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Abstract

The efficiency of wastewater ozonation for the abatement of three nitrogen-containing
pharmaceuticals, two antihistamine drugs, cetirizine (CTR) and fexofenadine (FXF), and the diuretic
drug, hydrochlorothiazide (HCTZ), was investigated. Species-specific second-order rate constants for
the reactions of the molecular, protonated (CTR, FXF) or deprotonated (HCTZ) forms of these
compounds with ozone were determined. All three compounds are very reactive with ozone (apparent
second order rate constants at pH 7: ko3 pu7 = 1.7-10° M's, 8.5:10* M's ' and 9.0-10° M's™! and, for
CTR, HCTZ and FXF, respectively). Transformation product (TP) structures were elucidated using
liquid chromatography coupled with high-resolution tandem mass spectrometry, including isotope-
labeled standards. For cetirizine and hydrochlorothiazide 8 TPs each and for fexofenadine 7 TPs were
identified. The main TPs of cetirizine and fexofenadine are their respective N-oxides, whereas
chlorothiazide forms to almost 100% from hydrochlorothiazide. In the bacteria bioluminescence assay
the toxicity was slightly increased only during the ozonation of cetirizine at very high cetirizine
concentrations. The main TPs detected in bench-scale experiments were also detected in full-scale

ozonation of a municipal wastewater, for >90% elimination of the parent compounds.

Key words: ozonation, second-order rate constant, kinetics, transformation products, high-resolution

mass spectrometry
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1. Introduction

Ozone-based processes for the abatement of micropollutants have been studied intensively in bench-
scale (Acero et al. 2000, Dantas et al. 2007, Garoma et al. 2010, Mawhinney et al. 2012, McDowell et
al. 2005), pilot-scale (Gerrity et al. 2011, Huber et al. 2005, Lajeunesse et al. 2013, Margot et al. 2013)
and a few full-scale systems (Hollender et al. 2009, Nakada et al. 2007) indicating the huge potential
of these methods. Unfortunately, ozonation does not cause full mineralization and therefore
transformation products (TPs) are formed (von Sonntag and von Gunten 2012). Literature concerning
biodegradability of ozonation products is limited, but it is assumed that introduction of oxygen atoms
in the molecules potentially leads to an increased biodegradability (Hiibner et al. 2015). Therefore, it is
often recommended to add biological post-treatment such as sand filtration after ozonation of
wastewater effluents (Hollender et al. 2009, Zimmermann et al. 2011). For instance, Hiibner and co-
workers showed that the primary ozone transformation product of carbamazepine was more effectively
biodegraded in sand columns than the parent compound (Hiibner et al. 2014). However, as recently
concluded in a review, especially oxidation products of nitrogen containing compounds such as N-
oxides and hydroxylamines are not better biodegradable than the parent compounds (Hiibner et al.
2015). Therefore, there is a need for the elucidation of structures of ozonation TPs and their potential
ecotoxicological impact on the aquatic environment (Bourgin et al. 2013, Carbajo et al. 2015).
Because ozonation is already used in drinking water treatment and also increasingly in wastewater
treatment for micropollutant abatement, detailed knowledge on the kinetics of micropollutant
abatement and the formation of TPs is essential. To this end, there is already significant information in
literature, which allows to estimate the abatement of selected compounds during wastewater ozonation
(von Sonntag and von Gunten 2012). However, with the discovery of new classes of compounds, there
is a need for more information on their behavior during ozonation.

This study concentrates on cetirizine and fexofenadine, two antihistamine drugs used for the treatment
of allergic reactions, and hydrochlorothiazide - a diuretic drug commonly used in the treatment of
hypertension. These compounds are frequently detected in municipal wastewater effluents and natural

aquatic systems (Al-Qaim et al. 2014, Bahlmann et al. 2012, Kosonen and Kronberg 2009, Oosterhuis
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et al. 2013). Cetirizine was found in wastewater effluents in Germany in concentrations of up to 510
ng L' (Bahlmann et al. 2012), in river water in Finland in concentrations of up to 9 ng L™ (Kosonen
and Kronberg, 2009) and in the San Francisco Bay and the Baltic Sea (German coast line) in
concentrations of up to 6 and 13 ng L' (Nodler et al. 2014). In an extreme case, cetirizine was
detected in concentrations of up to 1.2 mg L™ in lake water, in an area with pharmaceutical industry in
India (Fick et al. 2009). Fexofenadine was found in municipal wastewater effluent in Finland at a
maximum concentration of 100 ng L™, and its elimination during a biological process was calculated
to be 18% (Kosonen and Kronberg 2009). In river water up to 11 ng L™ fexofenadine were measured
(Kosonen and Kronberg 2009). Hydrochlorothiazide was detected in very high frequency (>85%) in
high concentrations (hundreds of ng L™ to 17.2 pg L) in municipal wastewater samples in the
Netherlands (Oosterhuis et al. 2013), Spain (Bueno et al. 2012) and Canada (Kim et al. 2014) and the
elimination of this compound was demonstrated to be incomplete (0-77%) during conventional
biological wastewater treatment (Castiglioni et al. 2006). Hydrochlorothiazide was detected at low ng
L™ levels (up to 54 ng L") in Malaysian river waters (Al-Qaim et al. 2014).

Information on effects of these substances is scarce. For cetirizine hydrochloride, an ECsy of 330 mg
L was reported for the water flea Daphnia magna (Webb 2001) and a 96-h LCs, for the flatworm
Dugesia japonica of 209.5 mg L' (Li 2013). The lowest concentration causing toxicity of
fexofenadine hydrochloride was estimated to be 0.387 mg L™ for Daphnia magna and 114 mg L™ for
fish (based on ECOSAR Data) (Sanderson et al. 2004). Hydrochlorothiazide elicited effects on algae
growth with a 72-h ECsy of 34.35 mg L' (Fernandez et al. 2010), whilst the 5-d LC,s for zebrafish
embryos and larvae was above 1000 puM (300 mg L") (Gustafson et al. 2012). However, there is no
information concerning effects of their transformation products.

All three pharmaceuticals, cetirizine, fexofenadine and hydrochlorothiazide (Fig. 1), are nitrogen-
containing compounds. Cetirizine and fexofenadine contain tertiary amine moieties whereas
hydrochlorothiazide has an aniline-like moiety within a saturated ring structure and two sulfonamide
groups. According to the pK,-values recorded in literature, differently charged nitrogen species occur
under environmental conditions. This is especially relevant as only the non-protonated nitrogen atoms

exhibit enough electron density to react with ozone (von Sonntag and von Gunten 2012). Due to their

4
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occurrence in wastewater effluents, the expected high reactivity with ozone and the possible formation
of recalcitrant TPs such as N-oxides, the three compounds were selected to assess their fate during
ozonation. The kinetics of the reaction of ozone with the target compounds and some identified TPs
were investigated over a wide pH range to determine species-specific second-order rate constants.
Additionally, TPs formed during ozonation were identified by liquid chromatography coupled with
high-resolution tandem mass spectrometry to propose reaction mechanisms. Potential ecotoxicological
effects of the compounds and their TPs on bacteria were assessed with a bacteria luminescence
inhibition assay. The abatement of the selected compounds and the formation of TPs were also
investigated in wastewater during full-scale ozonation.

2. Material and methods

2.1. Chemicals and reagents

All chemicals used in the study were of the highest purity available (Supplementary Information (SI)
Text S1). Ozone stock solutions were prepared as described in Text S2.

2.2. Measurement of reaction kinetics

2.2.1 Ozonation experiments

All kinetic experiments were carried out at 20+2 °C. Apparent second-order rate constants kp; for the
reaction of cetirizine, fexofenadine and hydrochlorothiazide (initial concentration 70 uM) with ozone
were determined using competition kinetics (Mufioz and von Sonntag 2000a, von Sonntag and von
Gunten 2012) with trans-cinnamic acid, p-cresol, 1-penten-3-one, 1,4-benzoquinone or orotic acid as
competitors (initial concentration 100 uM) (Table S1, Text S3). Kinetic experiments for cetirizine
were performed in the pH range 2-11, for fexofenadine in the pH range 7-12, and for
hydrochlorothiazide in the pH range 2-12. The pH of the solutions was kept constant by a 40-50 mM
phosphate buffer adjusted by 1 M HCI or 1 M NaOH. To verify the buffer capacity, the pH was also

measured in ozonated samples and a deviation of <0.1 pH unit was observed. Reactions of hydroxyl
radicals (‘OH) were suppressed by addition of 20-100 mM tert-butanol (--BuOH) used as "OH

scavenger. Similarly, ko; values for highly reactive TPs (cetirizine N-oxide, norchlorcyclizine and
azacyclonol) were determined at pH 7, using competition kinetics as described above. Second-order

rate constants for TPs with low ozone reactivity - 4-chlorobenzophenone, fexofenadine N-oxide and

5
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chlorothiazide - were determined under pseudo-first order conditions (Yao and Haag 1991), using >
20-fold excess of ozone relative to the target compound. Further information about this method is
given in Text S4.

2.2.2. Analysis by HPLC-DAD

The residual concentrations of the target compounds during kinetic experiments were measured by
high performance liquid chromatography with a diode-array detector HPLC-DAD (UltiMate3000,
Dionex) using an Atlantis® T3 3um 3.0 x 150 mm column (Waters). A gradient program was applied
with 0.1% formic acid in nanopure water (NPW) and acetonitrile for cetirizine and
hydrochlorothiazide and their TPs. Fexofenadine was analyzed using a modified method described
elsewhere (Vaghela et al. 2012), with 0.05% triethylamine in NPW and acetonitrile as mobile phases.
For information about detection wavelengths and gradient programs see Table S3.

2.3. Identification of TPs

2.3.1. Sample preparation
The experimental solution contained 40 uM of a target compound. "OH were scavenged using 100

mM of ~BuOH. The solutions were buffered with 50 mM phosphate at pH 7. The experimental
mixtures were ozonated by addition of an aliquot of the ozone stock solution to achieve varying
ozone:target compound molar ratios, ranging from an excess of compound (ratio=0.1) to an excess of
ozone (ratio=10). The analyses were performed after complete depletion of ozone. Additionally, as a
control, non-ozonated samples were prepared, for which the ozone stock solution was replaced by
NPW.

