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ABSTRACT 

Sertraline (SER) is an antidepressant of the selective serotonin reuptake inhibitor (SSRI) class 

that has been repeatedly reported in environmental matrices in the last decade. While the 

research has mostly dealt with the occurrence and toxicology of this compound, there is a lack 

of information pertaining to its transformation under environmental factors such as solar 

irradiation. The present study aimed to fill in these gaps by investigating sertraline 

photodegradation in laboratory scale experiments corroborated additionally by experiments 

on real surface water. The data, acquired by laboratory photodegradation with a medium 

pressure UV lamp in presence of photosensitizers or reaction quenchers, were used to predict 

SER phototransformation kinetics by means of the Aqueous Photochemistry of 

Environmentally occurring Xenobiotics (APEX) software. It was established that sertraline 

degrades by first-order kinetics mostly dominated by direct photolysis, while the presence of 

some of the reactive species including •OH, CO3
• and 3CDOM* could further accelerate the 

rate of the compound’s breakdown. The predicted results were validated using sertraline-

spiked surface water, which was irradiated by actual sunlight, where the half-life of sertraline 

at around 1.4 days was estimated. Along with the photodegradation kinetics, we also 

identified five transformation products, three of which were successfully determined in 

Slovenian surface water samples. To the best of our knowledge, for two of these compounds 

our study represents the first report on their environmental occurrence. Overall, this work 

gives an insight into mechanisms of sertraline transformation in surface waters and 

demonstrates that photodegradation is a very important (and probably the main) 

transformation pathway for this contaminant.  

 

KEYWORDS: Antidepressant; Sertraline; Water; Environment; Photodegradation; 

Transformation product
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1. Introduction 

The presence of pharmaceutical residues in environmental waters has become an established 

phenomenon all over the world. These compounds enter wastewater through human excretion 

and inappropriate disposal (Vasskog et al., 2006), especially since their removal in 

wastewater treatment plants (WWTPs) is often incomplete (Lajeunesse et al., 2012; Vasskog 

et al., 2006). 

The focus of our study is the antidepressant sertraline (SER), (1S,4S)-4-(3,4-dichlorophenyl)-

N-methyl-1,2,3,4-tetrahydronaphthalen-1-amine. In the year 2012 it ranked as 36th on the list 

of the top 200 prescription drugs dispensed in the USA (Pubchem, 2016; “Top 200 Drugs of 

2012,” 2016). Before entering the environment, the drug is metabolized in the liver. N-

desmethylsertraline, better known as norsertraline (norSER), is the major metabolite. In vitro 

studies also report on the formation of sertraline ketone (SEK), N-hydroxy-sertraline and 

sertraline carbamic acid in the Phase I metabolic reactions. Glucoronidation is the main 

reaction of its Phase II metabolism (De Vane et al., 2002). Both the parent drug and the 

metabolite norSER have already been detected in the range of ng/L in surface waters (SW) 

and wastewaters (Golovko et al., 2014; Lajeunesse et al., 2012; Schultz et al., 2010). SER 

reportedly also accumulates both in sediments and aquatic organisms, affecting locomotor 

activity, feeding behavior, predator-prey interactions and reproduction in the latter 

(Hedgespeth et al., 2014a; Kwon and Armbrust, 2008; Minguez et al., 2015). The groups of 

Kuzmanović et al. (2016) and Osorio et al. (2016) determined SER to be one of the main 

emerging contaminants contributing to chronic toxic effects in four river basins in Spain. 

In the environment, organic pollutants are subjected to biotic and abiotic degradation 

processes, among which hydrolysis, photodegradation and microbiological degradation are 

most common. SER is known to be hydrolytically stable and poorly biodegradable, thus 
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photodegradation is potentially its main natural removal process (Lam et al., 2004; US 

Environmental Protection Agency, 2016). By direct (DP) or indirect photolysis in aquatic 

environments, structural changes of the parent compound can occur, resulting in the formation 

of transformation products (TPs) and potentially leading to complete degradation (i.e., 

mineralization). The chemical structures of TPs are not necessarily identical to metabolites 

formed in the human body. Linking the exposure and risks related to the occurrence of parent 

molecules and TPs in the environment is a challenging task, of which the first steps are the 

definition of the exact structures of TPs and the assessment of their formation kinetics, which 

are amongst the principal aims of this study. 

Jakimska et al. (2014) have carried out photodegradation experiments of SER under natural 

solar irradiation and using a xenon lamp. The impacts of matrix and pH on degradation 

kinetics were followed, but except for the finding that autocatalytic reactions occurred in the 

photodegradation mixture, there were no solid conclusions made in regards to the effects of 

different water matrices. To improve the lacking knowledge in this field, we aimed to assess 

the effect of DP as well as specific photochemical reactions on SER phototransformation 

kinetics and TP formation. This was achieved by measurements of photochemical reactivity 

on adopted laboratory systems, which were intended to measure the kinetic parameters rather 

than to mimic the environment. The rationale is that it is not possible to perform laboratory 

experiments that are representative of the environmental conditions even if natural water 

samples are irradiated, since there are several variables that are difficult to include in the 

experimental design (e.g., depth of the water column) (Bianco et al., 2015). Instead, to 

improve the understanding of the photochemical behaviour of natural waters, one has to 

model photoreactivity in deep waters and, to do so, DP quantum yields and second-order 

reaction rate constants are needed. With the partial exception of the processes mediated by the 

excited triplet states of chromophoric dissolved organic matter (3CDOM*; Wenk and 
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Canonica, 2012), these parameters are almost independent of the experimental conditions. 

