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1. Introduction

Organic micropollutants such as pharmaceuticals are ubiquitous in the
aquatic environment and are of emerging environmental concern
(Kasprzyk-Hordern et al., 2008; Kiimmerer, 2009; Snyder, 2008). They
are present in the aquatic environment, usually in a low concentration
range (ng/L-pg/L) (Jiang et al., 2013; Ternes et al., 2003). Consequently,
several pharmaceuticals including venlafaxine are included in the watch
list of substances for the European Union (EU, 2020). Pharmaceuticals
end up in wastewater due to human excretion and improper disposal of un-
used medication (Margot et al., 2013). While some compounds such as ibu-
profen and paracetamol can be removed in conventional wastewater
treatment, a multitude of others cannot be significantly removed in the cur-
rent activated sludge treatment. (Behera et al., 2011; Jelic et al., 2011; Sui
et al., 2010). Hence, wastewater treatment effluent discharges are one of
the primary sources of occurrence of pharmaceuticals in the aquatic envi-
ronment (Eggen et al., 2014). To remove these contaminants from waste-
water, additional steps using advanced treatment technology are
currently being developed and implemented (Morin-Crini et al., 2022;
Yang etal., 2011; Eggen et al., 2014). Tramadol and venlafaxine are present
in high concentrations (1-10 pg/L (own data)) in wastewater and are
among the compounds triggering advanced wastewater treatment, e.g., in
Denmark. These are thus taken as model compounds for in depth observa-
tions in this study.

Ozonation is one of the most commonly used advanced treatment tech-
niques implemented in wastewater treatment plants for the removal of
pharmaceuticals (Bourgin et al., 2018; Hollender et al., 2009; Magdeburg
et al., 2012; Zimmermann et al., 2011). Pharmaceuticals with double
bonds and electron-rich groups like amines are effectively removed during
ozonation by chemical oxidation (Von Sonntag and Von Gunten, 2012).
When ozone reacts with tertiary aliphatic amines (such as tramadol and
venlafaxine), ozone adducts are formed which subsequently lose singlet ox-
ygen (*0.) to form N-oxides (Von Sonntag and Von Gunten, 2012; Hiibner
et al., 2015). These, tertiary amine N-oxides are rather stable (Lim et al.,
2019; Merel et al., 2017). N-oxides of wastewater contaminants such as
citalopram, venlafaxine, tramadol, clarithromycin, levofloxacin, etc. have
been reported after ozonation (De Witte et al., 2009; Horsing et al., 2012;
Lajeunesse et al., 2013; Lange et al., 2006; Zimmermann et al., 2012).

During ozonation, tramadol reacts to tramadol N-oxide in wastewater
treatment plants with a yield of 25 % (Kharel et al., 2020; Knopp et al.,
2016). However, at higher ozone doses tramadol N-oxide dissipates, lead-
ing to the interpretation that secondary ozonation products are formed.

For this study, the further reactions of ozonation products tramadol- and
venlafaxine N-oxide are studied as model compounds. Depending on the
available reactive sites of the molecule, the N-oxides can in theory react
with both ozone and hydroxyl radicals depending upon the OH+/O3 expo-
sure in the type of water selected for reaction (Von Sonntag and Von
Gunten, 2012) (Fig. 1). As in all ozonation processes, the formed transfor-
mation products (TPs) will be a result of either direct reaction with ozone
or a reaction with hydroxyl radicals formed from ozone usually by reactions
of ozone with organic material in the water (Von Sonntag and Von Gunten,
2012). Whether a reaction is driven by either agent can be determined by
using selective quenchers: reactions with OH radicals (and the respective
reaction products) can thus be stopped by adding tertiary butanol (t-
BuOH) to a parallel reaction (Von Sonntag and Von Gunten, 2012). The
general expectation is that ozone itself will only react with the aromatic
rings of tramadol N-oxide (TRA-NOX) and venlafaxine N-oxide (VLX-
NOX), respectively, thus methoxybenzene can be used as a proxy to assess
the reactions for the reactive moiety. The second order rate constants of
ozone with methoxybenzene as a model compound is ~3 x 10°M~*s~*
(Hoigné and Bader, 1983) (Fig. 1), whereas the reaction rate constants
with aliphatic carbon and/or alcohols as models for the other parts of the
molecule is much lower (<10 M~ s™1) (Von Sonntag and Von Gunten,
2012). Opposite to ozone, hydroxyl radicals are non-selective oxidants,
exhibiting second order rate constants from 10% to 10° M~! s™! with
most organic compounds, as long as a hydrogen atom is available for
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Fig. 1. Structural formulas of tramadol- and venlafaxine-N-oxide with possible
reactive sites for oxidation. Blue circles: methoxy carbon; pink circles: tertiary
carbon; green circles: secondary carbon; aromatic carbon is not marked.

abstraction. Thus, hydroxyl radicals can be expected to react with the aro-
matic rings of the N-oxides, as well as with different (tertiary, secondary,
primary) aliphatic carbon atoms (Fig. 1).

Currently, it is unknown which secondary transformation products are
formed from Tramadol N-oxide (Lee et al., 2017; Zimmermann et al.,
2012) and very little is known about further reaction products of
venlafaxine N-oxide and often their structures and their reaction pathways
are unknown. However, as ozonation technology is implemented in in-
creasing numbers of wastewater treatment plants, to remove parent pollut-
ants and to decrease the toxic load that is introduced into the surface
waters, the further reactions of N-oxides and the transformation products
needs to be resolved to produce a more complete picture on what can be re-
moved by ozonation together with what is emitted and can contribute to
the toxic load that was not there before.

Based on Kharel et al., 2020 we hypothesize that the primarily formed
N-oxides, are successively further oxidized to hitherto unknown stable
transformation products.