2.3.2. Identification of TPs by LC- HRMS/MS

Separation of TPs was achieved with an Atlantis® T3 3um 3.0 x 150 mm column (Waters). Analytes
were eluted with a gradient program using MeOH and water, both acidified with 0.1% formic acid.
MS data were acquired by a ThermoScientific™ Q-Exactive™ Hybrid Quadrupole-Orbitrap Mass
Spectrometer. MS data were collected in parallel full scan mode (60-700 m/z) at 70’000 resolution,
using both positive and negative electrospray ionization. Data were analyzed with Xcalibur™ (Thermo
Scientific™, Switzerland) in the Qual Browser. Before injection, samples were spiked with the

internal standard of the parent compounds - CTR-dg, FXF-ds or HCTZ—13C,d2 (Fig S4) - for the
6
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calculation of normalized area, i.e. the ratio between the peak area of the analyte of interest and the
peak area of the internal standard of the corresponding parent compound. To obtain MS? spectra of the
potential TPs, ozonated samples were re-analyzed with the same analytical method, and using different
collision energies to reveal all relevant signals of the structure fragments. Values of HCD (Higher-
energy collisional dissociation) were in the range 10-70 %.

Detailed information about analytical conditions are presented in Table S4.

2.3.3. Non-target screening

The search for unknown TPs was performed by differential analysis. The collected full-scan MS
spectra of ozonated samples were analyzed by the SIEVE™ Thermo Scientific software. Non-spiked,
ozonated water and non-ozonated solutions of the compounds served as the control samples. By
comparison of treated samples (spiked and ozonated) with control samples, the peaks potentially
corresponding to TPs were selected. MS® spectra of detected peaks were subsequently acquired to
propose the structure of TPs.

2.3.4. Structural confirmation by comparison with ozonated labeled compounds

The labeled compounds cetirizine-ds and hydrochlorothiazide-">C,d, (Fig. S4) were ozonated using the
same protocol as for non-labeled compounds. The comparison of the MS and MS? spectra for TPs
formed from labeled and non-labeled compounds, especially the comparison of signal shifts caused by
the labeled atoms, can provide additional evidence for the possible structure.

2.4. Quantification and ecotoxicological evaluation of formed TPs in bench-scale experiments
For the quantification of commercially available TPs, solutions containing the parent compounds

(CTR, FXF and HCTZ) at a concentration of 35 uM, buffered at pH 7 (50 mM phosphate buffer) were

ozonated. ‘OH were scavenged using 100 mM #-BuOH. Aliquots of ozone stock solution were added

to reach ozone:target compound ratios of 0.1, 0.2, 0.5, 1, 2, 5, 10 and 20. Compounds (parent
compounds and their TPs) were quantified using LC-HRMS (Table S5). Additionally,
ecotoxicological effects of samples without ozone and with ozone:target compound ratios of 1, 5, and

20 on bacteria were assessed in a bacteria luminescence inhibition assay as described in SI Text S7.

2.5. Determination of the yields of ‘OH and chlorothiazide during hydrochlorothiazide

ozonation.
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To pH 7-buffered solutions of hydrochlorothiazide (1.6 pmol HCTZ in 8 mL NPW with an excess of

t-BuOH, i.e. 400 mM), an amount of 0.07-1.07 pmol ozone was dosed. Under these conditions, ‘OH
reacts preferentially (>99.5%) with -BuOH (k.oy = 6-10° M s™") compared to hydrochlorothiazide
(kooy = 5.7-10° M s (Real et al. 2010). The ‘OH yield was directly determined by quantifying the

formation of formaldehyde. Two moles of "OH are produced per mole of formaldehyde (No&the et al.

2009). HCTZ and chlorothiazide were quantified using the HPLC-DAD method described in Table
S6.

2.6. Analysis of wastewater samples from a full-scale ozonation reactor

The efficiency of ozonation for CTR, FXF and HCTZ abatement was investigated in a full-scale
ozonation facility (WWTP Neugut, Diibendorf, Switzerland, population equivalent 105’°000) using 4
ozone doses (specific ozone doses), namely, 2 g O;m> (0.35 g O; g DOC), 3 g O; m™ (0.54 g O; g
DOC), 4 g O; m” (0.67 g O3 g' DOC) and 5 g O; m> (0.97 g O; g DOC). Three flow proportional
24-h composite samples on three consecutive dry days were taken from two sampling points: (i) after
the secondary clarifier (O;-INF) and (ii) after the ozone reactor (Os;-EFF). Samples were filtered
through two layers of Whatman® glass microfiber filters (bottom layer: GF/F, pore size 0.7 um, top
layer: GF/D, pore size 2.7 pm). To improve the extraction efficiency and reduce matrix interferences,
the wastewater samples were diluted with NPW (4-fold for the O;-INF and 2-fold for the Os;-EFF). All
samples were spiked with internal standards (cetirizine-dg, fexofenadine-ds, hydrochlorothiazide-
'C,d,) and analyzed using online solid-phase extraction coupled to the same LC-HRMS described
above (online-SPE LC-HRMS). The analytical method used for the measurement is described
elsewhere (Jeon et al. 2013).

3. Results and discussion

3.1. Kinetic experiments

3.1.1. Reactivity of cetirizine with ozone

Cetirizine contains two tertiary amines (Fig. 1a), which are expected to react with ozone. The pK,

values have previously been determined (Tam and Quere 2001) as 2.1 (pKa.i), 2.9 (pKy) and 8.0
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(pKa3), corresponding to the tertiary amine close to the biphenyl moiety (N7), the carboxylic group and
a tertiary amine next to the aliphatic chain (NV2), respectively.

At low pH (2-5) no significant change of reactivity was observed (Fig. 1a). In this pH range mainly the
NI-non-protonated, N2-protonated form of CTR is present (Fig. 1a CTRpror). However, in contrast to
a prediction based on the reported pK, value, which suggests the presence of 50% of NI ,N2-
diprotonated CTR at pH 2 (Fig.1a CTRpprot), We did not observe a decrease of the apparent second-
order rate constant at pH 2. This might be an indication that the actual pK,; value is lower than the
reported one. Based on the data at pH < 5 a second order rate constant for the reaction of the CTRpror
can be estimated as (6.0+0.1)-10° M s (Table 1). At pH>5, the reactivity of cetirizine with ozone
increases due to the presence of the molecular form of N2-amine (Fig. 1a CTRyor), which is assumed
to be the most reactive site of CTR. The apparent second-order rate constant for the reaction of CTR
with ozone increased to a value of (1.7+0.1)-10° M at pH 7 (Fig. 1a, Table 1). The species-specific
rate constant of CTRyor, was determined as 2.8:10° M s! (Text S5), which is comparable with the
experimental values at pH 9 ((2.8+0.1)-10° M s™") and pH 11 ((3.4+0.1)-10° M s™).

The obtained ko; values for the reaction of CTR with ozone are comparable to other non-protonated
tertiary amines such as tramadol (1.0-10° M's™) and tylosin (2.7-:10° M's™) (Dodd et al. 2006,
Zimmermann et al. 2012).

The data in Fig. 1a were fitted (line) with a pK,; = 7.0 for the N2 tertiary amine, which is lower than
the previously reported pK,; of 8.0 (Tam and Quere 2001). Our kinetic data from a large pH range
point clearly towards this lower pK, value of the N2 tertiary amine group (Text S5, Fig. S1a).

3.1.2. Reactivity of fexofenadine with ozone

Fexofenadine contains a tertiary amine group, which is the most probable site of ozone attack. The pK,
values reported for fexofenadine are 4.2 and 9.5, for the carboxylic and the amine group, respectively
(Ming et al. 2011, Yasui-Furukori et al. 2005). The carboxylic group is not relevant for ozone attack,
wherefore the FXF reactivity with ozone was investigated only in the pH range 7-12 (Fig. 1b). The ko;
value determined at pH 12 for fexofenadine was (5.7+0.1)-10° M s (Table 1), which is in agreement
with the value of 5.6-:10° M™' s obtained for the species-specific rate constant of the molecular form of

FXF (Fig. 1b FXFmoL, Text S5). The data suggests that the pK, value of the amine group of

9
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fexofenadine is lower than previously reported. The determined apparent second-order rate constants
shown in Fig. 1b were better modeled by a pK, of 9.0 (Fig. S1b), which is below the previously
reported value of 9.5 (Ming et al. 2011, Yasui-Furukori et al. 2005). It has to be emphasized that in
none of these publications, any details on the determination of the pK, values were provided.

At pH 7 ko; of FXF was determined as (9£0.1)-10° M s™ (Table 1). At this pH, 1% of FXF is still in
molecular form (assuming a pK, of 9.0), contributing strongly to the kq; value. ko; for the protonated
FXF (Fig. 1b FXFpror) should be considerably lower when comparing to other protonated tertiary
amines (e.g ko3 =77 M's™ for tramadol (Zimmermann et al. 2011), 5 M's™" for triethylamine (Pryor et
al. 1984).

3.1.3. Reactivity of hydrochlorothiazide with ozone

Hydrochlorothiazide contains one aniline-like moiety and two sulfonamide (cyclic and free) groups
(Fig. 1c). The free sulfonamide group (S*) does not react with ozone (von Sonntag and von Gunten
2012). The reported pK, values of hydrochlorothiazide show considerable variability (Hennig et al.
1981, Mollica et al. 1971, Vuji¢ et al. 2012). The pK, of aniline (Ph-NH,/PhNH") was reported to be in
the range 9.0-11.0 while the pK, of the cyclic sulfonamide (R-SO,NH,/R-SO,NH") was estimated to
be in the range of 6.5-8.5.

Apparent second-order rate constants for the reaction of hydrochlorothiazide with ozone were
determined in the pH range 2-12. At pH>11, apparent second-order rate constants remained constant at
(5.1£0.1)- 10° M s (Fig. 1¢ HCTZppepror), reflecting the rate constants of the completely
deprotonated molecule (both the sulfonamide and the aniline-like moiety are deprotonated; Table 1).
From pH 11 to pH 8, the apparent second-order rate constants decreased by a factor of 2 to a value of
~3-10° M s (Fig. 1c), indicating that the protonation of the negatively-charged aniline moiety affects
the reactivity of hydrochlorothiazide with ozone only slightly. At pH<8, the ko; value decreased
significantly to 590 (= 70) M™' s at pH<3.5, showing that a protonation of the N-atom in the cyclic
sulfonamide group (S', Fig.lc HCTZyo1) contributes distinctly to the overall reactivity of
hydrochlorothiazide with ozone. In a previous publication (Real et al. 2010) apparent second-order
rate constants for the reaction of hydrochlorothiazide with ozone were determined at four pH values

(3, 5, 7 and 9). However, the values they obtained were about one order of magnitude lower than the
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values presented in this paper. The second-order rate constants reported in the aforementioned paper
were determined using the competition method in a semi-batch reactor with metoprolol as a
competitor. The complication with ozone mass transfer and the use of a different competitor might
explain the discrepancies between the second order rate constants presented in both studies.

