exhibited higher toxicity 

than the parent molecule in contrast to photolytic experiments where the ECOSAR toxicity prediction 

software showed that transformation products will either have comparable or lower toxicity than 

their parent compound [28]. Probably, the employment of multispecies is crucial for evaluating the 

toxicity during such treatments. Nevertheless, it should be also noted that other TPs, which were not 

identified under the given experimental conditions, might also contribute to the increased toxicity in 

the early stages of the photocatalytic treatment. 

 

4.5. Conclusions 

 The photolytic and photocatalytic behaviour of antidepressant drug sertraline was investigated 

under simulated solar irradiation. Results have shown that first-order kinetics were followed, and 

that indirect photolysis demonstrate a significant contribution to the environmental fate of sertraline 

in aquatic systems. Introduction of titania as a catalyst dramatically accelerated the process even at 

mild conditions (400 mg/L) and after 1 h of irradiation, both parent molecule and its TPs were totally 

removed. Forty-four transformation products were identified by means of high-resolution mass 

spectrometry, seventeen of them are reported for the first time. Our findings demonstrate that 

identification of transformation byproducts although a very challenging analytical process could bring 

some substantial knowledge with regards to the “targeted” determination of potential 

transformation products in environmental aquatic systems considering the fact that thirty four of 

these chemicals display higher acute toxicity potential (based on ECOSAR software). 

 

 

 

Table 4.3. Toxicity predictions for sertraline (SERT) and its transformation products using ECOSAR. 
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  Acute toxicity [mg/L]  Chronic toxicity (ChV) [mg/L] 

[M+H+] 
Empirical 
formula  

Fish 
(LC50) 

Daphnid 
(LC50) 

Algae 
(EC50) 

 Fish (LC50) 
Daphnid 
(LC50) 

Algae 
(EC50) 

306.0803 
(SERT) 

C17H18NCl2 0.408 0.071 0.028  0.0074 0.0085 0.012 

132.1017 C6H14O2N 1.02×103 91.8 133  142 5.71 35.9 

176.1071 C11H14ON 126  13.6 13.7  10.0 1.01 4.24 

186.1279 C13H16N 3.33  0.476 0.274  0.111 0.047 0.104 

188.1072 C12H14ON 5.96  3.92 5.31  0.692 0.572 1.92 

194.1177 C11H16O2N 558 54.0 67.0  61.3 3.62 19.2 

206.1179 C12H16O2N 7.94×104 6.29x103 1.16×104  1.60×104 348 2.88×103 

214.1228 C14H16ON 19.4 2.45 1.80  0.949 0.213 0.624 

232.1337 C14H18O2N 156 16.9 16.8  12.2 1.26 5.22 

236.1285 C13H18O3N 1.59×105 1.21x104 2.43×104  3.66×104 641 5.84×103 

272.1207 
(A, B) 

C17H19NCl 0.960 0.156 0.070  0.022 0.017 0.029 

288.1155 
(A, B) 

C17H19ONCl 2.10 0.132 0.162  0.057 0.034 0.064 

304.0660 C17H16NCl2 0.078  0.322 0.00072  0.0018 0.021 0.019 

320.0609 
(A, B) 

C17H16ONCl2 0.053  0.155 0.0054  0.0080 0.036 0.032 

322.0768 
(A, B, C, D, 
E, F) 

C17H18ONCl2 0.887  0.147 0.063  0.019 0.017 0.027 

338.0715 
(A, B, C, D, 
E) 

C17H18O2NCl2 1.93  0.301 0.154  0.049 0.032 0.059 

352.0507 C17H16O3NCl2 3.96  3.50 0.371  0.461 0.504 1.14 
354.0661 
(A, B, C, D, 
E, F, G, H, I, 
L) 

C17H18O3NCl2 4.17 0.616 0.332  0.126 0.062 0.129 
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Supplementary material 

 

Table S1: Physicochemical characteristics of WWTP effluent aqueous sample. 

 
 Effluent of 

WWTP 

pH 7.3 

DOCa 
(mg/L) 

27.5 

NO3
-(mg/L) 96.4 

P total 
(mg/L) 

1.0 

N total 
(mg/L) 

15.5 

aDOC: Dissolved Organic Carbon 
 

 

Table S2: List of MSn for sertraline and monohydroxyderivatives. 

 

[M + H]+ and 
empirical 
formula 

Δ 
mmu 

MS2 Δ 
mmu 

MS3 Δ mmu 

306.0820 
C17H18NCl2 

0.908 275.0395 [100] 
C16H13Cl2 (-CH5N) 

0.578 129.0697 [70] C10H9 (-
C6H4Cl2) 

-0.207 

158.9756 [100] C7H5Cl2 (-
C9H8) 

-0.712 

322.0768-A, 
F 
C17H18ONCl2 

0.255 291.0345 [100] 
C16H13OCl2 (-CH5N) 

0.703 145.0646 [97] C10H9O(-
C6H4Cl2) 

-0.191 

158.9756 [100] C7H5Cl2 (-
C9H8O) 

-0.682 

322.0768-B 
C17H18ONCl2 

0.255 291.0345 [58] 
C16H13OCl2 (-CH5N) 

0.703 145.0646 [36] C10H9O(-
C6H4Cl2) 

-0.191 

158.9756 [100] C7H5Cl2 (-
C9H8O) 

-0.682 

304.0662 [100] 
C17H16NCl2 (-H2O) 

0.769 - - 

322.0768-C, 
D, E 
C17H18ONCl2 

0.255 291.0345 [100] 
C16H13OCl2 (-CH5N) 

0.703 129.0697 [30] C10H9 (-
C6H4OCl2) 

-0.177 

174.9712 [100] C7H5OCl2 (-
C9H8) 

0.003 
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Table S3. Species at m/z 338 (dihydroxyderivatives) and their MSn ions. 

[M + H]+ and 
empirical 
formula 

Δ 
mmu 

MS2 Δ 
mmu 

MS3 Δ mmu 

338.0715-A 
C17H18O2NCl2 

0.589 307.0293 [100] 
C16H13O2Cl2 (-CH5N) 

0.588 145.0646 [100] 
C10H9O(-C6H4OCl2) 

-0.191 

174.9712 [53] 
C7H5OCl2 (-C9H8O) 

0.003 

338.0715-B 
C17H18O2NCl2 

0.589 307.0293 [100] 
C16H13O2Cl2 (-CH5N) 

0.588 129.0697 [19] C10H9 

(-C6H4O2Cl2) 

-0.177 

190.9691 [100] 
C7H5O2Cl2 (-C9H8) 

2.989 

338.0715-C 
C17H18O2NCl2 

0.589 307.0293 [100] 
C16H13O2Cl2  (-CH5N) 

0.588 161.0597 [100] 
C10H9O2 (-C6H4Cl2) 

-0.006 

158.9756 [62] 
C7H5Cl2 (-C9H8O2) 

-0.682 

338.0715-D 
C17H18O2NCl2 

0.589 307.0293 [100] 
C16H13O2Cl2 (-CH5N) 

0.588 161.0597 [100] 
C10H9O2 (-C6H4Cl2) 

-0.006 

158.9756 [62] 
C7H5Cl2 (-C9H8O2) 

-0.682 

320.0609 [30] 
C17H16ONCl2 (-H2O) 

0.554 289.0181 [100] 
C16H11OCl2 (-CH5N) 

-0.047 

304.0653 [45] 
C17H16NCl2(-H2O2) 

-0.131 - - 

338.0715-E 
C17H18O2NCl2 

0.589 307.0293 [100] 
C16H13O2Cl2  (-CH5N) 

0.588 161.0597 [100] 
C10H9O2 (-C6H4Cl2) 

-0.006 

158.9756 [62] 
C7H5Cl2 (-C9H8O2) 

-0.682 

320.0609 [12] 
C17H16ONCl2 (-H2O) 

0.554 289.0181 [100] 
C16H11OCl2 (-CH5N) 

-0.047 
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Table S4.  Species at m/z 354 (dihydroxyderivatives) and their MSn ions. 

[M + H]+  and 
empirical 
formula 

Δ 
mmu 

MS2 Δ 
mmu 

MS3 Δ 
mmu 

354.0661- A. B, 
G 
C17H18O3NCl2  

0,275 323.0239 [100] 
C16H13O3Cl2 (-CH5N) 

0.474 145.0646 [100] 
C10H9O(-C6H4O2Cl2) 

-0.191 

190.9691 [55] 
C7H5O2Cl2 (-C9H8O) 

2.989 

354.0661- C, D, 
F 
C17H18O3NCl2  

0.275 323.0239 [100] 
C16H13O3Cl2 (-CH5N) 

0.474 161.0597 [100] 
C10H9O2 (-C6H4OCl2) 

-0.006 

174.9712 [34] 
C7H5OCl2 (-C9H8O2) 

0.003 

354.0661- E, H, I 
C17H18O3NCl2 

 

0.275 323.0239 [100] 
C16H13O3Cl2 (-CH5N) 

0.474 177.0546 [41] 
C10H9O3(-C6H4Cl2) 

-0.021 

158.9756 [8] 
C7H5Cl2(-C9H8O3) 

-0.682 

305.0135 [100] 
C16H11O2Cl2(-H2O) 

0.438 

336.0555 [28] 
C17H16O2NCl2 (-H2O) 

0.239 305.0135 [100] 
C16H11O2Cl2 (-H2O) 

0.438 

354.0661-L 
C17H18O3NCl2 

0.275 323.0239 [100] 
C16H13O3Cl2 
(-CH5N) 

0.474 129.0697 [32] C10H9 

(-C6H4O3Cl2) 

-0.177 

206.9611 [100] 
C7H5O3Cl2 (-C9H8) 

0.074 
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Table S5: species at m/z 304 (oxidized derivatives), 320 (oxidized monohydroxyderivatives) and 352 

(oxidized trihydroxyderivatives) and their MSn ions. 

[M + H]+ and 
empirical 
formula 

Δ 
mmu 

MS2 Δ 
mmu 

MS3 Δ mmu 

304.0660 
C17H16NCl2 

0.010 275.0394 [100] 
C16H13Cl2  (-CH3N) 

0.041 129.0697 [40] C10H9 (-
C6H4Cl2) 

-0.177 

158.9756 [100] C7H5Cl2 

(-C9H8) 

-0.682 

320.0609-A 
C17H16ONCl2 

0.554 273.0237 [100] 
C16H11Cl2  (-CH5ON) 

0.468 158.9756 [5] C7H5Cl2 (-
C9H8) 

-0.177 

320.0609-B 
C17H16ONCl2 

0.554 291.0345 [100] 
C16H13OCl2  (-CH3N) 

0.703 129.0697 [30] C10H9 (-
C6H4OCl2) 

-0.177 

174.9712 [100] 
C7H5OCl2 (-C9H8) 

0.003 

352.0507 
C17H16O3NCl2 

0.525 323.0241 [100] 
C16H13O3Cl2 (-CH3N) 

0.474 305.0135 [23] 
C16H11O2Cl2 (-H2O) 

0.438 

289.0181 [100] 
C16H11OCl2 (-H2O2) 

-0.047 

177.0546 [10] C10H9O3 (-
C6H4Cl2) 

-0.021 

158.9756 [10] C7H5Cl2 (-
C9H8O3) 

-0.682 

 

 

Table S6: species at m/z 272 (dechlorinated derivatives) and 288 (dechlorinated 

monohydroxyderivatives) and their MSn ions. 

 

[M + H]+  and 
empirical 
formula 

Δ 
mmu 

MS2 Δ mmu MS3 Δ mmu 

272.1207-A, B 
C17H19NCl 

0.646 241.0784 [100] 
C16H14Cl (-CH5N) 

0.545 129.0697 [58] C10H9 (-
C6H5Cl) 

-0.177 

125.0150 [100] 
C7H6Cl(-C9H8) 

-0.254 

288.1155-A, B 
C17H19ONCl 

0.532 257.0733 [100] 
C16H14OCl (-
CH5N) 

0.531 129.0697 [100] C10H9 (-
C6H5OCl) 

-0.177 

141.0100 [92] 
C7H6OCl(-C9H8) 

-0.169 
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Table S7.  Species at m/z 176 and 194 and their MSn ions. 