Therefore, the laboratory photodegradation experiments should focus on accuracy rather than 

on similarity to surface-water chemistry (Bodrato and Vione, 2014). For these reasons, we 

accomplished our research by the following steps: (i) laboratory measurements of SER 

photoreactivity parameters under UV lamps; (ii) photochemical modelling of SER photo-fate 

in shallow solutions; (iii) validation of our photochemical model by comparing its prediction 

results with the behavior of SER in river water under natural sunlight, and (iv) prediction of 

the photochemical behaviour of SER in sunlit natural water bodies. In all breakdown 

experiments we also followed the formation of TPs and investigated their presence in the 

Slovene rivers. 

2. Materials and methods  

2.1. Standards, chemicals and materials 

The list of standards, reagents and chemicals can be found in the Supplementary material 

(SM), Chapter 1.1. 

 

2.2. Preparation of standard and working solutions 

The stock solutions of SER were prepared in acetonitrile (ACN) at concentrations 100 mg/L, 

and 500 mg/L. Considering the relatively low but non-negligible second-order reaction rate 

constant between ACN and •OH (2.2×107 L mol−1 s−1; Buxton et al., 1988), the occurrence of 

ACN in the irradiation solutions was taken into account in the relevant kinetic models for the 

determination of the second-order reaction rate constant between SER and •OH. The stock 

solutions for norSER, SEK and SEI were also prepared in ACN at concentration 100 mg/L. 

Standard solutions of SER, norSER and SEK were stored in the dark at 4°C for 3 to 5 months, 

while the standard of SEI was stored in the freezer at -20°C for the longest duration of 1 
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month. The internal standard (IS) solutions of deuterated SER (SER-D3) and deuterated 

bupropione (BUP-D9) were provided as methanol (MeOH) solutions at the concentration of 

100 mg/L and were stored at - 20°C. 

 

2.3. Analytical method  

2.3.1. Analysis of samples for the kinetics study and TP characterisation 

Samples for the preliminary study of SER degradation kinetics (initial concentration of 10 

µg/L) were analyzed by gas chromatography coupled to mass spectrometry (GC-MS) after 

appropriate sample preparation as described below. In case where no solid phase extraction 

(SPE) preconcentration was needed (initial concentrations of 1 mg/L and 10 mg/L), the 

sample was withdrawn, transferred into LC sample vial, diluted if appropriate and analyzed 

Quantitative trace-level analyses were performed using an ultra-high performance liquid 

chromatograph coupled to a hybrid quadrupole-linear ion trap mass spectrometry analyzer 

(UHPLC-QqLIT-MS/MS), whereas for the structural characterisation of TPs an UHPLC-

hybrid quadruple time-of-flight mass spectrometer (UHPLC-QToF MS) was employed. More 

details on the instrumental operation are given in SM, Chapter 1.2. 

We developed and optimized the sample preparation method for GC-MS determination of 

SER in Milli-Q (MQ) water. The final method is as follows: 200-mL samples were spiked 

with 50-µL of internal standard SER-D3 at the concentration of 2.5 µg/L and loaded at the 

flow rate of 1-2 mL per minute onto Oasis HLB cartridges. The sorbent was preconditioned 

with 3 mL of ethyl acetate (EtAc) and 3 mL of MeOH, and equilibrated with 3 mL of MQ 

water. After sample loading, the sorbent was washed with 3 mL of MQ water and vacuum 

dried for 30 min. The analytes were eluted with 3 × 0.6 mL of the mixture made up of 2 % of 

trimethylamine (TEA) in MeOH. The extracts were nitrogen-dried at 40°C. Derivatization 

was performed by adding 15 µL of acetanhydride and 5 µL of pyridine to the dry extract. The 
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derivatization mixture was vortexed, left at room temperature for 15 min, then dried again and 

finally redissolved in 0.5 mL of EtAc.  

 

2.3.2. Sample preparation of SW samples 

The SW sample preparation method was the following: 250-mL of each sample was spiked 

with internal standard SER-D3 at the final concentration of 20 ng/L, the samples were then 

filtered through 1.2 µm filters and 500 µL of 37 % HCl was added. The samples were loaded 

onto Strata XC cartridges preconditioned by 3 mL of MeOH and equilibrated by acidified MQ 

water (pH 2). The flow rate was 6-7 mL per minute. After loading, the matrix interferences 

were washed off with 4 mL of 0.1 M HCl and 2 mL of 20 % MeOH in MQ water. In the first 

step, the SEK fraction was eluted using 4 × 0.6 mL of MeOH. The second fraction of 3 × 0.6 

mL 5 % NH4OH in MeOH eluted norSER, SER, TP1 and TP2. BUP-D9 was added to the first 

fraction of eluate at the concentration of 25 µg/L to cover for SEK instrumental analysis. The 

extracts were nitrogen dried at 40°C. The samples were reconstituted in 100 µL (or 200 µL 

for samples with higher SER concentrations – SER high) of 20% MeOH in 0.1% aqueous 

formic acid. The analyses were performed using UHPLC-QqLIT-MS/MS. Instrumental 

analysis information for each method used can be found in SM, Chapter 1.2. 

 

2.3.4. Analytical method validation 

The method performance was evaluated by estimating linearity, trueness, repeatability, 

sensitivity, matrix effect and SPE efficiency. The method linearity was determined from the 

correlation coefficient (R2) and homoscedasticity of the matrix matched calibration curves, 

where the ratio of analyte to IS peak area was plotted against the concentration of analyte. 

Homoscedasticity was evaluated for each calibration curve following the procedure of 

Almeida et al. (2002): the residuals were plotted versus concentration and the F-test was 
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applied to check for equality of variances. In case heteroscedasticity was shown, the 

appropriate weighting factor was chosen on the basis of the plotted percentage relative error 

(% RE) versus concentration and the sum of absolute % RE to asses goodness of fit (Almeida 

et al., 2002). Furthermore, to avoid the saturation of SER calibration curve during UHPLC-

QqLIT-MS/MS analysis, we diluted the 1 mg/L SER photodegradation samples 10 times 

(Table 1, Method 2). 