Based on the previous kinetic data, species specific second-order rate constants were calculated to be
590 (+ 70) M s for the HCTZyio1, ~3-10° M s for HCTZpgpror and 5.1 (£0.1)-10° M™' s for the
HCTZpipepror (Fig. 1c, Table 1).

The pH dependence of the apparent second-order rate constants for the reaction of hydrochlorothiazide
with ozone was best modeled by pK, values of the cyclic sulfonamide (S') and the aniline moieties aof
7.0 and 10.5, respectively (Fig. 1¢), which is in the range of the previously reported pK, values.
Detailed results on the kinetics of HCTZ oxidation by ozone are compiled in the Table S2.

3.2. Identification of TPs

3.2.1. TPs of the reaction of cetirizine with ozone

Eight TPs of cetirizine ozonation were detected in the screening (Fig. 2a). As expected, the tertiary
amine groups were the main sites of ozone attack. N-oxide formation has been previously reported for
the reaction of tertiary amines with ozone (Mufioz and von Sonntag 2000b, Zimmermann et al. 2012).
Due to the presence of two tertiary amines in the structure of cetirizine, N-oxidation may occur at two
sites. Based on the information provided by MS? spectrum of CTR-TP1 (Fig. 2a), it was impossible to
distinguish which N-oxide was formed. However, as discussed above, kinetic data showed that the N2-
amine is more reactive than the N/-amine. Therefore cetirizine N2-oxide is more likely formed than
NI-oxide. Additionally the available standard of cetirizine N2-oxide had a similar HPLC RT and MS®
spectrum as CTR-TP1 (Fig. S11) which also confirmed the kinetics-based assumption about the
structure of CTR-TP1.

The oxidation of CTR with higher ozone:CTR ratios resulted in the formation of a molecule with a m/z
signal shifted by 15.995 Da from CTR-TP1, corresponding to an additional oxygen in the structure
(CTR-TPS5). A N-oxidation at the N1 position can be proposed, leading to the formation of CTR-N,N -
dioxide. This hypothesis was also supported by ozonation experiments with CTR-N-oxide as starting
compound. While the signal of CTR-N-oxide decreased, the formation of CTR-TP5 (CTR-N,N -
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dioxide) was observed (Fig. S6). Alternatively to an N-oxidation, tertiary amines can undergo a
dealkylation, though this reaction has generally a much lower efficiency (Zimmermann et al. 2012).
Nevertheless, signals corresponding to dealkylated TPs were detected. A dealkylation of the tertiary
amine groups resulted in the formation of a secondary amine and a carbonyl-containing molecule. In
the case of cetirizine, a disruption of the C-N bond (position N/) resulted in the formation of CTR-TP2
(4-chlorobenzophenone, 4-CBP) and CTR-TP3 (Fig. 2a). The presence of CTR-TP2 could be
confirmed by an available standard (Fig. S12). Furthermore, during the ozonation of CTR-dg, a
compound with a similar HPLC RT and the same m/z value as in the ozonated non-labeled CTR
samples was observed, which confirmed that CTR-TP2 most likely contained the aromatic moiety of
cetirizine. CTR-TP3, which contains one secondary amine and one tertiary amine group, can be further
oxidized at the N-atoms to form the corresponding N-oxide (CTR-TP6) and/or a hydroxylamine (CTR-
TP7) (m/z signal shift of 15.995 Da from CTR-TP3). Another TP (CTR-TP8) with an additional
increase of the m/z value of 15.995 Da compared to CTR-TP6/7 was detected, suggesting formation of
the corresponding N-oxide,N’-hydroxylamine (CTR-TP8, Fig. 2a). All these oxidative transformations
were supported by observed signal shifts of 8.0509 Da in the CTR-dg TPs. Dealkylation at the N2-
atom of cetirizine resulted in the formation of CTR-TP4 (norchlorcyclizine, NCC), which was also
confirmed by comparison with a commercial standard (Fig. S13). This compound could be further
oxidized at the tertiary amine group. However, the signal of CTR-TP4 was low, which could be
explained by a transient character of this compound. A more detailed discussion about the significance
of the different ozone reactions is provided in section 3.4. Detailed information on CTR-TPs is
provided in Table S7. MS® spectra of CTR TPs without commercial standards are presented in Figs.
S17-S20. A discussion about using labeled compounds for structure confirmation is presented in Text
S8.

All TPs were proposed based on knowledge of ozonation mechanisms and classified by confidence
levels according to Schymanski et al. (2014). CTR-TP1, CTR-TP2 and CTR-TP4 are assigned to
confidence level 1 (confirmation with commercial standard), CTR-TP3, CTR-TPS and CTR-TPS have
a confidence level 2b (probable structure based on MS? spectra interpretation, information from

ozonation of labeled compound and experimental context), CTR-TP6 and CTR-TP7 have a confidence
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level 3 (tentative candidates based on MS? spectra interpretation, information from ozonation of
labeled compound and experimental context).

3.2.2. TPs of the reaction of fexofenadine with ozone

Seven fexofenadine TPs were identified (Fig. 2b). One of the most prominent ozone TPs (FXF-TP1)
was found to be fexofenadine N-oxide (FXF-N-oxide). The structure was confirmed by comparison
with the commercial standard FXF-N-oxide (Fig. S14). A difference of 2.0158 Da in FXF-TP4
compared to FXF-TP1 could be explained by the oxidation of a hydroxyl group to a ketone (loss of
two hydrogen atoms). Further evidence for the formation of FXF-TP4 from FXF-TP1 is provided with
the ozonation of a standard of FXF-N-oxide by various ozone:target compound ratios (Fig. S8).
However, this reaction is very slow (von Sonntag and von Gunten 2012) and is rather unlikely to
happen under realistic 0zonation conditions with ozone.

Apart from an N-oxidation, dealkylation of FXF was also observed. The disruption of the N-C bond in
the heterocycle resulted in the formation of FXF-TP2, for which the structure was confirmed by
comparison with a commercial standard (azacyclonol ACC, Fig. S15). FXF-TP2, as a secondary
amine, could be further oxidized yielding TPs with the m/z signal shifted by 15.995 Da (an additional
oxygen atom). For this signal, two TPs were proposed: FXF-TP5, a hydroxylamine, and FXF-TP6, a
molecule where the N-C bond is cleaved, with an aldehyde formation after ring opening. The second
transformation is less likely than hydroxylation. Data provided by the MS® spectrum of the signal
284.1644 m/z were not sufficient to confirm the structure of the corresponding TPs.

FXF-TP3, for which a primary amine was proposed, resulted from di-dealkylation of FXF. For FXF-
TP7, which contained an oxygen more than FXF-TP3, a hydroxylamine structure is proposed.
However, the formation of a primary amine is rather unlikely and has a minor relevance in comparison
to N-oxidation. This is discussed in more detail in section 3.4.

Detailed information about FXF TPs is presented in Table S7 and their structures are proposed based
on the knowledge of ozone chemistry. MS” spectra of FXF TPs without commercial standards are
presented in SI Fig. S21-S24. FXF-TP1 and FXF-TP2 belong to confidence level 1, whereas the rest
of the proposed TPs (FXF-TP3-TP7) correspond to level 3.

3.2.3. TPs of the reaction of hydrochlorothiazide with ozone
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Screening provided information about eight TPs of hydrochlorothiazide for which structures were
proposed (Fig. 2¢).

For HCTZ-TP1, chlorothiazide (CTZ) was proposed based on MS? spectra. The standard of
chlorothiazide showed the same HPLC RT and HRMS/MS spectra as HCTZ-TP1 (Fig. S16).
Chlorothiazide was already assumed to be formed from hydrochlorothiazide during photodegradation

(Brigante et al. 2005) and biotransformation in river sediments (Li et al. 2014).

During ozonation of hydrochlorothiazide, the "OH yield was determined to be 37 + 1% (Fig. 3).

Chlorothiazide formation was proposed to consist of two successive electron-transfer reactions (Fig.
4a). In this mechanism, considering the high selectivity of the reaction (> 99%, as described later in

the section 3.4.3.), 2 moles of ozone are consumed per mole of HCTZ removed, thereby producing 1

mole of chlorothiazide and 2 moles of ‘OH from the decomposition of the ozonide radical anion (O; )

and the reaction of ozone with superoxide (O, ) (reactions (1-4)).

0;"20,+0" (1)
O~ +H,0 2 'OH + OH" )
HO, 20, +H' (3)
0,"+0;20,+0;" 4)

Considering the "OH yield, the electron-transfer mechanism accounts only for about 18.5% of the

formed of CTZ. Another mechanism (81.5%) involving only one mole of ozone without "OH

production, is proposed by the formation of a hydroxylamine and the subsequent loss of a hydroxyl
ion to form the corresponding imine (oxygen transfer pathway, Fig.4b). Considering the respective
yield and the number of ozone molecules involved in each mechanism, 1.2 moles ozone should be
consumed per mole of HCTZ. However, Fig. 3 shows that 1.5 moles of ozone were consumed per
mole of HCTZ removed. The difference may be explained by a catalytic destruction of ozone by
nitrogen- and carbon-centered radicals as presented in Fig. 4a (von Sonntag and von Gunten, 2012).

The seven other hydrochlorothiazide TPs were also formed when chlorothiazide was ozonated.,

confirming that chlorothiazide is a key intermediate during hydrochlorothiazide ozonation (Fig. 2c).
14
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The proposed chemical formula of HCTZ-TP2 differed from HCTZ-TP1 only by the loss of one
nitrogen and one hydrogen atom and by the addition of one oxygen atom (mass shift of m/z 0.9838).
HCTZ-TP2 was therefore suspected to be the sulfonate analogue of HCTZ-TP1. This assumption
could be confirmed by the MS? fragmentation of both compounds: while the HCD fragmentation of
HCTZ-TP1 induced the formation of a SNO, fragment ion (m/z 77.96502), the formation of a SO5
fragment ion (m/z 79.95686) was observed during the fragmentation of HCTZ-TP2.

