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Abstract: To investigate the impact of antidepressants (ANT) in water, estimates of the direct and
indirect photolysis of standard fluoxetine hydrochloride (FLX) and a pharmaceutical alternative,
fluoxetine sulfate (FLXSO4), were evaluated. The second-order kinetic constants of the ANT and
reactive photoinduced species (RPS) (singlet oxygen, 1O2; hydroxyl radicals, HO•; and triplet excited
states of chromophoric dissolved organic matter, 3CDOM*) were obtained by competition kinetics
under simulated solar radiation. These parameters were used in combination with water characteristics
to assess the environmental persistence of the ANT based on mathematical kinetic simulations.
The results indicated that the reactions with HO• (kFLX,HO• = (2.54 ± 0.06) × 109 L mol−1 s−1;
kFLXSO4,HO• = (3.07 ± 0.03) × 109 L mol−1 s−1) and 3CDOM* (kFLX,3CDOM* = (2.67 ± 0.05) × 109 L
mol−1 s−1; kFLXSO4,3CDOM* = (1.48 ± 0.03) × 109 L mol−1 s−1) play a more important role in the
degradation of ANT compared to the reactions with 1O2 (kFLX,1O2

= (1.37 ± 0.07) × 107 L mol−1 s−1;
kFLXSO4,1O2

= (1.63 ± 0.33) × 107 L mol−1 s−1). The main removal pathways were biodegradation
and direct photolysis with persistence in the following order FLX > FLXSO4. Therefore, the presence
of sulfate anions can contribute to the degradation of fluoxetine in sunlit environmental waters.

Keywords: antidepressants; photolysis; photoinduced reactive species (RPS); competition kinetics;
photochemical environmental persistence; real matrix; Guarapiranga reservoir; environmental
modeling; APEX model

1. Introduction

The growing worldwide contamination of water bodies by antidepressants in recent
years has placed this class of compounds in a position of emerging concern. The COVID-
19 pandemic caused psychological disorders such as anxiety, depression, insomnia, and
post-traumatic stress disorder that increased their consumption in the last few years [1,2].
Among the first therapeutic options to address these disorders are selective serotonin
reuptake inhibitors (SSRIs), drugs that act by modulating the distribution of serotonin
in the central nervous system. Fluoxetine hydrochloride (FLX) is one of the most com-
monly consumed SSRIs worldwide [1], ranking 20th on the list of the 200 most prescribed
drugs in the United States (US) [3]. As a result of high consumption, the occurrence of
this drug has already been observed in different environments and concentrations, such
as 7.6–20 ng L−1 (municipal wastewater treatment plant-WWTP influent, Canada [4]);
600–100 ng L−1 (WWTP influent/effluent, Costa Rica [5]); 7.5–750 ng L−1 (WWTP influ-
ent, Belgium [6]); 50–58 ng L−1 (WWTP influent, London/UK [7]); 4.7–9.4 ng L−1 (Dal
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River/Sweden [8]); 2.1–19.5 ng L−1 (Lis River/Portugal [9]); and 0.58 ng L−1 (sea, Santos
Bay/Brazil [10]). FLX can be introduced into the environment as a result of various an-
thropogenic sources, the main one being the irregular domestic disposal of expired drugs,
incomplete absorption followed by physiological elimination, and the direct disposal of
partially treated pharmaceutical effluents [11]. In the human body, the excretion of FLX
and its main metabolite (norfluoxetine) occurs mainly through urine [12]. Once discharged
into domestic or industrial wastewater, the removal of these drugs poses a significant
technological challenge since the processes used in conventional wastewater treatment
plants (WWTP) have shown low removal efficiency [13–15]. Once released into the envi-
ronment, FLX can cause adverse effects in fish, crayfish, marine rotifers, hydra, clams, and
mussels [1]. In view of the potentially harmful effects caused by FLX, countries such as
Switzerland already include antidepressants in the list of priority compounds to monitor
before release into urban wastewater [16].