QC samples were prepared to evaluate method repeatability and trueness (n=3). In order to 

confirm the trueness of our occurrence results in real SW samples, quantification was 

estimated by applying two methods: matrix-matched calibration and standard addition to 

matrices A, B and C. The method repeatability is reported as the relative standard deviation 

(RSD) of measurements. Trueness is expressed as the trueness error: ((calculated 

experimental value - spiked concentration)/spiked concentration)×100 %. Limit of 

quantification (LOQ) is reported as the concentration where the signal to noise (S/N) ratio 

was > 10 at an appropriate trueness and method repeatability (RSD < 20 % and trueness error 

< 20 %). SPE efficiency was determined as the ratio of the peak areas analyte/IS spiked 

before and after SPE, whereas IS was in any case spiked after SPE to cover for instrument 

signal variations. Matrix effect in SW was evaluated as the ratio of the peak area of analyte 

spiked into extracted matrix compared to the peak area of analyte spiked into solvent, and IS 

normalized.  

 

2.4. Photodegradation experiments 

2.4.1. Laboratory scale measurements for parameter modeling  

Laboratory scale experiments were performed in a cylindrical glass reactor by exposing 760 

mL of MQ aqueous solutions of SER to UV irradiation, at initial SER concentrations of 

approximately 10 µg/L and 1 mg/L (Figure S-1). A medium pressure mercury lamp (MP, 125 
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W, 3010/PX0686 Photochemical Reactors Ltd, London, UK) was used as the source of UV 

radiation. The lamp radiates predominantly at 365-366 nm, with smaller amounts at 265, 297, 

303, 334 nm in the UV region and larger amounts at 404-408, 436, 546 and 577-579 nm in 

the visible region (“Photochemical Reactors Ltd,” n.d.). A filter of borosilicate glass was used 

to cut off transmission below 300 nm. The intensity of the lamp was determined with 

ferrioxalate actinometry as 1.41 × 10−6 E s−1, according to the procedure adapted from Kete et 

al. (2008) and Murov et al. (1993). The spectra of SER absorbance and the relative intensity 

spectra of the MP lamp equipped with the filter are provided in the SM (Figure S-2). 

Degradation kinetics was described with the first-order degradation rate constant (k’SER) and 

half-life (t1/2) of SER at specified concentrations. The exposure times were adapted on the 

basis of the observed degradation rate. In case of UHPLC-MS/MS analysis 1-mL sub-samples 

were withdrawn from the same photodegradation experiment, whereas in case of the GC-MS 

analysis a 200-mL sample for each time point was withdrawn from an individual 

photodegradation experiment. Analyses were performed in duplicates. Repeatability of the 

photodegradation experiments was determined as the relative standard deviation (RSD) 

between three replicate experiments at the initial concentration of 1 mg/L and with the 

addition of 1mM NaNO3. The RSD is reported for three time points (0, 30, 120 min).  

In the experiments, we investigated the influence on degradation kinetics of pH and of radical 

sources or scavengers: NaNO3 (1.0 mM), 2-propanol (2-P; 0.3 µM, 3.0 µM, 30 µM), NaHCO3 

(0.50, 1.0, 10 mM), NaH2PO4 (1.0, 10 mM), Rose Bengal (RB; 10 µM), anthraquinone-2-

sulfonic acid sodium salt monohydrate (AQ2S; 3.0 µM). The additives were chosen based on 

the requirements of the modelling software (see segment 2.5 Photochemical modelling). In 

direct photolysis experiments, for the pH 5.0 adjustment we used acetate buffer (4 mM) and 

for pH 12.0 the 4 mM phosphate buffer. Along with the degradation kinetics study we 

followed the formation of TPs. 
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2.4.2. Photodegradation in surface waters 

The SW solar irradiation experiments were performed in 1000 mL of SW sampled from river 

Gradaščica (46°02'29.4"N 14°29'16.0"E), spiked at SER initial concentrations of 50 ng/L and 

1000 ng/L. The chemical parameters of the surface water were monitored before starting the 

experiment. The concentration of nitrite and nitrate ions, dissolved organic carbon (DOC) and 

chemical oxygen demand (COD) were determined using Hach reagents for water analysis (see 

Table S-3 for details). pH was measured with a pH meter from WTW, Wissenschaftlich-

Technische Werkstätten GmbH (Weilheim, Germany) and dissolved oxygen (DO) with a 

HQ30d probe from Hach (Düsseldorf, Germany). The irradiation lasted for 552 hours, of 

which 165.9 were sun hours. The experiment was executed at 45°58'10.6''N 14°41'53.7''E. 

The irradiation data was collected at the closest weather station, 25 km away, where the solar 

hours were determined with a heliograph with a threshold between 100-150 W/m2 of direct 

irradiation.  

Along with the solar irradiation experiments the same matrix spiked with the same amount of 

SER was irradiated using UV/VIS MP Hg lamp as described in section 2.4.1. This experiment 

lasted for 16 h.  