HCTZ-TP3 differed from hydrochlorothiazide by the addition of one oxygen atom. Hydroxylation or
heteroatomic ring opening/amide formation were suspected to occur, to explain the formation of
HCTZ-TP3. Ozonation experiments were carried out with hydrochlorothiazide labeled on the
methylene bridge with one ">C and two deuterium (HCTZ-"C,d,, Fig. S4c) atoms between the aniline
moiety and sulfonamide group (S'). The resulting TP3 showed a mass shift of one "C and one
deuterium compared to non-labeled hydrochlorothiazide, indicating that the site of ozone attack was
located at the alkyl group. Therefore, a hydroxylation of the aromatic ring was ruled out in this case.
The MS? experiments showed the loss of CO (m/z 27.995) from the parent ion of HCTZ-TP3, further
pointing to the formation of an amide group.

Transformation product HCTZ-TP5 was formed by addition of 2 oxygen atoms and loss of 2 hydrogen
atoms compared to HCTZ-TP3. HCTZ-TP5 might be formed from the oxidation of the aromatic ring
in HCTZ-TP3 resulting in a 1,4-benzoquinone derivative (see Text S6, Fig. S2).

HCTZ-TP7 was proposed to be a compound with only 6 carbon atoms, instead of 7 carbons for
HCTZ-TPS. The ozonation of the non-labeled and the labeled HCTZ induced the formation of the
same compound as HCTZ-TP7, without any mass shift from the isotopes. Therefore, this result
confirmed that the carbon atom lost during the oxidation is the carbon at the heteroatomic ring.

In analogy to HCTZ-TP1 and HCTZ-TP2, the TPs HCTZ-TP4, HCTZ-TP6 and HCTZ-TP8a/b were
assumed to be the sulfonate analogues of HCTZ-TP3, HCTZ-TP5 and HCTZ-TP7, respectively.
Detailed information concerning identified HCTZ TPs is presented in Table S7 and their structures are
proposed based on the knowledge of ozone chemistry. HCTZ-TP1 was assigned to confidence level 1,

HCTZ-TP2 and HCTZ-TP3 have confidence level 2b, whereas the rest of the proposed TPs (HCTZ-
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TP4- HCTZ-TP8a/b) correspond to level 3. MS? spectra of HCTZ TPs without commercial standards
are presented in SI Fig. S25-S32.

3.3. Reactivity of TPs with ozone

3.3.1. Cetirizine TPs

Apparent second-order rate constants at pH 7 for the reaction of ozone with the TPs with available
commercial standards were also determined (Table 1). For CTR-N-oxide (CTR-TP1, Fig. 2a) the
apparent second-order rate constant of (8.3+0.1)-10° M's” was determined, which is significantly
lower than the corresponding rate constant for CTR ((1.7+0.1)-10° M's™). 4-chlorobenzophenone
(CTR-TP2, Fig. 2a) has no ozone-reactive moieties (ketone and inactivated benzene rings), explaining
its very low reactivity (ko; = (0.40£0.05) M's™). The apparent second-order rate constant of NCC
(CTR-TP4, Fig. 2a) at pH 7 was determined to be (2.1£0.1)-10* M's™", reflecting the reaction of ozone
with a tertiary amine. At pH 7, the secondary amine is protonated, since the pK, values corresponding
to the tertiary and the secondary amine of NCC are predicted with the ChemAxon software
(http://www.chemicalize.org) as 3.9 and 9.2, respectively.

3.3.2. Fexofenadine TPs

The apparent second-order rate constant for the reaction of ozone with FXF-N-oxide (FXF-TP1, Fig.
2b) at pH 7 was ~6.0£2.0 M's™ (Table 1). This value is substantially lower than for the parent
compound (ko pxr = (9.0+£0.1)-10° M's™). The apparent second-order rate constant at pH 7 for the
reaction of ozone with ACC (FXF-TP2, Fig. 2b) containing a secondary amine was 350+10 M's™
(Table 1). This is in a similar range as apparent second-order rate constants for the reaction of
protonated secondary amines with ozone at pH 7 (e.g., metoprolol 2-10° M™'s™, atenolol 1.7-10° M's™,
(Benner et al. 2008, Benner and Ternes 2009). The value of ko3 4cc is lower than ko3 g, based on the
fact that secondary amines are less reactive towards ozone than tertiary amines (von Sonntag and von
Gunten, 2012).

3.3.3. Hydrochlorothiazide TPs

The kos of CTZ (HCTZ-TP1, Fig. 2¢c) at pH 7 was determined to be 1.5+£0.1 M's” whereas under the

same conditions the ko; of HCTZ is 8.5-10* M's™ (Table 1). This difference of 5 orders of magnitude
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indicates that the imine group in the chlorothiazide structure strongly deactivates this compound
compared to hydrochlorothiazide.

3.4. Evolution of TPs at different ozone to target compound ratios

3.4.1. Evolution of cetirizine TPs

Complete depletion of CTR was observed for ozone:CTR molar ratios > 2 (Fig. 5a). CTR-N-oxide was
the most prominent TP of cetirizine for ozone:CTR ratio <2. According to mass balance, CTR was
completely converted into CTR-N-oxide and, to a lower extend, to 4-CBP, up to ozone:CTR ratio of 1.
For a molar excess of ozone relative to cetirizine, the N-oxide decreased with the formation of other
TPs as outlined above.

4-CBP (CTR-TP2) increased with increasing ozone:CTR ratios, however, less pronounced than CTR-
N-oxide (CTR-TP1). At an ozone:CTR molar ratio of 10, 35% of the initial concentration of CTR was
transformed into 4-CBP. The accumulation of 4-CBP is expected from its low apparent second-order
rate constant at pH 7 (see above). In all ozonated samples, NCC (CTR-TP4) was below LOQ, which
indicates that this branch of the ozonation pathway (dealkylation at the N-atom of the heterocycle) is
not relevant.

Due to the lack of commercial standards the rest of CTR-TPs could only be determined semi-
quantitatively, based on the normalized peak area of the TPs divided by the peak area of CTR-ds.
CTR-N-oxide oxidation led to the formation of CTR-N,N’-dioxide (CTR-TPS, Fig. S5, Fig. S6 see
section 3.2.1.). While the normalized area of CTR-N-oxide decreased, the normalized area of CTR
N,N’-dioxide (CTR-TPS) increased. This confirms that this TP belongs to a second generation of
cetirizine TPs. In Fig. S5 the change of the normalized area of CTR-TP6/7 as a function of the O; dose
is illustrated. In all samples its normalized area was low, which demonstrates that de-alkylation of
CTR-N-oxide is a minor pathway compared to N-oxidation of the two tertiary amine moieties.
CTR-TP3 was formed 1:1 with the formation of 4-CBP (CTR-TP2) (Fig. 2a). In contrast to 4-CBP,
CTR-TP3 was quite reactive with ozone leading quickly to the next generation of TPs, namely TP6/7
(Fig. S5), subsequently oxidized to CTR-TPS.

3.4.2 Evolution of fexofenadine TPs
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Complete depletion of FXF was observed for ozone:FXF molar ratios >2 (Fig. 5b). Based on the mass
balance, the formation yield of FXF-N-oxide from FXF was determined to be almost 100% up to an
ozone:FXF ratio of 0.5. Additionally, based on the mass balance, other FXF TPs are formed at
ozone:FXF ratios >0.5. Unfortunately, due to the lack of commercial standards, they could not be
quantified.

For higher ozone:FXF ratios, FXF-N-oxide was further oxidized to the FXF-TP4 (see section 3.2.2),
which could be determined semi-quantitatively (Fig. S7, Fig. S8). ACC (FXF-TP2) was not formed in
high concentrations (< 1uM for all ozone:FXF ratios), which suggests that N-dealkylation in the
heterocycle is a minor reaction pathway during ozonation. The normalized areas of the peaks
corresponding to FXF-TP5 and FXF-TP6, which were proposed as ACC-TPs, were small (data not
shown). Therefore, their formation is highly unlikely under realistic conditions. Similarly, semi-
quantitative determinations of FXF-TP3 and FXF-TP7 showed that these compounds are formed to a
negligible extent.

3.4.3. Evolution of hydrochlorothiazide TPs

Fig. 5c shows that a complete depletion of the hydrochlorothiazide was observed for ozone:HCTZ
molar ratios > 2 with an almost quantitative formation (>99%) of CTZ (HCTZ-TP1, Fig 3, inset). For
ozone:HCTZ molar ratios >2 an abatement of CTZ was observed, suggesting that CTZ was further
oxidized with the formation of a second generation of TPs. However, as shown above, this reaction
was very slow (ko;= 1.5£0.1 M s at pH 7) and is hence not relevant under realistic conditions.
Additional ozonation experiments with CTZ as parent compound led to the formation of the 7 other
identified TPs (Fig. 2, Fig. S10). As no standards are available for these TPs, only a semi-quantitative
analysis was possible (see section 3.4.1) (Fig. S9). HCTZ-TP2, the second predominant HCTZ-TP,
started to increase significantly for ozone:HCTZ ratios>2, simultaneously with the decrease of
chlorothiazide (HCTZ-TP1). This could indicate that HCTZ-TP2 was formed directly from CTZ
(HCTZ-TP1, Fig. 2c). HCTZ-TP3 increased at the lowest ozone:HCTZ molar ratio (up to
stoichiometric conditions), and subsequently decreased with increasing ozone doses, showing the

relatively significant reactivity of this compound with ozone and the formation of the next generation
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TPs. HCTZ-TPs 4-8 increased as a function of the ozone:HCTZ molar ratio, but their normalized areas
were very low, indicating that these reactions have minor relevance.

3.5. Ecotoxicological effects of cetirizine, fexofenadine and hydrochlorothiazide and their TPs in
bacteria bioluminescence tests

No effects of the parent compounds on bacteria luminescence were detected at 31-38 uM. Cetirizine
samples treated with ozone elicited biological effects on bacteria bioluminescence with a 50% effect
concentration of 10.2 pM CTR (initial concentration, 4.0 mg L) and a 10% effect concentration of
1.1 uM (0.4 mg L) at an ozone:CTR ratio of 5 (Fig. S3). Taking the results discussed in section 3.4.1
(Fig. 5a) for the high excess of 0zone into account, no CTR or CTR-N-oxide was present anymore in
these samples. This could indicate that the observed toxicity was caused by 4-CBP or by other CTR
TPs, which could not be confirmed with commercial standards.