The objective of the present study is to identify the possible transforma-
tion products of tramadol- and venlafaxine N-oxide during ozonation in
pure water by means of high resolution mass spectrometry (Boix et al.,
2016; Bourgin et al., 2013; Ibafez et al., 2017; Negreira et al., 2015;
Bletsou et al., 2015; Krauss et al., 2010; Miiller et al., 2011). This exercise
is conducted as first step and precondition for future studies in relevant wa-
ters (effluents of wastewater treatment plants). Furthermore, this work ex-
plores to what extent these observed transformation products can be
explained by known reaction pathways of ozone and hydroxyl radicals
with the reactive moieties present in both N-oxides.

2. Materials and methods
2.1. Chemicals

Tramadol N-oxide was purchased (purity 98.7 %) from LGC via
Mikrolab Aarhus A/S (Hgjbjerg, Denmark). Venlafaxine N-oxide (purity
>98 %) was purchased from Toronto Research Chemicals (Toronto,
Canada). The stock solutions were prepared in MeOH and stored at
—20 °C. Water was LiChrosolv LC-MS grade, methanol of LiChrosolv gradi-
ent grade and acetonitrile of LiChrosolv isocratic grade — all three from
Merck (Darmstadt, Germany). Deionized (DI) pure water (called “DI
water” throughout the text) had a conductivity 0.9 pS/cm and a pH of 7
was produced by a Reverse Osmosis Unit maxi RO (Veolia, Denmark)
equipped with an Aquada UV ultraviolet water disinfection (Xylem,
Denmark).
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2.2. Ozonation

2.2.1. Semi-continuous mode (for identification of TPs)

Tramadol- and venlafaxine N-oxide methanolic standards each were
placed in separate Erlenmeyer flasks. Successively, the methanol was evap-
orated completely overnight and 100 mL of deionized water were added to
yield a final concentration of 10 mg/L. Ozone was generated using a lab
ozone generator (1000BT-12, Enaly, China, capacity 1 g O3/h) fed with
dry air. Ozone was continuously bubbled into the Erlenmeyer flask using
a gas wash bottle adapter with a sintered glass disc. 2 mL samples were
taken before start (0 min) and during ozonation at 0.5, 1, 1.5, 2, 3, 5, 10
and 20 min ozonation time. To assess the applied ozone dose indigo was
ozonated likewise under time control in a successive identical experiment
(Bader and Hoigné, 1981). Briefly, indigo dye and phosphate buffer (pH
2) were added in deionized water in their respective proportion to obtain
a final volume of 100 mL. The dosing times of 0.5, 1, 1.5, 2, 3, 5, 10 and
20 min correspond to 1.6, 3.2, 4.7, 6.3, 9.5, 15.8, 31.6 and 63.2 mg/L
ozone. This corresponds to 0.2, 0.3, 0.5, 0.6 0.9, 1.6, 3.2 and 6.3 mg O3/
mg DOC in the samples due to the compound concentration of 10 mg/L.

2.2.2. Batch experiment

An ozone generator (GM1, Primozone, Sweden) fed with oxygen was
used to produce ozone stock solutions of concentration 28-70 mg O3 L™ *
by sparging ozone into DI water in a 2 L glass vessel, which was placed in
an ice bath. Ozone concentrations were determined by the Indigo method
(Bader and Hoigné, 1981).

The experiments were conducted in a series of glass vials. 52.6 and
164.8 pL standard of tramadol- and venlafaxine N-oxide in methanol was
spiked in all vials to achieve the final concentration of 1 mg/L for N-oxide
in the sample (final reaction volume 3 mL). Even though the resulting meth-
anol concentrations are relatively high and will to some extent also quench
the OH radicals, this should be OK for a mechanistic experiment like this —
though it would be prohibitive for a quantitative experiment. The experi-
ments were performed in DI water with four different ozone doses, with
and without the addition of tertiary butanol (t-BuOH, 7.14 g/L) to quench
emerging OH radicals.

2.3. Characterization of TPs by means of HPLC coupled to high resolution mass
spectrometry (LC-HRMS/MS)

The samples were analyzed by high performance liquid chromatogra-
phy coupled to high resolution mass spectrometry (HPLC-HRMS)
(TripleTOF 6600, ABSCIEX, Frammingham, MA, USA). Electrospray ioniza-
tion was used for identification in both positive and negative polarization.
However, negative polarization did not result in new knowledge on top of
the positive, thus these data are not presented. Details on chromatography
(Text S1.1), MS method (Text S1.2) and post processing of data (Text S1.3
and Text S1.4) are provided in the supplementary material.

Briefly, samples were analyzed by injecting 5 pL of the respective sam-
ples without pre-concentration into the HPLC column (waters acquity BEH
shield RP18 2.1 x 30 mm with 1.7 um particles equipped with a 2.1 x
5 mm precolumn of the same material) while the MS was operated with
Information-Dependent Acquisition (IDA) to automatically generate
product ion spectra. The identification of transformation products formed
during the studies relied on i) processing data in the MetabolitePilot® 2.2
software (AB Sciex) for automatic peak recognition and integration.
MetabolitePilot compares LC-MS runs from a sample from, e.g., start (or
before start of the reaction) and after a given time. Signals that have
increased are annotated automatically and are linked to the structure
and mass spectral data of the parent, and possible reaction products
are suggested based on molecular ion and product ion spectrum of signifi-
cant increased peaks after reaction. ii) extracting the product ion spectra
of possible transformation products and manually interpreting the
detected fragments, mass deviation was calculated with the tool from War-
wick University (https://warwick.ac.uk/fac/sci/chemistry/research/
barrow/barrowgroup/calculators/mass_errors/), iii) plotting of extracted
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chromatographic peak area of transformation products from Sciex OS (AB
Sciex) in different samples with Origin 2021 (OriginLab Corporation),
and iv) perform a structure search of the suggested structures in chemical
abstracts online via Scifinder for verification.

