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In the present study, the photoinduced degradation of the antidepressant drug sertraline under artificial solar ra-
diation 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, wastewa-
ter 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 of the photocatalysis-treated solutions and results have indicated that sertra-
line photo-transformation proceeds through the formation of toxic compounds.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. 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
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the aquatic environment mainly through effluents from wastewater
treatment plants (WWTPs) and hospitals (Hernando et al., 2006). The
presence and fate of these chemicals in wastewater and receiving wa-
ters has attracted the attention from the scientific community.

There is a growing public and scientific concern about the effects on
ecosystem and human 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 (Kosjek and Heath, 2010;
Hörsing et al., 2012; Ofoegbu et al., 2019; Kosjek et al., 2005; Xiang
et al., 2018;Wu et al., 2015; Baker and Kasprzyk-Hordern, 2011). Psychi-
atric drugs in surfacewater andwastewater have been reported in awide
range of concentration levels from ppt to several ppb over the world
(Xiang et al., 2018; Wu et al., 2015; Baker and Kasprzyk-Hordern, 2011).

Once released in the surface water, they can be subjected to several
attenuation processes such as hydrolysis, biodegradation, adsorption
and photolysis (Kosjek and Heath, 2008; Nassar et al., 2017). Photo-
chemical reactions occurring in surface waters, that comprises direct
and indirect photolysis, play a key role in their environmental attenua-
tion. In the case of direct photolysis, sunlight absorption by the pollutant
triggers its transformation (Katagi, 2018). As far as indirect photochem-
istry is concerned, sunlight is absorbed by photoactive compounds
called photosensitizes (Pozdnyakov et al., 2020). Upon sunlight absorp-
tion, these compounds produce reactive transients such as the hydroxyl
radical (•OH), singlet oxygen (1O2) and CDOM triplet states (3CDOM*),
which can induce pollutant transformation (Vione et al., 2014). Natural
water constituents such as nitrates, bicarbonate and especially dis-
solved organic matter play an important role in the photolytic degrada-
tion of organic compounds since they can participate in the production
of the above-mentioned reactive species (Kang et al., 2018). Therefore,
indirect photolysis has been found as an environmentally important
elimination way of organic pollutants, including pharmaceutical com-
pounds and personal care products. Accordingly, identifying their effect
on sertraline photo-transformation was of interest.

Sertraline occurrence inwastewater and surfacewaters has been re-
ported at concentration levels from 2 ng/L up to few μg/L (Mole and
Brooks, 2019; Xie and Lu, 2019; Gornik et al., 2020).

Low to moderate removal rates (25–48%) of sertraline from WWTPs
(Lajeunesse et al., 2012) implicates search for alternative andmore effec-
tive methods. The exploitation of Advanced Oxidation Processes is
among the possible ways for increasing the treatment efficiency. In par-
ticular, the use of photocatalysis could be a powerful solution for envi-
ronmental remediation, and TiO2 is among the most commonly used
and effectivemetal oxides (Talwar et al., 2018; ElMouchtari et al., 2020).

Considering the fact that sertraline residues have been detected in
environmental aquatic systems, firstly the aim of this work was to per-
form 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 oc-
curs 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 sertra-
line in waters. Special attention has been given to the assessment of the
photocatalytic transformation of sertraline, using mild experimental
conditions to identify possible transformation byproducts evolved and
suggest possible degradation pathways. Finally, toxicity assessment
was followed based on the bioluminescent bacterium, Vibrio fischeri
and US EPA ECOSAR computer model.

2. Experimental details

2.1. Reagents

Antidepressant sertraline (SERT) was purchased from TCI Tokyo
Chemical Industry (Tokyo, Japan). The analyte has purity higher than
2

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 pro-
duced by a Milli-Q system (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 efflu-
ent. The latter was collected from the WWTP of the city of Ioannina in
amber glass bottles pre-rinsed with deionized water. Up on their arrival
in the laboratory, were centrifuged (4000 rpm, 25 °C, 10 min) and fil-
teredwith 0.2-μmpolypropylene (PP)filters to eliminate the particulate
matter. Wastewater characterization parameters are given at Table S1.