In this sense, the study of the kinetics of oxidation of these compounds by direct and
indirect photolysis is especially important to understand their behavior when exposed to
sunlight, the main driver of their degradation in natural waters [17,18]. The use of these
parameters in mathematical simulations has been widely discussed in the literature [19,20]
and can provide valuable information on the environmental photochemical persistence of
these compounds. When there is an overlap between the sunlight spectrum, the absorption
spectrum of the pollutant, and its photolysis quantum yield, an organic contaminant will
photolyze directly under environmental conditions. On the other hand, photoinduced
reactive species (RPS), such as singlet oxygen (1O2), hydroxyl radicals (HO•), and triplet
excited states of chromophoric dissolved organic matter (3CDOM*) that are formed in
surface water as a result of light absorption by its constituents (i.e., nitrate and nitrite ions,
dissolved organic matter) are what causes indirect photolysis [21]. The chemistry behind
the formation of HO• can be summarized by the following reactions [20–23]:

NO−3 + hv + H+ → HO• + NO•2 (1)

NO−2 + hv + H+ → HO• + NO• (2)

CDOM + hv→ 1CDOM∗ ISC→ 3CDOM∗ (3)
3CDOM∗ + H2O→ CDOM−H• + HO• (4)

CDOM + hv→ CDOM+/− (5)

CDOM+/− + O2 → O•−2 + CDOM•+ (6)

2O•−2 + 2H+ → H2O2 + O2 (7)

H2O2 + hv→ 2HO• (8)

Fe2+ + H2O2 → FeOH2+ + HO• (9)

CDOM
hv, O2,H2O→ →→ CDOM− (OH)n (10)

CDOM− (OH)n + hv→ CDOM− (OH)n−1 + HO• (11)

Furthermore, the generation of 1O2 by energy transfer between 3CDOM* and dissolved
oxygen is possible [24]:

3CDOM∗ + O2 → CDOM + 1O2 (12)

Finally, the interaction of RPS with water constituents allows the formation of sec-
ondary species [20]:

HO• + HCO−3 → H2O + CO•−3 (13)

HO• + CO2−
3 → OH− + CO•−3 (14)

HO• + NO−2 → OH− + NO•2 (15)
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HO• + DOM→ products (16)
3CDOM∗ + CO2−

3 → CDOM•− + CO•−3 (17)

1O2 + H2O→ O2 + H2O (18)

Despite the importance of oxidation kinetics to understand the environmental fate of the
antidepressants, few studies have been carried out in the literature in this regard [17,25–27],
and only Lam et al. [28] focused on FLX, although with limitations in the number of RPSs
studied. The simulation approach through photochemical models, although not as common,
can predict the fate of these compounds satisfactorily. The APEX (Aqueous Photochemistry
of Environmentally Occurring Xenobiotics) software is used for this purpose in several
literature publications [19,20], which was used to calculate the persistence of paroxetine [17]
and sertraline [26], the only antidepressants studied by this approach. Despite the valuable
contribution of APEX to the studies of environmental photochemical persistence, a major
concern has been the representativeness of the models in relation to key real conditions
that consider weather-related phenomena, such as seasonal effects, the contribution of
insolation, and relevant water constituents, among others [20,29]. In this sense, a recent
work was published on the antidepressant venlafaxine [27], demonstrating the impact of
using more realistic conditions on the modeling results.

To fill the gaps in the kinetics of FLX photo-oxidation in natural waters and the pre-
diction of its environmental photochemical fate based on real weather and environmental
conditions, our research objectives were to: (i) investigate the direct photolysis of FLX and
its reactions with reactive photoinduced species (RPS), that is, HO•, 3CDOM* and 1O2,
under simulated sunlight; (ii) expand the APEX code to predict FLX half-life times in an
important water reservoir in the São Paulo Metropolitan Region (Guarapiranga reservoir),
based on experimental results and local measurements of insolation, seasonal weather
conditions and water quality parameters, including the contributions of adsorption and
biodegradation to the persistence of antidepressants; (iii) assess the environmental persis-
tence of a pharmaceutical alternative fluoxetine sulfate (FLXSO4), proposed to increase
the absorption of the drug in the human organism, and compare with the results obtained
for fluoxetine hydrochloride (FLX); (iv) evaluate the photodegradation of antidepressants
(FLX and FLXSO4) by the action of sunlight on a real natural water sample (Guarapiranga
reservoir, Brazil).

