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ABSTRACT

In this work, the photochemistry of the antidepressant paroxetine and its photochemical fate in
surface waters were investigated. The direct photolysis quantum yield, as well as the second-
order rate constants of the reactions between paroxetine and the photochemically produced
reactive intermediates (i.e., HO', 3CDOM* and 1Oz) were assessed with steady-state irradiation
experiments. Using these results, the paroxetine photochemical fate (i.e., pseudo-first order
photodegradation rate constant and half-life time) was modeled in a surface-water scenario by
varying the chemical composition of water and its depth. Nine transformation products were

identified, formed upon paroxetine direct and indirect photolysis, and a photodegradation



pathway was proposed that is initiated by photohydrolysis of paroxetine to 4-(4-fluorophenyl)-3-
(hydroxymethyl)piperidine. Finally, the occurrence of paroxetine and its transformation products
was investigated in Slovenian surface waters, also predicting the compound’s lifetime in
Slovenian water bodies based on the 2018 chemical composition data.

The results showed that paroxetine reacts with HO radicals approaching a diffusion-controlled
kinetics, while the direct photolysis quantum yield is ®Ppxt = (4.03+0.25)x 107 Direct
photolysis, together with reactions with HO® and COs;~ radicals would be the main
photodegradation pathways for paroxetine in surface waters. Reaction with CO;" is particularly

important for low amounts of dissolved organic matter (DOM).
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Piperidine, Photodegradation.



1. Introduction

Paroxetine (hereafter PXT) is an antidepressant of the selective serotonin reuptake inhibitors
(SSRI) class. It is the 57" on the list of the Top 200 prescribed drugs in the US (Fuentes et al.,
2018), and the 17" on the list of most prescribed psychiatric drugs in the US (McDermott, 2018).
Its main source in the environment is human excretion. In the human body, PXT undergoes
extensive phase I and II metabolism, including oxidation to its catechol (PC), followed by
formation of the methyl intermediate (PM), and by conjugation (glucuronidation, sulfation)
(Matsunaga et al., 2013). Therefore, less than 1% of the ingested PXT is excreted as the parent
compound.

Cunningham et al. (2004) discussed the hydrolysis of conjugates back to the parent compound or
PM in wastewater (WW) treatment systems, suggesting that PXT and PM are the main
candidates for monitoring after they enter the aqueous environment. The group then studied the
PXT and PM behavior in activated sludge (AS) biodegradation experiments, where PM was
extensively removed by both sorption and biodegradation. They also reported that PXT was only
removed by sorption to AS. Nevertheless, Radjenovi¢ et al. (2007) showed high removal of PXT
in both, the conventional AS process (90.6%) and in membrane bioreactors (89.7%) irrespective
of the removal mechanism. Despite this, PXT has repeatedly been detected in different
environmental compartments (e.g., WW, surface waters (SW), sediment, fish tissue) (Arnnok et
al., 2017; Mole and Brooks, 2019; Schultz et al., 2010; Vasskog et al., 2008, 2006). The reported
concentration in SW is generally a few ng L™'. The highest concentrations up to date were
reported in the western Lake Erie basin (90 ng L") and the Niagara river (270 ng L) (Arnnok et
al., 2017; Wu et al., 2009). Until now, no data exist on the occurrence of PXT metabolites or

transformation products (TPs) in environmental matrices.



Once in the environment, PXT causes neurohormone-like adverse effects in aquatic organisms
(e.g. changes in reproduction), similarly as other antidepressants from the SSRI class. Its acute
toxicity has been studied on model aquatic organisms of lower trophic levels, where the effects
are expected to be the most pronounced (e.g., C. dubia, D. magna, D. polymorpha, S.
striatiunum, P. elliptica, H. tuberculate, X. laevis ) (Fong, 2001; Silva et al.,, 2015). In
comparison, the acute toxicity of PM for aquatic organisms has also been estimated based on
tests on D. magna, indicating a low risk of any adverse effects arising from the exposure to PM
(Cunningham et al., 2004). Hence, the reason for choosing PXT as our focus compound lies in

the processes occurring during WW treatment and the results of toxicity tests.

The available literature on the breakdown of PXT after it has reached the environment is quite
limited. However, authors agree on photodegradation being one of the main processes of PXT
elimination (Cunningham et al., 2004; Henry et al., 2004; Kwon and Armbrust, 2004; Santoke
and Cooper, 2017; US Environmental Protection Agency, 2016). In general, photodegradation of
a water pollutant can occur through two main pathways, namely direct and indirect photolysis.
Direct phototransformation takes place when the compound absorbs solar radiation and gets
transformed because of the obtained extra-energy. In contrast, indirect photochemistry involves
the reactions between the xenobiotic and the Photochemically Produced Reactive Intermediates
(PPRIs), which are formed upon sunlight absorption by natural photosensitizers such as the
chromophoric dissolved organic matter (CDOM), nitrate and nitrite (Vione et al., 2014). The
main PPRIs in SW are hydroxyl and carbonate radicals (HO" and CO;5", respectively), the excited
triplet states of CDOM (3CDOM*) and singlet oxygen (lOz). Kwon and Armbrust (2004) have
previously performed irradiation experiments in both synthetic buffer-solutions and lake water

with a fluorescent light. Santoke and Cooper (2017) have found that HO" and 'O; play a role in