2.2. Irradiation procedures

2.2.1. 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 lampwas 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 (0.5 mL)were with-
drawn from the photoreactor at specific time intervals.

In order to examine the effect of humic acids (2.5, 5.0, 10 mg/L), ni-
trate (2.5, 5.0, 10 mg/L) and bicarbonate ions (2.5, 5.0, 10 mg/L), aque-
ous sertraline solutions (1 mg/L) in ultrapure water (50 mL), were
exposed to artificial solar light (Suntest).

The kinetics of reaction is analyzed directly from the concentration
versus 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).

2.2.2. Photocatalytic procedures
Sertraline photocatalytic degradation in ultrapurewater 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 × 15W TL-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
CO.FO.MEGRA. (Milan, Italy) power-meter). After irradiation, samples
were filtered through a 0.45 μm filter and analyzed with the proper an-
alytical technique. In all studied photoinduced processes, the decompo-
sition rate of sertraline fitted a pseudo-first kinetics model.

2.3. 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 equip-
ment 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 chro-
matographic 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. Themobile
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
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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 245 nm.

The degradation of sertraline and the identification of its transforma-
tion 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). Gradi-
ent 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 auxiliary gas. Source parameters were set as
followed: sheath gas 30 arbitrary unit (arb), auxiliary gas 25 arb, capil-
lary 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 of 3 Da width, for supposed chlorinated spe-
cies 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. The customized list
of suspected TPs was prepared using Xcalibur software (Xcalibur 4.1).
In particular we searched for the following “known-unknowns” deriva-
tives: 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 (288m/z). By Xcalibur software ad-
ditional 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 wasmanually 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 conduc-
tivity suppressor, using 9 mM Na2CO3 as eluent at 1 mL/min.

2.4. Toxicity

The acute toxicity of sertraline and its transformation products in ul-
trapurewater 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 ma-
rine bacteriumVibrio fischeribymonitoring changes in thenatural emis-
sion 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 lumi-
nescencewas recorded after 5, 15 and 30min of incubation at 15 °C. The
3

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 ECOSARmodel v2.0. The chronic toxicity concentrations
for these organisms were also calculated using ECOSAR (Tay and
Madehi, 2015; Kuang et al., 2013).
3. Results and discussion

3.1. Photolytic degradation

Direct photolysis of sertraline in ultrapurewater and inWWTPefflu-
ent under artificial solar irradiation, followed a first order kinetics
(Fig. 1). Sertraline photolysis at the effluent ofWWTP is greater than ul-
trapure 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) of 57 h 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 1). There are several parameters that may affect the
photodegradation process: radiation source, presence of organic and in-
organic substances, pH etc. Jakimska et al. (n.d.) have conducted photo-
lytic degradation experiments of sertraline at the same concentration
level (1mg/L) in a variety of experimental conditions employingnatural
solar irradiation as well as xenon lamp. Pseudo-first order degradation
kinetics were followed, and sertraline photolysis was faster in natural
waters in comparison to ultrapure water attributed to autocatalytic
reactions (Jakimska A et al., n.d.). 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 (Vione
et al., 2014). The promotionmechanism ismainly through indirect pho-
tolysis processes such as photosensitized oxidation reaction. This be-
havior has been reported also for other antidepressants such as
clozapine (Trawiński and Skibiński, 2019). 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 bicarbon-
ate or nitrate ions hastens the photoinduced reactions thanks to the
production of reactive oxygen species (ROS) (Kang et al., 2018). There-
fore, in our study to investigate their reactivity on the photodegradation
of sertraline, experiments were carried out in ultrapure water and dif-
ferent environmentally realistic concentrations of humic acids, nitrate,
and bicarbonate ions.