3. Results and discussion

The removal of tramadol- and venlafaxine N-oxide during ozonation in
deionized water (without hydroxyl radical scavenger, i.e. -BuOH) in semi-
continuous experiments is shown in Fig. 2. The degradation of both com-
pounds relates similarly towards the increasing ozone dose. Samples from
different ozone dosage were used to identify transformation products.

The transformation products detected by HPLC-HRMS screening were
labelled with the initial letter from the parent N-oxide followed by its nom-
inal molecular mass (e.g., TN_295 for a tramadol N-oxide transformation
product with a molecular mass of 295 Da, and VN_307 for a venlafaxine
N-oxide transformation product with a molecular mass of 307 Da). If sev-
eral isomers of a transformation product were detected, they were nomi-
nated with a suffix a, b, c, etc. (following the elution order) at the end of
transformation products name.

To test whether the reactions occurred by direct reactions with the
ozone molecule or by oxidations via OH radicals, batch experiments with
and without quenchers (t-BuOH) were conducted. Thus, e.g., TN_293e re-
sulted from direct reaction with ozone while its isomer TN_293a from OH
radicals as seen in Fig. 3. The results from batch experiments were used
to explain the reaction mechanism for the formation of transformation
products in Section 3.1.

The chemical formulas of potential transformation products formed
from tramadol- and venlafaxine N-oxide, respectively, are listed in
Table 1 and Table 2. In principle, a multitude of different transformation
products are detected: some originating from classical oxidation reactions
(additional hydroxy- and carbonylic functions) some from removal of
alkyl groups.

3.1. Mass spectrometric characterization and mechanistic considerations of
ozonation products with structural suggestion

3.1.1. Single additions of oxygen to N-oxides of tramadol and venlafaxine

The elemental composition of the oxidation products was established by
HPLC-HRMS scans and is given in Table 1 and Table 2 for tramadol and
venlafaxine N-oxide, respectively. More structural information was gained
from the product ion scans. Product ion spectra (MS/MS spectra) of the par-
ent tramadol N-oxide (C;¢H25NO3) and one of its oxidation products

100 - é
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= e x - -®@- - Tramadol N-oxide
s & - A- Venlafaxine N-oxide
s N
3 N
fof &
A
20 4 . c .
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Fig. 2. Removal of tramadol- and venlafaxine N-oxide during ozonation in deion-
ized water in semi-continuous experiment. (Concentration of N-oxide = 10 mg/L,
DOC value of deionized water = 1 mg/L).
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Fig. 3. Effects of quenching with -BuOH as OH radical quencher on a compound resulting from reactions with OH radicals (TN:293a) and one that is formed by direct re-
actions with the ozone molecule (TN_293e) as examples. All reactions are in DI water.

(C16H25NO4: TN_295a) are shown in Fig. 4 as examples, while the mass
spectrometric data of all transformation products of tramadol N-oxide are
shown in the supplementary materials (§2.3-52.14). In Fig. 5 the parent
venlafaxine N-oxide (C;7H,,NO3) and one of its oxidation products
(C17H27NO4: VN_307d) are shown as examples, while the mass spectromet-
ric data of all transformation products of venlafaxine N-oxide are shown in
the supplementary materials (S3.1-S3.18). Structures and fragmentation
patterns for all compounds are suggested in the respective figures.

The analysis of product ion mass spectra for all transformation products
was performed to ensure that it originated from the respective parent com-
pound (and not from any environmental or instrumental background). For
TN_295a, characteristic fragments, e.g., CsHgN ™, C;H,0™, CgH,O* and
CgH,02" in the product ion spectrum (ESI( +)) are similar to those found
for the parent compound tramadol N-oxide, while, fragments like
CsH oN*, C16HouNO3 and C,Hy6NOJ are typical for TN_295a (Fig. 4).
Similarly, in VN_307d, fragment CsHoO " (which is a significant fragment
in the MS2 spectrum) is also contained in the product ion spectrum of the
parent VLX-NOX. On the other hand, fragment C3HgN ™ is typical for
VN_307d, and is not present in the parent N-oxide (Fig. 5). Mass spectro-
metric data for all transformation products/isomers are presented in detail
in supplementary material (SI Tables S2-33).

Table 1

Signals obtained after ozonation of tramadol N-oxide detected by HPLC-HRMS with
electrospray (+) ionization. (Note: the exact mass detected, theoretical mass and
the mass deviation of each transformation products isomers are presented in supple-
mentary material (SI S2). None of these products have been reported in the litera-
ture before except as discussed in the text).

Compounds and  Change of elemental ~ Chemical Reaction driven by
its TPs composition formula
TRA-NOX C16HsNO3  Parent compound
TN_327 +3*0 Ci¢HosNOg O3
TN_315 +3%0, -C Cy5HosNOg  315a: 03315¢: OH'
315b: not resolved
TN_313 +3*0, —CH, CisHo3NOg  Os
TN_311 +2%0 Cy16HasNOs  311b, ¢, e, f, g: O3
311a, d: not resolved
TN_309 +2%0, -2*H Ci¢Ho3NOs  Os
TN_301 +3%0, —C,H, Ci4Ho3NOg O3
TN_299 +3%0, —CoHy C14H21NOg O3
TN_295 +0 Cy6H2sNO4  295h: O3/295a-g, i: OH*
TN_293 +0, -2*H C16H23NO,4  293a, b: 05/293c, d, e: OH*
TN_285 +20, -CoH, Cy14Ho3NOs O3
TN_269 +20, —-C3Heg Cy13H190NOs O3
TN_265 —CH, CysH,3NO;  OH'
TN_253 +0, -C3Hg Cyi3H10NO4 O3

The extracted ion chromatogram (XIC) of C16H2sNO,4 (TN_295, m/z:
296.1856 + 0.0005) obtained from ozonation in DI water revealed at
least 9 chromatographic peaks of isobaric compounds as shown in Fig. 6
(TN_295a-i, SI Table S3). These can be attributed to introducing single ox-
ygen atoms at different carbon atoms of the parent molecule (Fig. 1).
Thus, the reaction generated 9 isomers. The exact position of the attached
oxygen in the respective isomers could not be revealed simply from the
product ion spectra.