PXT photodegradation in irradiated Suwannee river water samples. Reportedly, photodegradation
occurs fast and in a large percentage (Kwon and Armbrust, 2004; Santoke and Cooper, 2017),
which implies that TPs could be responsible for the majority of toxic effects and might be better
suited as markers of PXT environmental presence (Cunningham et al., 2004; Kwon and
Armbrust, 2004). Nonetheless, it is clear from the available literature that there is still a lack of
information concerning the relative importance of direct and indirect photochemistry on the
environmental fate of PXT, including the formation of other TPs and the relevance of different
transformation pathways. The roles of direct photolysis and the reactions with ’*CDOM* and
CO;", which are known to be important transformation pathways for xenobiotics (Canonica,
2007; Wojndrovits et al., 2020), have still to be determined in the case of PXT.

To fill in this knowledge gap our research involved: (a) laboratory-scale irradiation experiments
to determine the PXT photoreactivity parameters (i.e., direct photolysis quantum yield and the
second-order reaction rate constants between PXT and the main PPRIs); (b) modeling of PXT
photochemical fate in surface water; (c) identification of the TPs formed upon PXT direct and
indirect phototransformation, by means of high resolution/accurate mass-mass spectrometry

(HR/AM MS); (d) determination of PXT TPs in actual SW samples.



2. Materials and methods

2.1 Standards, chemicals and materials
The data on the standards, chemicals and materials we used can be found in the Supplementary
material (SM), Chapter 1.1. The preparation procedure of stock solutions is reported in SM,

Chapter 1.2.

2.2 Irradiation Experiments
Irradiation runs were performed with different lamps, depending on the aim of the experiment:
1) A Philips narrow band TL 20W/01 lamp, which mainly emits in the UVB range of the
light spectrum (emission maximum at 313 nm).
2) A UVA black lamp (Philips TL-D 18 W), with emission maximum at 369 nm.

3) A Philips TL D 18W/16 Yellow lamp, the emission spectrum of which is reported
elsewhere (Carena et al., 2017; Rosario-Ortiz and Canonica, 2016; Vione, 2020).
Chemical actinometry with 2-nitrobenzaldeheyde (Carena et al., 2019; Galbavy et al., 2010;
Willett and Hites, 2000) was used to determine the spectral photon flux density occurring in the

irradiated solutions.

In general, aqueous solutions (5 or 20 mL) containing (i) PXT, (ii) a suitable photosensitizer
(which selectively produces a given PPRI) and (when relevant) (iii) a PPRI scavenger, were put
in Pyrex glass cells and magnetically stirred under steady irradiation. The solution pH ranged
between 6 and 7. After scheduled irradiation times, solutions were withdrawn and analyzed for
PXT with a high-performance liquid chromatograph, equipped with a diode-array detector

(HPLC-DAD, Hitachi LaChrom Elite® series).



The time trends of the PXT concentration followed pseudo-first order kinetics, namely
[PXT] = [PXT], x e ***, where [PXT], is the initial concentration of paroxetine (vide infra
for its values), k' the pseudo-first order rate constant of PXT degradation, and ¢ the irradiation
time. After assessing k' from the data fit of [PXT] vs. ¢, the initial PXT degradation rate was
calculated as R = k' x [PXT],.

Irradiation experiments aimed at identifying the paroxetine TPs were carried out in aqueous
solutions (20 mL) containing PXT (100 umol L™") and a selective photosensitizer. In particular,
hydrogen peroxide (5 mmol L™") and NaNO; (10 mmol L") were separately used for HO™-
induced reactions, benzophenone-4-carboxylate (CBBP, 70 umol L™") for transformation by
’*CDOM*, and Rose Bengal (RB, 10 umol L™") for transformation by 'O,. Finally, a mixture of
NaNO; (10 mmol L") and NaHCO3 (0.8 mol L™") was used as photosensitizer to produce CO3 ™~
radicals. After collection, samples were analyzed for TP identification by means of ultra-high-

performance liquid chromatography coupled to a hybrid quadruple time-of-flight mass

spectrometry (UHPLC-QTof, Waters Quatro Permier series).

2.3 Sample preparation and instrumental analysis
Samples obtained from the irradiation experiments (section 2.2) were injected into HPLC-DAD

or UHPLC-QTof without additional preparation.