Ozone-treated fexofenadine and hydrochlorothiazide samples did not exceed a 10% inhibition at the
highest concentrations tested. This clearly indicates that parent compounds and the corresponding
transformation products are not harmful towards the tested bacteria. For all three compounds, the
effect concentrations are well above environmentally relevant concentrations in the ng L™ or low pg L~
" range (see introduction).

Additional bioluminescence tests were also performed on wastewater effluent, showing a decrease of
the toxicity of up to 71% after ozonation. These results are discussed in detail elsewhere (McArdell et
al., 2015).

3.6. Determination of CTR, FXF, HCTZ and their TPs during ozonation of real wastewater
samples

Analyses of wastewater samples from the WWTP Neugut (Switzerland) showed that the investigated
compounds of this study are not completely removed during activated sludge treatment. They are
present in the effluent of the secondary clarifier, at the influent to the ozone reactor (O;-INF), at
average concentrations of approximately 50 ng L™, 150-500 ng L™ and 1000 ng L™ for CTR, FXF and
HCTZ, respectively (Table 2). As expected from their reactivity, ozonation resulted in significant
abatement of these compounds. A comparison of the concentration in a sample before (O;-INF) and

after ozonation (O;-EFF) showed that an application of a low ozone dose of 2.03£0.15 g O3 m™
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(0.35+£0.02 g O4 g'l DOC) caused an elimination of 92%, 86% and 83% for CTR, HCTZ and FXF,
respectively (Table 2). This is in agreement with the observed apparent second-order rate constants at
circumneutral pH (kos.crr > kos.ncrz > kos rxr). An increase of the ozone dose to 3.00+0.09 g O; m”
(0.5440.05 g O5 g"' DOC) resulted in a higher elimination of 90-99% for all investigated compounds.

Concomitant to the abatement of the parent compounds, the formation of TPs was investigated. From
the three CTR-TPs confirmed with commercial standards in the laboratory studies, cetirizine N-oxide
(CTR-N-oxide), 4-chlorobenzophenone (4-CBP) and norchlorcyclizine (NCC), only CTR-N-oxide was
found at a low concentration (4£2 ng L), only for the lowest ozone dose (Table 2). The formation
yield of CTR-N-oxide was lower than 10%, which is significantly lower than in the laboratory studies.
Higher ozone doses might have caused further oxidation of CTR-N-oxide to the dioxide and therefore

its concentration was below LOQ. A possible explanation for the absence of the TPs at higher ozone

doses is their reaction with ‘OH, which are formed from ozone decomposition (von Sonntag and von

Gunten 2012). This may lead to different products, which were not identified in the current study
where ‘OH were scavenged. The extent of direct reaction with ozone or oxidation by ‘OH is controlled

by the water matrix and has been discussed in the literature (Lee et al., 2013, Lee et al., 2014).

None of the other cetirizine TPs was detected in ozonated wastewater samples.

FXF-N-oxide was identified in ozonated wastewater at a concentration of 141 ng L™ at an ozone dose
of 2.72+0.13 g O; m™ (0.54+0.04 g O, g"' DOC), corresponding to a yield of FXF-N-oxide formation
from FXF of ~35%. The other proposed TPs from above were not detected.

CTZ was already detected in the influent of the WWTP as it is also used as a pharmaceutical
compound, and at the O5-INF an average concentration of 55 ng L™ was still observed (Table 2). A
significant formation of CTZ in wastewater was observed during ozonation with a concentration of up
to 436 + 13 ng L' in the O5-EFF for the lowest ozone dose (2.03+0.15 g O; m™ = 0.35£0.02 g O; g’

DOC) with a yield of about 40% from HCTZ. With increasing ozone doses, the concentration of CTZ

decreased (Table 2), suggesting a further oxidation of CTZ by OH and a formation of second

generation TPs. This was confirmed by the detection of HCTZ-TP3, -TP4, -TP5 and -TP7 in Os-EFF

in addition to CTZ (data not shown).
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4. Conclusions

Apparent second-order rate constants for the reactions of cetirizine (CTR), fexofenadine
(FXF) and hydrochlorothiazide (HCTZ) with ozone at pH 7 are high (ko3 n7 of 1.7- 10°M's™,
9.0-10° M's™ and 8.5 10* M''s”, for CTR, FXF and HCTZ, respectively) warranting an
efficient abatement of these compounds during ozonation of wastewater effluents.

Ozone TPs were determined and the mechanisms for the formation of 8 TPs of cetirizine and
hydrochlorothiazide, respectively, and 7 TPs of fexofenadine, were elucidated.

N-oxides were quantified with high yields as the primary TPs for the tertiary amines of CTR
and FXF.

Chlorothiazide was shown to be the main ozone transformation product of HCTZ, being
formed partly by an electron transfer mechanism (18.5%) and mainly an oxygen transfer
mechanism (81.5%).

Ecotoxicological evaluation with bacteria bioluminescence showed only for the ozonation
products of cetirizine slightly increased effects compared to the parent compound. However,
the effect concentrations are well above environmentally relevant concentrations.

Investigations of ozonation performed on a full-scale municipal wastewater treatment plant
confirmed the high efficiency of the abatement of the three target compounds. Application of
the lowest studied ozone dose (2 g O; m~, 0.35 g O; g' DOC) resulted in an elimination of
92%, 86% and 83% for CTR, HCTZ and FXF, respectively, which is in agreement with the
observed apparent second-order rate constants at circumneutral pH (koscrr > kosucrz >
kos.rxr). Concomitantly, the formation of the main TPs, CTR-N-oxide, FXF-N-oxide and CTZ,

was observed.
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Figures captions

Fig. 1. pH dependence of the apparent second-order rate constants for the reaction of ozone with (a)
cetirizine (CTR), (b) fexofenadine (FXF), (c) hydrochlorothiazide (HCTZ), at T=20 °C, [CTR], =
[FXF]o = [HCTZ], = 40 uM. Values of ko; were determined by competition kinetics using the
following competitors: (#) p-cresol; (®) trans-cinnamic acid; (A) 1,4-benzoquinone; (m) orotic acid.
The lines correspond to the calculated pH-dependence of the apparent second-order rate constants (see
Table 1) using for (i) cetirizine, pK,=2.1, pK,;=7.0, (ii) fexofenadine, pK,=9.0, (iii)

hydrochlorothiazide, pK,; = 7.0, pK,, = 10.5.

Fig. 2. Ozonation pathways for (a) cetirizine (CTR), (b) fexofenadine (FXF) and (c)
hydrochlorothiazide (HCTZ). TPs marked with dashed frames are available as commercial standards,
and with hash (#) are formed in very low yields; (pH 7, T=20 °C, [+-BuOH]=100 mM, ozone:target

compound molar ratio 0.1-10).

Fig. 3. Bench-scale ozonation of hydrochlorothiazide (1.6 pmol in 8 mL) in presence of +-BuOH (400
mM). Ozone dose (diamond) and formed formaldehyde (square) as a function of the consumed
hydrochlorothiazide after complete depletion of ozone. Inset: Formation of chlorothiazide as a

function of the consumed hydrochlorothiazide after complete depletion of ozone.

Fig. 4. Formation mechanisms of chlorothiazide (HCTZ-TP1) from hydrochlorothiazide (a) through

two electron-transfer reactions, (b) via an oxygen transfer pathway.

Fig. 5. Abatement of (a) cetirizine (CTR), (b) fexofenadine (FXF) and (c) hydrochlorothiazide
(HCTZ) and the formation of the corresponding TPs during ozonation at various ozone:target
compound molar ratios of 0.1-10 (pH 7, T=20 °C, [--BuOH]=100 mM). For all TPs shown commercial

standards were available. For evolution of TPs without standards see Figs. S5-S10.
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Tables captions
Table 1
Species-specific and apparent second-order rate constants for the reaction of ozone with the parent

compounds and with selected TPs (T=20 °C, [-BuOH] =20-100 mM).

Table 2

Average concentrations (+ standard deviation) (ng L), % elimination of the target compounds
cetirizine, fexofenadine and hydrochlorothiazide and the formation of TPs during full-scale ozonation
at WWTP Neugut, Diibendorf, Switzerland (pH 7.4-7.9, T=18.2-22.3 °C, 0.01 - 0.04 mg NO, N L,

DOC=4.7-5.7 mg L™, alkalinity 4-5 mM ).
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ESI Full ms2 268.17 @ hed 10.00, RT 14.4 MIN). ..oiviiiiiiieieieeieieeee et 26

Fig. S16 Comparison of MS” spectra of (a) HCTZ-TP1 with (b) the standard of chlorothiazide (FTMS
- p ESI Full ms2 293.94 @ hcd 40.00, RT 9.0 MN).c..otiiiiiiiieniiieiiieesieeeecsieeseeeee e 27

Fig. S17 MS? spectrum of CTR-TP3 (ETMS + p ESI Full ms2 189.12 @ hcd 55.00, RT 17.5 min)... 28

Fig. S18 MS? spectrum of CTR-TP5 (FTMS + p ESI Full ms2 421.15 @ hed 25.00, RT 16.3 min)... 28
3
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. S19 MS? spectrum of CTR-TP6/7 (FTMS + p ESI Full ms2 205.12 @ hed 40.00, RT 17.7 min.)29
. $20 MS? spectrum of CTR-TP8 (FTMS + p ESI Full ms2 221.12 @ hed 40.00, RT 16.3 min)... 29
. S21 MS? spectrum of FXF-TP3 (FTMS + p ESI Full ms2 252.16 @ hed 10.00, RT 11.6 min). .. 30
. S22 MS? spectrum of FXF-TP4 (FTMS + p ESI Full ms2 516.28 @ hcd 25.00, RT 16.7 min). .. 30
. $23 MS? spectrum of FXF-TP5/6 (FTMS + p ESI Full ms2 284.16 @ hcd 25.00, RT 14.7 min). 31
. S24 MS? spectrum of FXF-TP7 (FTMS + p ESI Full ms2 268.17 @ hed 10.00, RT 18.8 min). .. 31
. $25 MS? spectrum of HCTZ-TP2 (FTMS - p ESI Full ms2 294.94 @ hed 40.00, RT 5.8 min)... 32
. $26 MS? spectrum of HCTZ-TP3 (FTMS - p ESI Full ms2 311.95 @ hed 40.00, RT 10.3 min). 32
. 527 MS2 spectrum of HCTZ-TP4 (FTMS - p ESI Full ms2 312.94 @ hcd 40.00, RT 9.8 min). . 33
. S28 MS? spectrum of HCTZ-TP5 (FTMS - p ESI Full ms2 341.93 @ hed 40.00, RT 12.2 min). 33
. $29 MS? spectrum of HCTZ-TP6 (FTMS - p ESI Full ms2 342.91 @ hed 20.00, RT 12.0 min). 34
. $30 MS? spectrum of HCTZ-TP7 (FTMS - p ESI Full ms2 313.93 @ hcd 40.00, RT 11.5 min). 34
. $31 MS? spectrum of HCTZ-TP8a (FTMS - p ESI Full ms2 314.92 @ hed 40.00, RT 9.7 min). 35

. $32 MS? spectrum of HCTZ-TP8b (FTMS - p ESI Full ms2 314.92 @ hcd 40.00, RT 10.7 min).
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Text S1 Chemicals and reagents used in the study.