Quenching experiments revealed: Only one isomer of this reaction was
formed by direct reactions with ozone (TN_295h) (Table 1) and all other
isomers were formed by reactions with hydroxyl radicals (TN_295a,b,c,d,
e,f,g and VN_309a,b,c,d,e,f,g,i) during the reactions in DI water (Table 2).

Single addition of oxygen in venlafaxine N-oxide also resulted in detec-
tion of 9 isomers as demonstrated by XIC of C;,H5,NO4 (VN_309, m/z:
310.2013 + 0.0005) (SI Table S24).

3.1.1.1. Mechanistic considerations. The high number of isomers can easily
be explained by the high number of reactive sites for both O3 and OH-
radicals in the respective molecules (Fig. 1), but when applying more theo-
retical know-how the following can be concluded:

1) The potential reactive sites in the molecules are indicated in Fig. 1. Both
ozone and hydroxyl radicals can lead to hydroxylation of the aromatic
ring, leading to phenols (Fig. 7 reveals possibilities to form four isomers
for tramadol N-oxide + O and two for venlafaxine N-oxide + O). The
proposed phenols are ozone-reactive, and further reactions with HO+
are unlikely as ozone reactive species will react more rapidly directly
with ozone than with OH radicals.

One more (+O) isomer could be explained by a reaction that Zhang
et al. (2016) reported on the formation of phenyl formate from
methoxybenzene via hydroxyl radicals, and an intermediate formation
of a phenoxymethanol (+O) moiety is imaginable (see Fig. 8(a)).
More (+ O) isomers can only be explained by an attack of HO- on the
primary, secondary and tertiary carbon on the aliphatic part (reactive
sites shown in Fig. 1) of the molecule (proposed reactions pathways
are shown in Fig. 8), opening the possibility for several isomers more
(including stereoisomers and diastereomers). These reaction pathways
would be in competition and in parallel of HO- attacking the aromatic
part of the molecule. The rate constants of HO- with aliphatic alcohols
and methoxybenzene are reasonably close, so that both parts of the mol-
ecule might be attacked. Data from quenching experiments supports this
hypothesis for both TN_295 and VN_309 isomers, as the intensity of all
isomer signals except TN_295h are decreased after quenching. This is in-
dicating towards all isomers are transformation products with OH radi-
cals, while TN_295h results from direct reactions with the ozone
molecule. Possible products are shown in Fig. 8 for tramadol. Products

2)

3)
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of aliphatic hydroxylation should exhibit unchanged (low) reactivity to-
wards ozone, thus further reactions with both HO- and O3 have to be
considered. While 9 isomers are detected, the same number of isomers
is suggested by theory (Figs. 1, 7, 8). Usually the spectra are so similar
(SD) that it is difficult to discriminate them, with the exception shown
in Fig. 4 in which the significant fragment of 84.080 seem to enable
the localization of the OH group.

3.1.2. Tramadol- and venlafaxine N-oxide plus two oxygen atoms (TN_311 and
VN_325)

The presence of oxidation products with two oxygen atoms added was
established by mass spectra revealing the ESI(+) signal for a molecule
with mass 312.1805 Da, which agrees to the elemental composition of
C16H25NOs being generated during the ozonation from tramadol N-oxide
as well as the respective analogue from venlafaxine N-oxide (Table 1 and
Table 2). The respective product ion spectra are shown and interpreted in
the SI (Tables S12 and S28). At least 7 isomers for the tramadol derivative
(TN_311a-gin SI Table S12) were detected and 8 for venlafaxine (VN_325a—
h in SI Table S28). Most isomers of TN_311 (TN_311b,c,e,f,g and VN_325a,
b,c,d,h) were observed to be products from the direct reaction with ozone
during the quenching experiments (no influence of -BuOH). Several possi-
bilities for this reaction exist:

(a) double hydroxylation of the aromatic ring, forming a di-
hydroxybenzene or a di-enone (Fig. 9). Methoxyhydroquinone was a
reported direct ozonation product of methoxybenzene. Thus, the
methoxybenzene moiety might have been similarly dihydroxylated,
potentially forming the corresponding hydroquinone, catechol or res-
orcinol from a phenol intermediate (Mvula et al., 2009), thus the
substituted methoxylated hydroquinone might be a product, but also
the corresponding catechols or resorcinols (Ramseier and Gunten,
2009; Tentscher et al., 2018). Some of the isomers are formed to a

Table 2

Signals obtained after ozonation of venlafaxine N-oxide detected by HPLC-HRMS
with electrospray (+) ionization. (Note: the exact mass detected, theoretical mass
and the mass deviation of each transformation products isomers are presented in
supplementary material (SI S3). None of these products have been reported in the
literature before.