The determination of PXT concentration in SW samples (section 2.5) was carried out using a
ultra-high performance liquid chromatograph UHPLC (Shimadzu Nexera X2) - hybrid
quadrupole-linear ion trap mass spectrometry analyzer (Sciex Qtrap 4500). Before injection,
samples were pre-concentrated and cleaned by solid phase extraction (SPE) on Strata XC

cartridges. The 250-mL aliquots of each sample were first spiked with PXT-Dg as an internal



standard at the final concentration of 30 ng L™, and then filtered through Whatman GF/C filters.
The pH value was adjusted to 2 with 37% HCI and the samples were loaded onto cartridges
preconditioned with 3 mL of MeOH, and equilibrated with 3 mL of HCl-acidified ultrapure water
(pH 2) at a flow rate of 6-7 mL min~'. Matrix interferences were washed off with 10% methanol
(MeOH) in ultrapure water. PXT was eluted with 3 x 0.6 mL of 5% NH4sOH in MeOH. The
extracts were dried at 30 °C under nitrogen flow, and then reconstituted in 100 uL of 20% MeOH
in 0.1% formic acid. Samples were prepared in duplicates. The occurrence of TPs was checked in

the same extracts.

The exact operating conditions for each instrumental analysis can be found in SM, Chapter 1.3.

Information on the analytical method validation is reported in SM, Chapter 1.4.

2 4 Identification of TPs formed by PXT photodegradation
The identification was performed with UHPLC-QTof. The screening approaches were
accomplished in the targeted way, where the TPs reported in the literature and candidates
predicted from potential phototransformation reactions were manually screened for ("suspect
list") (Kwon and Armbrust, 2004; Matsunaga et al., 2013; Vay et al., 2018; Zhao et al., 2007). In
addition, we screened for potential TPs using the non-targeted approach with the open-source
package MZmine (version 2.53). The analysis of data obtained with liquid chromatography
coupled to mass spectrometry (LC-MS) was performed similarly as in Gornik et al. (2020). Data
were transformed from raw files into mzML format using Proteowizard (version 3.0.20075)
software, before being processed in MZmine. The peaks were detected by first using the centroid
mass algorithm, followed by chromatogram building. For the deconvolution of the obtained

chromatograms, wavelet (Automated Data Analysis Pipeline (ADAP)) algorithm was utilized



(Myers et al., 2017). Deisotoping was done by applying the isotopic peaks grouper algorithm
with the RT tolerance of 0.2 min, a m/z tolerance of 25 ppm, and the lowest m/z value as the
representative isotope. The peak list alignment algorithm Random Sample Consensus
(RANSAC) was applied to the list and gap filling was performed based on the m/z tolerance of 25
ppm. The list of features was filtered and the obtained list of candidates was further evaluated to
exclude the compounds present in blanks or control samples. The remaining candidates were
tentatively identified based on their MS/MS spectra using Mass Lynx v 4.1. The criteria for TP
identification included: 1) a maximum error of 15 ppm between the measured and theoretical
mass of the protonated parent molecule, and 40 ppm for its product ions; 2) isotopic pattern score
over 80% where available; 3) reasonable ring double bond equivalents (RDBE) value. The

chemical structures and transformations were drawn in ChemDraw Ultra 12.0.2 (Perkin Elmer).

2.5 Occurrence of PXT and its TPs in Slovenian SW
We collected six-hour composite samples of three Slovenian rivers (A, B and C) in order to
investigate the occurrence of PXT and its TPs. The exact sampling locations and dates can be
found in Table S-4 (SM). The values of pH and dissolved oxygen (DO) of the river water at each
sampling point were measured with a multi-parameter portable meter MultiLine® Multi 3630

IDS (WTW, Weilheim, Germany).



3. Results and discussion

3.1 Irradiation experiments

3.1.1 PXT direct photolysis

The direct photolyis of PXT was assessed under UVB irradiation (see Fig.1a for the lamp
spectrum, i.e., the spectral photon flux density in the irradiated solutions). Although sunlight has
relatively low irradiance in the UVB region, UVB radiation should account for the vast majority
of PXT direct photolysis in the environment. Indeed, PXT efficiently absorbs sunlight at A < 320
nm (Fig.1a), while negligible radiation absorption occurs in the UVA and visible regions. This
issue, together with the fact that the direct photolysis quantum yields are measured more
accurately under narrow-band radiation, justified the choice of the UVB lamp.

PXT (20 umol L") was irradiated in ultrapure water (5 mL) under UVB light for up to 150 min
(Fig.1b). In such conditions, the rate of PXT direct photolysis is expressed as

R, = ®pur x_[:;l_‘p”[,l) x [1— 107=pxr(A=ExIEXTI] 43 © where p°(A) is the lamp spectral

5.8
photon flux density (Fig.1a), £€pyr(4) is the molar absorption coefficient of PXT (Fig.1a), b is
the light optical path in solution (0.4 cm), and ®pxr is the apparent quantum yield of PXT direct

photolysis. It was R, =2.41 +0.10 nmol L™'s™', and the photon flux absorbed by PXT was P,
= | j p°(A) x [1 — 107 spaT(Aex[PAT] g3 = (5.97+0.36)x10™° Einstein L™ s'. As a
consequence, one gets Ppxr = Ry, (Pa)_1 = (4.03i0.25)><10_2.

