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Abstract 29 

The oxidation of the two anti-estrogenic pharmaceuticals tamoxifen and toremifene 30 

with ozone in water was investigated concerning kinetics, reaction pathway, and 31 

transformation product formation. For both compounds a high dependency of second 32 

order rate constants and products on pH was determined. In case of full protonation 33 

of the amine (cation) ozone attacks with a second order rate constant of 1.57 x 104 34 

M-1 s-1 for tamoxifen and 4.37 x 103 M-1 s-1 for toremifene. The neutral tertiary amine 35 

has an unexpected high second order rate constant of 3.17 x 108 M-1 s-1 for 36 

tamoxifen and 1.46 x 108 M-1 s-1 for toremifene. For the reaction of ozone and the 37 

tertiary amine only N-oxide formation was observed. pKa values for tamoxifen (9.49 ± 38 

0.22) and toremifene (9.57 ± 0.22) can be reported based on experimental data. 39 

Eight transformation products (TPs) were observed and identified based on MS/MS 40 

spectra or a reference standard. Products observed derived from Criegee reaction 41 

and hydroxylation as well as N-oxide formation. Further TPs from reactions with TAM 42 

products were combinations of N-oxides, Criegee products and hydroxylation 43 

products. Thus, reaction pathways can be derived and primary and secondary TPs 44 

distinguished for the first time. 45 

Keywords: 46 

Dissociation Constants, Ozone, Transformation Products, Reaction Kinetics, 47 

Micropollutants, Tamoxifen, Toremifene 48 
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Introduction 51 

Endocrine disruptive compounds are an important group of micropollutants since they 52 

can have biological effects already at low concentrations1, 2. Indeed, endocrine 53 

effects have been observed in wastewater treatment plant effluents3. Therefore these 54 

are a major pathway for micropollutants to enter surface waters since most of the 55 

micropollutants are not fully degraded in the biological treatment step4. Oxidative 56 

processes offer an effective additional treatment to reduce micropollutant discharge 57 

into surface waters via wastewater treatment plant effluents. Thus, ozone (O3) is 58 

broadly discussed and tested in large scale5-8. Especially in wastewater treatment O3 59 

is largely consumed by organic matter. Hence, it  is often dosed proportional to the 60 

dissolved organic carbon (DOC) content of the wastewater9. Second order rate 61 

constants are an important tool for assessing the degradation efficiency of 62 

micropollutants. Rate constants of > 1 x 103 M-1 s-1 may result in a complete 63 

abatement of pollutants at an ozone dose of 1 g(O3) per g(DOC)10. Another oxidant 64 

formed during ozonation is the hydroxyl radical (•OH), which also contributes to the 65 

degradation of micropollutants that react slowly with O3
11. 66 

Even though ozonation does not result in a mineralization of pollutants, their 67 

biological effect can be removed (e.g., estrogenic activity12). However, some 68 

biological effects may persist such as anti-estrogenic activity, which was reported to 69 

remain partially, even after further biological treatment following ozonation3. 70 

Furthermore, ozonation can also result in formation of toxic transformation and by-71 

products such as N-nitrosodimethylamin (NDMA) and bromate13-17. 72 

Tamoxifen (TAM) and its chlorinated derivate toremifene (TOM) are nonsteroidal 73 

selective anti-estrogenic estrogen receptor modulators, which are the most effective 74 

pharmaceuticals used in therapy to prevent reoccurrence of estrogen receptor-75 

positive breast cancer18. These compounds are not removed by biological treatment 76 

during wastewater treatment and can therefore enter surface waters by wastewater 77 

discharge19-22. The highest reported concentration is 369 ng L-1 of TAM in a 78 

wastewater effluent and up to 212 ng L-1 reported in the river Tyne23 exceeding the 79 

calculated PNEC value of 81 ng L-1. 80 

The possibility to degrade TAM in different (advanced) oxidative processes (e.g., 81 

ozonation or peroxone process)24, 25 and by sunlight26 were previously described in 82 

literature. However, information on rate constants and formation of transformation 83 
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products during ozonation is hardly available. Three TPs for the ozonation of TAM 84 

have been proposed earlier27 and two further TPs were reported recently28, but 85 

without information for validation of reported structures. Another study reported 86 

further TPs with proposed structures, reporting MS/MS spectra for one TP 25. 87 

However, the structures proposed here are very unlikely to be formed in ozone 88 

reactions (e.g. hydroxylation of an alkane moiety). Additionally ozone was applied in 89 

high excess, but no quantification of the ozone exposure was provided. Based on the 90 

reported experimental set up, an investigation of primary TPs was not possible. 91 

Hence, a further investigation of the reaction pathway of ozone and TAM/TOM is 92 

necessary and to further elucidate the structural identity of TPs formed. Especially 93 

since TPs might also have effects on aquatic life6. Toxic effects were investigated 94 

before and after ozonation of TAM at pH 7 with a bioassay based on the 95 

bioluminescence of aliivibrio fischeri showing a decreasing but remaining baseline 96 

toxicity25, as well as for TPs from photo-transformation of TAM, showing also slightly 97 

reduced toxicity compared to TAM26. A recent study also showed that TPs formed 98 

during the ozonation of TAM preserve or amplify the anti-estrogenic effect caused by 99 