2. Materials and Methods
2.1. Experimental Procedures
2.1.1. Chemicals

All of the reactants were of analytical grade. FLX (fluoxetine, C17H18F3NO·HCl) was
supplied by Campos Manipulação in the form of hydrochloride salt. FLXSO4 (modified
fluoxetine, ((C17H18F3NO)2SO4) was supplied by the Institute of Physics of the Federal Uni-
versity of Mato Grosso do Sul (IF/UFMS) in the form of sulfate salt. Methylene blue from
Synth and furfuryl alcohol (FFA) from Sigma-Aldrich were used to determine the kinetics
of antidepressant oxidation by 1O2. Hydrogen peroxide (H2O2) and para-chlorobenzoic
acid (pCBA), obtained from Synth and Sigma-Aldrich, respectively, were used to assess
the kinetics of antidepressant oxidation by HO• radicals. The kinetics of reactions be-
tween antidepressants and 3CDOM* were determined using 4-carboxybenzophenone
(CBBP) and 2,4,6-trimethylphenol (TMP) from Sigma-Aldrich, with CBBP used as a proxy
for CDOM [29]. All solutions were prepared in water from a Milli-Q® Direct-Q system
(18.2 M cm) (Merck Millipore).

2.1.2. Natural Water Sampling

Experiments were also performed with natural water from the Guarapiranga reservoir
(SP, Brazil) to evaluate the impact of a variety of species, present in a real matrix (organic
matter and inorganic species), on the photodegradation of antidepressants. The samples
were collected in May 2022 by the (São Paulo) State Environmental Company (CETESB).
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The point chosen for sampling was GUAR00100 (23◦45′15′′ S, 46◦43′37′′ W), which is a
highly urbanized area according to [30]. The collected samples were stored in amber glass
bottles and kept under refrigeration until analysis. The physicochemical parameters of this
sample are summarized in Table S1 and were provided by [30].

2.1.3. Photolysis under Simulated Sunlight

The photolysis experiments were carried out with the help of a solar simulator (PEC-
L01, Peccell Technologies, Inc., Yokohama, Japan) equipped with an AM 1.5 global filter.
Reactions were conducted in 2-mL Pyrex vials with an irradiated path length of 10 mm
and no head space. When filling the vials with solution, care was taken to remove bubbles.
The contents of the vials were thoroughly mixed immediately before being placed in a
water bath at 21 ◦C, 15 cm from the radiation source (Figure S1). The total irradiance at this
distance was 43 W m−2 (290–800 nm) measured by a spectroradiometer ( model SPR-02,
Luzchem Research, Inc., Ottawa, ON, Canada). The initial concentration of antidepressants
was set at [FLX]0 = 10 mg L−1 (28.9 µmol L−1) and [FLXSO4]0 = 10 mg L−1 (13.9 µmol L−1),
which is suitable for kinetic competition experiments, ensuring immediate quantification by
high-performance liquid chromatography (HPLC) without the need for pre-concentration
steps. The runs were performed at selected times (0.5, 1, 2, 3, 5, 15, 30, 60, and 120 min),
with the solution inside the vial being analyzed at the end of each time. At natural pH
(FLX: ~6.7; FLXSO4: ~6.3), all assays were repeated in duplicate. Finally, the quantum yield
was quantified using the methodology described in [27].

2.1.4. Competition Kinetic Experiments under Simulated Sunlight

The photodegradation experiments were conducted using a radiation source that
simulates solar radiation, with a 400 W mercury iodide lamp (Master HPI-T Plus, Philips—
Amsterdam, The Netherlands). The reactions were carried out with the same experimental
procedure described in Section 2.1.3 (Figure S1). However, the distance from the radia-
tion source was 11 cm to ensure that the total irradiance at this distance was 43 W m−2

(290–800 nm).
Then, the second-order kinetic rate constants between the antidepressants (ANT)

and reactive photoinduced species (RPS), namely, singlet oxygen (1O2), hydroxyl radicals
(HO•), and triplet excited states of chromophoric dissolved organic matter (3CDOM*),
were determined by competition kinetics [31]. The method is based on the competition
between the target contaminant (FLX and FLXSO4) and the reference compound (FFA,
pCBA, or TMP, respectively) for RPS (1O2, HO•, or 3CDOM*, respectively), whose reactivity
towards the particular RPS is known. Thus, the second-order kinetic rate constant can be
calculated as:

kANT,RPS =
kANT(obs) − kANT(direct phot)

kre f (obs) − kre f (direct phot)
× kre f ,RPS (19)

where the experimentally observed pseudo-first-order specific degradation rates of the
antidepressant and the reference compound, respectively, are represented by kANT(obs)
and kref(obs), while kANT(direct phot) and kref(direct photo) are the measured first-order pho-
tolysis rate constants of the antidepressant and the reference compound, respectively.
The second-order rate constant (kref,RPS) between each reference compound and RPS is
known from the literature as the following values: kFFA,1O2