Cetirizine dihydrochloride (purity >98%) and fexofenadine hydrochloride (purity >98%) were
obtained from Tokyo Chemical Industry Deutschland GmbH. Hydrochlorothiazide, chlorothiazide, 4-
chlorobenzophenone (>99%), tert-butanol (=99.5%), triethylamine (>99%), penten-3-one (>97%,
0.1% BHT as stabilizer), potassium indigotrisulfonate, 1,4-benzoquinone, orotic acid were purchased
from Sigma Aldrich. Cetirizine N-oxide (pure) and fexofenadine N-oxide were provided by LGC
Standards. Azacyclonol (pure), norchlorcyclizine (pure), cetirizine-dg dihydrochloride (pure),
fexofenadine-d (pure) and hydrochlorothiazide-">C,d, (pure) were purchased from Toronto Research
Chemicals. All solvents (methanol (Merck), acetonitrile (Merck), formic acid (Merck), nanopure water

(NPW) were analytical grade (>99%).

Text S2 Preparation of ozone stock solution.

Ozone stock solutions were prepared by continuously bubbling O;-containing oxygen through NPW
that was cooled in an ice bath (Bader and Hoigné 1981). The concentration of the ozone stock solution
was monitored using a direct method (measurement of the O; stock solution absorbance at 258 nm
using an £€=3200 M cm™ (von Sonntag and von Gunten 2012)) or an indigo method (quenching ozone
with indigo solution and measurement of solution absorbance at 600 nm using &= 20 000 M cm’

(Bader and Hoigné 1981)).

Table S1 Second —order rate constants of competitors used in this study.

Competitor pK, ko3 [M~1s7'] Form Reference
trans-Cinnamic acid 4.4 5 x 10* Molecular Leitzke et al. 2001

3.8 X 10° Anionic Leitzke et al. 2001
p-Cresol 10.2 3 x 10* Molecular Hoigné and Bader 1983

1.1 x 10° Anionic  This study'
Penten-3-one - 5.9 x 10* Molecular Peter and von Gunten 2007
1,4-Benzoquinone - 2.5 x 103 Molecular Mvula and von Sonntag 2003
Orotic acid 2.1, 5.9 x 103 Molecular Theruvathu et al. 2001

9.5

! estimated by competition kinetics with frans-cinnamic acid at pH 7
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Text S3 Determination of second-order rate constant using competition kinetics.

Second order rate constants for the reaction of the selected compounds with ozone were measured
using competition kinetics (Mufioz and von Sonntag 2000, Huber et al. 2003). Experiments were
performed in a series of 8 ml vials containing 70 pM of target compound and 100 uM of a reference
compound (competitor with known ozone reactivity). 20-100 mM tert-butanol (--BuOH) was used as a
radical scavenger and pH was maintained constant by a 40-50 mM phosphate buffer. Each vial was
spiked with the ozone stock solution to reach a concentration in the range of 10-160 pM. The mixtures
were stirred on a magnetic stirrer for few seconds to mix ozone in. Samples were withdrawn from the
vials when complete ozone depletion was achieved. The residual concentrations of substances (target
and reference compounds) were determined by HPLC-DAD (Table S2).

The second-order rate constant was calculated from the Eq. S1

—In (%) - ,’;Cﬁ x (—=In (%)) (S1)

As shown in Eq. S1, there is a linear dependence between the natural logarithm of the relative residual
concentration of the target compound (C) and the natural logarithm of the relative residual
concentration of the reference compound (R) with the ratio of the corresponding second order rate
constants, k¢ o; and kg 03, as the slope. Using the known second-order rate constant of the reference
compound and the slope of the linear function, the second-order rate constant of the target compound

can be calculated.

Considering pH-dependence of the second-order rate constant (see SI Text S5), competitor is selected
based on the expected reactivity of the investigated compound, but also based on the experimental

conditions (pH).

Results of the kinetic study discussed in the publication are presented in the SI Table S2.

Text S4 Determination of second-order rate constants under pseudo-first order conditions by
monitoring of the target compound in excess of ozone.

Due to their very low water solubility and/or expected low reactivity with ozone, the second-order rate
constants for reaction of 4-CBP, FXF N-oxide and CTZ with ozone were determined under pseudo-
first order conditions with excess of ozone (Yao and Haag 1991). The initial concentration of ozone
was >20-times higher than the initial concentration of the target compound. Experiments were
performed in 250-mL bottles equipped with a dispenser system (Hoigné and Bader 1994) at a
temperature of 20£2 °C. The solution was buffered at pH 7 with 50 mM phosphate buffer. To prevent
the oxidation by hydroxyl radicals, 100 mM #BuOH were used to quench hydroxyl radicals. An
aliquot of the ozone stock solution was injected to the system and the mixture was stirred for 5

seconds to obtain homogenous conditions. Aliquots of the ozonated solution (2 mL) were withdrawn

6
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at fixed time points in duplicate. In the first sample, residual ozone was quenched with a solution of
indigo and the sample was used for the determination of dissolved ozone concentration in the system.

The concentration of ozone was measured spectrophotometrically using the indigo method (Text S2)
and based on these values the ozone exposure ( fot [05]dt) could be calculated. In the second

withdrawn sample, ozone was quenched with sodium sulfite (2 mL, 0.5 mM in Nanopure water) and
the sample was used for determination of the residual concentration of the investigated compound by
HPLC-DAD.

The apparent second-order rate constant (kg;,,,) was calculated based on Eq. S2.

€1y _ .

i (ﬁ) = Kapp J, [03]dt 2)

By plotting the natural logarithm of the relative residual compound (C) concentration —In (%)
0

versus the ozone exposure (fot [05]dt), a linear function was obtained. The slope of the function

corresponds to the apparent second-order rate constant (k) at the given pH.

Results obtained in the kinetic study are compiled in the Table S2.
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Table S2 Results of kinetic studies of CTR, FXF and HCTZ and their TPs.

Compound pH Method ko3 competitor [M™1s71] Slope of linear Linearity kos [M~1s71]
function
Cetirizine 2 3.0 x 10* 0.20+ 0.01 >0.99 6.1(40.3) x 103
3 3.0 x 10* 0.2140.01 >0.99 6.3(£0.1) x 103
4 Competition kinetics with p- 3.1 x 10* 0.17+0.01 >0.99 5.2(40.1) x 103
5 cresol’ 3.7 x 10* 0.17+0.01 >0.98 6.3(£0.1) x 103
6 9.7 x 10* 0.25+0.02 >0.98 2.4(£0.7) x 10*
6.5 2.4 x 10° 0.31+0.01 >0.98 7.5(+0.2) x 10%
7 0.45+0.01 >0.99 1.7(+0.1) x 105
8 Competition kinetics with 3.8 x 105 0.62+0.01 20.99 24(£0.1) x 10°
9 trans-cinnamic acid ' 0.74+0.01 >0.98 2.8(+0.1) x 10°
11 0.94+0.01 >0.99 3.4(40.1) x 10°
Cetirizine N-oxide 7 Competition kinetics with 5.9 x 10* 0.14+0.01 >0.99 8.1(40.1) x 103
penten-3-one
4-Chlorobenzophenone 7 Monitoring of target na.’ 0.40+0.05 >0.94 0.40 £+ 0.05
compound
Norchlorcyclizine 7 Competition kinetics with 5.9 x 10* 0.36+0.01 >0.97 2.1(40.1) x 10*
penten-3-one
Fexofenadine 7 Competition kinetics with 3 3.56+0.30 >0.99 9.0(4+0.1) x 103
7.5 1,4-benzoquinone 2:5x10 5.76+0.11 >0.99 1.4(40.1) x 10*
8 0.30+0.01 >0.99 1.1(40.1) x 10°
8.5 0.49+0.02 >0.99 1.9(40.1) x 105
9 Competition kinetics with 3.8 x 10° 0.69+0.01 >0.99 26(i01) x 10°
9.5 trans-cinnamic acid ' 1.13+0.01 >0.99 4.3(+0.1) x 10°
10 1.26+0.01 >0.99 4.8(40.1) x 10°
11 1.44+0.06 >0.99 5.5(£0.2) x 10°
12 1.50+0.14 >0.99 5.7(%0.5) x 10°

? ko3 value of p-cresol was calculated at each pH using ko; of its molecular and anionic form (see SI Table S1)