Compounds and  Change of elemental ~ Chemical Reaction driven by
their TPs composition formula
VLX-NOX Cy7H2yNO3  Parent compound
VN_357 +4*0 Cy7H,;NO;  VN_357d, f, g: O3
VN_357a, b, ¢, e, f: not
resolved
VN_341 +3*0 C17Hy7NOg O3
VN_339 +3*%0, -2*H C1,H,5NOg  VN_339a, ¢, d: O
VN_339g: OH’
VIN_339b, e, f, h: not resolved
VN_329 +3*%0, -C Ci1gHoyNOg O
VN_327 +3*0, —-CH, Cy16H2sNOg O3
VN_325 +2*0 Cy17H27NOs  325a—d, h: O3
325e, f, g: not resolved
VN_323 +2*0, -2*H C;H,sNOs  VN_323a, ¢, d: O5
VN_323d: not resolved
VN_315 +3%0, —CoH, Cy5HysNOg  VN_315b: O3
VN_315a: not resolved
VN_313 +3*0, —-CoHy Cy5H23NOg  VN_313b, ¢: O3
VN_313a: not resolved
VN_309 +0 Cy7Hz7NO4  309h: O3
309a-g, i: OH*
VN_307 +0, -2*H Cy17HsNO,  307e: O3
307a, b, ¢, d: OH*
VN_297 +2*0, —~C,H, C1sHp3NOs O
VN_299 +2%0, ~CoH, CisHzsNOs - O3
VN_295 +0, -CH, C16HosNO4  VN_295a, d: O3
VN_295b, ¢, e, f: not resolved
VN_279 —CH, C16HpsNO3;  OH®
VN_267 +0, —-C3Hg C14H21NO, O3
VN_265 -CoHy Cy5Hy3NO; O3
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lower extent at higher ozone doses, indicating further degradation
with increasing ozone dose. Dihydroxybenzenes are highly reactive to-
wards ozone (ko3 = 3.1 % 10° M~ s™! (Gurol and Nekouinaini, 1984;
Turhan and Uzman, 2008).

(b) ring-opening at different positions through the Criegee reaction,
forming a di-aldehyde (Fig. 10, Mvula et al., 2009). Ring-opening prod-
ucts are alpha-beta unsaturated carbonyl compounds. Using p-
benzoquinone (k,3 = 2.5 * 10° M~ ! s~ 1, (Mvula and Von Sonntag,
2003)) as a proxy, these should be slightly more reactive towards
ozone than the parent methoxybenzene ring (~3 x 10> M~ s},

Hoigné and Bader, 1983). With the high number of detected isomers

(7) it seems difficult to relate the theoretical findings to the details of

the mass spectra (which are usually very similar (SD).

3.1.3. Tramadol- and venlafaxine N-oxide plus 2 oxygen atoms and loss of 2
hydrogen atoms (TN_309 and VN_323)

The presence of oxidation products with two oxygen atoms added and
two hydrogen atoms substracted was proven by mass spectra revealing
the ESI(+) signal for a molecule with mass 310.1649 Da which agrees to
the elemental composition of C;¢H23NOs Da for TN_309 and the respective
analogues for VN_323 (Table 1, Table 2). The respective product ion spectra
are shown and interpreted in the supplementary materials (SI Table S9 and
$27). These compounds are formed when two oxygen atoms are added and
two hydrogen atoms are lost from the molecule creating a) a carboxylic acid
functional group in one carbon atom or b) a carbonylic function is estab-
lished on one C and a hydroxylic function at another Carbon atom. For
TN_309, only one isomer was detected (TN_309, SI S2.6), while for
VN_323, least 4 isomers were found (VN_323a-d, Table S27) which is due
to the different reactive sites of the two molecules (Fig. 1).

TN_309 and VN_323a,c,d were observed to be products from direct reac-
tion with ozone in quenching experiments (no influence of quenching)
(Table 1 and Table 2). Expected reactions are the transformation of the ar-
omatic ring to a p-benzoquinone (as observed for methoxybenzene, (Zhang
etal., 2016)), but also o-benzoquinone is possible (1 isomer for venlafaxine
N-oxide, 2 for tramadol N-oxide); as shown in Fig. 9. For hydroxyl radical, it
would be possible to form TN_309 and VN_323, from a combination of the
formation of a ketone (either phenyl formate or the aliphatic side chain) in
combination with a hydroxylation reaction (Fig. 8).

3.1.4. Tramadol- and venlafaxine N-oxide plus 3 oxygen atoms (TN_327 and
VN_341)

The presence of oxidation products with three oxygen atoms was
proven by mass spectra revealing the ESI(+) signal for a molecule with
mass 328.1755 Da, which agrees to the elemental composition of
C16H25NOg for TN_327, while the respective data for the venlafaxine ana-
logues are also detected (Table 1, Table 2). The respective product ion spec-
tra are shown and interpreted in the SI (Table S15).

Two isomers were detected for the tramadol derivatives (TN_327a,b, SI
Table S15) and four for the venlafaxine one (VN_341a-d, SI Table S32). All
of these were products from direct reaction with ozone in the quenching ex-
periment. A possible pathway is a hydroxylation reaction (forming a phe-
nol), followed by a Criegee reaction (Fig. 11). Since there are few isomers
(only two in case of TN_327), it is implied that the hydroxylation has a dom-
inating effect on the site of the second attack. Another possibility is a
Criegee reaction resulting in an aldehyde and a carboxylic acid, adding an
additional oxygen atom (Fig. 10, left, (b)).

3.1.5. Tramadol- and venlafaxine N-oxide plus single oxygen atom and loss of
two hydrogen atoms (TN_293 and VN_307)

The presence of oxidation products with one oxygen atom added and
two hydrogens lost was proven by mass spectra revealing the ESI( +) signal
for a molecule with mass 294.1700 Da, which agrees to the elemental com-
position of C14H,3NO,4 for TN_293 while the respective signals for the
venlafaxine analogues were also detected. The respective product ion spec-
tra are shown and interpreted in Fig. 5 (VN_307d) and the supplementary
materials (S2.10) (for TN_293).
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Fig. 4. Product ion spectra of (a) tramadol N-oxide and (b) TN_295a with tentative interpretation Fragment 84 seems to indicate towards a C—C bond breakage that did not
occur in the parent pointing towards a hydroxy group in the suggested position. Most probably this compound is formed via hydroxyl radicals as suggested in Fig. 1. The

details of interpretation of the MS data is given in Table 3a and 3b.

At least five isomers were detected for the tramadol derivative
(TN_293a-e, SI Table S8) and five resulting from venlafaxine derivative
(VN_307a-e, SI Table $23). The five MS? spectra of the a, b, ¢, d, e isomers
of VN_307 are shown in SI Table S23. The exact position of the attached sin-
gle oxygen and loss of 2 hydrogens in the molecule is difficult to propose
from the most abundant fragments as the product ion spectra are very sim-
ilar for all isomers.