= 1.2 × 108 L mol−1 s−1 [32],
kpCBA,HO• = 5 × 109 L mol−1s−1 [33], and kTMP,3CDOM* = 3 × 109 L mol−1s−1 [34]. H2O2

(50 mmol L−1), methylene blue (31.3 µmol L−1), and 4-carboxybenzophenone (CBBP)
(44.2 µmol L−1), in that order, were the sources of HO•, 1O2, and 3CDOM*. The amounts
of H2O2, methylene blue, and CBBP were based on previous investigations to ensure
the formation of excess RPS for competition between the antidepressants and reference
substances [35]. Para-chlorobenzoic acid (pCBA) (FLX system: 28.9 µmol L−1; FLXSO4
system: 24.7 µmol L−1), furfuryl alcohol (FFA) (FLX system: 28.9 µmol L−1; FLXSO4
system: 24.7 µmol L−1), and 2,4,6 trimethylphenol (TMP) (FLX system: 28.9 µmol L−1;
FLXSO4 system: 24.7 µmol L−1) were used as the reference compounds for HO•, 1O2,
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and 3CDOM*, respectively. Methanol (0.1 mol L−1) was added as needed to quench hy-
droxyl radicals. All competition kinetic experiments were performed in duplicates at pH 4.4
(FLX + pCBA + H2O2), 5.1 (FLX + FFA + methylene blue + MeOH), 6.1 (FLX + TMP + CBBP),
4.1 (FLXSO4 + pCBA + H2O2), 4.8 (FLXSO4 + FFA + methylene blue + MeOH), and 5.9
(FLXSO4 + TMP + CBBP), which correspond to the natural initial pH of each system and
were not controlled over time.

2.1.5. Analytical Methods

An ultrafast liquid chromatography (UFLC) system (UFLC LC-20AD, Shimadzu—
Kyoto, Japan) was used to measure the concentrations of antidepressants (FLX and FLXSO4)
and reference compounds (FFA, pCBA, and TMP) using a C18 column (4.6 mm × 250 mm,
5 µm), 70% acetonitrile (ACN):30% H2O (1% trifluoroacetic acid, TFA), at a flow rate of
1.0 mL min−1. The column temperature was kept at 40 ◦C, and the injection volume
was 50 µL. The detection wavelengths for FLX, FLXSO4, pCBA, FFA, and TMP were 230,
227, 234, 219, and 222 nm, respectively. Retention times (RT), limits of detection (LOD),
and limits of quantification (LOQ) were obtained using this analytical technique and are
displayed in Table S2.

2.2. Modeling and Simulation
2.2.1. Modeling Photochemical Persistence

Mathematical simulations of the photodegradation of the antidepressants in natural
waters were performed based on the APEX (Aqueous Photochemistry of Environmentally
Occurring Xenobiotics) code [20], with modifications to account for the impacts of geo-
graphic location and seasonality and also to incorporate other absorbing species that might
hinder the local generation of RPSs as reported in [27]. Additionally, the partitioning of the
contaminant between the suspended solids and the liquid phase (adsorption calculations)
and biodegradation were incorporated in the present work (see details in Supplementary
Information). Local estimates of clear sky irradiance were achieved by integrating the
APEX code with the SMARTS (Simple Model of Atmospheric Radiative Transfer of Sun-
shine) model [36]. Variations in meteorological conditions were considered by combining
the SMARTS model with typical meteorological year (TMY) data. The TMY data were
retrieved from the Photovoltaic Geographic Information System (PVGIS) based on satellite
images [37]. Additional terms were included in our previous work [27] to account for light
attenuation by chlorophyll-a, turbidity caused by the presence of suspended solids, εT
[m−1], and the effect of dissolved oxygen levels, OD, [mol L−1] in the evaluation of the
quantum yield of singlet oxygen (1O2) generation by CDOM to consider eutrophication
levels. In the first case, turbidity measurements (NTU) were correlated with photosyntheti-
cally active radiation (PAR, 400–700 nm) for lakes and dams [38]. On the other hand, terms
related to the reduction in the pollutant concentration in the liquid phase, such as the distri-
bution coefficient (solid/liquid) (Kd) and the biodegradation rate (rX,biodge) were considered
for the first time in this work. To obtain Kd, the values of the fraction of organic carbon in
solids (foc) and the distribution coefficient for organic carbon (Kod) were taken from [39] and
the OPEn structure–activity/property Relationship App (OPERA), respectively. From the
machine learning methods, with the PaDEL descriptors used by OPERA in its calculations,
it is possible to estimate the biodegradation half-life, similarly to the Koc value obtained
for the modeling of adsorption. A mathematical explanation of the equations that were
implemented in this modification can be seen in Supplementary Information.