The obtained value of ®pxris ~5 times lower than that measured at A = 254 nm in previous work,

although with high uncertainty (®pxr(254 nm) = 0.21 + 0.14; (Wols et al., 2014)). Such a



difference in the photolysis quantum yield values measured for a certain pharmaceutical (Challis
et al., 2014) could be accounted for by the use of dissimilar irradiation wavelengths. Indeed,
although the phototransformation quantum yields of polyatomic organic molecules often follow
Kasha’s rule (Turro et al., 1978), it is not uncommon to find a wavelength dependence in the
quantum yields of photochemical reactions (Demchenko et al., 2017). In the case of PXT, the
UVB quantum yield would be representative of phototransformation under sunlight, differently

from the 254-nm quantum yield.

3.1.2 Reaction with HO' radicals

The second-order rate constant of the reaction between PXT and HO' radical (kyp*spyr)) Was
assessed by exploiting the competition between PXT and isopropanol (2-propanol, hereinafter
iPr) for reaction with HO" (Carena et al., 2018). iPr is a well-known HO" scavenger, which reacts
with HO' radicals mainly through hydrogen abstraction, with a rate constant kq+4;p,) = 1.9% 10°
L mol™' s™' (Buxton et al., 1988).

Aqueous solutions (5 mL) containing H,O> (5 mmol L_l), PXT (20.2 umol L_l) and iPr (from O
to 3 mmol L") were irradiated under UVB light, in which conditions H,O; is an efficient HO'
photosensitizer. The potential reactions taking place during irradiation of these solutions are the
formation of HO® radicals upon H,O, photolysis (Eq.1), the concurrent scavenging of HO" by
H,0,, PXT and iPr (Eqs.2,3,4), as well as the direct photolysis of PXT (Eq.5). Actually, these
reactions are not the only ones that occur in the system, but they are the most important in the
assessment of k(yg-4;p,. Additionally, the reaction between HO" and iPr mainly forms the o-
hydroxyalkyl radical (CH3)>C'OH, which can react with dissolved O, to produce superoxide

radical, H,O», acetone and other small organic compounds (von Sonntag and Schuchmann,



1991). Because the degradation of iPr by HO™ produces several radical species (here generally
defined as X'), the possible reactions between PXT and X' (Eq.6) should not be ruled out a

priori.

H,O, + hv —» 2 HO' (Eq. 1)
HO' + H,0, — H,0 + HOY' Ksio s, 0,) = 2.7%10" L mol™ s™ (Buxton et al., 1988) (Eq. 2)
HO" + PXT — products K(yo*+px7) (to be determined) (Eq. 3)
HO' + iPr — HyO + (CH3),C'OH k(9% 2:5) = 1.9%10° L' mol” s (Buxton et al., 1988) (Eq. 4)
PXT + hv — products Dpxr = (4.03+0.25)x107 (Eq. 5)

PXT + X" — products (Eq. 6)

The overall degradation rate of PXT (R) can be described as the sum

Rioe = Ripxrimoy T Rap. + Rasa- where Ripxrsmn®y Rap. and R, are the rates of Egs. 3, 5

and 6, respectively. R, was measured as 2.7 + 0.3 nmol L™ s~ (Fig.2a), in good agreement

d.p.
with the value of 2.4 + 0.1 nmol L™' s™' reported in the previous section. This is due to the fact
that UVB radiation absorption by H>O, is low enough, not to interfere significantly with the
direct photolysis of PXT.

Rt was measured at different iPr concentrations, and then corrected for R,, (e,
Rioe — Rgp = Ripxrimov) + Raaq) The sum Rpyripypey + Rage decreased with increasing
alcohol concentration (Fig.2b), because of the competition between iPr and PXT for reaction

with  HO'.  Competition  kinetics can be modeled by considering that

Ripxrsmo') = Kimo*spxr) X [HO'] X [PXT], and by reasonably adopting the steady-state



approximation for the hydroxyl radicals concentration ([HO']). By taking into account the
formation of HO ™ and its consumption by H>O,, PXT and iPr, one gets
Rppor = [HO'] X [k-ZHa'+H=a=} X [Hy0,] + kiuors oy X [PXT] 4 Kiorsipy) X [iPr]), where
Rt 1o+ 1s the formation rate of HO' radicals upon H,O, photolysis (Eq.1). By replacing the value
of [HO"] thus obtained in the expression fOr R pyrsp0+), OnE gets the following:

Rf Hﬂ':(leﬂ'+PXT|K[P‘TT]

R(P}L‘T+HG'} + Rﬁdd -

K(HO*+Ho0,0% [Ha0: 14 kigoe, pxi % [PXT]+ kigge, ipr) < [iPr] + Raaa  (EQ.7)

Eq.7 was used to fit the experimental data reported in Fig.2b, with R; 5+, K(yp*2pxr) and R4,
as fit variables, yielding &g+ +pxr) = (1.720.5)x10" L mol™ s™'. Although slightly higher, this
value of kiype s pxr) 18 in good agreement with the findings of previous works, where Wols et al.
(2014) and Santoke and Cooper (2017) report kiyptspyr) = (9.6+3.6)x10° L mol™' s™' and

kigatspxr) = (8.7+0.1)x10° L mol ™' s, respectively. Indeed, the difference between these values

is well within the variability that is usually found during the determination of second-order
kinetic constants with different experimental procedures (see, for instance, Berto et al., 2018).