 

[M + H]+  
and 

empirical 
formula 

Δ 
mmu 

MS2 Δ 
mmu 

MS3 Δ mmu 

176.1071 
C11H14ON 

0.109 145.0648 [100] 
C10H9O    (-CH5N) 

0.009 - - 

158.0965 [30] 
C11H12N     (-H2O) 

0.074 - - 

194.1177 
C11H16O2N  

0.145 176.1071 [50] 
C11H14ON (-H2O) 

0.109 145.0647 [20] C10H9O 
(-CH5N) 

-0.091 

163.0754 [12] 
C10H11O2(-CH5N) 

0.044 145.0647 [11] C10H9O 
(-H2O) 

-0.091 

129.0697 [100] C10H9(-
H2O2) 

-0.177 

160.1120 [87] 
C11H14N (-H2O2) 

-0.076 129.0697 [40] C10H9 (-
CH5N) 

-0.177 

145.0647 [82] C10H9O 
(-CH7ON) 

-0.091 - - 

129.0697 [100] C10H9 

(-CH7O2N) 

-0.177 - - 

 

 

Table S8: species at m/z 206 and 236 and their MSn ions 

 

[M + H]+ 

and 
empirical 
formula 

Δ 
mmu 

MS2 Δ 
mmu 

MS3 Δ mmu 

206.1179 
C12H16O2N 

0.345 175.0755 [100] 
C11H11O2 (-CH5N) 

0.144 129.0697 [100] C10H9 
(-CH2O2) 

-0.177 

129.0697 [35] C10H9 
(-C2H7O2N) 

-0.177 - - 

236.1285 
C13H18O3N 

 

0.380 218.1179 [51] 
C13H16O2N (-H2O) 

0.345 200.1073 [15] 
C13H14ON(-H2O) 

0.309 

187.0756 [28] 
C12H11O2 (-CH5N) 

0.244 

159.0804 [100] 
C11H11O (-C2H5ON) 

-0.042 

200.1073 [33] 
C13H14ON(-2 H2O) 

0.309 - - 

187.0756 [39] 
C12H11O2 (-CH7ON) 

0.244 159.0804 [100] 
C11H11O (-CO) 

-0.042 

159.0804 [100] 
C11H11O (-C2H7O2N) 

-0.042 129.0697 [100] C10H9 
(-CH2O) 

-0.177 
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Table S9: species at m/z 132, 214 and 232 and their MSn ions 

 

[M + H]+ 

and 
empirical 
formula 

Δ 
mmu 

MS2 (%) Δ 
mmu 

MS3 (%) Δ mmu 

214.1228 
C14H16ON 

0.159 183.0806 [100] 
C13H11O  (-CH5N) 

0.158 155.0855 [20] C12H11 (-
CO) 

-0.027 

155.0855 [72] C12H11 
(-C2H5ON) 

0.027 - - 

232.1337 
C14H18O2N 

0.495 201.0913 [100] 
C13H13O2  (-CH5N) 

0.294 183.0806 [100] 
C13H11O (-H2O) 

0.158 

155.0855 [50] C12H11 (-
CH2O2) 

-0.027 

183.0806 [32] 
C13H11O (-CH7ON) 

0.158 155.0855 [100] C12H11 

(-CO) 

-0.027 

 

 

 

Table S10: species at m/z 186 and 188 and their MSn ions. 

 

[M + H]+ 
and 

empirical 
formula 

Δ 
mmu 

MS2 Δ 
mmu 

MS3 Δ mmu 

132.1017 
C6H14O2N 

-0.205 86.0961 [100] 
C5H12N (-CH2O2) 

-
0.326 

- - 

186.1279 
C13H16N 

0.174 158.0965 [100] 
C11H12N (-C2H4) 

0.074 - - 

188.1072 
C12H14ON 

0.209 160.0757 [100] 
C10H10ON (-C2H4) 

0.010 - - 

131.0853 [91] C10H11 
(-C2H3ON) 

-
0.227 

- - 

129.0697 [45] C10H9 

(-C2H5ON) 

-
0.177 

- - 
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Figure S1. MS2 spectrum (top) and MS3 spectrum (bottom) for sertraline. 

 

 

 

Figure S2. Proposed structures for species at m/z 322.0718. 
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Figure S3:  MS3 spectra for isomers C, D and E (top) and isomers 322 A, B and F (bottom). 
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Figure S4: MS3 spectra for 338 A (top), B (middle) and C (bottom). 
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Figure S5: Spectrum MS2 for 338 D. 

 

 

 

Figure S6: Proposed structures for species at m/z 338.0715 and 354.0661. 
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Figure S7: MS3 spectra for 354-L (top) A, B and G (middle) and isomers C, D and F (bottom). 
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Figure S8: MS2 and MS3 spectra for 354 E, H and I. 

 

 

Figure S9: fragmentation pathway for m/z 304.0660. 

 

 

Figure S10: fragmentation pathway for m/z 320.0609 B. 
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Figure S11: MS2 spectrum for m/z 320.0609 A. 

 

 

 

 

Figure S12: MS2 spectrum for m/z 352.0507. 
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Figure S13: MS2 spectrum for m/z 272.1207 A. 

 

 

 

 

Figure S14: MS2 spectrum for m/z 288.1155 A. 
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Figure S15: MS2 spectrum for m/z 194.1177. 

 

 

Figure S16: Proposed fragmentation pathway for TP at m/z 176.1071. 

 

 

Figure S17: MS2 spectrum for m/z 236.1285.  



Chapter 4. Exploring the photolytic and photocatalytic transformation of Sertraline 

165 
 

 

 

 

Figure S18. MS2 spectrum for m/z 206.1179. 

 

 

 

 

Figure S19. MS2 spectrum for m/z 214.1228. 
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Figure S20: MS2 spectrum for m/z 232.1337. 

 

 

 

 

Figure S21: MS2 spectrum for m/z 188.1072. 
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Figure S22: MS2 spectrum for m/z 186.1279. 

 

 

 

 

Figure S23: MS2 spectrum for m/z 132.1017. 
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Figure S24: Evolution profiles over time in the presence of TiO2 for the most abundant TPs. 
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Figure S25: Evolution profiles over time in the presence of TiO2 for less abundant TPs. 
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Chapter 5. Exploring the photolytic and photocatalytic 

transformation of Citalopram: kinetics, degradation mechanism and 

toxicity assessment 

 

 

5.1. Abstract 

This study investigated the direct and indirect photochemical degradation of citalopram (CIT), 

a selective serotonin reuptake inhibitor (SSRI), under natural and artificial solar radiation. 

Experiments were conducted in a variety of different operating conditions including Milli-Q (MQ) 

water and natural waters (lake water and municipal WWT effluent), as well as in the presence of 

natural water constituents (organic matter, nitrate and bicarbonate). Results showed that indirect 

photolysis can be an important degradation process in the aquatic environment since citalopram 

photo-transformation in natural waters was accelerated in comparison to MQ water both under 

natural and simulated solar irradiation. In addition, to investigate the decontamination of water from 

citalopram, TiO2-mediated photocatalytic degradation was carried out, and attention was given to 

mineralization and toxicity evaluation together with the identification of by-products. The 

photocatalytic process gave rise to the formation of transformation products, eleven of them were 

identified by HPLC-HRMS, whereas the complete mineralization was almost achieved after 5 hours of 
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irradiation. The assessment of toxicity of the treated solutions was performed by Microtox bioassay 

(Vibrio fischeri) and in silico tests showing that citalopram photo-transformation involved the 

formation of harmful compounds. 

 

5.2. Introduction 

In the 2030 Agenda for Sustainable Development, adopted by UN Member States in 2015, 

one important goal is devoted to ensuring the availability and the sustainable management of water 

[1]. In this framework, the study concerning the fate of organic pollutants in the aquatic environment 

has the aim to assess if their release and the formation of by-products in the aqueous matrices can 

represent a potential health hazard. These aspects should be taken into consideration in order to 

implement the most suitable strategies to abate pollutants or to restrict their discharge in 

environment. Among the xenobiotic compounds that can have negative impacts on human health 

and aqueous ecosystems, the pharmaceuticals represent a class of greatest environmental concern 

due to their low degradability and their continuous inlet in the environmental waters [2,3]. 

Citalopram (CIT) is a selective serotonin reuptake inhibitor (SSRIs) widely used in Northern 

Europe as antidepressant drug and it has been detected in influent, effluent, downstream and 

hospital wastewater treatment plants (WWTPs) at concentration levels up to about 300-800 ngL-1 

[4,5]. There is a high range of half-lives on the literature for CIT depending on the pH of the sample, 

the matrices, the concentration of the pollutant and many other variables[6–9]. For example, J. Kwon 

et al. found a half-life of 65 days for citalopram in ultrapure water buffered at pH 9, 14 and 43 days in 

two different lakes and 24 days in a WWTP sample under a fluorescent lamp [7]. R. Osawa et al. 

reported that citalopram was 100% degraded after 4 hours under a UV lamp in a lake water 

sample[6]. The photodegradation of CIT was also reported to be induced by the natural organic 

matter, NOM, present in surface water [7]. Indeed, NOM that contains humified light-absorbing 
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compounds can photo-induce the degradation of chemicals through the generation of reactive 

species such as excited triplet states (3DOM*) [10], hydroxyl radical (·OH) [11–13], singlet oxygen (1O2) 

[14,15], superoxide radical anion (O2
-·) and hydrogen peroxide (H2O2) [16]. 

CIT was classed as harmful substance with a value of EC50 equal to 30.14 mg L-1 on Daphnia 

magna (48 h-exposure) without excluding possible chronic toxicity at lower exposure concentrations 

[17]. Recently, investigations about the effects of this antidepressant on the behavior of two 

different life stages of fish revealed that this drug poses potential risks for the aquatic environment 

and therefore its presence in water matrices has to be monitored carefully [18]. Previous studies 

showed that photolysis and hydrolysis do not significantly remove the molecule [19] and two of TPs 

identified during the photolytic process were found also as human metabolites [7]. Taking into 

account that CIT was moderately removed by the aerobic and anoxic biodegradation [20], some 

advanced water treatment technologies (e.g. O3, ClO2 oxidation, UV irradiation and Fenton oxidation) 

have been applied to abate CIT [4] with a particular focus on the transformation products formed 

during the processes. In the case of ozonization, the complete mineralization was not achieved in 90 

min and the identified intermediates matched with those observed during the ClO2 oxidation, even if 

with different abundances.  

Considering tha, once released in the aqueous environment, pollutants can undergo biotic 

and abiotic degradation [5,21,22], this work aimed to investigate the photoinduced fate of CIT under 

simulated and solar irradiation in MilliQ water and in the presence of dissolved organic matter 

(humic acids), bicarbonate and nitrate ions, as well in two real matrices (lake water and municipal 

WWT effluent). Moreover, in order to assess the possible application of heterogenous photocatalysis 

to remove CIT in water, we performed irradiation experiments in presence of titanium dioxide, one 

of the most widely exploited semiconductors to abate several classes of water pollutants [22–24]. 

Particular attention was focused on the identification of transformation by-products formed during 
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the process using HRMS and on the evaluation of toxicity, performed by bioluminescent test (Vibrio 

fischeri bacterium) and in silico approach (US EPA ECOSAR computer model). 