2.2.2. Simulation Conditions

The simulations were run using information gathered by the (São Paulo) State En-
vironmental Company [30] at the point GUAR00100 (23◦45′15′′ S, 46◦43′37′′ W) of the
main body of the Guarapiranga Reservoir (gray point marker in Figure 1). Close to urban
surroundings, the reservoir is affected by episodes of the inadequate disposal of waste into
the environment or the diffuse discharge of untreated sewage into the drainage system [40].
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The input data used in the simulations were collected in June and September 2021, as
summarized in Table 1. The measured kinetic constants as described in the experimental
section, in addition to a second order rate constant previously described for the reaction
with carbonate radical anions (CO3

•−), kVNX,CO3•− = 4.86× 106 L mol−1 s−1 [41], were used
in the simulations, considering an environmental concentration of [FLX]0 = 6.96 × 10−10

mol L−1, which is the average of the FLX concentrations found in the surface water [1,2].
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Table 1. Variables used in the mathematical simulation of the photochemical persistence of antide-
pressants (FLX and FLXSO4) based on data collected from the Guarapiranga Reservoir in June and
September 2021.

Parameter June September

Mean depth (m) 1 5.7 5.7
Turbidity (NTU) 2 5.2 11

pH2 6.5 6.8
Total suspended solids (TSS) 100 100

Water temperature (◦C) 2 18.5 23.4
Hardness (mg CaCO3) 2 43.1 41.2

Nitrates (mg L−1) 2 0.32 0.72
Nitrites (mg L−1) 2 0.12 0.11

TOC (mg L−1) 2 5.28 6.51
Total chlorine (mg L−1) 2 16 19.7
Chlorophyll-a (µg L−1) 2 61.4 74.84

Dissolved oxygen (mg L−1) 2 6.47 6.7
Fraction of organic carbon in solids (fOC) 3 0.152 0.152

1 The average historical water depth of the Guarapiranga Reservoir was considered as 5.7 m [40]; 2 Data gathered
from the InfoAguas system (collection point GUAR00100) for the dates 29 June 2021 and 14 September 2021);
3 Data gathered from [39].
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3. Results and Discussions
3.1. Photodegradation of Antidepressants under Simulated Sunlight
3.1.1. Direct Photolysis

Control experiments confirmed that there was no significant reduction in the concen-
tration of the antidepressants due to hydrolysis in pure water and natural pH (FLX: ~6.7;
FLXSO4: ~6.3) (Figures S3 and S4). Low photolysis rates with kFLX = (2.09 ± 0.04) × 10−4

min−1 (R2 = 0.9775) and kFLXSO4 = (1.30 ± 0.40) × 10−3 min−1 (R2 = 0.9387) were observed
for the antidepressants over 120 min at natural pH (Figure 2a), which is associated with
their low photon absorptivity above 290 nm (Figure 2b). However, it is worth noting that
the modification of the counterion (FLXSO4) increases the experimental molar absorption
coefficient in the region of 360–600 nm and consequently enhances the photolysis rate
(Figure 2b). Lam et al. [28] obtained very similar results for the simulated direct sunlight
photolysis of FLX (kobs = 2.10 × 10−4 min−1) with the occurrence of the defluorination of
the trifluoromethyl group in the FLX and formation of O-dealkylation products.
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Conditions: [ANT]0 = (10.33 ± 0.53) mg L−1; natural pH (FLX: ~6.7; FLXSO4: ~6.3); pure water.