(TN_293a, TN_293b and VN_307a, b, c, d) originate from reactions with
hydroxyl radicals while (TN_293c, d, e and VN_307e) from direct reactions

with the ozone molecule. Possible pathways from hydroxyl radical reac-
tions are the formation of phenyl formate (reported by (Zhang et al.,
2016) for methoxybenzene), or alternatively the formation of a carbonyl
(keto or aldehyde function) group at the aliphatic side chain, which
would be a product of a second reaction with HO- (Fig. 8). The formation
of a carbonyl group on the aliphatic side chain does not alter the reactivity
towards ozone, so that further reactions with both HO- and O3 have to be
considered. The phenyl formate moiety should be less ozone-reactive

Table 3b
Table 3a Elemental composition of the fragmentation pattern of Tramadol N-oxide-oxide
Elemental composition of the fragmentation pattern of Tramadol N-Oxide (Fig. 4). (TN_295a) (Fig. 4).
Name Chemical  Theoretical Measured Retention Mass Name Chemical  Theoretical Measured Retention Mass
formula m/z [M + m/z [M + time deviation formula m/z [M + m/z [M + time deviation
H]* H]* (min) (ppm) H]* H]* (min) (ppm)
Tramadol N-oxide ~ Cj6H,sNO; 280.190720 280.1938  4.39 10.99 Tramadol N-oxide ~ Cj6H,sNO5; 280.190720 280.1938  4.39 10.99
Product ion C3HgN 58.0662 18.50 Product ion C3HgN 58.0662 18.50
spectrum of CeHs 77.0381 —6.19 spectrum of CeHs 77.0381 —6.19
tramadol N-oxide = C,H,0 107.0491 —-0.38 tramadol N-oxide = C;H,0 107.0491 -0.38
CgHoO 121.0644 —-3.23 CgHoO 121.0644 -3.23
CgH,0, 135.0465 18.10 CgH;0, 135.0465 18.10
C11H1,0 159.0800 —-2.77 C11H1,0 159.0800 —-2.77
Cy4H,,0 201.1279 2.53 Cy14H;,0 201.1279 2.53
C16H24NO4 262.1827 9.71 C16H24NO4 262.1827 9.71
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Fig. 5. Product ion spectrum of (a) venlafaxine N-oxide and (b) VN_307d with tentative interpretation as example for identification of transformation products.

18000 - TN_295¢
16000 -
14000 -

12000 TN_295g

TN_295d
10000 -

8000 -

Intensity (cps)

TN_295a TN_295e

6000 - TN_295b

4000

2000 - L TN_295f| | TN_205h

TN_295i

0 T T T T T T T T

1.5 2.0 25 3.0 3.5 4.0 45 5.0
Time (min)

Fig. 6. Extracted ion chromatogram (XIC) of C;6H2sNO, (m/z: 296.1856 + 0.0005 Da, TN_295) demonstrating the formation of nine isomers (a-i) of tramadol N-oxide plus
oxygen at 6.3 mg/L ozone.
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Fig. 7. Possible O-insertion reactions at aromatic carbon, which lead to phenols as proposed intermediates.

than the parent methoxybenzene group, and may predominantly react with
hydroxyl radical. Phenyl formate could hydrolyze to phenol (Fig. 8). Prod-
ucts from the direct reaction with ozone remain unexplained. Ozone can
react with aliphatic alcohols through H-abstraction or Os-insertion (into
the C—H bond), but this reaction is 2-3 orders of magnitude slower than
the reaction with methoxybenzene, and thus the yields of reactions with al-
iphatic moieties of the N-oxides could amount to ~0.1-1 % of that of prod-
ucts from the methoxybenzene moiety.

3.1.6. Tramadol- and venlafaxine N-oxide minus CH, (TN_265 and VN_279)

The presence of transformation products with CH, lost, was proven by
mass spectra revealing the ESI(+) signal of 266.1751 Da, which agrees to
the elemental composition of C;5H,3NO3 for TN_265, while the respective
data for the venlafaxine analogues are also detected. The respective product
ion spectra are shown and interpreted in the SI (Tables S5 and S19).

Both TN_265 and VN_279 are formed as single isomers by the loss of a
methylene group from TRA-NOX and VLX-NOX (TN_265, VN_279).

Demethylation seems to be a result of reaction with hydroxyl radical as
observed in the quenching experiment. A possible formation pathway for
the reaction with hydroxyl radical is the initial formation of phenyl formate
(see +0O; —2*H) and the subsequent hydrolysis to the phenol form (Fig. 8).
The resulting phenol should be highly ozone-reactive, and no further reac-
tions with hydroxyl radical should be anticipated. The only other possible
site for demethylation would be the N-oxide moiety, forming the hydroxyl-
amine, but this does not seem reasonable.

3.1.7. Tramadol- and venlafaxine N-oxide plus 3 oxygen and loss of —CH,
(TN_313 and VN_327)

The presence of transformation products with 3 oxygen atoms added
and CH, lost was proven by mass spectra revealing the ESI(+) signal for
a molecule with mass 314.1598 Da which agrees to the elemental composi-
tion of C;5H,3NOg for TN_313 while the respective data for the venlafaxine
analogues are also detected. The respective product ion spectra are shown
and interpreted in the SI (Table S13).

TN_313 (one isomer: SI S2.4) and VN_327 (five isomers: VN_327a-e, SI
Table S29) are formed by the addition of 3 oxygen atoms and loss of a meth-
ylene group in tramadol and venlafaxine N-oxide all of which were prod-
ucts from direct reaction with ozone. This oxidation product should thus
not be a result of hydroxyl radical-initiated CH, loss at the methoxy
group. CH; loss through ozonation might be possible if a methyl ester is cre-
ated by a Criegee reaction, which could then hydrolyze to the carbonic acid
(Fig. 10, left, (b)). The other possibility to form the ester with 3*O is the
Criegee reaction of a phenol, currently shown in Fig. 11, and further

hydrolysis of the ester may lead to the additional loss of CH,. The fragmen-
tation in Table S29 agrees with this explanation, however with the detected
numbers of isomers more detailed considerations are difficult.