5.3. Materials and methods 

5.3.1. Reagents and materials 

Citalopram (1-[3-(dimethylamino)propyl]-1-(4-fluorophenyl)-3H-2-benzofuran-5-

carbonitrile,hydrobromide), purity grade >95%, was purchased from LGC Promochem (Molsheim, 

France). For analytical purposes, citalopram (CIT) was dissolved in methanol to provide a stock 

solution containing 1000 mg L-1 of analyte. The solution was stored in glass-stopped bottles at −20 °C 

in the dark. Standard working solutions were prepared daily. Ultrapure water used was produced by 

a Milli-Q system (Evoqua, Pittsburgh, USA). Photosensitizers: freeze-dried Suwannee River natural 

organic matter (NOM) was obtained from International Humic Substances Society (Denver, CO), 

NaNO3 and NaHCO3 were purchased from Sigma-Aldrich (Athens, Greece). Irradiation procedures of 

CIT were carried out by experimental solutions that were prepared by dissolving CIT directly in Milli-

Q water (MQ), MQ water+sensitizers, WWTP effluent and lake water. Acetonitrile (≥99.9%) was 

purchased from Merck Life Science S.r.l. (Milan, Italy). TiO2 P25 (Evonik Industries, Italy) was used as 

photocatalyst. 

5.3.2. Sample collection 

Effluent and lake water samples of 2.5 L were collected from the municipal WWTP of 

Ioannina city, and Pamvotis Lake, respectively, located in NW Greece, in the region of Epirus. After 

collection, the samples were transported to the lab and were immediately filtered with 0.45 μm 

polyamide filters. The filtered samples were then kept in the dark at -5 oC till the irradiation 

experiments. The most relevant physicochemical characteristics of the aqueous samples are provided 

in Table S1. 
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5.3.3. Irradiation procedures 

5.3.3.1. Natural sunlight irradiation 

Experiments were carried out in the roof terrace of the Department of Chemistry of Ioannina 

University (2018) in MQ water as well as natural waters (WWTP effluent and lake water) at 10 mg L-1 

of CIT. The solutions (1 L) were put into capped Pyrex glass bottles and were homogenized by 

magnetic stirring. Irradiation of the samples was conducted on platform with an inclination of 30o 

from the horizon, facing due south, following the recommendations of Environmental Protection 

Agency. Dark control experiments were also performed by exposing amber glass bottles at the same 

concentration and covered with aluminum foil in the same environmental conditions in order to 

calculate for other degradation processes like hydrolysis and biodegradation. Aliquots (1.0 mL) were 

withdrawn from the bottles at specific time intervals. The average total daily short-wave radiation 

was 286 and 273 W/m2 for July and August, respectively, while the sunshine duration from sunrise to 

sunset was 10 and 11 h, for the two months, respectively. The mean daily air temperature was 23 

and 26 °C, with minimum air temperature at 17 and 18 °C and maximum air temperature at 26 and 

32 °C, for July and August, respectively. Experiments were carried out in duplicate. 

5.3.3.2. Simulated solar irradiation 

Photodegradation experiments were also carried out at the same aqueous matrices and CIT 

concentration in a sunlight simulator (Solarbox, CO.FO.Me.Gra, Milan) equipped with a xenon lamp 

(1500 W) with a cut-off filter at below 340 nm. On top of the solutions the irradiance was 18 W m−2 in 

the 295–400 nm range (like the natural sunlight UV irradiance at middle European latitude in sunny 

days) [40]. Irradiation was carried out in magnetically stirred cylindrical closed cells (Pyrex glass, 40 

mm i.d. 25 mm), on 5 mL aqueous solutions containing 10 mgL-1 of CIT and were subjected to 

different irradiation times. 
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To test whether DOM, nitrate and bicarbonate ions (10 mgL-1 each), affect the 

photodegradation rate of CIT solutions (1 mgL-1), MQ water containing the above sensitizers were 

exposed to the same irradiation conditions. All experiments were carried out in triplicate including 

dark controls that were performed under the same conditions.  

The rate constants were calculated by linear regression analysis of the plot of the first-order 

equation Ct=Coe−kt, where Co is the initial concentration, Ct is the concentration at a certain time and k 

is the rate constant. The half-life is calculated by t1/2 = ln2/k. 

5.3.3.3. Photocatalytic experiments 

Photocatalytic experiments were performed in the same cylindrical closed cells on 5 mL 

aqueous solutions containing 20 mgL-1 of CIT and 400 mgL-1 TiO2. Samples were subjected to different 

irradiation times (ranging from 5 min to 3 h), using the 40 W Philips TL K05 lamp. After illumination, 

the samples were filtered through 0.45 μm Millex LCR hydrophilic PTFE membranes (Millipore) 

before the analysis. The lamp irradiance over the irradiated solutions was around 30 Wm-2 in the 

wavelength range of 290−400 nm (measured with a power meter from CO.FO.ME.GRA., Milan, Italy). 

5.3.4. Analytical procedures 

Concentrations of CIT under all irradiation conditions was monitored with a Merck-Hitachi 

chromatograph equipped with Rheodyne injector (20 μL sample loop), L-6200 and L-6200A pumps 

for high-pressure gradients, L-4200 UV−vis detector, and RP-C18 column (Lichrospher, 4mm i.d.× 125 

mm length, from Merck). Isocratic elution (1 mL/min flow rate) was carried out with 80% of 0.01 M 

phosphoric acid solution at pH 2.8 and 20 % acetonitrile. The detector wavelength was 239 nm. 

The formation of ionic products in samples irradiated with simulated solar light, was followed 

by a suppressed ion chromatography, employing a Dionex DX 500 instrument (Thermo Scientific) 

equipped with a conductometer detector (ED 40, Dionex). The anions (nitrate and nitrite) were 
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separated by an AS9HC anionic column (200 mm long × 4 mm i.d.) using an aqueous solution of 

K2CO3 (9 mM) as mobile phase; the elution was performed at 30 ◦C, at a flow rate of 1mL/min. The 

determination of ammonium ions was performed by employing a CS12A column, using 25mM 

methanesulfonic acid as eluent, at a flow rate of 1mL/min. 

The evolution of the dissolved organic carbon (DOC) during the photocatalytic runs was 

followed using a using a Shimadzu TOC-V CSH (catalytic oxidation on Pt at 680 °C) equipped with a 

Shimadzu ASI-V autosampler. Calibration was achieved by injection of known amounts of potassium 

phthalate. 

5.3.5. Identification of by-products 

HPLC-HRMS was used to determinate and elucidate CIT and its by-products under 

photocatalytic conditions. The chromatographic separations, monitored using an MS analyzer, were 

carried out with a Phenomenex Gemini NX C18 150 × 2.1 mm × 3 μm particle size (Phenomenex, 

Bologna, Italy), using an Ultimate 3000 HPLC instrument (Dionex, Thermo Scientific, Milan, Italy). 

Injection volume was 20 μL and flow rate 200 μLmin-1. The following gradient mobile phase 

composition was adopted: A/B was varied from 5/95 to 50/50 in 30 min, followed by second step to 

reach 100/0 in 5 min where A = formic acid 0.05% v/v in acetonitrile and B = formic acid 0.05% v/v in 

water. A LTQ Orbitrap mass spectrometer (Thermo Scientific, Milan, Italy) equipped with an ESI ion 

source was used. The LC column effluent was delivered into the ion source using nitrogen as both 

sheath and auxiliary gas. The capillary voltage and tube lens voltage in the ESI source were 

maintained at 28 V and 70 V, respectively. The source voltage was set to 4.5 kV (in positive ion 

mode). The capillary temperature was maintained at 270°C. The acquisition method used was 

optimized beforehand in the tuning sections for the parent compound (capillary, magnetic lenses and 

collimating octapole voltages) to achieve maximum sensitivity. Mass accuracy of recorded ions (vs 

calculated) was ± 5 ppm, without internal calibration. Analyses were run using full scan MS (50–1000 
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m/z range), MS2 acquisition in the positive ion mode, with a resolution of 30,000 (500 m/z FWHM) in 

FTMS (full transmission) mode. The ions submitted to MS2 acquisition were chosen on the base of full 

MS spectra abundance without using automatic dependent scan. Collision energy was set to 30% for 

all the MS2 acquisition methods. MS2 acquisition range was between the values of ion trap cut-off 

and m/z of the [M+H]+ ion. Xcalibur (Thermo Scientific, Milan, Italy) software was used both for 

acquisition and data analysis. 

5.3.6. Toxicity measurements 

The toxicity samples collected at different irradiation times was evaluated with a Microtox 

Model 500 Toxicity Analyzer (Milan, Italy). Acute toxicity was determined with a bioluminescence 

inhibition assay using the marine bacterium Vibrio fischeri by monitoring changes in the natural 

emission of the luminescent bacteria when challenged with toxic compounds. Freeze-dried bacteria, 

reconstitution solution, diluent (2% NaCl) and an adjustment solution (non-toxic 22% sodium 

chloride) were obtained from Azur (Milan, Italy). Samples were tested in a medium containing 2% 

sodium chloride, in five dilutions, and luminescence was recorded after 5, 15, and 30 min of 

incubation at 15 °C. Since no substantial change in luminescence was observed between 5 and 30 

min, the results related to 15 min of contact are reported below. Inhibition of luminescence, 

compared with a toxic-free control to give the percentage inhibition, was calculated following the 

established protocol using the Microtox calculation program. 

Moreover, since the identified TPs of CIT are not commercially available, three different 

software were employed ECOSAR (v. 2.0), Toxicity Estimation Software Tool T.E.S.T. (v. 5.1.1) and 

Vega (v. 1.1.5). 

 

5.4. Results and discussion 
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5.4.1. Irradiation experiments 

5.4.1.1. Natural sunlight experiments 

Experiments were carried out in MQ water as well as natural waters (lake and WWTP 

samples) at 10 mgL-1 of CIT. The quality parameters for the collected lake and WWTP samples are 

presented in Table S1 and S2. All the studied samples were characterized by a medium-to-high 

abundance of organic matter [25], with a DOM values of 23.2 and 11.7 mgL-1 for WWTP effluent and 

lake water, respectively. Nitrate in these waters was significantly higher in WWTP than in lake 

samples (86.1 and 10.5 mgL-1, respectively).  

Dark controls were found to be stable for all treatments, as less than 10% was degradation 

over the course of the exposure period. This hydrolytically stable behavior has been observed also by 

Kwon and Armbrust [7]. Considering the UV/Vis absorption spectrum of CIT, reported in a previous 

work [26], and the low absorbance above 290 nm, direct photolysis rate in MQ water seems to be 

low with a half-live of 144 days (Figure 5.1 and Table 5.1) under the investigated conditions, revealing 

that CIT is a highly photostable molecule under these conditions.  

On the other hand, the photodegradation rates of CIT in wastewater and lake waterwere 

significantly higher than in MQ water, thus showing that the aqueous matrix played a significant role 

in promoting the photolysis of CIT. When exposed to natural sunlight in wastewater, CIT 

photodegradation rate was 2.8-fold faster compared to MQ water. This sensitization effect was also 

observed for lake water as well. The CIT photodegradation rate was almost 2.4 times higher in lake 

water compared to MQ, indicating a photosensitization effect in the respective aqueous matrices. In 

order to confirm this relationship and to assess the contribution of different natural aqueous 

constituents, experiments at the same water matrices and as well in the presence of NOM, nitrate 

and bicarbonate ions were carried out in laboratory-simulated irradiations. 
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Figure 5.1. Kinetics and rate constant (h-1) of citalopram in different matrices under natural solar 

light. 

 

 

Table 5.1. Kinetics of the photolysis of citalopram in different aqueous media under solar and 

simulated solar irradiation. 

Photolysis t1/2 (hrs) k (hrs-1) R2 

Solar irradiation (outdoor) 

MQ water 3465.74 0.0002 0.9461 

Lake Pamvotis 693.15 0.0010 0.9805 

WWTP water 462.10 0.0015 0.9821 

Simulated solar irradiation (solar box) 

MQ water 61.89 0.0112 0.9486 

Lake Pamvotis 25.77 0.0269 0.9940 

WWTP water 23.42 0.0296 0.9811 

HA- 10 mg L-1 14.03 0.0494 0.9783 

NO3
-10 mg L-1 45.60 0.0152 0.9409 

HCO3
-10 mg L-1 27.08 0.0256 0.9604 
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5.4.1.2. Simulated solar irradiation experiments. 