Based on these data, direct photolysis quantum yields were determined for FLX
(Φ = 1.04 × 10−5 mol Einstein−1) and FLXSO4 (Φ = 7.60 × 10−4 mol Einstein−1) following
the approach used in previous works [42]. Similar results were obtained by [28] for the
quantum yield of FLX direct photolysis (Φ = 4.2 × 10−5 mol Einstein−1).

3.1.2. Indirect Photolysis

Table 2 presents the results of indirect photolysis under simulated solar radiation for
the antidepressants. Reactions with HO• and 3CDOM* play a more important role in the
degradation of the antidepressants compared to 1O2, as kANT,1O2

is much lower than the
values of the kANT,HO• and kANT,3CDOM* obtained. The value of kFLX,HO• is of the same order
of magnitude as the values presented in the work of Lam et al. [28] by two different kinetic
competition methods, namely, kFLX,HO• = (8.4 ± 0.5) × 109 L mol−1 s−1 and kFLX,HO• = (9.6
± 0.8) × 109 L mol−1 s−1, which confirms the validity of the results obtained. The values
of kFLX,1O2

and kFLX,3CBBP* were not found in the literature for comparison purposes with
our study. However, a similar behavior, concerning the predominance of HO• on indirect
photodegradation, was observed by Gornik et al. [26] for the antidepressant paroxetine
and by Lam et al. [28] with the production of hydroxylated and O-dealkylated byproducts.
Similarly to what was observed in direct photolysis, the addition of a different counterion
(FLXSO4) promoted increases of 20.9% and 2.1% in the reaction rate constants with HO•

and 1O2, respectively, which can be explained by the synergistic action of a higher value of
direct photolysis associated with a lower kinetic competition observed between FLXSO4
and the reference compounds. On the other hand, the reaction rate constants with 3CDOM*
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were reduced by 38.9% with the replacement of the counterion, leading to the hypothesis
that the modification in the counterion provides greater kinetic competition with organic
matter. Therefore, for a better understanding of the role of FLXSO4 as an environmentally
safer form of FLX, the evaluation of its behavior in a real water matrix is necessary.

Table 2. Second-order kinetic rate constants of the reactions between antidepressants (ANT) and
reactive photoinduced species (1O2, HO•, 3CBBP*) in pure water at natural pH.

ANT kANT,HO•

(109 L mol−1 s−1)
kANT,1O2

(107 L mol−1 s−1)
kANT,3CBBP*

(109 L mol−1 s−1) 1

FLX 2.54 ± 0.06 1.37 ± 0.07 2.67 ± 0.05
FLXSO4 3.07 ± 0.03 1.63 ± 0.33 1.48 ± 0.03

1 3CBBP* corresponds to the triplet excited state of 4-carboxybenzophenone used as CDOM proxy [43].

3.2. Photodegradation of Antidepressants in the Water of the Guarapiranga Reservoir

Control experiments in the dark (natural pH and kept at 24 ◦C) confirmed the chemical
stability of both antidepressants (FLX and FLXSO4) in the water of the Guarapiranga
reservoir without an appreciable reduction in their initial concentrations due to hydrolysis.
Thus, antidepressant decrease in the concentration observed upon irradiation occurred
only by the interaction with UV-visible radiation and/or by the mechanisms of indirect
photochemical processes promoted by RPS. Therefore, to investigate more representatively
what occurs in the natural environment, the performance of distinct species (organic
matter, inorganic species) that affect the photodegradation of contaminants in aqueous
environments was evaluated through the photolysis of antidepressants in a natural water
sample. Antidepressant solutions were prepared in water from the Guarapiranga reservoir
([ANT]0 = (10.67 ± 0.49) mg L−1 and natural pH = 7.2) and irradiated for 120 min under
simulated solar radiation with an uncontrolled natural initial pH over time.