Fig. 1 depicts the degradation curves of the antidepressant in differ-
ent irradiation conditions specified at Table 1. Our data clearly demon-
strate that humic acids (HA) greatly increase the rate of sertraline
photo-transformation (t1/2 = 7 h, when HA = 10 mg/L). HA can pro-
mote sertraline photolysis, by acting as a photosensitizer through the
generation of •OH and O2 (Niu et al., 2013; Trawiński and Skibiński,
2017), suggesting that natural organic matter (NOM) would affect the
photolytic process, particularly at high concentrations. Recently,
Gornik et al. (2019), investigated the photo-transformation of sertraline
(at 0.01 and 1mg/L, 125Wmediumpressuremercury lamp) under lab-
oratory scale measurements in different matrices chosen based on the
requirements of the modelling software APEX (Aqueous Photochemis-
try of Environmentally-occurring Xenobiotics). Results have shown
that photodegradation is pH dependent, resulting in fastest degradation
at the alkaline pH, as observed in our study (ultrapurewater vsWWTef-
fluent). Moreover, in agreement with our findings, the presence of pho-
tosensitizers such as dissolved organic matter, nitrate and carbonate/



Fig. 1. Kinetics of sertraline in direct and indirect photolysis.
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bicarbonate ions accelerated the photolysis reaction rate in comparison
to ultrapure water (Gornik et al., 2019).

The degradation rates in the presence of OH radicals produced by
nitrate photolysis, was higher compared to ultrapure water
(Table 1). Increased concentrations of NO3

− from 2.5 to 10 mg/L
have a positive effect on the photodegradation rate, with t1/2 com-
prising between 35 and 18 h. Considering the effect of carbonate rad-
icals 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 af-
fected 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 (Trawiński and Skibiński, 2017). The effectiveness
of the photodegradation efficiency could be dramatically increased
by employing AOPs (Minero et al., 1999; Sugihara et al., 2013;
Calza et al., 2006; Klavarioti et al., 2009).

3.2. Photocatalytic performance

The introduction of the TiO2 as photocatalyst (Minero et al., 1999;
Sugihara et al., 2013; Calza et al., 2006) strongly enhanced the process,
Table 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

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 (Fig. 2). Chlorine atoms
are released faster than nitrogen and they reach the stoichiometric
amount within 1 h of irradiation. Nitrogen is mainly released as ammo-
nium (Sugihara et al., 2013; Calza et al., 2006) and it reaches the stoi-
chiometric 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 re-
quire immediate attention regarding their removal, treatment-at-
source may still be a plausible option replacing conventional chlorina-
tion by an AOP induced disinfection/oxidation technique (Klavarioti
et al., 2009). Our findings suggest that consideration of advanced treat-
ment strategies like photocatalysismay overcome the limitations of pri-
mary 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, quan-
tified and evaluated for their biological activity (Lajeunesse et al., 2012).
For this reason, all samples were analyzed via HPLC coupled with high-
resolution mass spectrometry (Orbitrap) with an electrospray ioniza-
tion source in positive ionmode for the identification of sertraline trans-
formation products. The photocatalytic process used for the abatement
of sertraline leads to the formation of forty-four transformation prod-
ucts, as can be observed all of them are completely abated in
40–60 min. Fig. 3 depicts a representative LC-HRMS chromatogram
showing main TPs formation at 5 min of photocatalytic degradation.

3.3. 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 col-
lected in Table 2. MS2 and MS3 spectra analysis permits to assign a ten-
tative 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
shown in Figs. S1–S23.

A level of confidence recommended by Schymanski et al. (2014)was
assigned to each TP and is reported in Table 2 as well. Aiming at TPs
structural elucidation, the sertraline fragmentation pathway was firstly



Fig. 2. Sertraline disappearance, TOC decrease and ammonium, nitrate, and chloride ions release (left) and some TPs (right) in the presence of TiO2.
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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 moi-
ety (Table S2 and Fig. S1). MS3 shows two peculiar fragments at
129.0697 m/z, due to the detachment of dichlorobenzene with the for-
mation of the protonated dihydronaphtalene and 158.9756 m/z,
resulting from the formation of the very stable dichlorotropylium
cation, in agreement in literature data (Gornik et al., 2020).