2.5. Photochemical modeling 

The model assessment of SER photodegradation was carried out with the APEX software 

(Aqueous Photochemistry of Environmentally-occurring Xenobiotics), available for free as 

Electronic Supplementary Information of Bodrato and Vione (2014). To predict reaction 

kinetics in natural SW, the following input parameters are required: (i) substrate (SER) 

photoreactivity parameters including the absorption spectrum, DP quantum yield and reaction 

rate constants with the main photoreactive transients involved in indirect photochemistry; (ii) 

water body parameters including chemical composition (nitrite and nitrate concentration, 
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dissolved organic carbon, chemical oxygen demand, pH and dissolved oxygen) and water 

column depth. These data enable the assessment of radiation absorption by SER and the 

photosensitizers (NO3
−, NO2

− and the chromophoric dissolved organic matter, CDOM) as 

well as the production, scavenging and steady-state concentrations of the photogenerated 

transient species that include the hydroxyl (•OH) and carbonate (CO3
•−) radicals, singlet 

oxygen (1O2), as well as CDOM (chromophoric dissolved organic matter) triplet states 

(3CDOM*). These transients are generated by NO3
−, NO2

− and CDOM under sunlight 

irradiation, with CO3
•− also requiring the interaction of •OH with HCO3

−/CO3
2− and of 

3CDOM* with CO3
2− (Canonica et al., 2005; Bodrato and Vione, 2014; Vione, 2014). The 

standard solar spectrum used in APEX is referred to fair-weather conditions during 

summertime at mid latitude (Frank and Klöpffer, 1988). Because sunlight irradiance is not 

constant in the natural environment due to fluctuations in meteorological conditions (not 

included in APEX) and of diurnal and seasonal cycles, APEX uses a summer sunny day 

(SSD) as time unit, equivalent to fair-weather 15 July at 45° N latitude. Radiation absorption 

by SER, NO3
−, NO2

− and CDOM is calculated based on Lambert-Beer competition for 

sunlight irradiance (Bodrato and Vione, 2014; Braslavsky, 2007). APEX applies to well-

mixed waters and gives average values of phototransformation rate constants and lifetimes 

over the water column, which includes the contributions of the well-illuminated surface layer 

and of darker water in the lower depths, where irradiance is low (Loiselle et al., 2008).  

2.6 Real environmental samples 

In order to confirm the presence of SER and its TPs in the environment, three six-hour 

composite samples were taken from three different SW (hereafter A, B and C) using an 

Avalanche Multi-bottle, Multi-function Sampler (Teledyne, ISCO, Lincoln, USA). The 

coordinates of the sampling sites, sampling dates and other parameters can be found in Table 
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4. The samples were prepared following the analytical method for SW and SER, norSER and 

SEK were quantified by UHPLC-QqLIT-MS/MS. 

 

3. Results and discussion 

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

aqueous environment 

Table 1 reports the validation parameters for the three developed methods: the GC-MS 

method (Method 1) and the UHPLC-QqLIT-MS/MS method both validated in MQ water 

(Method 2) and applied to laboratory samples described in segment 2.4.1, as well as the 

UHPLC-QqLIT-MS/MS method for SW (Method 3) used for samples from segments 2.4.2 

and 2.6. Where applicable, weighting factors are also reported. The LOQ of Method 1 (GC-

MS) was too high to tackle environmental levels of SER, while the UHPLC-QqLIT-MS/MS 

method was favoured due to its simplicity and sufficient sensitivity. Method 3 is the 

environmentally applicable one; it showed satisfactory repeatability and trueness and it was 

validated in the relevant concentration range. The trueness error and method repeatability data 

from the standard addition samples in SW matrices A, B and C also show that Method 3 can 

be successfully applied for quantifying SER and its TPs in other SW matrices (Table 1). 

 

 

Table 1. Validation parameters for the three analytical methods and the results for 

trueness errors and method repeatability for the standard addition in matrices A, B 

and C. 
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Method repeatability Trueness error  SPE eff  ME eff  

(RSD) (%) 
Calibration  

(%) (%) 
LOQ 

Concentration 
range  

Compound 
Method 
(matrix) 

Detection 
mode 

LOQ LL HL LOQ LL HL weight R2 LL HL LL HL S/N (ng/L) (ng/L) 

SER 1 (MQ) SIM 17.7 8.2 1.6 15.7 11.2 2.2 none 0.9997 70 75 / / ∞ 125 125 -1200 

SER 2 (MQ) MRM 8.9 8.6 5.5 16.9 5.1 5.6 1/y2 0.9928 / / / / 98.8 0.4 0.4 -100 

SER 13.9 6.2 6.3 14.4 3.4 6.5 1/x2 0.9908 93 82 105 98 36.1 0.4 0.4 - 50  

SER high / 5.1 4.5 / 4.0 3.7 1/x2 0.9940 84 96 95 118 / / 50– 1040  

norSER 10.5 5.7 5.1 5.8 1.5 1.8 1/x2 0.9943 72 95 172 116 11.4 0.4 0.4 - 50 

SEK 

3 (SW) MRM 

8.9 3.1 7.5 8.8 2.9 9.4 1/x2 0.9892 74 74 141 185 13.8 1.0 1.0 - 50  

Method repeatability 
(RSD) 

Trueness error                
(%) 

        
 

Compound 
Method 
(matrix)  

Detection 
mode 

LL HL LL HL          

3 (SW A) 7.7 3.4 12.3 3.8          

3 (SW B) 3.7 3.3 4.0 3.3          SER 

3 (SW C) 

MRM 

5.0 5.3 11.3 5.3          

3 (SW A) 12.9 6.3 10.1 6.6          

3 (SW B) 14.5 2.6 12.4 13.0          norSER 

3 (SW C) 

MRM 

3.6 13.4 4.8 12.6          

3 (SW A) 15.0 12.0 15.6 17.2          

3 (SW B) 10.6 10.2 14.4  6.8          SEK 

3 (SW C) 

MRM 

12.9 8.0 17.8  5.3          

 Legend 
Method 1 

(ng/L) 

Method 2 

(ng/L) 

Method 3 

(ng/L) 

LL 1000 5 5 

HL 10000 50 50 

LL (SER high) / / 50 

HL (SER high) / / 700 
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3.2. SER laboratory scale photodegradation for parameter modelling 

Photodegradation of SER followed pseudo-first order kinetics. The degradation constants and 

half-lives for different photodegradation experiments are listed in Table 2. Half-lives ranged 

from less than an hour to more than 2 days, depending on the reaction conditions, such as the 

addition of photosensitizers or quenchers, pH and SER concentration. As shown in Table 2 

and Figure S-3, higher SER concentration yielded a decrease in the photodegradation rate. 