Figure 3 shows an increase in the degradation of antidepressants in natural water
compared to that observed in pure water, suggesting the appearance of additional indirect
photochemical processes and/or biodegradation. The removal of FLX in the real matrix
was 12.7% (kobs = (1.34± 0.52)× 10−3 min−1; R2 = 0.9114) compared to 2.7% (kobs = (2.09±
0.40) × 10−4 min−1; R2 = 0.9775) in pure water. An even more expressive removal behavior
was observed for FLXSO4 with 20.7% (kobs = (2.23 ± 0.20) × 10−3 min−1; R2 = 0.9387)
in the real matrix compared to 12.6% (kobs = (1.30 ± 0.45) × 10−3 min−1; R2 = 0.9387) in
pure water.
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The presence of organic matter, inorganic species, and biological organisms (Table S1)
may explain the significant difference between the percentage removal of ANT in natural
and pure water matrices due to the hypothesis of the additional formation of different RPSs
and biodegradation. The significant removal of FLXSO4 can be explained by an association
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of direct photolysis processes (more expressive in the case of FLXSO4 than in FLX due to its
higher quantum yield and molar absorptivity coefficients in the irradiated region), as well
as the interaction of the sulfate ions with reactive species formed in the natural water matrix,
for example, the formation of sulfate radicals (SO4•−) through the interaction of SO42−

with HO• radicals (kobs = 6.9 × 105 L mol−1 s−1) [44]. On the other hand, although FLX has
a lower total removal value than FLXSO4 in natural water, a much more significant removal
difference is observed when the aqueous matrix is altered. This behavior can be explained
due to the interaction of the different counterions with the species present in the medium
(Table S1). Similarly [45], the evaluated FLX photodegradation of FLX in partially nitritated
wastewater during UV irradiation. The authors demonstrated that the presence of nitrite in
the wastewater matrix during UV irradiation enhanced FLX degradation. According to
these authors, reactive species, such as HO• generated in wastewater, are responsible for
promoting the photoreactions of the drug. Another important point that is reinforced by
this behavior is the hypothesis that there is greater kinetic competition between FLXSO4
and organic matter, leading to a less expressive increase in removal with the change of the
matrix from pure water to natural. Despite this, the high FLXSO4 removal values in the
natural water sample indicate the susceptibility of fluoxetine to be degraded in a medium
containing sulfate ions.

3.3. Photochemical Persistence of FLX versus FLXSO4 in the Guarapiranga Reservoir

For a better understanding of the environmental persistence of the fluoxetine variants
studied in an urban reservoir, simulations of photochemical persistence were carried out
using the conditions of the Guarapiranga reservoir in two specific periods of 2021 (June
and September). As can be seen in Figure 4, small variations in half-life times are attributed
to seasonal changes (June to September). This can be explained by the fact that the real
parameters used in the simulations present a low variation between these months, except
for the values of turbidity, total chlorine, and chlorophyll-a (Table 1).
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Taking into account the locally measured data from the Interlagos meteorological
monitoring station (23◦43′12” S, 46◦40′48” W), managed by the Instituto Nacional de
Meteorologia (INMET), half-life estimates were, on average, five days higher than the
values predicted using typical meteorological year (TMY) data. Therefore, atmospheric
effects can be satisfactorily simulated using TMY data, and this approach was adopted in
the simulations.

A subtle reduction in half-life from June to September (t1/2 June = 60.2 h; t1/2 September = 56.5 h)
occurred for FLX (Figure 4). It is possible to associate this result with the occurrence of
cloudier days in June (Figure S2), thus reducing insolation and inhibiting direct and
indirect photolytic processes. In contrast, although days were generally warmer and
sunnier in September (Figure S2), few differences were observed regarding photochemical
persistence due to a low contribution of direct photolysis in the removal of FLX in both
months (Figure 5). Parameters such as TOC, chlorophyll-a, turbidity, and total chlorine
concentration were higher in this month (Table 1), possibly increasing eutrophication [30,40],
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which also negatively affects direct and indirect photolysis. However, biodegradation had
a greater impact on half-lives than eutrophication for FLX, especially in the month of June
(Figure 5a). In addition, it is worth noting the high values of TOC and nitrates observed in
September (Table 1) that directly influence indirect photolytic processes, which justify a
lower persistence of FLX and an increase in FLX removal routes by HO• and 3CDOM* in
this month (Figure 5b).
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Figure 5. Contribution of each degradation pathway in the removal of the pollutants from the
reservoir water. (a) June; (b) September.