Data fit also yielded R yp- =9.6 £ 1.5nmol L™ s™" and R, = 7.6 £ 0.6 nmol L™' s™". Note that

R, Was pretty high, suggesting that the reactivity of PXT with X" would not be negligible.

3.1.3 PXT reactivity towards singlet oxygen ('O5)

Aqueous solutions (5 mL) containing PXT (from 5 to 20 umol L") and the dye Rose Bengal (10

umol L") were irradiated under a Philips TL D 18W/16 Yellow to assess the second-order rate



constant k1, 4per Of the reaction PXT + '0, (Vione, 2020). The excited triplet state of RB

('RB*), which is generated following light absorption by RB, is able to efficiently react with
dissolved oxygen in its ground triplet state to produce 'O,. The majority of 'O, undergoes
deactivation by collision with the surrounding water molecules, with a quenching rate constant
kq,'-o: =2.5%x10° 57! (Wilkinson et al., 1995). The remaining fraction of '0, can react with PXT
(Scheme 1).

The rate of PXT transformation by 'O, is R = Ko +pxm) X [10.] X [PXT], where [*0,] is the
steady-state concentration of singlet oxygen. The steady-state condition was here provided by (i)
steady irradiation; (ii) partitioning of dioxygen between the irradiated solution and the headspace
of the glass cell; (iii) regeneration of the RB ground-state after RB* quenching; (iv) continuous
formation of 'O, upon RB irradiation, and (v) fast quenching of 'O, by water (Scheme 1). By

considering the formation rate of 'O, by irradiated RB (Rfrp ), one has

['0;] = Rprg (kgro, + ko, +pxm) X [F'XT])_l. In our case it was determined R;:, =
(6.5£0.6)x107 mol L™" s™' by measuring the degradation rate of furfuryl alcohol (FFA, 100 pmol
L") upon reaction with 'O,. The use of FFA as 'O, probe to measure R; 1, has been widely

adopted and described in previous works (Carena et al., 2017; Rosario-Ortiz and Canonica, 2016;
Vione, 2020).
Note that the rate constants for the reaction between organic pollutants and 'O, in water often

range between 10%-10’ L mol ™' s™ (Arnold et al., 2017; Wilkinson et al., 1995). If this is our case
as well, it should be k(:4_ypyr) X [PXT] << k24 in the adopted [PXT] range (5-20 umol L.

Therefore, the PXT degradation rate by '0, can be linearly related to [PXT] as in Eq. 8:



1 k.2
£20:" CO+P5T) x [PXT] (Eq. 8)

A linear trend was actually found experimentally for R vs. [PXT] (Fig.S-1), which allows for the

assessment of k1, ;pxr) from the line slope, m = (2.06+0.17)x10™* s™". By so doing, one finally

gets kg apxry = m X ki, X (Re2p.)” = (7.9£1.4)x10” L mol™' s™'. This value is a bit lower

1

than, but quite comparable with that of (1.240.1)x10® L mol™" s™' obtained by Santoke and

Cooper (2017) with a competition kinetics approach.

3.1.4 Reaction of PXT with the excited triplet states of CDOM (3CDOM*)

CBBP was here used as proxy molecule for CDOM. CBBP has been widely adopted as CDOM
proxy in previous works (Carena et al., 2019; Li et al., 2015; McNeill and Canonica, 2016; Wenk
and Canonica, 2012). A protocol has been recently proposed based on steady irradiation
experiments, to assess the reactivity of organic pollutants with the excited triplet state of CBBP
(3CBBP*) (Minella et al., 2018). This protocol involves the irradiation of aqueous solutions (5
mL) containing CBBP (=70 pumol L_l) and different concentrations of the organic substrate S (S
= PXT in our case). By studying the dependence of the S degradation rate (R) on the added S
concentration ([S]), the value of the second-order rate constant of the reaction S + 3CBBP* can

be obtained with the following equation (Carena et al., 2019; Minella et al., 2018):

m D.68x5y x k

*0.+5)
Kecosp+s) = Kl X (Pa — kgtlp = ) (Eq.9)




!'is the deactivation rate

where P_zzp is the photon flux absorbed by CBBP, k',;= 6x10° s~
constant of *CBBP* in aerated solution, 0.68 is the fraction of 3CBBP* that reacts with dissolved

triplet O, (the remaining fraction of ’CBBP* is likely deactivated by internal conversion), 5, =

0.46 is the yield of '0, upon reaction between 3CBBP* and 0O,, and kq,'-o. =2.5x10° s is the '0,

quenching rate constant by collision with water molecules (Scheme 2). Finally, m (in ! units) is
the slope of the line R vs. [S].
In our case, PXT = S was irradiated under the UVA black lamp (see Fig.S-2 for the lamp spectral

photon flux density spectrum, p®(4)). Under these experimental conditions, the photon flux
absorbed by CBBP was Py cggp = J; = p°(A) X [1 — 1075cezr (Dx2x(e88P1] 47 — (1.1x0.1)x10”*