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
Fig. 3. LC-HRMS chromatogram showing main TPs formation at 5 min of

5

themolecule with the partial or total release of the dichlorophenyl moi-
ety; their structural elucidation is presented below because of the reac-
tion involved in their formation. All the identified TPs are collected in
Fig, 4 and, based on the evolution profiles shown in Figs. S24 and S25,
tentative transformation routes are proposed.
3.3.1. Hydroxylated compounds
We detected six species at m/z 322.0768, five at m/z 338.0715 and

ten 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
photocatalytic degradation. On peaks top, m/z values are displayed.



Table 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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maxima amount after 5 min, and then completely disappear in 20 min
of irradiation (see Fig. S24).

Monohydroxylation was already recognized to occur via biodegra-
dation (Gornik et al., 2020) and photo-transformation (Jakimska A
et al., n.d.) with the formation of two isomers, while we identified sev-
eral bihydroxy and trihydroxysertraline isomers for the first time. The
loss of unmodified methylamine was detected in their MS2 spectra;
therefore, a hydroxylation on themethylaminemoiety 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 eluci-
date their structures, for isomer B the loss of a molecule of water in MS2

spectrum allows to place the OH group in the tetrahydro ring, while for
isomers A and F hydroxylation occurs on the aromatic ring (see Fig. S3,
bottom).

Considering dihydroxysertraline, isomer B bears both hydroxyl-
ations 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 hydroxyl-
ation 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 Fig. S4). For isomerD the structural diagnos-
tic loss of hydrogen peroxide (34.0062 Da) in MS2 spectrum allows to
locate the two OH groups on C2 and C3 (see Fig. S5). Isomer E bears
the loss of a molecule of water MS2 spectrum, thus signifying the pres-
ence 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 hy-
drogen bondwith the amino group. In the case of isomer C, the absence
ofwater losses suggests the presence of both OHgroups 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
6

ring. For the other isobaric species, the available information is not
enough for a definite structure elucidation but allows some consider-
ations (see Fig. 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
atm/z177.0546; the loss of amolecule ofwater inMS2 spectrumadvises
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 methyl-
aminemoiety, in agreementwith literature data (Jakimska A et al., n.d.).

Two TPs atm/z 320.0609were detected and derived from one of the
aforementioned monohydroxylated species. They practically coeluted
and are distinguishable only byMSn. Because of different fragmentation
pathways these species are not the same of 320m/z species identified by
Gornik et al. (2020). Isomer B holds the double bond in the methyl-
amine moiety, as assessed by the loss of methylenamine, and the hy-
droxyl group on the dichlorophenyl moiety, justified by the formation
of the ions atm/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
MS2 spectrum the neutral loss of 47.0372 Da attributed to
methanolamine (see Fig. 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 yields
the double bond on the methylamine moiety owing to the loss of
methylenamine. The formation of the ion atm/z 158.9756 allows locat-
ing 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 (Fig. S12).

3.3.2. 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 Fig. 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
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272.1207 (see Fig. S13), in agreement with literature data (Jakimska
et al., n.d). 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 pro-
posed structure (see Fig. S14).

3.3.3. 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 Fig. S24).

TPs with [M + H]+ 176.1071 and 194.1177 are formed via the de-
tachment of the dichlorophenyl ring followed bymono (or di)hydroxyl-
ation. TP at m/z 176 is one of the main TPs, already recognized via
biotransformation (Gornik et al., 2020). Its MS2 spectrum evidenced
the loss of methylamine and of a molecule of water, suggesting a
Fig. 4.Main transformation products form
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hydroxylation on the tetrahydro ring (see Table S7 and Fig. S15). TP at
m/z 194.1177 was detected for the first time and, again, the loss of hy-
drogen peroxidewith the formation of the fragment atm/z 160.1121 ar-
gues in favor of the two OH groups on C2 and C3 and to link its
formation to the rupture of TP 338-D (Fig. 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 formulae
C13H18O3N and 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)
ed during the photocatalytic process.