Shorter half-lives were obtained for FLXSO4 (t1/2 June = 16.4 h; t1/2 September = 17.6 h)
when compared to FLX (Figure 4). This may be associated with the interactions between
the reactive species formed and the antidepressant molecules in the presence of different
counter-anions (Cl− and SO4

2−). Therefore, as the kinetic constants obtained in competition
kinetic experiments for both FLX and FLXSO4 presentations take into account the presence
of the respective counter-anion, the kinetic model predictions of half-lives indirectly also
consider such interactions. In addition, it is possible to associate these results with a more
pronounced FLXSO4 direct photolysis route in the two scenarios studied (Figure 5), which
is the main contributing factor to the reduction in persistence. Conversely, FLXSO4 showed
a higher persistence in the month of September, being more sensitive to eutrophication
processes that directly affect the availability of light (Figure 5b). In turn, the biodegradation
route is a less pronounced removal factor for FLXSO4 compared to FLX. Furthermore,
pathways such as the reaction with 3CDOM* are even less pronounced for FLXSO4, as
corroborated by the experimental data (Table 2).

It is important to note that the adsorption phenomenon has a negligible effect on con-
taminant removal. When not considered, a small change in the half-life values was observed
(FLX: t1/2 June = 60.1 h; t1/2 September = 52.5 h; FLXSO4: t1/2 June = 16.1 h; t1/2 September = 16.9 h).
On the other hand, greater persistence is expected when adsorption and biodegradation are
not considered in the simulations (FLX: t1/2 June = 110.1 h; t1/2 September = 113.3 h; FLXSO4:
t1/2 June = 34.5 h; t1/2 September = 36.5 h), suggesting biodegradation as an important mecha-
nism in the removal of the target contaminants.

4. Conclusions

Direct photolysis experiments in pure water showed that the sulfate-modified form of
fluoxetine (FLXSO4) is more sensitive to direct photolysis since the counterion modification
allows for a higher molar absorption coefficient in the irradiation range. Competition
kinetic studies revealed that reactions with HO• and 3CDOM* are more important than
those with 1O2 in the degradation of the antidepressants studied (FLX and FLXSO4).
However, FLXSO4 showed a lower rate with 3CDOM*, leading to the hypothesis that the
modification of the counterion provides greater kinetic competition with organic matter.
Experiments in a real water matrix showed that other reactive species in the medium can
positively contribute to the degradation of the antidepressant, with FLXSO4 being even
more expressive, possibly due to the synergistic effect of the sulfate counterions, suggesting
that the presence of these ions in the medium can contribute to the formation of reactive
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species that promote fluoxetine removal. Through the half-life analysis, the results of the
kinetic simulations revealed that the time of year was not an important influencing factor
on persistence since the actual parameters did not show such significant changes between
the study months. In addition, a negligible effect on the removal of contaminants was
observed by adsorption effects. However, the increase in the environmental persistence of
the antidepressant is closely linked to eutrophication and weather conditions. As a result,
the half-life of FLXSO4 decreased in June, driven by direct photolysis and biodegradation.
Therefore, the removal of fluoxetine is strongly driven by the interaction with the reactive
species formed, especially when sulfate ions are present in the medium.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14213536/s1, Figure S1. Experimental setup used to study the
photodegradation of antidepressants under simulated sunlight. (1) Thermostatic bath; (2) Jacketed
beaker; (3) Irradiation source; (4) Distribution arrangement of vials in the beaker; Figure S2. Plu-
viometric and radiometric data of the studied site for the simulation period (2021). Daily rainfall
and radiometric data were collected from the automatic weather station in the vicinity of the Guara-
piranga reservoir, maintained by the Instituto Nacional de Meteorologia (INMET). The original
data are provided as total global horizontal irradiance per hour. The data were integrated over the
hours to evaluate the total daily irradiance; Figure S3. Hydrolysis of FLX in pure water. Conditions:
[FLX]0 = (10.22 ± 0.25) mg L−1; natural pH (~6.7); Figure S4. Hydrolysis of FLXSO4 in pure wa-
ter. Conditions: [FLXSO4]0 = (10.34 ± 0.30) mg L−1; natural pH (~6.3); Table S1. Physicochemical
parameters of the Guarapiranga Reservoir water. Point GUAR00100 (23◦45′15′′ S, 46◦43′37′′ W).
Samples collected on 05/30/2022. Table S2. Retention times (RT), limits of detection (LOD), and
limits of quantification (LOQ) of the compounds used in the study. References [46–48] are cited in the
Supplementary Materials.
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