Figure 5.2 depicts the experimental degradation profiles of CIT among the photolysis rate 

constants for the three matrices. All degradation curves matched well a pseudo-first order kinetic 

model with r2 generally above 0.94. The half-lives t1/2 ranged between 62 h in MQ water to 23 h in 

WWTP effluent (Table 5.1).  

At the same conditions, no degradation has been observed in dark controls in either MQ 

water or lake/WWTP samples, indicating that the compound under investigation was hardly 

susceptible to hydrolysis. Photolysis rates followed the same order as the natural sunlight 

experiments: WWTP > lake > MQ water, indicating that constituents of natural waters affect CIT's 

decomposition [26]. According to Table S1 and S2, natural organic matter (NOM) concentration is 

higher in WWTP, followed by the lake, showing that as the NOM concentration increases in natural 

waters, the rate of photolysis increases. 

 

Figure 5.2. Kinetics and rate constant (h-1) of citalopram in different matrices under artificial solar 

irradiation. 
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 Hence, in order to further elucidate the role of organic matter on the performance of the 

photolytic process, Suwannee River natural organic matter was used as representative of NOM at a 

concentration level of 10 mgL-1 in MQ water. A significant acceleration effect of the photolytic rate 

was observed. In a previous study we have shown that Water Extractable Organic Matter (WEOM) 

was able to produce oxidant triplet excited state (3WEOM*), singlet oxygen (1O2), and hydroxyl 

radicals under irradiation with simulated solar light [11]. Apart from NOM, the effect of nitrate and 

carbonate ions on the photolytic rate were also investigated (Table 5.1). The results demonstrated 

that nitrate at 10 mgL-1 enhanced the photolytic rate of CIT, as well as carbonate (in the presence of 

1 mgL-1 of nitrate), but to lesser extent in agreement with Kwon and Armbrust, 2005 [7].  

The results showed that degradation order in artificial-laboratory irradiation experiments are 

in good agreement with experiments under natural sunlight, suggesting that laboratory-scale 

experiments using artificial irradiation can help predicting the behavior of CIT in natural waters [27]. 

However, the photodegradation rate of each case cannot be compared directly due to differences in 

the irradiation spectrum and daily light variation (night-day circle) [27,28]. Both of these 

experimental approaches should be viewed as complementary and proxies for the processes that 

occur in real waters by providing a better understanding of the photodegradation actually occurring 

in natural environment [29,30]. 

Nevertheless, the time needed for the total elimination of the antidepressant in the natural 

environment, seemed to be far from effective, therefore heterogeneous photocatalysis was assessed 

as an effective method of decontamination. 

5.4.1.3. Photocatalytic experiments 

As expected, the presence of semiconductor accelerated the degradation of the pollutant. 

Under the adopted experimental conditions, the complete abatement of CIT by heterogenous 

photocatalysis occurred in around half hour (see Figure 5.3), whereas the organic carbon 
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mineralization processed much slower than the primary process. About 50% of initial TOC content 

was mineralized within 1 h of irradiation, but only after 5 hours TOC residual percentage reached a 

value <10%. The delay between the primary process and TOC evolution was attributed to the 

formation of TPs. 

 

 

Figure 5.3. Time evolution of primary process, end-inorganic products (nitrate, ammonium, and 

fluoride) and organic carbon during the photocatalytic degradation of CIT (CIT 20 mgL-1, 

 TiO2 200 mgL-1). 

 

Nitrogen was released over time as nitrate and ammonium ions and the stoichiometric 

amount was achieved within 2h. Ammonium was more easily released and reached a plateau value 

at 60 min, while nitrate ions exhibited a sharp increase later between 1 and 2 h. Taking into account 

that the cyano group is mainlytransformed into nitrate [31], the evolution of this ion suggested that 

the oxidative process occurred on this part of molecule only at longer times of irradiation. The 

identification of several transformation products (see below) that still bear a carbonitrile substituent 

agreed with this hypothesis. No traces of nitrite ions were detected under the employed 
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experimental conditions. During the photocatalytic degradation, we also followed the evolution of 

fluoride arising from the breaking of bond C-F present in the molecular structure. Like nitrogen trend, 

the fluoride concentration reached the 50% of stoichiometric concentration within half hour and 

then achieved the maximum after 5 h.  

5.4.2. Identification and evolution of TPs 

The HRMS analysis allowed us to identify and characterize eleven transformation products of 

CIT formed during the first steps of photocatalytic process, and they are collected in Table 5.2 and 

Table S3. A level of confidence recommended by Schymanski et al. [32] was assigned to each TP and 

is reported in Table 2 as well. Although already present in the literature [6], the MS2 spectrum of CIT 

(m/z 325.1718) is reported in Figure S1 for the sake of clarity. Therein, it can be observed the 

fragment at m/z 307.1612 arising from the loss of water (H2O), together with the rearrangement of 

furan ring and the fragment at m/z 280.1139 due to the loss of dimethylamine. The detachment of 

both groups justifies the base peak at m/z 262.1032, whereas the fragment at m/z 109.0445 is 

consistent to the fluorotropylium ion formation. 

Two signals at m/z 341.1669 and chemical formula C20H22O2N2F were detected and attributed 

to monohydroxylated products (TP341A, B), where the OH attack was supposed to occur on the 

lateral chain. 

The MS2 spectrum of TP341A (see Figure S2) suggests that the hydroxylation involved the 

lateral chain giving an intermediate already identified in the presence of organic matter [26] and 

during the UV and hydrolysis processes [6]. Indeed, the base peak at m/z 323.1554 shows that the 

loss of the first molecule of H2O is more favorable than that observed for CIT, as not entailing the 

rearrangement of furan ring that conversely can be involved to justify the second H2O loss(m/z 

305.1455).  
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Table 2.  CIT and its TPs observed during the photocatalytic process. 

Name, [M+H]+ Empirical 
formula 

Δppm RT (min) Confidence 
level 

Citalopram-325.1718 C20H22ON2F   2.251 19.92 L1 

T245A-245.1292 C14H17 O2N2   3.042 6.54 L2b 

T245B- 245.1292 C14H17 O2N2   3.042 8.41 L2a 

T247-247.1446 C14H19O2N2 2.005 5.79 L3 

T261-261.1241 C14H17O3N2   2.800 8.13 L2a 

T323-323.1762 C20H23O2N2 2.462 14.16 L2a 

T337-337.1554 C20H21O3N2 2.168 13.93 L3 

T339-339.1512 C20H20O2N2F 2.558 18.92 L2a 

T341A-341.1669 C20H22O2N2F 2.689 17.40 L3 

T341B-341.1669 C20H22O2N2F 2.689 18.70 L2b 

T355-355.1457 C20H20O3N2F    1.275 17.84 L3 

T357-357.1618 C20H22O3N2F 2.528 16.42 L3 

 

Regarding the TP341B, detected in this work for the first time, the MS2 spectrum reported in 

Figure S3 shows some peculiar differences. The abundance of the fragment at m/z 323.1560 and the 

absence of m/z 305.1449 are still consistent with the presence of a hydroxyl group on the chain, but 

in a position close to the furan ring, thus hindering the loss of a second molecule of H2O. The 

detachment of NH(CH3)2 and the further loss of H2O lead to the formation of the fragments at m/z 

296.1088 and m/z 278.0981, respectively. The presence in the MS2 spectrum of a fragment 

corresponding to fluorotropylium (m/z 109.0444), also detected for CIT, excludes the hydroxylation 

involved the fluorophenyl moiety. However, the formation of TP339 (vedi infra) may suggest an OH 

attack on the furan ring, although in this case, the loss of a molecule of H2O should be less favored.  
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The intermediate TP357 at [M + H]+ 357.1618 and empirical formula C20H22O3N2F indicated 

the formation of a dihydroxylated product. This TP was identified here for the first time; it presents 

in its MS2 spectrum two main peaks only, attributable to the loss of two H2O molecules (see Figure 

S4), likely from the furan ring and the alkyl chain. Considering the overall degradation pathway, it 

was reasonable to assume that the hydroxylation involved both the furan ring and alkyl chain. 

Concerning the TP323 (m/z 323.1762), the elemental composition C20H23O2N2  has been 

proposed, consistent with the substitution of the fluorine atom by an OH group on the benzene ring 

bearing to the formation of a phenol structure. To support this statement and in agreement with the 

literature [4,26], the MS2 fragmentation pathway appears similar to that observed for CIT with the 

formation however of hydroxytropylium ion (m/z 107.04888) as reported in Figure S5.   

The TP339 (m/z 339.1512 and chemical formula C20H20O2N2F) can be assigned to an oxidized 

product. The MS2 spectrum (Figure S6) matches well with the data reported in the literature [6,26]; 

the key fragment with m/z 248.0876 can be explained by the loss of a CO group, thus supporting the 

formation of a carbonyl group on the furan ring.  

A transformation product with m/z 355.1457 and chemical formula C20H20O3N2F was 

detected (TP 355) and is consistent with the hydroxylation of TP339 [26]. The RDB for this 

intermediate was higher than that of CIT, also suggesting the formation of a carbonyl group for this 

by-product. The MS2 spectrum (see Figure S7) reports a fragment at m/z 337.1353 resulting from the 

loss of a molecule of H2O and the base peak at m/z 292.0775 arising by the joint loss of NH(CH3)2 and 

H2O. Considering the abundance of m/z 337.1353 (60%), we can hypothesize the presence of an OH 

on the alkyl chain that promotes this fragmentation. A further loss of the CO group involving the 

furan ring generates the signal at m/z 264.0825, thus confirming the presence of a carbonyl group. 

Finally, the fragment at m/z 274.0668 arises from the joint loss of two molecules of H2O, one of 

which entailed the furan ring, and of the dimethylamine group.  
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The analysis of MS2 spectrum of TP337 (Figure S8) suggested a dehalogenated structure 

bearing an OH group and a carbonyl group, as reported in the literature [6]. However, the fragment 

at m/z 319.1447 (−18 Da) is not very intense, indicating that, in this case, the loss of H2O involves the 

rearrangement of furan ring in the CIT spectrum and not from an OH group present on the chain. 

Furthermore, the peak base at m/z 274.0868 corresponds to the contemporaneous loss of one 

molecule of H2O and NH(CH3)2 group, whereas a further loss of H2O molecule is observed at very low 

intensity as it occurs on the fluorobenzene ring (m/z 256.1762). For the above-mentioned reasons, 

differently from the hypothesis of Osawa and co-workers [6], it may be assumed that the 

hydroxylation occurred on the benzene ring alongside the detachment of the fluorine atom, as 

already reported for the photocatalytic degradation of similar structures [33].  

TP247 (m/z 247.1446 and chemical formula C14H19O2N2) is involved in the detachment of the 

fluorophenyl ring together with mono-hydroxylation. Unfortunately, the MS2 shows only one 

abundant fragment at m/z 229.1339 due to the loss of H2O (Figure S9), which is not useful to 

determinate the exact position of an OH attack. Taking into account the main mechanisms occurring 

in the photocatalytic degradation, it can be hypothesized that a substitution by an OH radical on the 

quaternary carbon that loses the aromatic ring, supported by the formation of unsaturated system in 

the fragment m/z 184.0757, which can prevent the rearrangement of furan ring and the loss of a 

second molecule of water.  

Two isomers were detected with m/z 245.1292 corresponding to the chemical formula 

C14H17N2O2. Theycan be attributed to the formation of TPs resulting from the detachment of 

fluorophenyl group, analogously to the TP247, with the presence of a carbonyl group (Figure 10S and 

11S). As observed for CIT and reported in literature [6], the MS2 spectrum of TP245B exhibits a 

fragment at m/z 227.1183 that can be explained by the loss of H2O and the most intense peak at m/z 

200.0708 arising from the loss of dimethylamine group. The signal at m/z 182.0602 is ascribable to 

the loss of both H2O and NH(CH3)2 molecules,whereas the fragment at m/z 158.0236 with chemical 
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formula C9H4O2N can be explained by the presence of the carbonyl group on the furan ring. As 

regards the TP245A, it can be hypothesized by a different position of the carbonyl group, as the MS2 

spectrum shows only a fragment at m/z 200.0708. The absence of signals arising from the H2O loss 

can be justified by the involvement of the carbon in the chain in the α position in respect to the furan 

ring that prevented the rearrangement of molecule favoring only the loss of NH(CH3)2. 