* n.a. not applicable
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Fexofenadine /NV-oxide 7 Monitoring of target n.a 6.0+2.0 >0.91 ~6.0+ 2.0
compound
Azacyclonol 7 Competition kinetics with 25 % 103 0.14+0.01 >0.99 354 + 15
1,4-benzoquinone
2 92+0.1 >0.98 6.5(£0.1) x 102
Hydrochlorothiazide 2.5 11.1£0.2 >0.97 5.4(4+0.1) x 102
3 94+0.1 >0.98 6.4(£0.1) X 102
35 Competition kinetics with 59 % 103 11.5+0.1 >0.96 5.2(+0.1) x 102
4 orotic acid ' 5.0+0.1 >0.97 1.2(£0.1) x 103
4.5 2.4+0.1 >0.98 2.5(£0.1) x 103
5 1.1+0.1 >0.99 5.5(£0.1) x 103
5.5 0.62 +0.01 >0.98 9.7(40.1) x 103
6 3.7 X 10° 26.7+0.1 >0.96 1.4(£0.1) x 10*
6.5 11.2+0.1 >0.96 3.4(£0.1) x 10*
7 45+0.1 >0.97 8.5(£0.1) x 10*
7.5 2.6+0.1 >0.95 1.5(+0.1) x 10°
8 14+0.1 >0.86 2.7(£0.1) X 105
8.5 1.3+£0.1 >0.96 3.0(+0.1) x 10°
9 Competition kinetics with 1L.1£0.1 >0.96 3.4(£0.1) x 10°
9.5 trans-cinnamic acid 3.8 x 10° 1.1+£0.1 >0.98 3.5(£0.1) x 10°
10 0.96 +0.01 >0.99 4.0(£0.1) x 10°
10.5 0.85 +0.01 >0.99 4.5(40.1) x 10°
11 0.75+0.01 >0.99 5.1(+0.1) x 10°
115 0.73+0.01 >0.98 5.2(+0.1) x 10°
12 0.76 £ 0.01 >0.97 5.0(+0.1) x 10°
12.5 0.74 £ 0.01 >0.98 5.1(+0.1) x 10°
Chlorothiazide 7 Monitoring of target n.a 1.5+£0.1 >0.98 1.5£0.1

compound
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Text S5 pH-dependence of the apparent second-order rate constant.

The reactivity of the compound with ozone strongly depends on the form in which the compound is
present (von Sonntag and von Gunten 2012). In the direct reaction with ozone, the dependence
between the apparent second-order rate constant of the reaction of the compound with ozone and the

degree of dissociation of the compound can be described as in Equation S3.

kapp = akgy+ + (1 — a)kp (S3)
The observed rate constant (k) is @ sum of rate constant of the protonated (BH") and the molecular
(B) species of the compounds and the value depends on the degree of dissociation (o) (Hoigné and
Bader 1983a). The values kpy+ and kg correspond to species-specific second-order rate constants of
protonated and deprotonated form, respectively.
Taking into consideration the pH-dependence of the apparent second-order rate constant and the range
of apparent second-order rate constants determined in this study, pK, values of tertiary amines of FXF
and CTR were modeled.
For CTR, the best fit was achieved for a pK, of 7.0 (Fig. Sla, R*=0.984), not 8.0 as previously
reported (Tam and Quere 2001). The same simulation was performed for FXF and in this case, the
highest linearity was achieved for pK, of 9.0 (Fig. S1b, R’=0.980), not 9.5 as previously reported
(Yasui-Furukori et al. 2005, Ming et al. 2011).
The slope of the regression line (Fig. S1) gives the value of the species-specific rate constant kp; of the

molecular forms of substances (2.8-10° M s for CTRyor and 5.6:10° M s for FXFyor).

30 60
) K (b) 2
25 y =28.263x o 50 55588
R?=0.984 y = 55.588x
— — R? = 0.980 o
n 20 i 40
2 ) 2
< 15 < 30
= . g )
x
310 o 32 .
5 10| ® 7
o. .
.
0 & 0 <
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
l-a 1-a

Fig. S1 Plot of ky; for the reaction of (a) cetirizine (pK,;= 7.0), (b) fexofenadine (pK,=9.0) with
ozone versus the degree of dissociation of cetirizine (1-a).
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Text S6 Formation of transformation product HCTZ-TPS.

Two differing mechanisms are proposed for the formation of HCTZ-TPS in Fig. S2. The first one
describes the formation of a phenolic intermediate (by the loss of 'O,). This intermediate was not
found in ozonated samples, because of the high reactivity of phenol with ozone compared to benzene.
The apparent second-order rate constants at pH7 for phenol is 1.4-10° M s (Hoigné and Bader
1983a) while it is 2 M s™ for benzene (Hoigné and Bader 1983b).

The second mechanism describes the formation of an ozone adduct and then the loss of an
hydroperoxyl radical which reacts immediately in a cage with the molecule to give an organic
hydroperoxide and later the 1,4-benzoquinone intermediate HCTZ-TP5 by loss of water (Mvula et al.
2009).

NH 0

NH /o ,,/NH {0 NH -0 :@i F
NH

:©: N == M —— O;. < ’

X H NH, II~o
‘ NH, \\O H NH2 H\O H NH, H (] o
cage
HCTZ-TP3 l '0,, - H*
o
al i NH__0 NH_O
Oxg S<NH2 (N
[[™NH, >0 HoN H H\O
o) o) 2 0
HZOZ
|
o
c NH 20 b ho o M {0
2T 2V2
o) NH
sl s 7
[l “NH; I~o -8 N
o O/o o HoN H \ o
.
o) HCTZ-TP5

Fig. S2 Proposition of formation mechanisms for the 1,4-benzoquinone derivative (HCTZ-TP5)
from the ozonation of HCTZ-TP3.
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Text S7 Determination of ecotoxicological effects by a bacteria bioluminescence inhibition assay

The bioluminescence inhibition test is performed with the gram-negative marine bacterium Aliivibrio
fischeri. Luminescence in this bacterium is coupled directly to the metabolic condition of the cell.
Substances that interfere with the cellular energy metabolism cause a decrease in light emission, which
is indicative of general toxicity. To evaluate this non-specific toxicity, the level of bioluminescence is
measured before bacteria are exposed to a sample and after 30 min of exposure to a sample (Escher et
al., 2008, ISO 2007).

The assay was performed on 96-well plates with 3,5-dichlorophenol (3,5-DCP) as a positive control
and assay buffer as a negative control (Escher et al. 2008). 3,5-Dichlorophenol was tested in triplicate
in a seven-step 2-fold dilution series starting at 3 x 10 M in the first well; eight replicates were used
for negative controls. The spiked water samples were tested in triplicate and in 2-fold dilution series.
The lowest dilution factor that could be tested was 2.2. This high sample load was possible by mixing
nine parts of an aqueous sample with one part of 10 times concentrated assay buffer. Of this mix, 120
puL were added to a 96-well plate and a 2-fold dilution series was made using one time concentrated
assay buffer. Finally, 100 pL were transferred from all wells to 100 uL of a bacteria solution. Samples
were tested in the bioluminescence inhibition assay the day after the spiking had been performed.

To calculate the inhibition of bioluminescence, plates containing 100 puL of the bacteria culture per
well were measured in a luminescence plate reader shortly before bacteria were exposed to the
samples and 30 min after 100 pL of the samples had been added. Bioluminescence values of samples
(Isampies) and controls (Ieoniror) Were entered in Eq. S4.

Inhibition [%] = (1 - ’$) - 100% (S4)

Icontrol (corrected)

Bioluminescence inhibition data were then fitted with Eq. S5 to determine ECsy and EC, values.

Inhibition [%] = 100% (S5)

1410 (log(EC50) —log(concentration)) -slope

Results of the test are depicted in the Fig. S3
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Fig. S3 Inhibition of bioluminescence in bacteria exposed to the reference substance 3.5-
dichlorophenol and the negative control (a) and the samples (b). For reference substance and
negative control, 1-8 indicate replicate dose-response curves performed on separate 96 well
plates. 0, 1, 5, 20 refers to the ozone:compound ratio used in the sample (31-38 uM initial

concentration of parent compound).
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Table S3 Analytical conditions to determine the target compounds during kinetic experiments -
HPLC-DAD.

Eluent A 0.1% Formic acid in NPW
Eluent B Acetonitrile

Flow: 500 pL min™

Injection volume: 50 pL

Cetirizine
Cetirizine N-oxide
4-Chlorobenzophenone

Norchlorcyclizine Detection: 200 nm
Time [min] A [%] B [%]
0.0 88 12
11.0 88 12
23.0 20 80
23.1 5 95
25.0 5 95
25.1 88 12
30.0 88 12
Eluent A 0.05% Triethylamine in NPW,
Fexofenadine adjusted to p.H.7 by 1 M H;PO,
. . Eluent B Acetonitrile
Fexofenadine N-oxide ] 1
Azacyclonol F19W'.500 WL min
Injection volume: 50 pL
Detection: 200 nm
Time [min] A [%] B [%]
0.0 75 25
10.0 75 25
15.0 65 35
23.0 40 60
25.0 20 80
26.0 75 25
30.0 75 25
Eluent A 0.1% Formic acid in NPW
Hydrochlorothiazide Elueth B Aceton‘ltgle
Chlorothiazide F19W'.600 ML min
Injection volume: 50 puL
Detection: 310 nm
Time [min] A [%] B [%]
0.0 88 12
7.0 88 12
11.0 5 95
12.5 5 95
12.6 88 12
17.0 88 12
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Table S4 Analytical conditions to detect the transformation products by LC- HR MS/MS.

Eluent A 0.1% Formic acid in NPW

Cetirizine . Eluent B 0.1 % Formic acid in Methanol
Fexofenadine .0
Hydrochlorothiazide Flpw .300 ML min
Injection volume: 20 puL
Time [min] A [%] B [%]
0.0 90 10
8.5 50 50
17.0 5 95
25.0 5 95
25.1 90 10
29.0 90 10

Table S5 Analytical conditions to quantify TPs by LC-HRMS.

Eluent A 0.1% Formic acid in NPW

Cetirizine ) Eluent B 0.1 % Formic acid in Methanol
Fexofenadine .
.y Flow 300 pL min
Hydrochlorothiazide L
Injection volume: 20 puL
Time [min] A [%] B [%]
0.0 95 5
1.5 95 5
17.5 5 95
25.0 5 95
25.1 95 5
29.5 95 50

Table S6 Analytical conditions to quantify HCTZ and chlorothiazide (HCTZ-TP1) by HPLC-

DAD.

Hydrochlorothiazide Eluent A 0.1% Formic acid in NPW
Chlorothiazide Eluent B Acetonitrile

Flow: 600 pL min™

Injection volume: 50 puL

Detection: 310 nm

Time [min] A [%] B [%]
0.0 96 4
5.0 96 4
6.0 88 12
12.0 88 12
12.1 5 95
14.0 5 95
14.1 96 4
19.0 96 4
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Text S8 Confirmation of the structure using labeled compounds.