The experiment repeatability (RSD) was < 6.6 % for all three time points. 

 

Table 2. First-order degradation constant (k’SER) and t1/2 of SER in the irradiated MQ 

solution with different additives. Where not specified, the solution pH was 7.0. 

Concentration 10 µg/L  1 mg/L 
Conditions k’SER [min-1] t1/2 [h ] k’SER [min-1] t1/2 [h ] 
pH 5.0 ± 0.1 < 0.0001 > 60 < 0.0001 > 60 
pH 7.0 ± 0.1 0.001 11.6 0.0004 28.9 
pH 12.0 ± 0.1 0.002 5.78 0.001 11.6 
1 mM NaNO3  0.006 1.93 0.001 11.6 

1mM NaNO3 + 0.5 mM NaHCO3  0.007 1.65 0.004 2.89 
1mM NaNO3 + 1.0 mM NaHCO3  0.016 0.72 0.006 1.93 
1mM NaNO3 + 10 mM NaHCO3  0.050 0.23 0.009 1.28 

10 µM RB  0.021 0.55 0.016 0.72 
0.034 0.34 0.050 0.23 3.0 µM AQ2S: 1

st
 stage 

3.0 µM AQ2S: 2
nd

 stage   0.008 1.44 0.001 11.6 

 

 

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

In order to evaluate the influence of pH on SER direct photodegradation, we performed the 

experiments at different pH values, e.g., at pH 5.0, pH 7.0 and pH 12.0. The pH 7.0 was 

chosen to reflect natural conditions, while the pH 5 and 12 were chosen to observe if the 

ionization of the compound influences the degradation time and kinetics. Because of the 
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presence of an amino group, at chosen pH the compound is either fully protonated (pH 5 and 

7) or in neutral form (pH 12). The environmental relevance of this experiment is however 

small, since the pH of natural waters does not vary as much. The results (Table 2 and Figure 

S-4) proved that photodegradation is pH-dependent, resulting in fastest degradation at the 

alkaline pH. In agreement with the results for the other SSRI, which are all weak bases (Kwon 

and Armbrust, 2004, 2005a, 2005b, 2006) the degradation rate decreased with decreasing pH. 

We chose to perform the remaining experiments at pH 7.0 as an approximation of natural pH, 

while also maintaining the optimal conditions for the reagents we used. At pH 7, the 

calculation of the DP quantum yield of SER (see SM, Chapter 3.1) gave ΦSER = 0.95. This 

value is quite high and, when combined with the absorption of radiation by SER that is 

extended up to around 450 nm (Figure S-2), it suggests that the DP is likely to be a very 

important phototransformation process for SER in natural waters. 

 

3.2.2. Reaction with 
•
OH  

Amongst the sources of •OH in environmental waters, which include nitrate and nitrite ions 

and several organic compounds, we selected the nitrate. The reason is that it gives better 

estimations of the •OH reaction rate constant than nitrite, whose quantum yield of •OH 

formation varies in the solar UV range, which is not the case with nitrate. Additionally, since 

SER is not a phenolic compound and its aromatic rings are much more electron-poor, N-

centered radicals are unlikely to react with it, in contrast with •OH (Bedini et al., 2012a). In 

the experimental setup we added 1.0 mM of NO3
−, which induced a degradation kinetics that 

was ideal for SER degradation monitoring. As expected, the degradation rate in the presence 

of •OH radicals was notably higher as compared to the DP (Table 2). 2-Propanol (2-P) was 

added at final concentrations of 0.3 µM, 3.0 µM, 30 µM to the reaction mixture for 

determining the second-order reaction rate constant between SER and the formed •OH. 2-P 
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works as •OH scavenger and competes with SER for •OH reaction, resulting in a decrease in 

the SER degradation rate (Figure S-7). The kinetic model used to describe •OH degradation 

took into account the occurrence of ACN in the system, which derived from the dilution of 

the SER stock solution in this solvent. The exact mechanism and calculations can be found in 

SM, Chapter 3.2 (reactions S1-S5) (Vione et al., 2011). The calculated reaction rate constant 

between SER and •OH was 
OHSER

k •
+

 = 2×1010 M−1 s−1. The value of 
OHSER

k •
+

 indicates that the 

reaction between SER and •OH is near diffusive control in aqueous solution. 

 

3.2.3. Reaction with CO3
•−

  

The concentrations of carbonate and bicarbonate ions in the environmental waters depend on 

the composition of rock and soil that water flows through. Carbonates are mostly reported as 

the water hardness and can even exceed 1000 mg/L in ground waters (USGS, n.d.). During 

irradiation of natural water samples, carbonate radicals CO3
•− are formed upon oxidation of 

HCO3
−/CO3

2− by •OH, and of CO3
2− by 3CDOM* (Canonica et al., 2005). These radicals may 

also affect photodegradation, but they are less reactive than •OH (Vione et al., 2011). To 

observe the effect of CO3
•− on SER photodegradation, we added NaHCO3 at final 

concentrations of 0.50 mM, 1.0 mM and 10 mM to the mixture containing NO3
− and SER. 

The nitrate photolysis yields •OH, which in turn produces CO3
•− upon reaction with 

bicarbonate and carbonate. The proposed mechanism of reaction with SER includes reactions 

between all three components (•OH, CO3
•− and SER) (Bouillon and Miller, 2005; Vione et al., 

2011).  

We observed an increase in SER photodegradation rate with increasing concentration of 

NaHCO3 (SM, Chapter 2.2, Figure S-5, Chapter 3.3, Figure S-8), which might be compatible 

with a significant role played by CO3
•− in SER photodegradation. Actually, the inorganic 
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carbon species HCO3
− and CO3

2− react with •OH both in the solution bulk and in the solvent 

cage, where •OH is initially formed upon nitrate photolysis as a geminate species together 

with •NO2. The cage reaction inhibits the geminate recombination between •OH and •NO2, 

thus the formation rate of CO3
•− in the presence of concentrated HCO3

− / CO3
2− is higher than 

the •OH formation rate with nitrate alone (Vione et al., 2009a). 