Einstein L' 7' (b =04 cm and [CBBP] = 70 umol L_l). Note that PXT is not able to absorb
radiation in the wavelength range emitted by the lamp (Fig.1a), thus radiation absorption by PXT
was not taken into account in the calculation of P_ g5, . Moreover, the lack of UVA absorption
by PXT also prevented its direct photolysis under UVA irradiation. Fig.3a shows the dependence

of the PXT degradation rate on the added [PXT] (from 5 to 20 pmol L_l). The linear fit of the
experimental data (R® = 0.98) gave m = (8.33+0.26)x10™ s™', from which kcggpespxr) =

(4.5i0.6)><109 L mol™ s™! was calculated.

From the above data, the triplet-sensitized reaction of PXT looks very fast. However, several
previous works have shown that the transformation reactions sensitized by ’*CDOM* and
*CDOM* proxies, of some water pollutants such as anilines and sulfonamides, are inhibited by
the antioxidant moieties of DOM (AODOM) (Canonica and Laubscher, 2008; Carena et al.,
2019; Leresche et al., 2016; Vione et al., 2018; Wenk et al., 2011; Wenk and Canonica, 2012). In

particular, ’*CDOM* can partially oxidize xenobiotics through electron transfer (Davis et al.,



2018; Li et al., 2015; Wang et al., 2015), producing radicals that are then reduced back to the
parent compound by AODOM (Egs.10,11) (Wenk and Canonica, 2012). At the laboratory scale
AODOM is well represented by phenol (PhOH), because it resembles anti-oxidant phenolic
moieties (very common in AODOM), it is water-soluble, and it is oxidized to poorly reactive
phenoxy radicals (Carena et al., 2019; Leresche et al., 2016; Vione et al., 2018; Wenk and

Canonica, 2012).

S + *CDOM* CBBP* — S™ + CDOM"/CBBP" (Eq. 10)
S+ AODOM/PhOH — S + AODOM™/(PhO" + H") (Eq. 11)
S™ — oxidation products (Eq. 12)

If the back-reduction process induced by PhOH is operational, the actual (corrected) value of the

second-order rate constant for the reaction of S with °CBBP* should be

K taapss = WX Kiscgppess) (Vione et al., 2018), where i < 1. Because the degradation rate
of S by *CBBP* is R = k¥[fzpss) X [S] X [FCBBP'], one has R = X R®, where R® =

ks cgspt+pxr) X [S] X [FCBBP?] is the transformation rate of S measured in the absence of
PhOH. The correction factor 1 takes into account the back-reduction, as
= (1+ [PhOH]/[PhOH],;,)~", where [PhOH],, is the phenol concentration that halves the

value of R (Wenk and Canonica, 2012).

R= —mm— (Eq. 13)



Fig.3b shows that the degradation rate of PXT induced by ’CBBP* decreases with increasing

phenol concentration, which suggests that the back-reduction process is operational with PXT.

The data fit with Eq.13 yielded [PhOH], , = 1.46 £0.25 umol L™".

3.1.5 Photochemical model

The photochemical fate of PXT in sunlit SW was modeled by means of the APEX software
(Aqueous Photochemistry of Environmentally-occurring Xenobiotics) (Bodrato and Vione, 2014;
Vione, 2020). The model takes into account the photoreactivity parameters of water pollutants (in
the present case PXT, the photochemical parameters of which are listed in Table 1), sunlight
irradiance, as well as the chemical composition and depth of the water body. PXT
phototransformation was modeled in environmental scenarios that differed for both water depth
and chemical composition (Fig.4). In particular, the dissolved organic carbon (DOC, which
quantifies the (C)DOM content), nitrate concentration and water depth were chosen as master
variables of the model. Depth was set at either 0.5 m (Figs.4a, 4c) or 5 m (Figs.4b, 4d) to
represent a shallow river (or the upper layer of a lake) and a lake epilimnion, respectively. The

back-reduction process was considered in the model, by converting the value of [PhOH],
(umol L") into a quantity that is more representative of SW (DOC,;,, mgc L"), through the

relationship DOC,, = 0.4 X [PhOH],,, (Leresche et al., 2016; Vione et al., 2018). The rate

corr

kcorr
3 o
(°CBBP*+S)

=Xk
(CCDOM*+5) v

constant between PXT and *CDOM#* was thus corrected as per

with ¢ = (1 + Doc/poc, ;).
The pseudo-first order photodegradation rate constant of PXT (k’pxt) 1s strongly dependent on

the DOC (Fig.4a, 4b). This is likely due to the key roles played by CO3~ and HO' in the overall



phototransformation. The reaction of PXT with COs™ and HO’ prevails at low DOC values,
where scavenging of the two radical species by DOM is still limited. The reverse happens at high
DOC, where both COs™ and HO' are very efficiently consumed by DOM.