3.1.8. Tramadol- and venlafaxine N-oxide plus 3 oxygen atoms and loss of CoH>
(TN_301 and VN_315)

The presence of transformation products with 3 oxygen atoms added
and C,H, lost was proven by mass spectra revealing the ESI(+) signal for
a molecule with mass 302.1598 Da, which agrees with the elemental com-
position of C;4H,3NOg for TN_313 while the respective data for the
venlafaxine analogues are also detected. The product ion spectra are
shown and interpreted in the SI Table S12).

One isomer of the tramadol derivative (TN_301, SI S2.7) and two for
venlafaxine (VN:315a-b, SI Table S26) were detected. TN_301 and
VN_315b resulted from direct reaction with ozone. Carbon loss can be ex-
plained through consecutive Criegee reactions (Fig. 12), or through the
same reaction as +O,, —CoH, but with Criegee reaction resulting in a car-
boxylic acid, adding an extra oxygen (not shown).

3.1.9. Tramadol- and venlafaxine N-oxide plus 2 oxygen atoms and loss of
-C,H, (TN_285 and VN_299)

The presence of transformation products with 2 oxygen atoms added
and C,H, lost was proven by mass spectra revealing the ESI(+) signal for
a molecule with mass 286.1649 Da, which agrees with the elemental com-
position of C;4H,3NOs for TN_385 while the respective data for the
venlafaxine analogues are also detected. The product ion spectra are
shown and interpreted in the supplementary materials (S2.11). Three dif-
ferent isomers were formed from the tramadol derivative and three from
venlafaxine (TN_285a—-c, SI Table S7, VN_299a-c, SI Table S22). All of
these were products from the direct reaction with ozone. The isomers also
appear to be primary products. For more than one carbon atom to leave
the molecule, a primary ring-opening reaction could be followed by a sec-
ondary Criegee reaction at the o,-unsaturated carbonyl, yielding two iso-
mers with this mass difference (Fig. 10).

3.2. Mass spectrometric characterization of ozonation products without
mechanistic explanation

The following products were observed by their mass spectra with and
without fragmentation. Their elemental change and pattern in quenching
experiment are described below. However, their formation cannot be
mechanistically explained or corroborate with the existing literature. None-
theless, some suggestions for the formation of some products are given.
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Fig. 8. Proposed reactions of HO- with different types of aliphatic sites in tramadol-N-oxide. The reaction with C(methoxy) to phenyl formate was based on the corresponding
product that had been observed for anisole in Zhang et al. (2016). Only the reaction with one possible secondary carbon is shown. Possible reactions of venlafaxine-N-oxide
are analogous. A reaction of O3 or HO- with the aromatic ring could happen for any proposed intermediate, and would lead to Os-reactive products.

3.2.1. Common change in elemental composition (tramadol and venlafaxine
derivatives)

3.2.1.1. Addition of three oxygen atoms and loss of single C. Three isomers of a
transformation product of both tramadol and venlafaxine N-oxide were de-
tected. TN_315a—c, m/z: 316.1755 = 0.0005 (SI Table S14) and VN_329a—
¢, m/z: 330.1911 = 0.0005 (SI Table S31). TN_315a was product from di-
rect reaction with ozone, TN_315c from reaction with hydroxyl radical
while TN_315b could not beresolved. However, all isomers of VN_329
were observed to be products from direct reaction with ozone. The loss of
“C” (without H) implies a loss of e.g. a CH, group with addition of hydrogen
to other parts of the molecule. This could occur by reactions with OH radi-
cals e.g., with a double bond, formally adding H,0, and resulting in an al-
cohol. If the demethylation of the methoxy group is relatively slow, then
these products should not be a follow-up product of CH, loss at the methoxy
group. However, if this is formed through the phenyl formate hydrolysis,
the rest of the molecule could react, and CH, loss could occur afterwards.

3.2.1.2. Addition of three oxygen atoms and one methylene group. Six isomers
of TN_299 and three of VN_313 are formed from the parents. The data for
TN_299a-f, m/z: 300.1442 += 0.0005 are presented in SI S2.8), while the
data for VN_313a-c, m/z: 314.1598 = 0.0005 is presented in SI S3.10).
Several isomers (TN_299a,c,d and VN_313c) were observed to originate
from direct reaction with ozone in the quenching experiments (Table 1).
It would require an additional ketone formation (+ O, —H,) in combination
with a + O,, -C,H, transformation. Note that + O, -H, in combination with
a + 0,, -C,H, transformation was observed during ozonation, but no mech-
anism can be proposed by the authors. For an isomer, formed by reactions
with OH radicals, the ketone could be formed on the aliphatic side chain,
combined with the +O,, -CoH, (Figs. 10, 12) transformation through
ozone.

3.2.1.3. Adding one oxygen atom and loss of the CsHg group. In both tramadol-
and venlafaxine- N-oxide lead to formation of four isomers TN_253 and two
VN_267. TN_253a-d, m/z: 254.1387 + 0.0005 is presented in SI Table S4
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Fig. 9. Proposed reactions of O3 with tramadol- and venlafaxine-N-oxide without aromatic ring opening reaction, based on products previously observed for methoxybenzene
(Mvula et al., 2009) and substituted phenols (Ramseier and Gunten, 2009; Tentscher et al., 2018).

and VN_267a-b, m/z: 268.1543 + 0.0005 in SI Table S18). All isomers of
TN_253 and VN_267 were observed to be products from direct reaction
with ozone in quenching experiments.