The TP261 with m/z 261.1241 and chemical formula C14H17O3N2involves a further 

hydroxylation of TP245 (see Figure S12). The fragmentation pattern in MS2 suggests the formation of 

an intermediate similar to TP245B but with a further hydroxylation on the alkyl chain in agreement 

with the literature [6].The high abundance of the fragment at m/z 243.1132 corresponding to the 

loss of H2O suggests that the hydroxylation did not occur on the aromatic moiety, whereas the signal 

at m/z 216.659 is consistent with the detachment of NH(CH3)2. The concomitant loss of H2O and 

dimethylamine agreed with the fragment observed at m/z 198.0552 for which the chemical formula 

C12H8O2N was proposed. In contrast with photolytic process, no N-oxygenation and N-demethylation 

derivatives were detected during the photocatalytic treatment in the adopted experimental 

conditions.  

Based on MS data and the time evolution of TPs reported in Figure S13, a possible pathway 

for the early steps of CIT degradation is proposed in Scheme 5.1. 

The photocatalytic degradation of CIT proceeds through the formation of mono- and di-

hydroxylated intermediates (route IA and IB), where the OH attack involves primarily the alkyl chain 

and the furan ring producing the TP341A, B and T357. 

Furthermore, the heterocycle structure can undergo oxidation to give the TP339 following 

the route II with the formation of a carbonyl group on the structure. The oxidized and hydroxylated 

intermediate TP355 can be yielded by pathways I and II, as it can be generated by hydroxylation of 

TP339 or oxidation of TP357.  
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The subsequent steps of degradation result in the detachment of the fluorophenyl group 

with the formation of TP261 and TP245B, the former arising from TP355, and the second from TP339 

and TP337. The TP245A also shares a similar structure but it can be supposed to be produced from 

TP341B by a further oxidation of alcoholic group on the alkyl chain to a carbonyl group. The route III 

provides for the substitution reaction leading to the formation TP323 where the fluorine atom in the 

phenyl moiety is replaced by an OH group. Successively, the oxidation of this intermediate on the 

furan ring produces TP337 that can also be obtained through the route II via the 

dehalogenation/hydroxylation of TP339. Finally, the TP247 can be formed through the path IV or 

from TP323 by the substitution of the fluorophenyl moiety by the OH group.  
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Scheme 5.1. Pathway proposed for CIT 

 

Four of the identified intermediates in photocatalytic treatment were also detected during 

the direct photolysis in MQ and they have been marked in the Scheme 5.1. with an asterisk.  
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In photocatalytic experiment, TP341 A, B and TP339 were the most abundant and they 

achieved the maximum concentrations during the first few minutes of treatment. Then all 

transformation products of photocatalysis were totally degraded after 60 min, and the evolution 

profiles of TPs are shown in Figure S13.  

 

5.4.3. Toxicity assessment 

The acute toxicity trend during the treatment was also assessed using the Vibrio fischeri 

assay (Figure 5.4). An increased percentage of inhibition was observed within the first stages of 

photocatalytic degradation reaching the maximum value of ca. 30 % after 20 min, justified by the 

formation of transformation products moderate harmful toward bacteria. However, afterwards, the 

toxicity slowed down, settling at negligible value (~5%) at the end of treatment in agreement with 

the organic carbon content reduction described in Figure 5.3.  

 

Figure 5.4. Acute toxicity of CIT as a function of the irradiation time, in the presence of TiO2. 
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In a previous study, the toxicity evaluated in silico reported for some of identified TPs during 

AOPs treatments a higher toxicity towards T. Pyriformis in respect to CIT and mutagenic and 

carcinogenic effects [6]. However, these previous results depend on type of text employed and do 

not consider the simultaneous presence of several TPs, so synergistic, antagonistic and additive 

effects cannot be excluded. 

Furthermore, the latest versions of TEST and Vega software were employed along with 

ECOSAR to compare the aquatic toxicity results obtained by luminous bacterium test. The evaluation 

of toxicity was estimated with the use of several models (Table 5.3), and therefore, principal 

component analysis(PCA) was applied to facilitate the interpretation of the information obtained 

graphically (Figure 5.5).  

 

Figure 5.5. Comparison of aquatic toxicity of CIT TPs by PCA. 

 

In total, 13 models were applied, namely, acute for Daphnid LC50 48 h, Fish LC50 96 h and 

Green Algae EC50 96 h, and chronic for Daphnid LC50, Fish LC50 Green Algae EC50, (by ECOSAR), D. 

magna LC50 48 h, F. minnow LC50 96 h, T. pyriformis IGC50 48 h (by T.E.S.T.), D. magna LC50 48 h 
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DEMETRA, Fish Acute NIC model and F. minnow LC50 96 h EPA model (Vega software). Raw data 

concerning aquatic toxicity are presented in Table 5.3. Based on the PCA calculations (Figure 5.5), the 

applied models were not strongly correlated (PC1 and PC2 explained 54.8% and 18.1% of the total 

data variance, respectively). The ECOSAR, T.E.S.T. and F. minnow LC50 96 h EPA models provided 

rather similar results in the same direction. The other models predicted a zero correlation since the 

angle between vectors was close to 90°. Thus, D. magna LC50 48 h EPA and LC50 48 h DEMETRA, or 

−90° Algae (EC50) CT. TP339, TP341 A-B, TP245 A-B, TP337 and TP357, were grouped along with the 

parent compound in a cluster. TP339 was more toxic than the parent molecule in 9 of the 13 models, 

while TP261 was found to be the less toxic compound (Table 5.3). Our findings support that 

irradiation treatment of pharmaceuticals can result in compounds that are more harmful than the 

parent substance [34].  

 

5.5. Conclusions 

The photolytic behavior of the antidepressant drug CIT was investigated under both natural 

and simulated solar irradiation conditions, and its removal from water exploiting heterogenous 

photocatalysis was evaluated. Direct photolysis of CIT proceeds very slowly; however, indirect 

photolytic process plays a significant role on its environmental attenuation the aqueous matrices. As 

expected, the use of TiO2 greatly increased the degradation rate of CIT and brought about the 

formation of several TPs. Eleven transformation products were identified and characterized by 

means of high-resolution mass spectrometry. The complete abatement of CIT occurred at around 30 

min, whereas the organic carbon mineralization processed in a much slower rate. Toxicity studies 

have shown that a few transformation products (mainly TP339) are more toxic than the parent 

molecule; however, the TiO2-based photocatalysis has been demonstrated to have a good efficiency 

to remove them completely.  
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Table 5.3. Aquatic toxicity of CIT and its TPs (mg L-1). 

 

 

Fish 
(LC50) 

AT 

Daphnid 
(LC50) 

AT 

Algae 
(EC50) 

AT 

Fish 
(LC50) 

CT 

Daphnid 
(LC50)  

CT 

Algae 
(EC50) 

CT 

F. 
Minnow  

96h  
T.E.S.T 

D. 
Magna  

48h 
 T.E.S.T 

T. 
Pyriformis  

48h  
T.E.S.T 

Fish  
(LC50)  

AT (NIC) 

F. 
Minnow 

 (LC50) 
96h 

(EPA) 

D. Magna 
(LC50)  

48h (EPA) 

D. Magna 
(LC50) 48h 

(DEMETRA) 

CIT 4.47 0.652 0.36 0.14 0.065 0.14 1.2 0.34 7.99 1.06 2.92 0.0084 2.26 

TP245A,B 260 27.2 29.1 22.7 1.97 8.8 4.2 1.26 27.1 62.9 12.38 0.0593 1.41 

TP247 589 57.8 70 61.9 3.94 20.2 16.75 1.58 90.1 63.4 29.23 0.1288 11.44 

TP261 2840 248 379 427 15.1 101 5.62 3.36 66.57 67.03 48.58 0.1326 5.54 

TP337 294 31.2 32 24.2 2.29 988 2.29 2.57 12.31 0.4955 7.35 0.0187 2.33 

TP323 61.6 7.35 6.06 3.58 0.604 2.01 3.24 2.65 20.76 1.06 23.93 0.4744 80.03 

TP339 21.3 2.77 1.93 0.954 0.247 0.68 0.59 0.36 5.54 0.0835 1.63 0.0068 1.04 

TP341A,B 48 5.86 4.62 2.6 0.493 1.56 2.29 1.75 16.64 0.5014 5.73 0.0195 6.49 

TP355 249 26.9 27 19.7 2.01 8.35 5.25 4.7 42.33 0.0879 20.07 0.336 10.1 

TP357 279 29.8 30.5 22.5 2.21 9.36 3.01 0.94 43.23 0.0879 13.44 0.2764 12.09 
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Supplementary Materials 

 

Table S1. Physicochemical properties of Lake Pamvotis.  

Parameter Value 

pH 8.3 

Conductivity (μS cm-1) 262 

TDS (mg L-1) 2213 

NOM (mg L-1) 11.7 

NO3
- (mg L-1) 10.5 

Br - (mg L-1) 0.38 

NO2
- (mg L-1) 0.010 

Cl- (mg L-1) 88.0 

HPO4
2- (mg L-1) 0.03 

NH4
+ (mg L-1) 0.21 

TDS: Total Dissolved Solids; NOM: Natural Organic Matter 

 

Table S2. Physicochemical characteristics of WWTP effluent aqueous sample 

Parameter Effluent 
of WWTP 

pH 7.4 

NOMa (mg L-1) 23.2 

NO3
-(mg L-1) 86.1 

P total (mg L-1) 1.0 

N total (mg L-1) 13.5 

a NOM: natural Organic Matter 
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Table S3.MS2 product ions formed from CIT and its transformation products. 

[M+H]+ and 
empirical 
formula 

Δppm RDB 
RT 

(min) 
MS2 

Relative 
intensit

y 
Δppm Ref. 