Compared to the DOC, nitrate plays a less important role in the photodegradation kinetics of PXT
(Figs.4c, 4d). The increase of k’pxr with increasing [NO3 ] is mostly due to the enhancement of
photodegradation by COs ", while degradation by HO' is poorly dependent on nitrate. The most
likely reason for the latter finding is that, in the presence of 5 mgc L' DOC, CDOM would
strongly out-compete nitrate in HO" generation.

The direct photolysis of PXT gets slower as the DOC increases, because of competition for
irradiance between PXT and CDOM. In contrast, a variation of [NO3 | does not affect the direct
photolysis kinetics significantly, because NO3™ is a minor radiation absorber. Interestingly, the
reactions with *CDOM* and 'O, play a secondary role in PXT photodegradation. The former
process is significantly depressed by back-reduction, while PXT is poorly reactive with '0,.
Looking at the photochemical half-life times, our findings suggest that PXT is degraded fast by
both direct photolysis and indirect photochemistry. Therefore, photochemical reactions are
potentially important degradation pathways for PXT in SW. Lifetimes range from a few days or
less in shallow waters (d = 0.5 m), which are well illuminated by sunlight, up to 20-30 days in

deeper waters (d = 5 m) at high DOC.
3.2 Validation of the analytical methods

The HPLC-DAD method was linear in the range 107 - 107 mol L™ PXT (R*=0.9995), with
method repeatability of 1.6%. Validation parameters of the UHPLC-Qtrap method for PXT are

reported in SM, Table S-3. As we observed that the metabolite PC partially degrades during



sample preparation, we succeeded to qualitatively determine its occurrence but its quantification

was not possible.

3.3 Detection, identification and formation of TPs

Our workflow first followed the screening of the 53 candidates from our suspect list, resulting in
TP-210, which has already been reported in the literature. Moreover, an additional three

candidates from the predicted suspects were detected (TP-192, TP-226, TP-328).

The MZmine analysis of the LC-MS data gave rise to a list of 908 features. After application of
our filtering criteria (remove duplicates, retention time < 7.1 min, 100 < m/z < 500), we were left
with 453 features. In order to extract possible TP candidates, we compared blanks and control
samples (withdrawn at the beginning of the experiment) with the corresponding irradiated
samples using scatter plots. An example is Fig.S-3 showing a scatter plot of a control sample,
compared with a sample withdrawn after 180 minutes of irradiation, both with the addition of
NaNOs. The ions that are placed above the chosen significance level are more abundant in the
sample irradiated for 180 minutes, and thus represent potential TP candidates. This acquired list
of potential TPs was also checked manually. For each of the candidates, MS/MS spectra were

obtained and nine of them were identified as TPs of PXT.

All the identified TPs were detected with the positive electrospray ionization mode, while no
newly formed TPs were observed in negative ionization mode. The accurate masses of the
protonated molecules and MS/MS fragmentation patterns were the basis for TP identification.
The level of confidence for each identified TP was assigned based on the system suggested by

Schymanski et al. (2014). When no other structure fitted the experimental information, a level of



confidence 2b was assigned to the TP. If the exact location of a functional group was unknown, a
level of confidence of 3 was assigned. The level of confidence 4 was assigned if we determined
the elemental formula of the TP, but were unable to propose any possible structure. The isotope
ratio score was obtained by MZmine “Predict molecular formula” tool. The diagnostic
information for PXT and its TPs can be found in Table 2, and the process of assigning chemical
structures to the detected TPs, including their MS/MS spectra can be found in the SM, Chapter

2.2.

Fig.S-16 shows the formation profiles of the TPs, which served as the basis for constructing the
degradation pathway (Fig.5). TP-192 was formed during direct photolysis and in the reactions
involving hydroxyl and carbonate radicals (Fig.S-16: a, b, ¢, f). According to the TP formation
profiles in Fig.S-16 and in line with its chemical structure, TP-192 results from the cleavage of
fluorine from TP-210. A TP with [M+H]" 192 was also observed by Kwon and Armbrust (2004)
during their photodegradation experiments, but the structure of the dehydrated form of TP-210
was suggested based on the MS spectra obtained with a low resolution instrument. TP-210, which
was also identified as a photoproduct by Kwon and Armbrust (2004) and Saki¢ et al. (2013) was
formed during all of our experiments, and it was one of the most abundant TPs of PXT. In
contrast, TP-226 (Fig.S-16: a, d) and TP-238 (Fig.S-16: ¢) were formed only under certain
conditions and on a smaller scale, and they likely originate from hydroxylation and formylation
of TP-210. As we were not able to suggest an exact structure for TP-296, we excluded it from the
predicted pathway. All the remaining TPs (TP-328, TP-350, TP-364 and TP-375) are formed
from the parent molecule. While hydroxylation (TP-350, Fig.S-16: ¢, d, e, f) and oxidative
deflourination (TP-328, Fig.S-16: a, b, ¢, f) are known photoreactions (Gornik et al., 2020;

Horsing et al., 2012; Kosjek et al., 2013), chlorination and nitration are less common but nitration



was found to be the result of biotransformation (Kosjek et al., 2008). TP-375 was in our
experiments formed specifically because of the presence of nitrates in the irradiated solution