NO3
- hν

H+
OH  +  NO2 OH  +  NO2

HCO3
-

CO3
-  + H2O

   (1) 

 

It should however be noted, that the enhancement of SER photodegradation by NaHCO3 

could also be affected by the change of pH, depending on the fraction of undissociated 

compound. Namely, the pH of the solutions increased from 6.5 to 8.2 with the increasing 

concentration of NaHCO3 additions. To measure how this change influenced the reaction rate, 

and in agreement with Vione et al. (2009a), we conducted experiments with phosphate ions 

(combination of NaH2PO4 and Na2HPO4), at the same concentrations and pH as in the 

NaHCO3 experiments. There were no significant changes observed with the phosphate, which 

confirms that CO3
•− radicals drive the degradation of SER. Thus, by being sufficiently 

reactive towards CO3
•−, SER will most likely undergo a similar transformation in 

environmental waters (Vione et al., 2009a, 2009b). 

The second-order reaction rate constant between SER and CO3
•− ( −•

+ 3COSER
k ) was determined 

using the APEX software with the experimental concentrations of nitrate and, where relevant, 

bicarbonate and carbonate at the experimental pH. Moreover, we used the above value 

OHSER
k •

+
 = 2×1010 M−1 s−1. The acceleration of SER photodegradation in the presence of 
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NaHCO3 could be reproduced reasonably well by assuming −•
+ 3COSER

k  = 2×108 M−1 s−1 (see 

SM, Chapter 3.3 for additional details). 

 

3.2.4. Reaction with 
1
O2  

1O2 is another of the reactive transient species formed in environmental waters. As the source 

of 1O2 we used the sensitizer molecule RB. The optimal pH values for this xantene derivative 

range between 5 and 12, where it occurs in the dianion form and absorbs radiation at 

wavelengths from 450 to 600 nm, with a maximum at 548 nm. The RB reaction mechanism 

under irradiation enabled us to study SER degradation induced by 1O2 alone. The reaction 

between 1O2 and SER competes with thermal deactivation of 1O2 (Vione et al., 2011). In 

agreement with our expectations, 1O2 accelerated the degradation of SER as shown in Table 2. 

The second-order rate constant for the reaction between SER and 1O2 was calculated on the 

basis of additional experiments with furfuryl alcohol. The reactivity of furfuryl alcohol with 

RB has previously been established, which enabled us to first calculate the formation rate of 

1O2 (Vione et al., 2011). The calculated second-order reaction rate constant was 
SERO

k
,2

1  = 

(1.3±0.2)×106 L mol−1 s−1. This reaction rate constant is relatively low (e.g., one order of 

magnitude lower than that of diclofenac, which reacts negligibly with 1O2 in the natural 

environment; Avetta et al., 2016). This means that the reaction between SER and 1O2 may be 

important in laboratory experiments of RB irradiation but it is unlikely to play an important 

role in sunlit natural SW. The information on the exact calculations can be found in SM, 

Chapter 3.4. 
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3.2.5. Reaction with irradiated AQ2S 

AQ2S was chosen because it forms a reactive triplet state (3AQ2S*) under irradiation, but 

does not yield 1O2 or •OH. AQ2S is here used as the CDOM proxy, since the quinones are a 

part of CDOM and they form reactive triplet states. The schematic of the process can be 

found in SM  (Chapter 3.5, Figure S-9). AQ2S is usually more reactive than CDOM, and thus 

represents an upper limit of 3CDOM* reactivity (Bianco et al., 2016; Vione et al., 2011). 

Bedini et al. (2012) recommended using AQ2S concentrations lower than 0.1 mM, since at 

higher concentrations the sensitizing process becomes negligible compared to the DP of 

AQ2S (Bedini et al., 2012b). Solutions containing 3.0 µM of AQ2S yielded a sufficiently 

high reaction rate for SER degradation. Calculation details for the second-order rate constant 

*23
SAQSER

k
+

 are provided in SM, Chapter 3.5. 

 

3.3. Photochemical modeling  

Based on the calculated photoreactivity parameters of SER, namely the photolysis quantum 

yield ( SERΦ  = 0.95) and the second order rate constants with •OH (
OHSER

k •
+

 = 2×1010 L mol−1 

s−1), CO3
•− ( −•

+ 3COSER
k  = 2×108 L mol−1 s−1), 1O2 (

2
1
OSER

k
+

 = (1.3±0.2)×106 L mol−1 s−1) and the 

AQ2S triplet state, 3AQ2S* (
*23 SAQSER

k
+

 = 7×109 L mol−1 s−1), it was possible to model the SER 

phototransformation kinetics under conditions that are significant for SW. Note that 
*23 SAQSER

k
+

 

can be considered as an upper limit for the reaction rate constant between SER and 3CDOM*, 

*,3CDOMSER
k , because 3AQ2S* is generally more reactive than average 3CDOM* (Avetta et al., 

2016). 

Figure 1 reports the modeled first-order decay constants of SER, as well as the corresponding 

half-lives, as a function of the dissolved organic carbon (DOC) that is a measure of the DOM 
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in a water body. The different processes that contribute to SER photodegradation are also 

highlighted.  