3.2.2. Changes in elemental composition specific to either tramadol or
venlafaxine

3.2.2.1. Addition of 2 oxygen atoms and loss of C3Hg from tramadol N-oxide.
Two isomers of transformation products were formed (TN_269a-b, m/z:
270.1336 = 0.0005, SI Table S6) by direct reaction with ozone in
quenching experiments. Ozonation can explain a +0O, -C3H, pattern
through two Criegee reactions (Fig. 10), and that seems to be the most real-
istic possibility to loose three carbon atoms. To get from that to + 05, -C3Hg
would require an additional + O, —-H, reaction. This would be possible from
the formation of a ketone on the aliphatic side chain through hydroxyl rad-
ical (Fig. 8), but the quenching experiment data does not seem to support
the involvement of hydroxyl radical. Note that there is an unexplained
+0, —-H, reaction attributed to ozone that could possibly be combined
with the + O, -C3H, pattern. A different possibility would be via a hydro-
quinone: two subsequent Criegee reactions can lead to a maleic acid moi-
ety, which could condensate to maleic anhydride.

10

3.2.2.2. Loss of CoH, from venlafaxine N-oxide. VN_265, m/z: 266.1751 =+
0.0005 (SI Table S17) is formed by direct reaction with ozone.

3.2.2.3. Addition of four oxygen atoms to venlafaxine N-oxide. Forms 7 isomers
of (VN_357a-g, m/z: 358.1860 *+ 0.0005, SI Table S33) by direct reaction
with ozone. The formation of hydroquinone followed by Criegee alkene
cleavage could lead to the formation of this product.

3.2.2.4. Addition of one oxygen atom and loss of CH; from venlafaxine N-oxide.
Results in six isomers of VN_295 (VN_295a—f, m/z: 296.1856 + 0.0005, SI
Table S20) by direct reaction with ozone.

3.2.2.5. Addition of two oxygen atoms and loss of CoH, from venlafaxine N-
oxide. Forms four isomers (VN_297a-d, m/z: 298.1649 =+ 0.0005, SI
Table S21) by direct reaction with ozone except VN_297¢ which is a prod-
uct from a hydroxyl radical reaction.

3.2.2.6. Addition of 3 oxygen atoms and loss of 2 hydrogen atoms from venlafaxine
N-oxide. Forms eight isomers of VN_339 (VN_339a-h, m/z: 340.1755 =
0.0005, SI S3.4). VN_339a, c, d were products from direct reaction with
ozone while VN_339g was formed by reactions with hydroxyl radicals.
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Fig. 10. Proposed Criegee reactions of O3 with venlafaxine N-oxide (Left). Bidentate attack is possible in ipso/ortho (i/0), meta/para (m/p), or ortho/meta (o/m) position rel-
ative to the methoxy group. For the model compound methoxybenzene, the ring-opening product from an i/o-attack was detected (Mvula et al., 2009). The double bonds of
the resulting dialdehydes remain Os-reactive, and a second generation of products is proposed. Esters are proposed to hydrolyze after the reaction, which leads to an addi-
tional loss of CH,. Proposed Criegee reactions of O3 with tramadol N-oxide (Right). Bidentate attack leads to six possible isomers. Connectivity between the first and second

generation of products is not shown.

3.2.3. Results from analyzing effluent wastewater from a poststream ozonation
plant

Effluent wastewater post ozonation was scanned for the described ozon-
ation products by non-target screening. However, none of the described
transformation products could be determined without preconcentration.

This is probably due to the fact that the relative high concentrations of
the parents are distributed to a multitude of transformation products
and a target quantification method would be more adequate. — This
would, however need the pure compounds as calibration and tuning
standards.
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+3*0
TN 327

TN_295

Fig. 11. Criegee mechanism for addition of 3*O. Only one of the possible phenols
(see Fig. 7) is shown, and only one possible isomer of VN_341 and TN_327 is
shown. Hydrolysis of the ester of the shown isomers may lead to the additional
loss of CH,.

3.2.4. Persistence considerations

While the fate of the initial parent compounds (tramadol and
venlafaxine) in classical and advanced wastewater treatment is well
known and the fate of the respective N-oxides in post treatment is known
in principle (Edefell et al., 2021; Kharel et al., 2020; Knopp et al., 2016;
Merel et al., 2017; Zucker et al., 2018), there is still a knowledge gap on
the fate of the described ozonation products of the N-oxides in potential
ozonation post treatment.

4. Conclusions

In the bigger pictures this paper demonstrates that even with focusing
on only two compounds the number of formed ozonation products is high
(30 new compounds). Eight transformation products for tramadol N-oxide
were formed by direct reactions with ozone and three by hydroxyl radicals
while the remaining two were formed by both pathways (Table 1). For
venlafaxine N-oxide ten transformation products by were formed by direct
reactions with ozone, three by reactions with hydroxyl radicals, three trans-
formation products by reaction with ozone and hydroxyls radical (Table 2).
However, the reaction mechanism for one transformation product was not
clear from quenching experiment.

* 13 new (secondary) ozonation products of tramadol and 17 of
venlafaxine as originating from various ozone doses in pure water were
detected and characterized by HPLC-MS/MS with electrospray ionization
ESI(+).

All of these oxidation products were formed from or via tramadol- and
venlafaxine N-oxide

Reaction mechanisms were proposed for the formation of nine transfor-
mation products based on HR-MS data, quenching experiments, number
of isomers and previous literature on compounds having similar func-
tional groups.

This study indicated, that the ozonation of N-oxides of tramadol and
venlafaxine involves complex reactions for the formation of different
transformation products and their isomers.
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Fig. 12. Two consecutive Criegee reactions could account for the formation of
products with +3*0 and —-C,H,.

« The formation of these compounds should be included in the assessment
of ozonation for wastewater treatment.

+ Whether or not the reaction schemes get even more complex in real efflu-
ent wastewater remains to be studied in the future.
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