(Fig.S-16: b, f), which yield the nitrating agent 'NO, upon UV photolysis (Mack and Bolton,

1999; Vione et al., 2011):

NOs™ + hv + H" 5 [NO; + HO Juage (Eq. 14)
['NO, + HOJeyee = NO5™ + H (Eq. 15)
['NO, + HOJeye = "NO, + HO' (Eq. 16)
['NO, + HO]¢aee > HOONO (Eq. 17)
HOONO - NO; + H* (Eq. 18)
HOONO - "NO, + HO" (Eq. 19)

Most reported nitrate levels in SW are below the limit of 50 mg L™, assigned in the Nitrates
Directive (European Commission, 2019), while during the irradiation experiments we used a
concentration that was more than ten-fold higher. Hence, the formation of TP-375 in SW is
possible albeit this TP would be less abundant as compared to our experiments. The formation of
TP-364 is even less probable in freshwaters. The only possible source of Cl in this experiment
was the PXT reference standard itself, which is sold in the HCI salt form. The combination of
UVB light, H,O, and chloride probably resulted in the formation of chlorine reactive species

(Vione et al., 2005) that effectively chlorinated the parent compound (Fig.S-16: c).



3.4 Occurrence of PXT and its TPs in actual SW

The presence of PXT, its metabolite PC and the newly identified TPs was investigated in three
Slovenian SW samples. PXT concentrations were below LOQ, and no PC or TPs were detected
in any sample. The first possible reason could be a lower consumption compared to the two most
commonly prescribed antidepressants in Slovenia, escitalopram and sertraline, which have
already been reported in Slovenian SW. Escitalopram has been reported once at a concentration
of 042 ng L (Klancar et al., 2018), while sertraline has been reported in three cases at
concentrations of 0.24 ng Lt (Klancar et al., 2018), 1.77 and 9.28 ng Lt (Gornik et al., 2020).
Compared to them, PXT is the fourth most commonly prescribed antidepressant in Slovenia and,
based on the number of yearly prescriptions in 2019, PXT was 2.8 and 3.2 times less commonly
prescribed as compared, respectively, to escitalopram and sertraline (“ZZZS - Data on drug
consumption,” 2020). Other reasons may include successful removal in WW treatment plants
(Cunningham et al., 2004; Duarte et al., 2019; Radjenovi¢ et al., 2007), high dilution factors, fast
photodegradation, sorption to sediment or uptake into aquatic organisms.

As far as photodegradation is concerned, Fig.6 shows the annual mean values of the
photochemical half-life time of PXT in Slovenian lakes and watercourses in 2018. These values
were obtained with modeling tools, based on data about the chemical composition of Slovenian
water bodies that were provided by (https://www.arso.gov.si/vode/). A detailed description of the
modeling procedure is reported in a recently published paper (Carena et al., 2021). It is seen that
photochemical reactions potentially play a key role in the environmental fate of PXT, as the
drug’s lifetime was < 2 days in the majority (~ 60%) of the investigated water bodies, including
our sampling sites. Additionally, CO5" radicals and the direct photolysis should have been the

main PXT phototransformation pathways, accounting for, respectively, ~ 55% and ~ 30% of the



overall PXT photodegradation (note that many Slovenian surface waters flow in karst regions,
Garmo et al., 2014, providing them with pH and inorganic carbon conditions that are particularly
favorable to the occurrence of COs™). The remaining fraction was mainly due to reaction with
HO™ radicals, while the reactivity with *CDOM* and 'O, was negligible. The fast
photodegradation kinetics of PXT in Slovenian surface waters is consistent with the hypothesis
that this drug does not occur in SW at significant concentration values because of effective

natural attenuation.

4. Conclusions

¢ Direct photolysis and reaction with HO' radicals should be the main reactions that induce
degradation of PXT in SW. Carbonate radicals can play an important role in PXT
transformation as well, in particular at low DOC values and in the presence of high pH
and inorganic carbon. PXT lifetime ranges from a few days up to a month, depending on

the DOC and the water depth.

e Short lifetimes in shallow water bodies make photochemistry an important dissipation

pathway for PXT in these environments.

e Reaction with *°CDOM?* should be a minor degradation pathway, mostly because of the
occurrence of back-reduction reactions induced by antioxidants species, which inhibit

PXT degradation.

* We identified seven new TPs for PXT, and suggested benzodioxol-cleaved PXT (TP-210)

as the main TP formed during photodegradation.



e The photochemical modeling of Slovenian water bodies suggests that fast
photodegradation could explain why we were unable to determine either PXT, its

metabolite PC or any of the identified TPs in the sampled SWs.

Slovenia is a freshwater-rich country, with high precipitation and, consequently, high dilution
factors. Natural attenuation is also very likely because of very well-preserved ecosystems, with
more than half of the country covered with forests and a relatively low population density.
Therefore, it would be intriguing to apply the same methodology in countries that face water

scarcity, high population density and a higher degree of industrialization.
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