 

Figure 1. Modeled pseudo-first order rate constant of SER phototransformation (kSER) 

as a function of the water DOC. The right-hand Y-axis also reports the SER half-

lives. Other water conditions: 5 m depth, 0.1 mM nitrate, 1 µM nitrite, 1 mM 

bicarbonate, 10 µM carbonate. The steady-state CO3
•− concentration in the modelled 

conditions (DOC = 1-10 mg C L−1) was in the range of 10−16-10−14 M. The different 

photochemical processes that account for SER photodegradation are highlighted with 

different colours. The time unit is the SSD (summer sunny days equivalent to 15 July 

at 45°N latitude). 
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The figure shows that, for a water depth of 5 m, the photodegradation of SER would be 

dominated by the DP. The reactions with •OH and CO3
•− would play a secondary role. The 

highlighted role of 3CDOM* is referred to 
*,3CDOMSER

k  = 
*2,3 SAQSER

k , and it constitutes an upper 

limit for the importance of the process. The lower limit is obtained under the hypothesis that 

the 3CDOM* process is unimportant. To get an insight into the relevant range of variation, the 

half-life of SER with DOC = 10 mg C/L would vary from 3 days with 
*,3CDOMSER

k  = 

*2,3 SAQSER
k , to 5 days by excluding the 3CDOM* process. Note that an increase of the DOC is 

expected to inhibit the reactions with •OH and CO3
•−, because DOM is a key scavenger of 

both radical species. Increasing DOC also inhibits the DP, because the CDOM would 

compete with SER for sunlight irradiance. In contrast, the 3CDOM* reactions would be 

enhanced at high DOC because of elevated levels of CDOM that is the immediate 3CDOM* 

precursor (Avetta et al., 2016).  

 

3.4. Identification of TPs and their formation profiles 

3.4.1 Peak detection, identity confirmation and formation profiles 

Figure S-10 in the SM shows the extracted ion chromatograms of a sample treated with RB 

and irradiated for 105 min. There are evident chromatographic peaks of the residual SER at 

3.80 min, and of three TPs, i.e. nor-SER at 3.84 min, SEI at 3.54 min and SEK at 5.14 min. 

Each TP was defined by three MRM transitions (Table S-1) and the retention time matching 

with standards. Furthermore, we detected two additional compounds with chromatographic 

peaks at tR 3.29 min and tR 3.53 min that underwent the same transition as SEK (MRM 

291>238), as shown in Figure S-10 (D) and Figure 2. The compounds TP1 and TP2 were 

absent in the control samples, thus we presumed them to be TPs of SER.  
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Figure 2: Enhanced product ion MS spectra of SER (top left), nor-SER (top right), 

SEI (middle left), SEK (middle right), TP1 (bottom left), and TP2 (bottom right) and 

the proposed chemical structures assigned to the fragment ions. 

 

The formation of SEI, norSER, SEK, TP1 and TP2 was monitored over time in 

photodegradation experiments (direct photolysis, NaNO3, NaNO3 + NaHCO3, RB, AQ2S, see 

section 2.4.1.) at SER initial concentration of 1 mg/L. The graphs showing TP formation are 

presented in the SM, Figures S-11 to S-19. The formation of SEI has already been proposed in 

the photodegradation study by Jakimska et al. (2014), and by Shen et al. (2011) in the dark 

reaction with the TetraAmido Macrocyclic Ligand (TAML) activator. In our experiments the 

formation of SEI took place instantly, i.e., at the very beginning of the irradiation 

experiments, though it was shown that the compound did not occur as a product of simple 

hydrolysis. Presumably, SEI was formed during the time lapse when the UV lamp was still 

heating up to achieve its full irradiation intensity. The abundance of SEI generally decreased 
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during the course of the experiments, except in the case of the reaction with AQ2S, which 

suggests that SEI may also be a product of triplet-sensitized SER degradation. SEI showed 

instability in water solutions, even degrading during the SPE sample preparation, which might 

explain its absence in real SW samples. Along with the fact that SEI clearly underwent fast 

degradation during the irradiation experiments (see SM, Figures S-11 to S-19), it is believed 

that SEI is unlikely to be a persistent TP of SER. NorSER is a metabolite of SER, but it has 

also been found in the reaction of SER with the TAML activator (Shen et al., 2011), whereas 

Jakimska et al. (2014) have not reported its formation in their photodegradation study. In our 

experiments, norSER was formed in all cases, except when only NaNO3 (
•OH reaction) was 

added. SEK formation was observed in most cases, except for reactions with NaNO3, AQ2S 

or upon direct photolysis at pH 5.0. Its formation was already reported by Jakimska et al. 

(2014) and by Shen et al. (2011). We detected TP2 only in the photodegradation reactions 

with triplet states (AQ2S) and 1O2 (RB), while TP1 was observed during all of the 

experiments. The concentration of TP1 showed a gradual increase in the irradiation 

experiments, except in the case of AQ2S, where it reached a plateau after 15 min irradiation. 

In any case, the AQ2S kinetics of TP formation is very specific (Figure S-19) and is probably 

the result of two-stage degradation kinetics of SER. 

 

3.4.2 Identification of TP1 and TP2 

Structural elucidation of TP1 and TP2 was performed by the UHPLC-QToF MS analysis with 

main results gathered in Table S-2 and Figure S-20 in SM. Three main peaks were detected at 

3.06 min (TP1), 3.22 min (TP2) and 3.56 min (SER), showing the same elution order on the 

C-18 column as in case of the UHPLC-QqLIT-MS/MS analysis. SER showed its protonated 

molecular ion at [M+H]+ 306.0816, from which its elemental formula C17H17NCl2 was 

calculated. An isotope signal at m/z 308.0810 at about 30% of the parent mass height 
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confirmed the presence of two Cl ions in the structure. The fragment ion observed at m/z 275 

resulted from the loss of CH3NH2 and m/z 159 from the further loss of the tetralin ring. 