 

Citalopram  
325.1718 

C20H22ON2F 

  
2.251 

11 19.92 

307.1611 C20H20N2F 13    1.942 [1] 

O

N

N

CH3

CH3

F

 

280.1137 C18H15ONF 17 
    

1.718 

262.1031 C18H13NF 100 1.701 

234.0718 C16H9NF 5 1.905 

166.0651 C12H8N 3 -0.156 

109.0444 C7H6F 23 
  -

3.714 

T245-A 
245.1292 

C14H17 O2N2 
  

  
3.042 

8 6.54 200.0708C12H10O2N  100 0.974 

In this 
work 

O

N

N

CH3

CH3

O

 

T245-B 
245.1292 

C14H17 O2N2 
  

  
3.042 

8 8.41 

227.1183C14H15ON2  20 1.807 [1] 

O

N

N

CH3

CH3O

 

200.0708C12H10O2N  50 0.974 

182.0602 C12H8ON  16 0.876 

158.0236C9H4O2N  20 -0.348 

T247 
247.1446 

C14H19O2N2 

 

2.005 7 5.79 

229.1339 C14H17ON2  100 1.572 
In this 
work 

O

N

N

CH3

CH3

OH

 

202.0865 C12H12O2N  2 1.212 
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184.0758 C12H10ON  3 0.595 

T261 
261.1241 

C14H17O3N2 

  
2.800 

8 8.13 

243.1132 C14H15O2N2  90 1.628 
[1] 

O

N

N

CH3

CH3O

OH

 
  

216.0659 C12H10O3N 100 1.760 

198.0552 C12H8O2N  30 1.237 

T323 
323.1762 

C20H23O2N2 
 

2.462 11 14.16 

305.1655 C20H21ON2  10 2.163 [2][3] 

O

N

N

CH3

CH3

OH

 

278.1182 C18H16O2N  20 
    

2.318 

260.1075 C18H14ON  100 
    

1.958 

242.0970C18H12N  2 
    

2.371 

232.0762 C16H10ON 4 
    

2.195 

166.0652 C7H7N4F  3 0.447 

107.0488 C7H7O 15 
   -

3.189 

T337 
337.1554 

C20H21O3N2 
  

2.168 12 13.93 

319.1447 C20H19O2N2 15 
    

1.866 
In this 
work 

 

O

N

N

CH3

CH3O

OH

 
  

292.0974 C18H14O3N  15 
    

1.986 

274.0868 C18H12O2N 100    1.988 

256.0762 C18H10ON  15 1.990 

172.0394 C10H6O2N 10    0.552 

T339 2.558 12 18.92 321.1406 C20H18ON2F 5 2.591 
[1][2][3]

O

N

N

CH3

CH3

F

O
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339.1512 
C20H20O2N2F 

 

294.0932  C18H13O2NF  5 2.437 
 
  

276.0825 C18H11ONF  40 2.105 

258.0719 C18H9NF 5 2.115 

T341 A 
341.1669 

C20H22O2N2F 
2.689 11 17.40 

323.1557 C20H20ON2F 100 
    

0.870 
[1][3] 

O

N

N

CH3

CH3

F

OH

 

305.1455  C20H18N2F 42 
    

2.119 

278.0982 C18H13ONF 3 
    

2.270 

262.1032C18H13NF 7 
    

2.082 

T341 B 
341.1669 

C20H22O2N2F 
2.689 11 18.70 

323.1560 C20H20ON2F 100 1.801 In this 
work 

O

N

N

CH3

CH3

F

OH

  

296.1088 C18H15O2NF 20 2.251 

278.0981 C18H13ONF 70 1.910 

240.0824 C15H11ONF 10 2.005 

109.0444 C7H6F 6 -3.714 

T355 
355.1457 

C20H20O3N2F 
1.275 12 17.84 

337.1353 C20H18O2N2F 50 1.861 
[3] 

O

N

N

CH3

CH3

F

O

OH

 

292.0775 C18H11O2NF 100 
    

2.283 

274.0668 C18H9ONF 13 
    

1.939 
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T357 
357.1618 

C20H22O3N2F 
2.528 10.5 16.42 

339.1509 C20H20O2N2F 100 
    

1.673 

In this 
work 

O

N

N

CH3

CH3OH

F

OH

 

321.1404 C20 H18ON2F 17 
    

1.968 
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Figure S1. MS2 spectrum of Citalopram. 

 

 

 

 

 

Figure S2. MS2 spectrum of TP341A. 
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Figure S3 MS2 spectrum of TP341B. 

 

 

 

Figure S4 MS2 spectrum of TP357. 
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Figure S5 MS2 spectrum of TP323. 

 

 

 

 

 

Figure S6 MS2 spectrum of TP339. 
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Figure S7 MS2 spectrum of TP355. 

 

 

 

 

Figure S8 MS2 spectrum of TP337. 

 

CIT_PC_T10min_14ott20_MS2C #670 RT: 17.84 AV: 1 NL: 9.86E5
F: FTMS + p ESI Full ms2 355.00@cid28.00 [95.00-375.00]

100 120 140 160 180 200 220 240 260 280 300 320 340 360

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

292.0775

337.1353

355.1458

274.0668

264.0825 310.0881
243.1132

172.0394 225.1027198.0552 314.0155139.0551

299.3650

371.8004124.6429

331.0161

CIT_PC_T10min_14ott20_MS2D #522 RT: 13.93 AV: 1 NL: 1.32E6
F: FTMS + p ESI Full ms2 337.00@cid28.00 [90.00-360.00]

100 120 140 160 180 200 220 240 260 280 300 320 340 360

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

274.0868

337.1552

292.0974
256.0762 319.1447

172.0394

248.0711121.0645
158.0237 225.1026198.0552

182.0606

296.9373136.381797.7352

O

N

NH
+

CH3

CH3

F

O

O

N

F

O

N

F

C
H

OH
+

O
+

N

CH

F

O
H

C
18

H
11

FNO
2
+

O

N

NH
+

CH3

CH3

F

O

C
18

H
9
FNO+

m/z 292.0775

m/z 274.0668

m/z 310.0881

m/z 355.1457m/z 337.1353

C
20

H
20

FN
2
O

3
+

m/z  264.0825

OH

H
2
C+

OH

-C2H7N

-H2O

-H2O

-C2H7N

-H2O

-2H2O

-C2H7N

-CO

C
20

H
18

FN
2
O

2
+

C
18

H
13

FNO
3

+

C
17

H
11

FNO+

O

N

NH
+

CH3

CH3O

OH

OH
+

N

CH2

O

OH

N

OH
+

CH2

OH

N

O

NH
+

CH3

CH3

OH

m/z  274.0868

m/z 319.1447

m/z 337.1554
m/z 292.0974

C
18

H
14

NO
3

+
C

20
H

21
N

2
O

3

+

C
20

H
19

N
2
O

2

+

C
18

H
12

NO
2

+

O
H

+

N

CH2

O

m/z 172.0394

C
10

H
6
NO

2

+

-C2H7N

-H2O

-H2O

-C2H7N

-C10H15NO-C10H8O

N

OH
+

CH2

C
18

H
10

NO+

m/z 256.0762

-2H2O

-C2H7N



Detection, photolytic fate and removal of antidepressants in aqueous environment 

 

210 
 

 

 

 

 

Figure S9 MS2 spectrum of TP247. 

 

 

 

 

Figure S10. MS2 spectrum of TP245A. 
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Figure S11. MS2 spectrum of TP245B. 

 

 

 

 

Figure S12. MS2 spectrum of TP261. 
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Figure S13. Time evolution of TPs detected during the photocatalytic treatment. 
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Chapter 6. Exploring the photolytic and photocatalytic 

transformation of Clozapine: kinetics, degradation mechanism and 

toxicity assessment 

 

 

6.1. Introduction 

The presence of psychotropic pharmaceuticals in environmental waters is a hot topic. Due to 

the lack of legislation and guidelines, as well as the understanding about their fate in the 

environment and effective removal methods in WWTPs, these compounds still classified as 

Contaminant of Emergency Concern (CEC). Therefore, the presence of pharmaceuticals in samples 

such as lake, seawater, river or WW has been well reported in the literature [1–4]. Their 

consumption in developed countries has increased greatly to treat mental illnesses such as panic 

disorder, depression or anorexia. 

Clozapine (8-chloro-11-(4-methylpiperazin-1-yl)-5H-dibenzo[b,e][1,4]diazepine), is the first 

atypical antipsychotic sold into the market in the 1960s as a successful medication in the treatment 

of schizophrenia [5]. CLO has been detected in natural aqueous samples ranging from a few ng/L to a 

dozen μg/L[6,7]. Several studies have shown that this drug has the ability to accumulate in the 

tissues of aquatic organisms [8,9], in addition to being toxic, for Fathead minnow[10] and green algae 
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[11]. Clozapine can be induced by solar light because absorbs solar radiations between 295 and 450 

nm [12]. According to the literature data, irradiation with simulated solar light in pure water yielded 

a half-life of 8 h for CLO [13] but it depends on some factors such as the pH of sample, the 

temperature, the concentration of the pollutant among other[5,6,14,15].  

Once realized in the environment, they can undergo to biotic and abiotic degradation 

processes, among which hydrolysis, photodegradation and microbiological degradation are most 

common. Chromophoric dissolved organic matter (DOM) have been of interest for the scientific 

community since the 1970s. CDOM can sensitize the degradation of micropollutant through the 

formation of reactive intermediates (RIs) such as hydroxyl radical (•OH)[16–18], singlet oxygen (1O2) 

[19,20], superoxide radical anion (O2
-) [21], hydrogen peroxide (H2O2)[22] and excited triplet states 

(3DOM*) [12].  

The low efficiency of the elimination procedures currently used in WWTPs implies the search 

for new and more effective methods[23,24]. Then, due to the photostability of CLO, processes more 

efficient such as Advance Oxidation Processes are being employed. Nowaday, the AOPs more used is 

heterogeneous photocatalysis. This process is based on the interaction of radiation of appropriate 

wavelength (depending on the band-gap of the semiconductor) with the surface of the 

semiconductor that acts as a photocatalyst. The pollutants are expected to be completely 

mineralized as a result of this process. Numerous studies have shown that the use of heterogeneous 

photocatalysis yielded promising results in the elimination of persistent pharmaceuticals from the 

environment[25]. TiO2 is one of the most used and efficient catalyst. The popularity of this 

photocatalyst could be attributed to its many advantages, such as high photostability, 

photoreactivity, low toxicity, or low cost [26]. J Trawinski was the first author to use TiO2 combined 

with CLO, and after 20 minutes of irradiation, both,  parent molecule and its TPs were practically 

completely eliminated [13]. 
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6.2.Materials and methods 

6.2.1. Materials 

Clozapine (8-Chloro-11-(4-methyl-1-piperazinyl)-5H-dibenzo[b,e][1,4]-diazepine),(CLO), was 

purchased from TCI Tokyo Chemical Industry (Tokyo, Japan) with a purity higher than 98%. .For 

analytical purposes, a stock solution containing 1000 mg/L of CLO was dissolved in methanol. The 

solution was stored in glass-stopped bottles at −20 °C in the dark. Standard working solutions were 

prepared, daily. Ultrapure water used was produced by a Milli-Q system (Evoqua, Pittsburg, USA). 

Photosensitizers: humic acid, natrate (NaNO3) and bicarbonates (NaHCO3) were purchased from 

Sigma-Aldrich (Athens, Greece). Irradiation procedures of CLO were carried out by experimental 

solutions that were prepared by dissolving CLO directly in ultrapure water, ultrapure 

water+sensitizers, WWTP effluent and Pamvotis lake. Acetonitrile (≥99.9%) was purchased from 

Merck Life Science S.r.l. (Milan, Italy). TiO2 P25 (Evonik Industries, Italy) was used as photocatalyst. 

 

6.2.2. Sample collection 

Samples from WWTPs effluent were collected from the WWTP of the city of Ioannina in 

amber glass bottles prerinsed with deionized water. Up on their arrival in the laboratory, were 

centrifuged (4000 rpm, 25 °C, 10 min) and filtered with 0.45 μm polypropylene (PP) filters to 

eliminate the particulate matter. 

Lake samples were collected from Pamvotis lake, located in Ioannina, NW Greece.  All the 

samples were collected in clean amber glass bottles, transported to the laboratory and immediately 

filtered with polyamide filters of 0.45 μm and placed in the refrigerator at 5 ◦C. Wastewater and Lake 

samples were characterized and values are compiled at Table S1 andS2of Chapter 5.  
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6.2.3. Irradiation experiments 

6.2.3.1. Natural solar light 

To simulate the degradation processes that take place in the environment, photodegradation 

and hydrolysis experiments were carried out under natural solar irradiation. For this, 1 L of samples 

were spiked with 10 mg/L of CLO in MQ water as well as natural waters (WWTP and Lake). These 

samples were put into capped Pyrex glass bottles and homogenized under magnetic stirring 

conditions, and finally placed on the terrace of the Department of Chemistry of Ioannina University in 

2018. Dark control experiments were also carried out. For this, amber glass bottles were exposed 

with the same concentration and covered with aluminum foil, in order to obtain the same 

environmental conditions (Figure 6.1). 

At certain times, aliquots of 2 mL were collected from the bottles. The average total daily 

short-wave radiation was 286 and 273 W/m2 for July and August, respectively, while the sunshine 

duration from sunrise to sunset was 10 and 11 h, for the two months, respectively. The mean daily 

air temperature was 23 and 26 °C, with minimum air temperature at 17 and 18 °C and maximum air 

temperature at 26 and 32 °C, for July and August, respectively. Experiments were carried out in 

duplicate. 
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Figure 6.1. Samples at the terrace in the University of Ioannina exposed to natural solar light. 