To confirm the structure of TPs, ozonated samples of labeled and non-labeled parent compounds were
compared. Based on m/z shifts in labeled samples corresponding to deuterium atoms (for HCTZ also
C atom) in moieties crucial for ozone transformation, the proposed structure of the TPs could be
confirmed.

In experiments for identification of CTR TPs, cetirizine-dgs (CTR-dg) was used (Fig. S4a), where all 8
hydrogens in the heterocycle are substituted by deuterium atoms.

In the ozonated samples of CTR-dg, CTR-TP1 had a m/z signal shift of 8.0509 Da compared to the
non-labeled CTR, corresponding to the 8 substituted deuterium atoms. This points towards an intact
CTR heterocycle in CTR-TP1. The same mass shift of 8.0509 Da was observed for CTR-TP3-8 in
ozonated samples of CTR-dg in comparison to non-labeled CTR-TPs which also suggest an intact CTR
heterocycle. CTR-TP2 had the same m/z value in the ozonated samples of CTR-dg and non-labeled
CTR, which confirmed that CTR-TP2 does not contain the heterocycle.

Hydrochlorothiazide used for ozonation experiments was labeled on the methylene bridge with one
BC and two deuterium (HCTZ-"C,d,, Fig. S4c) atoms between the aniline moiety and sulfonamide
group (Sh).

HCTZ-TP1-6 found in the ozonated samples of non-labeled HCTZ had their equivalents in the
ozonated samples of labeled HCTZ with a m/z shift of 2.01017 corresponding to one C and one
deuterium, indicating that the site of ozone attack was located at the alkyl group.

For HCTZ-TP7 and HCTZ-TPa/b, the ozonation of the non-labeled and the labeled HCTZ induced the
formation of the same compounds as HCTZ-TP7 and HCTZ-TP8a/b, without any mass shift from the
isotopes, what confirms that the carbon atom lost during the oxidation is the carbon of the methylene
bridge.

A confirmation of the structures by comparison with labeled fexofenadine could not be performed.
The only commercially available labeled forms of fexofenadine (FXF-d¢, FXF-d;o) contain the
deuterium atoms at parts of the molecule which do not react with ozone in a direct reaction (phenyl

groups, methyl groups and carboxylic groups).

(a) (b) oc || ()

Fig. S4 Labeled compounds used for TPs confirmation in the study: (a) cetirizine-dg; (b)
fexofenadine-dg; (c) hydrochlorothiazide-"C,d,.
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Table S7 LC-MS/MS parameters for cetirizine, fexofenadine and hydrochlorothiazide and their TPs formed during direct reaction with ozone.

Name RT (min) Ionization Measured m/z Accuracy Molecular formula Shift from ozonated Level of confidence (according
mode (u) (Ammu) labelled compound4 to Schymanski et al., 2014)
CTR 17.5 ESI(+) 389.1627 0.283 C,1H50;N,C1 +8d Level 1
CTR-TP1 17.7 ESI(+) 405.1573 -0.211 C,1Hy504N,C1 +8d Level 1
CTR-TP2 20.7 ESI(+) 217.0416 -0.099 C13Hy0Cl - Level 1
CTR-TP3 17.5 ESI(+) 189.1232 -0.319 CsH 503N, +8d Level 2b
CTR-TP4 16.8 ESI(+) 287.1309 0.312 C17HoN,Cl - Level 1
CTR-TP5 16.3 ESI(+) 421.1523 0.496 C,1H,505N,Cl +8d Level 2b
CTR-TP6/7 17.7 ESI(+) 205.1183 0.284 CsH 604N, +8d Level 3
CTR-TP8 16.3 ESI(+) 221.1132 0.358 CsH 605N, +8d Level 2b
FXF 16.0 ESI(+) 502.2949 -0.535 C3,H3004N n.a.’ Level 1
FXF-TP1 16.1 ESI(+) 518.2901 -0.920 C3,H390sN n.a. Level 1
FXF-TP2 14.4 ESI(+) 268.1695 -0.401 CysH, ON n.a. Level 1
FXF-TP3 11.6 ESI(+) 252.1595 -0.180 C4H,1NO; n.a. Level 3
FXF-TP4 16.7 ESI(+) 516.2741 -0.830 C;3,H;,0sN n.a. Level 3
FXF-TP5/6 14.7 ESI(+) 284.1648 -0.415 Cy5H,O,N n.a. Level 3
FXF-TP7 18.8 ESI(+) 268.1547 -0.035 C4H, 04N n.a. Level 3
HCTZ 9.1 ESI(-) 295.9572 0.012 C;HgO4N;S,Cl +8¢,+24d Level 1
HCTZ-TP1 9.0 ESI(-) 293.9418 0.013 C;HsO4N3S,C1 + 8¢, +d Level 1
HCTZ-TP2 5.8 ESI(-) 294.9256 0.011 C;Hs05N,S,C1 + 8¢, +d Level 2b
HCTZ-TP3 10.3 ESI(-) 311.9522 0.012 C;HsOsN;S,Cl1 +8¢,+d Level 2b
HCTZ-TP4 9.8 ESI(-) 312.9363 0.013 C7H,0O4N,S,C1 +58¢,+d Level 3
HCTZ-TP5 12.2 ESI(-) 341.9258 0.006 C;HsO;N;S,Cl1 +5¢, +d Level 3
HCTZ-TP6 12.0 ESI(-) 342.9098 0.006 C,H504N,S,Cl1 +5¢,+d Level 3
HCTZ-TP7 11.5 ESI(-) 313.9316 0.013 CeHgO6N3S,Cl - Level 3
HCTZ-TP8a/b 9.7/10.7 ESI(-) 314.9153 0.013 C¢HsO;N,S,Cl1 - Level 3

* CTR-dy; HCTZ-"C.d,
5 .
n.a.: not applicable
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Fig. S5 Semi-quantitative determination of CTR TPs formed during direct reaction of CTR with
ozone (pH 7, T=20 °C, [~BuOH|=100 mM, ozone:target compound molar ratio 0.1-10). The
normalized area is the peak area of the TP divided by the peak area of CTR-dg. The
quantification of CTR-TP2 and CTR-TP4 is presented in the manuscript in Fig. 3a.
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Fig. S6 Semi-quantitative determination of CTR-/N-oxide TPs formed during direct reaction of
CTR-N-oxide with ozone (pH 7, T=20 °C, [+BuOH]=100 mM, ozone:target compound molar
ratio 0.1-10). The normalized area is the peak area of the TP divided by the peak area of CTR-
ds.
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Fig. S7 Semi-quantitative determination of FXF-TPs formed during direct reaction of FXF with
ozone (pH 7, T=20 0C, [+-BuOH]=100 mM, ozone:target compound molar ratio 0.1-10). The
normalized area is the peak area of the TP divided by the peak area of FXF-ds. The
quantification of FXF-TP2 is presented in the manuscript in Fig. 3b. Data concerning FXF-TP3,
-TP5, -TP6 and -TP7 are not shown as signal intensity was very low.
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Fig. S8 Semi-quantitative determination of FXF-N-oxide TPs formed during direct reaction of
FXF-N-oxide with ozone (pH 7, T=20 °C, [+-BuOH]=100 mM, ozone:target compound molar
ratio 0.1-10). The normalized area is the peak area of the TP divided by the peak area of FXF-ds.
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Fig. S9 Semi-quantitative determination of HCTZ and its TPs formed during the reaction of
HCTZ with ozone (pH 7, T=20 ’C, [£-BuOH]=100 mM, ozone:target compound molar ratio 0.1-
10): (¢) HCTZ; (0) CTZ (HCTZ-TP1); () HCTZ-TP2; (w) HCTZ-TP3; (0) HCTZ-TP4; ()
HCTZ-TP5; (o) HCTZ-TP6; (A) HCTZ-TP7; (A) HCTZ-TP8a; and (+) HCTZ-TP8b. The
normalized area is the peak area of the TP divided by the peak area of HCTZ-d,,"C.
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Fig. S10 Semi-quantitative determination of CTZ and HCTZ-TPs formed during the reaction of
CTZ with ozone (pH 7, T=20 0C, [+-BuOH]=100 mM, ozone:target compound molar ratio 0.1-
10): (0) CTZ (HCTZ-TP1); (*) HCTZ-TP2; (m) HCTZ-TP3*; (z) HCTZ-TP4; (¢) HCTZ-TP5;
(0) HCTZ-TP6; (A) HCTZ-TP7; (A) HCTZ-TP8a; and (+) HCTZ-TP8b. The normalized area
is the peak area of the TP divided by the peak area of HCTZ-d,,C. *: HCTZ-TP3 was found to
be present in the chlorothiazide standard.
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Fig. S11 Comparison of MS? spectra of (a) CTR-TP1 with (b) the standard of cetirizine NV-oxide
(FTMS + p ESI Full ms2 405.15 @ hced 25.00, RT 17.7 min).
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Fig. S13 Comparison of MS? spectra of (a) CTR-TP4 with (b) the standard of norchlorocyclizine
(FTMS + p ESI Full ms2 287.13 @ hcd 10.00, RT 16.8 min).
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Fig. S14 Comparison of MS’ spectra of (a) FXF-TP1 with (b) the standard of fexofenadine V-
oxide (FTMS + p ESI Full ms2 518.29 @ hcd 40.00, RT 16.1 min).
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Fig. S15 Comparison of MS? spectra of (a) FXF-TP2 with (b) the standard of azacyclonol (FTMS
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Fig. S17 MS? spectrum of CTR-TP3 (FTMS + p ESI Full ms2 189.12 @ hcd 55.00, RT 17.5 min).

WCO: 201.0164
80+
707
beo ]
& 607
ElE 1580811 20,1063
2 50
@ 4
= B
T 40]
= 407
o
30
201
105 1460811 187.1077 421123
560601 1150866
] 80m4 | ol | 2623042 2878683 3167857 386,140
0|||||||||\|\|||'\\\\\|\|||\\\|\|||||||\\
50 100 150 200 20 30 350 400 450
mz

Fig. S18 MS? spectrum of CTR-TP5 (FTMS + p ESI Full ms2 421.15 @ hced 25.00, RT 16.3 min).
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Fig. S21 MS” spectrum of FXF-TP3 (FTMS + p ESI Full ms2 252.16 @ hed 10.00, RT 11.6 min).
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