For the compounds TP1 and TP2 the protonated molecule was observed at [M+H]+ 322.0765, 

corresponding to the elemental formula C17H18NOCl2. This means than an additional oxygen 

atom is incorporated into SER structure. In TP1 the most prominent fragment ion observed 

was m/z 304 formed after the loss of H2O, while in TP2 smaller fragments at m/z 304 and m/z 

291 were detected corresponding to the subsequent cleavages of H2O and CH3NH2. Both TPs 

showed m/z 273, which is 2Da less than the analogous fragment ion of SER (m/z 275), 

suggesting a double bond formed during the fragmentation of the TPs. Corresponding 

fragmentation was previously suggested by Li et al. (2013) for TPs formed during incubation 

of SER in three types of agricultural soil with and without the addition on biosolids. In 

agreement with this report we propose the formation of hydroxysertraline with three possible 

placements of the OH group, making TP1 and TP2 constitutional isomers. 

 

3.5. SW water irradiation 

The lab scale photodegradation of SER in SW was carried out under both the lamp and 

natural sunlight. The photodegradation due to solar irradiation was two to three times slower 

(in solar hours) than the lab scale experiments, which was expected due to the difference in 

the overall irradiation energy that the samples received (Table 3). 
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Table 3. Degradation k’SER and t1/2 of solar and laboratory scale irradiation 

experiments in SW. 

SER concentration 
[ng/L] 

Type of 
irradiation 

Units k’SER [min-1] t1/2 [h] 

MP lamp 
hours 0.0049 

2.36 

solar 
hours 0.0003 

34.7 50 

solar  
solar hours 0.0012 

9.33 

MP lamp 
hours 0.0032 

3.58 

solar 
hours 0.0005 

31.8 1000 

solar  
solar hours 0.0019 

5.94 

 

 

The predicted half-time for SER photodegradation, following our model at DOC 

concentration 4.14 mg/L as per the irradiated SW sample should be around 2 SSD. From our 

experimental data, the degradation lifetime is estimated at around 1.3-1.4 days (31.8 - 34.7 h), 

in good agreement with model predictions. The main reasons for the relatively small 

discrepancy are probably the difference in the irradiation energy received, pH, the column-

depth bias and the fact that the SW collected was not sterile. Therefore, some biodegradation 

could have occurred, which is suspected based on the 37 % decrease of SER within the 1-

month control study (SM, Figure S-21).  

We observed that four TPs (list which ones) were formed during the SW irradiation 

experiments. Based on the trend in the Hg-lamp experiments and the observed maximum in 

the solar irradiated samples (Figure 3), we may have missed the peak concentrations of 

norSER and SEK during the first week of irradiation. In addition to norSER and SEK, TP1 
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was formed in both solar and lab scale experiments, but since there is no reference standard 

available for this compound, we cannot report its concentration in the figures.  

 

 

Figure 3. Photodegradation of SER and TP formation in SW at 50 ng/L (A) and 1 

mg/L (B) under the medium-pressure Hg lamp and at 50 ng/L (C) and 1 mg/L (D) 

under sunlight.  

 

3.6. Real surface water samples 

As can be seen in Table 4, SER was detected in SW A and C. Additionally, we determined 

norSER and SEK in SW C. In the same sample also TP1 was identified, but not quantified 

due to the absence of its reference standard. TP2 was not detected, whereas possible reasoning 

for the absence of SEI (instability) is given in the previous segment. Altogether, we confirmed 

the presence of three out of five identified TPs in the environment. To the best of our 
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knowledge, the environmental occurrence of TP1 and SEK is reported herein for the first 

time. The highest concentrations of SER and TPs were detected in SW C. This finding is not 

surprising when taking into account that SW C flows in the region of Slovenia having the 

highest reported percentage of patients prescribed with SER (NIJZ, 2018), while its flow is 

smaller when compared to the those of the rivers SW A and SW B. Overall, while norSER 

and SEK may also be SER metabolites, TP1 should be significantly produced by 

photochemical processes, both direct and indirect. 

 

Table 4. Sampling details, determined concentrations of SER, norSER and SEK, and 

qualitative determination of TP1 and TP2 in SW A, B and C. 

 Sampling data c [ng/L] Screening 

SW 
Sampling 
location 

Sampling 
date 

pH 
DO 

[mg/L] 
SER norSER SEK TP 1 TP 2 

A 
46°04'10.7''N 
14°37'58.6''E 

16.10.2018 7.22 10.04 0.51 ± 0.16 < LOQ < LOQ ND ND 

B 
46°06'31.7"N 
14°36'41.8"E 

17.10.2018 7.84 8.91 < LOQ < LOQ < LOQ ND ND 

C 
46°07'49.5"N 
15°02'07.7"E 

18.10.2018 7.82 9.10 9.28 ± 0.69 1.77 ± 0.14 1.43 ± 0.26 identified ND 

 
ND – not detected 

 

4. Conclusions 

• Both DP and indirect photodegradation contribute to SER photo-induced degradation, 

with indirect photodegradation playing a role at higher concentrations of senzitizers 

present. 

• The degradation kinetics of SER is pseudo-first order. The rate of degradation is 

influenced by pH, where the protonated SER is more photochemically stable than its 

neutral form.  
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• This is the first report on formation of norSER during photodegradation under 

conditions that are significant for SW. While the formation of TP1 and TP2 was 

before suggested in soil samples, we proved that they form also in the aqueous 

environment.  

• Solar degradation experiments confirmed the results obtained by photochemical 

modelling, which suggested that the SER half-life might range from < 1 day to about 

3-5 days, depending on water conditions. 

• The presence of SER and three of its TPs in the aqueous environment was confirmed.  

 

Overall, this study brings a substantial insight into the photochemical fate of the 

antidepressant SER in the aquatic environment, but there remain several knowledge gaps 

on its environmental fate. One example is its unrecognized biological breakdown; yet 

even more far-reaching is the general issue on how to improve the determination of the 

compound’s unknown TPs in the environment, i.e., how to make the “nontarget analysis 

more targeted”. 
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