6.2.3.2. Artificial solar irradiation 

Photodegradation experiments were conducted in a sunlight simulator (Solarbox, 

CO.FO.Me.Gra, Milan) equipped with a xenon lamp (1500 W) with a cut-off filter at below 340 nm 

(Figure 6.2). On top of the solutions the irradiance was 18 W m−2 in the 295–400 nm range (like the 

natural sunlight UV irradiance at middle European latitude in sunny days). Irradiation was carried out 

in magnetically stirred cylindrical closed cells (Pyrex glass, 40 mm i.d. 25 mm), on 5 mL aqueous 

solutions containing 10 mg/L of CLO and were subjected to different irradiation times. 

The differences between the photodegradation rates of CLO in the presence of dissolved 

organic matter (DOM) was studied. Solutions of MQ water of 1 mg/L of CLO, containing DOM, nitrate 

and bicarbonate ions (10 mg/L each) were exposed to the same irradiation conditions than the 

previous experiments. All experiments were carried out in triplicate including dark controls that were 

performed under the same conditions.  
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Figure 6.2. Sunlight simulator used during my secondment at the University of Turin. 

 

To calculate the degradation rate constant, the equation (1) was used: 

Ct = Co e−kt(1) 

where Ct is the concentration at time t and Co the initial concentration. At the time, that 

concentration reduces to 50 % of its initial amount and the half-life is calculated by: 

t1/2 = ln2 / k (2) 

 

6.2.3.3. Photocatalysis 

Photocatalytic degradation experiments were conducted in the same cylindrical closed cells 

on 5 mL aqueous solutions containing 20 mg/L of CLO and 400 mg/L TiO2. Samples were subjected to 

different irradiation times (ranging from 5 min to 3 h), using the 40 W Philips TL K05 lamp (Figure 

6.3). After irradiation, the samples were filtered through 0.45 μm Millex LCR hydrophilic PTFE 

membranes (Millipore) before the analysis. The lamp irradiance over the irradiated solutions was 

around 30 W/m2 in the wavelength range of 290−400 nm (measured with a power meter from 

CO.FO.ME.GRA., Milan, Italy). 
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Figure 6.3. 40 W Philips lamp used during for irradiation purposes (University of Turin). 

 

 

6.2.4. Irradiation experiments 

Concentrations of CLO under all irradiation conditions was monitored with a Merck-Hitachi 

chromatograph equipped with Rheodyne injector (20 μL sample loop), L-6200 and L-6200A pumps 

for high-pressure gradients, L-4200 UV−vis detector, and RP-C18 column (Lichrospher, 4mm i.d.× 125 

mm long, from Merck). Isocratic elution (1 mL/min flow rate) was carried out with 85% of 0.01 M 

phosphoric acid solution at pH 2.8 and 15 % acetonitrile. The detector wavelength chosen was 245 

nm. 

The formation of ionic products in samples irradiated with simulated solar light, was followed 

by a suppressed ion chromatography, employing a Dionex DX 500 instrument (Thermo Scientific) 

equipped with a conductimeter detector (ED 40, Dionex). The anions (nitrate and nitrite) have been 

analysed by using an AS9HC anionic column (200 mm long × 4 mm i.d.) using an aqueous solution of 

K2CO3 (9 mM) as mobile phase; the elution was performed at 30 ◦C, at a flow rate of 1mL/min. The 

determination of ammonium ions was performed by employing a CS12A column, using 

methanesulfonic acid 25mM as eluent, at a flow rate of 1mL/min. 
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 The evolution of the dissolved organic carbon (DOC) during the irradiation process runs was 

followed using a using a Shimadzu TOC-V CSH (catalytic oxidation on Pt at 680◦C) equipped with a 

Shimadzu ASI-V autosampler. Calibration was achieved by injection of known amounts of potassium 

phthalate. 

 

6.2.5. Toxicity 

The toxicity was evaluated with a Microtox Model 500 Toxicity Analyzer (Milan, Italy). Acute 

toxicity was evaluated with a bioluminescence inhibition assay using the marine bacterium Vibrio 

fischeri (Figure 6.4) by monitoring changes in the natural emission of the luminescent bacteria when 

challenged with toxic compounds. Freeze-dried bacteria, reconstitution solution, diluent (2% NaCl) 

and an adjustment solution (non-toxic 22% sodium chloride) were obtained from Azur (Milan, Italy).  

Samples were tested in a medium containing 2% sodium chloride, in five dilutions, and 

luminescence was recorded after 5, 15, and 30 min of incubation at 15◦C. Since no substantial change 

in luminescence was observed between 5 and 30 min, the results related to 15 min of contact are 

reported below. Inhibition of luminescence, compared with a toxic-free control to give the 

percentage inhibition, was calculated following the established protocol using the Microtox 

calculation program. 
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Figure 6.4. Microtox Model 500 Toxicity Analyzer (University of Turin). 

 

6.3. Results and Discussion 

6.3.1. Natural sunlight Irradiation 

The degradation of CLO can be induced by solar light because it absorbs solar radiations 

between 295 and 375 nm, as previously reported [12]. The results obtained during natural solar 

irradiation of CLO (10 mg/L) in MQ water and natural waters (lake and WWTP samples) are 

presented in Figure 6.5. The photodegradation rates constant of CLO are listed in the following order: 

MQ water < Lake < WWTP. Considering the quality parameters of natural waters (Table S1 and S2 of 

Chapter 5), the content of DOM (11.7 and 23.2 mg/L) and NO3
- (10.5 and 86.1 mg/L) in lake and 

WWTP samples respectively, these two parameters are much higher in WWTP than in lake and MQ 

samples, implying the presence of photoactive compounds called photosensitizers [27]. As we can 

see from the Figure 6.5, the degradation of CLO is clearly faster in WWTP samples, with a half-life of 

14 days compared to the half-life in lake samples, 58 days and in MQ water, 481 days. This fact 

confirmed that the photosensitizers present in the environmental waters when are irradiated under 
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natural solar light, can generate reactive oxygen species (ROS) such hydroxyl radical (•OH), singlet 

oxygen (1O2), and CDOM triplet states (3CDOM*), which can cause pollutant transformation [18]. The 

same behavior has been observed by other authors for CLO [5,13,28]. Dark control samples were 

collected to evaluate if there was another degradation process than photolysis during the 

experiment, and less than the 10% was degraded in the 3 matrices over the exposure period, 

indicating that other processes such as volatilization and biodegradation did not occur. Then, CLO 

could be considered as a stable compound in the environment.  

 

 

Figure 6.5. Kinetics and rate constants (h-1) of CLO in MQ water (blue), lake sample (orange) 

and WWTP sample (grey) under natural solar light. 

 

In order to further elucidate this photosensitization effect on the performance of the 

photolytic process, solutions of CLO (1 mg/L) were irradiated in the presence of NOM, and as a 

representative standard, humic acid (HA, 10 mg/L) was used. As well, solutions of CLO were 

irradiated under simulated solar light in the presence of nitrate and bicarbonate ions (10 mg/L each).  
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6.3.2. Artificial solar irradiation 

According to J. Trawiński, the lamp of Xe should be considered as the most relevant for the 

environment, since it allows evaluating both the environmental fate and the treatment aspects of 

waste water [25].Table 6.1 presents the photodegradation rate constants along with half-lives and 

coefficient standards, exposed to simulated and natural sunlight, presenting the influence of 

different aqueous matrices. 

Table 6.1. Kinetics of the photolysis of CLO in different aqueous media 

Photolysis t1/2 (hrs) k (hrs-1) R2 

Simulated solar irradiation (solar box) 

MQ water 91.20 0.0076 0.9703 

Lake Pamvotis 40.77 0.0170 0.9775 

WWTP water 27.73 0.0258 0.9944 

HA 10 mg/L 34.66 0.0200 0.9937 

CO3
2- 10 mg/L 63.01 0.0110 0.9904 

NO3
- 10 mg/L 46.21 0.0150 0.9955 

Natural solar irradiation (outdoor) 

MQ water 11552.45 0.0001 0.9854 

Lake Pamvotis 1386.29 0.0005 0.9958 

WWTP water 346.57 0.0020 0.9947 

 

 Photodegradation of CLO in MQ water, lake and WWTP followed pseudo-first order kinetics, 

with r2 generally above 0.9703. Figure 6.6 shows the photolytic behavior of CLO over the time and 

the rate constant in different matrices. Results showed that the degradation order in natural sunlight 

is in good agreement with the irradiation experiments done in artificial-laboratory, suggesting that 

laboratory-scale experiments using artificial irradiation can help to predict the behavior of CLO in 
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natural waters [29,30]. However, the rate of photodegradation of each sample cannot be directly 

compared due to differences in the irradiation spectrum and the variation of daily light (night-day 

circle) [31,32] [25, 26]. But it gives us a better understanding of the photodegradation that actually 

occurs in the natural environment. 

 

 

Figure 6.6. Kinetics and rate constants (h-1) of CLO in MQ water (blue), lake sample (orange) 

and WWTP sample (grey) under artificial solar irradiation. 

 

Photodegradation of CLO under simulated solar irradiation follows a pseudo first order 

kinetic in the three different matrices, with r2 generally above 0.9703. The rate constants were of the 

same order as in the experiment under natural sunlight: MQ water < Lake < WWTP, suggesting that 

the photosensitizers present in environmental waters promote the degradation of CLO. As before, 

dark control experiments were carried out and no hydrolysis effect was observed. When CLO was 

exposed under artificial light in wastewater samples, the photodegradation rate of CLO was 3.3 times 

faster compared to MQ water. This acceleration due to a sensitization effect was also observed in the 

lake water. The CLO photodegradation rate was almost 2.2 times higher in lake water compared to 

MQ, indicating a photosensitization effect in the respective aqueous matrices. From Table S1 and S2 

of Chapter 5, it can be seen how the concentration of organic matter follows the order: WWTP> 
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lake> MQ water, suggesting that the higher concentration of NOM, higher will be the rate of 

photolysis, according with our findings.  

In order to study the role of organic matter of the photolytic process, solutions of CLO (1 

mg/L) containing HA, CO3
2- and NO3

- ions (10 mg/L each) were irradiated and the results are 

presented in the Table 6.1. Once again, the concentration of NOM and nitrates in natural aqueous 

samples clearly accelerates the kinetics of CLO. Figure 6.7 presents de kinetics and the rate constants 

of CLO in the presence of the photosensitizers under artificial solar irradiation. As it was expecting, 

the presence of HA accelerates the degradation process of CLO considerably, specifically, CLO 

photodegradation rate was 2.6 times faster in samples containing HA, 1.5 times those containing 

CO3
- and twice as fast for those containing NO3

2-, compared to the experimental rate constant 

obtained for MQ water. CLO is still considered a photostable molecule in the natural aqueous 

medium, although it degrades a bit in the presence of photosensitizers and under the presence of 

light. Therefore, it is necessary to study other alternatives, such as Advanced Oxidation Processes 

(AOPs), for the total elimination of CLO from the environment. 

 

6.3.3. Photocatalysis 

TiO2 is the most used catalyst today due to its features such as it is highly photostable, 

photoreactive, non-toxic, chemically and biologically inert, and inexpensive. The introduction of the 

semiconductor (200 mg / L) together with CLO (20 mg / L) in MQ water drastically accelerated its 

kinetics (Figure 6.9) and after 30 min of irradiation, CLO concentration was less than 5% of the initial 

concentration. 
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Figure 6.7. Kinetics and rate constants (h-1) of CLO in the presence of HA (blue), NO3
- (orange) and 

CO3
2- (blue) ions in different matrices under artificial solar irradiation. 