Fig. 5. Toxicity assessed for sertraline as a function of the irradiation times.
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and of methylamine and formic acid (m/z 159.0804) (Fig. S17), while
the latter involved the loss of methylamine (ion at m/z 175.0755) and
formic acid as well (m/z 129.0697) (Fig. 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 atm/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 fromTP232 through a de-
methylation 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
Fig. 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 Fig. 4.
Table 3
Toxicity predictions for sertraline (SER) and its transformation products using ECOSAR softwa

[M + H+] Empirical formula Acute toxicity [mg/L]

Fish (LC50) Da

306.0820 (SERT) C17H18NCl2 0.408 0.0
132.1017 C6H14O2N 1.02 × 103 91
176.1071 C11H14ON 126 13
186.1279 C13H16N 3.33 0.4
188.1072 C12H14ON 5.96 3.9
194.1177 C11H16O2N 558 54
206.1179 C12H16O2N 7.94 × 104 6.2
214.1228 C14H16ON 19.4 2.4
232.1337 C14H18O2N 156 16
236.1285 C13H18O3N 1.59 × 105 1.2
272.1207 (A, B) C17H19NCl 0.960 0.1
288.1155 (A, B) C17H19ONCl 2.10 0.3
304.0660 C17H16NCl2 0.078 0.1
320.0609 (A, B) C17H16ONCl2 0.053 0.1
322.0768 (A, B, C, D, E, F) C17H18ONCl2 0.887 0.1
338.0715 (A, B, C, D, E) C17H18O2NCl2 1.93 0.3
352.0507 C17H16O3NCl2 3.96 3.5
354.0661 (A, B, C, D, E, F, G, H, I, L) C17H18O3NCl2 4.17 0.6
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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
Fig. S25. MS2 spectrum forms the ion at m/z 86.0960 through the loss
of formic acid, well matched with the proposed structure (see Figs. 4
and S23).

3.4. Toxicity of sertraline 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 from the photo-
catalytic degradation as a function of irradiation time are plotted (Fig. 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 ir-
radiation timeswhen the larger part of TPswas formed. Then after 20min
of irradiation, the toxicity of the irradiated solution decreased to levels
re.

Chronic toxicity (ChV) [mg/L]

phid (LC50) Algae (EC50) Fish Daphid Algae

71 0.028 0.0074 0.0085 0.012
.8 133 142 5.71 35.9
.6 13.7 10.0 1.01 4.24
76 0.274 0.111 0.047 0.104
2 5.31 0.692 0.572 1.92
.0 67.0 61.3 3.62 19.2
9 × 103 1.16 × 104 1.60 × 104 348 2.88 × 103

5 1.80 0.949 0.213 0.624
.9 16.8 12.2 1.26 5.22
1 × 104 2.43 × 104 3.66 × 104 641 5.84 × 103

56 0.070 0.022 0.017 0.029
22 0.162 0.057 0.034 0.064
32 0.00072 0.0018 0.021 0.019
55 0.0054 0.0080 0.036 0.032
47 0.063 0.019 0.017 0.027
01 0.154 0.049 0.032 0.059
0 0.371 0.461 0.504 1.14
16 0.332 0.126 0.062 0.129
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around 10%. The samples from 40 min present a significantly lower inhi-
bition in agreementwith the complete removal of the observed identified
TPs and the significant mineralization observed, as shown in Fig. 5. Since
the identified TPs of SER are not commercially available, ECOSAR program
was employed as a good alternative to derive toxicity data for fish, daph-
nia, and algae and to link the toxicity results obtainedby luminescent bac-
terium 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 (Kuang et al., 2013). Data at Table 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 algae (about 0.071 and
0.028mg/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 photo-
lytic experimentswhere the ECOSAR toxicity prediction software showed
that transformation products will either have comparable or lower toxic-
ity than their parent compound (Gornik et al., 2019). Special attention
(Table 3) should be given to TPs m/z = 236.1285, m/z = 206.1179 and
m/z = 132.1017 that exhibit based on the ECOSAR program LC50 for
fish up to 1.59 × 105 mg/L. Probably, the employment of multi-species
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. Conclusions

The photolytic and photocatalytic behavior 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 knowledgewith 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).
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