 

 

In terms of the mineralization process, the TOC was 5% of the initial organic carbon after 5 

hours of irradiation (Figure 6.8). This delay between the TOC evolution and the photocatalytic 

degradation is due to the formation of intermediate photoproducts. Chlorine is released faster than 

nitrogen and after 5 hours they reach the stoichiometric amount. Interestingly, nitrogen is released 

in a small proportion as NO3
- and remains constant throughout the irradiation process, but instead, 

ammonia is released in a higher proportion. These results imply that Advance Oxidation Processes, 

such as photocatalysis, should be examined to overcome the limits of primary and secondary 

treatment processes in WWTPs for removing CLO residues. 
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Figure 6.8. Time evolution of primary process of CLO, end-inorganic products (nitrate, ammonium, 

and cluoride) and organic carbon during the photocatalytic degradation of CLO. 

 

6.3.4. Toxicity assessment 

The toxicity of CLO in MQ water and TiO2 was studied by monitoring changes in the natural 

emission of the luminescent bacteria V. fischeri when challenged with toxic compounds. Samples 

were submitted to degradation process at different irradiation times and analyzed to estimate the 

percentage of inhibition of each sample. In the first 10 min of irradiation, there was an increase in 

the inhibition of the toxicity, reaching a maximum of 47% (Figure 6.9). After that time, the toxicity of 

the solution decreased slowly and after 1h, the toxicity is less than 10%. After 3 hours of irradiation, 

it seemed that the molecule and its photoproducts have been completely degraded, since the 

toxicity was 0%, showing the efficiency of the photocatalytic process in the detoxification of the 

irradiated solution. These observations demonstrate that during the photocatalytic treatment, in the 

period 0–10 min, compounds more toxic than CLO were formed, in accordance with previously 

demonstrated observations [33]. There is no data related to the toxicity assessment for CLO in water 

in the literature, so this was the first attempt to study the toxicity of clozapine.  
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Figure 6.9. Toxicity assessed for CLO as a function of the irradiation times. 

 

6.4. Conclusions 

In this study, the degradation of clozapine (CLO), an atypical antipsychotic, using direct and 

indirect photolysis and heterogeneous photocatalysis (TiO2in dispersion), under natural and 

simulated solar light radiation, was investigated. Various matrices were used: MQ water, lake and 

WWTP samples, affecting the degradation rate of the target compound during the applied processes. 

The rate constants of CLO photo-decomposition reactions, were well described by the pseudo-first-

order kinetic model. Half-lives of CLO ranged from 91.20 h in MQ to 40.77 and 27.73 h in lake and 

WWTP samples, respectively, when they were irradiated under artificial solar light, confirming an 

acceleration effect in the presence of photosensitizers and under the presence of light. The addition 

of TiO2drastically acceleratedthe degradation rate of CLO and after 30 min of irradiation, CLO was 

almost completely degraded. Finally, toxicity measurements were conducted using Microtox bioassay 

in order to evaluate the potential risk of CLO to aqueous organisms. Although, the acute toxicity 

increased during the first stages of treatment the final outcome led to very low toxicity levels even 

within 60 min of TiO2 treatment. Concluding, the obtained results suggest that the photocatalytic 
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degradation of CLO can lead to its complete elimination and simultaneously to the detoxification of 

the solution.  
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Chapter 7. General conclusions 

 

 

The main goals of this PhD project were successfully achieved by the development of a green 

microextraction method for the determination of the target analytes in environmental samples as 

well the study of their photolytic and photocatalytic fate as well as the elucidation of their 

degradation pathways. 

The determination and preconcentration of the target analytes were achieved with an 

innovative fabric phase sorptive extraction (FPSE) followed by high performance liquid 

chromatography (HPLC) with a diode-array detector (DAD). The behavior of different substrates has 

been studied such as laboratory filter paper as well as 3D-printed PLA, a biodegradable and low- cost 

material. The set-up of the extraction process and the type of coating were the variables exerting the 

most prominent effects in the repeatability and the yield of the extraction, respectively. The 

chromatographic separation was carried using a mobile phase consisted of methanol and water 

acidified with phosphate buffer of pH 3.0 at a flow rate 0.3 mL/min on SpeedCore C18 50x2.1 mm 

column. The analytical method was optimized with the aid of chemometric tools such as 

experimental design and response surface methodology to tease out the factors that are statistically 
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significant in either mode of extraction, and to determine what combination of levels produces the 

optimum. In accordance with the obtained results, the optimum conditions for FPSE procedure were 

as follow: sample volume of 1 mL with an ionic strength of 0% at pH 12, an extraction time of 30 min 

and elution with 0.10 mL of methanol for 10 min at stirring conditions (300 rpm). 

In addition, the mechanisms of sertraline, clozapine and citalopram photo-transformation 

were studied when they are irradiated in the presence of natural organic matter. Water extractable 

organic matter (WEOM) was extracted from sediments of Pamvotis Lake under mild conditions. 

Water extractable NOM (WEOM) was recovered by stirring sediments at room temperature 

overnight in phosphate buffer at pH 9-9.5. UV-visible and fluorescence spectra confirmed the humic-

like nature of WEOM.  

 The capacity of WEOM to generate oxidant species under simulated solar light was 

determined using probe molecules. Then, we investigated the ability of WEOM to sensitize the 

photodegradation of the three target compounds. It was observed that Extracted WEOM generate 

triplet WEOM, singlet oxygen and hydroxyl radicals upon irradiation around 365 nm. Formations 

were quantified using trimethyphenol, furfuryl alcohol and terephthalic acid as probe molecules. It 

can be said that the CECS were mainly oxidized by OH radicals upon irradiation in the presence of 

WEOM. Many photoproducts were identified by HPLC-HRMS; such non-specific reaction confirms the 

involvement of hydroxyl radicals. 

Moreover, the photoinduced degradation of sertraline, citalopram and clozapine under 

simulated solar radiation was studied. Photolysis was studied under different experimental 

conditions to explore its photolytic fate in the aqueous environment. Photolytic degradation kinetics 

were carried out in ultrapure water, wastewater effluent, lake water, as well as in the presence of 

dissolved organic matter (humic acids), bicarbonate and nitrate ions which enabled their assessment 

on sertraline photooxidation. Direct photolysis was not shown to play a key role, while the reaction 

of the target analytes with photoactive compounds accelerated drugs transformation. The 
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introduction of TiO2 as a catalyst dramatically accelerated the degradation rate of the three drugs 

even at mild conditions (400 mg/L) and after 1 h of irradiation, parent molecules were totally 

removed. 

Finally, toxicity assessment of the three molecules showed that at the beginning of the 

irradiation, the toxicity is increased. However, afterwards the toxicity slowed down settling at 

negligible value at the end of treatment in agreement with the organic carbon content reduction. For 

the three molecules, irradiation treatments can result in compounds that are more harmful than the 

parent substance. 
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Summary of PhD activities 

 

Conferences attended 

 

- 1-4 September, 2021. 17th International Conference on Environmental Science and Technology. 

Oral presentation: “Aquatic phototransformation of psychoactive drugs by organic matter extracted 

from sediments of Pamvotis lake”. Athens, Greece. 

- 3-6 May, 2021. SETAC Europe 31st Annual meeting. Oral presentation: “"Effect of water extractable 

organic matter from sediment of lake Pamvotis of psychoactive drugs under simulated solar light". 

Virtual conference. 

- 1-12 June, 2020. 68th American Society for Mass Spectrometry Annual Conference (ASMS). Oral 

presentation: “Photodegradation of contaminants of emerging concern enhanced by dissolved 

organic matter derived from Pamvotis Lake sediments”. Virtual conference. 

- 3-7 May, 2020. SETAC Europe 30th Annual meeting. Poster and Flash presentation: 

“Photodegradation of contaminants of emerging concern by simulated solar irradiation enhanced by 

dissolved organic matter derived from Pamvotis Lake sediments (NW Greece)”. Virtual conference. 

- 22-25 September, 2019. 11th International Conference on "Instrumental Methods of Analysis" (IMA 

2019). Oral presentation: “Fabric phase sorptive extraction for the determination of antidepressant 

drugs in environmental samples prior to HPLC-DAD”. Ioannina, Greece. 

- 2-6 September, 2019. International Conference on Chemical Energy and Semiconductor 

Photochemistry. Trabzon, Turkey. 
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- 4-7 September, 2019. 16th International Conference on Environmental Science and Technology 

(CEST 2019). Oral presentation: “Optimization of fabric phase sorptive extraction for the 

determination of selected pharmaceuticals in environmental waters”. Rhodes, Greece. 

- 16-20 June, 2019. 17th International Conference on Chemistry and the Environment (ICCE 2019). 

Oral presentation: “Fabric phase sorptive extraction followed by high-performance liquid 

chromatography (HPLC-DAD) for the determination of psychoactive drugs in environmental 

samples”. Thessaloniki, Greece. 

 

 

Attending courses and training activities 

 

- Webinar: “Estudio de las aguas residuales con fines epidemiológicos.” organized by FACSA in 

cooperation with Universitat Jaume I, Castellón, Spain - UJI. 28th January, 2021. Online. 

- Webinar: “Preparation and characterization of photocatalysts for environmental application” 

organized by Universitat Politècnica de Valencia, Spain. 27th January, 2021. Online. 

- Webinar: “EU versus Italian water management” organized by SMAT, Italy. 18th January, 2021. 

Online. 

- Research Italian Night: "La sfida di AQUAlity: rimuovere i contaminanti di ultima generazione dalle 

acque”. Torino, Italy. 27th November, 2020. 

- Summer School: “Introduction to Basic Statistical Tools and Data Analysis in Research”. Organized 

by Ioaninna University and Università Piemonte Orientale. 23-24th September, 2020. Online. 

- Webinar. “ESOF 2020, “The emotional roller coaster of building a Career in Science”, SCI Giovani 

session, dedicated to Mental Health of young researchers.” 6th September, 2020. Online. 

- Webinar: “Open science and the reward system: how can they be aligned?”. Webinar- organzed by 

BrighTALK. 2nd July, 2020. Online. 

- Webinar: “Innovative Water Week-2020”. 22-26th June, 2020. Online. 
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- Webinar: NanoCommons Online Jaqot webinar on nanotoxicity prediction: "Take your research 

from bench to the community by making yours models available as a web service". NanoCommons. 

3rd June, 2020. Online. 

- Course: "Estaciones de Depuración de Aguas Residuales (EDAR): Funcionamiento y Explotación". 

FACSA with Universitat Jaume I, Spain. 9-30th April, 2020. Online. 

- Training on Method Development HPLC-DAD (24 h). University of Ioannina, Greece. 15-17th April, 

2019. 

- Training on Method Development GC-MS (24 h). University of Ioannina, Greece. 9-11th April, 2019. 

- Training on Lab safety (8 h). University of Ioannina, Greece. 8th April 2019. 

- Workshop on “Prioritisation of Emerging Contaminants in Urban Wastewater". Palaiseau, Paris, 

France. 6th March, 2019. 

- Winter School on Mass Spectrometry, Ećole Polytechnique de Paris. Paris, France. 4-8th March, 

2019. 

- Summer School on “Micropollutant analysis and emerging technologies for their abatement”. 

Aalborg, Denmark. 27-29th August, 2018. 

- Summer School on “Photochemistry and depollution: direct and sensitized photolysis, fundamental 

aspects and examples”. Clermont Ferrand, France. 25-27th April 2018. 

 

 

Periods Abroad  

 

- October-December, 2020. Università degli Studi di Torino, Italy. “Identification of intermediate 

products of Contaminants of Emerging Concern photodegradation at Pamvotis Lake during the case 

study”. Tutor: Prof. Debora Fabbri. 

- October-March, 2020. CNRS, Clermont-Ferrand, France. “Isolation and characterization of the 

dissolved organic carbon from Pamvotis Lake and investigation of the photochemical fate of the 
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Contaminants of Emerging Concern in aqueous matrices of different composition”. Tutor: Prof. Claire 

Richard 

- MIRTEC S.A, Chalkida, Greece. “Development of advanced green analytical methods (materials 

characterization) for the determination of Contaminants of Emerging Concern”. October-November 

2018. Tutor: Prof. Vassilis Stathopoulos. 
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