TAM in water28. Therefore investigations on formation of TPs as well as reaction 100 

mechanisms are of considerable interest for the ozonation of TAM and TOM.  101 

TAM and TOM reveal two major potential sites of attack, a tertiary amine and an 102 

olefin. Hence, the reactivity and the site of attack by ozone is largely controlled by pH 103 

in analogy to metoprolol10. Due to this pH dependency knowledge of the exact 104 

dissociation constant (pKa) is important29, which was not yet determined for TAM and 105 

TOM.  106 

The aim of this study is the detailed investigation of pH-dependent reaction kinetics, 107 

formation of TPs and degradation pathways during the ozonation of TAM and TOM, 108 

including determination of their pKa values.  109 

Materials and Methods 110 

Chemicals 111 

TAM and TOM were purchased at Alfa Aesar (Karlsruhe). Available metabolites were 112 

4-hydroxy-N-desmethyltamoxifen and 4-hydroxytamoxifen (Cayman Chemical 113 

Company, Middlesex), propiophen-1-one (Alfa Aesar) and TAM-N-oxide (LGC, Ann 114 

Arbor, Michigan). 2-Methyl-2-propanol, or tertiary butanol (TBA), and cinnamic acid 115 

were purchased from Merck (Darmstadt). Phenol and 2-chlorophenol were 116 
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purchased from Sigma-Aldrich (Steinheim). Potassium dihydrogenphosphate and 117 

dipotassium hydrogenphosphate (Merck, Darmstadt) were used for phosphate buffer 118 

preparation, and sodium hydroxide (VWR, Darmstadt), and hydrochloric acid (Fisher 119 

Scientific, Bremen) were used for pH adjustment. Purity of all chemicals was ≥ 98 %. 120 

Ultra-pure water was produced onsite (Purelab Ultra, Elga LabWater, Celle). LC-MS 121 

grade methanol (HiPerSolv CHROMANORM, VWR), water (LiChroSolv), and formic 122 

acid (Suprapur; Merck) were used as eluents for LC-MS measurements.  123 

Ozone solutions were prepared by bubbling ozone-containing gas, produced onsite 124 

with an ozone generator (BMT 802 X, BMT Messtechnik, Berlin; feed gas: O2 6.0, 125 

Linde, Germany), through ultra-pure water at room temperature (O3 concentration ≈ 126 

0.5 – 0.7 mM). In case higher ozone concentrations were needed the solution was 127 

cooled using an ice bath (ozone concentration ≈ 1 – 1.5 mM). The concentration of 128 

the ozone solution was determined using a UV-1650PC UV-visible 129 

spectrophotometer (Shimadzu, Kyoto, Japan) at 258 nm (ε = 2950 M-1 cm-1)30. 130 

Accuracy of spiking the ozone for batch experiments was demonstrated using the 131 

indigo method10 with an accuracy of ± 5%. In all experiments added ozone reacted 132 

until complete ozone consumption. 133 

Potentiometric titration 134 

Dissociation constants (pKa) were determined using a Tiamo titrator system 135 

(Metrohm, Filderstadt), consisting of an automatic stirrer, 800 Dosino automatic 136 

burette, a glass pH-electrode (pH 0-14) and a temperature electrode. The glass 137 

electrode was calibrated using pH 4 and pH 9 buffer solutions (Metrohm). All 138 

solutions used for pKa determination contained 0.15 M KCl to maintain a constant 139 

ionic strength of 0.3 and titrations were performed at ambient temperature (21.1 ± 1.1 140 

°C) under nitrogen atmosphere in parafilm-covered 100-mL beakers. 0.01 M HCl was 141 

used to standardize the titrant NaOH. The second dissociation constant of 0.01 M 142 

phosphoric acid (pKa, 2: 7.2) was determined for validation29, 31 using the first 143 

derivative to be 7.08 ± 0.22, giving a pKa accuracy of ± 0.22. A cosolvent mixture of 144 

equal parts of methanol, dioxane, and acetonitrile (MDM) was implemented due to 145 

the low solubility of TAM and TOM. For the titration 20% (v/v) MDM – water mixtures 146 

were used containing 0.05 mM of the cationic species of both analytes. The 147 

cosolvent dissociation constant (psKa) was determined in triplicates using the second 148 
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derivative and the dissociation constant for water (pKa) was then calculated 149 

according to Völgyi, et al. 32.  150 

Reaction kinetics 151 

Second order rate constants for the neutral species k(M, O3) and the protonated, 152 

cationic species k(MH+, O3)  were determined using competition kinetics33. 100 mmol 153 

TBA was used to dissolve 10 µmol of TAM or TOM in 900 mL ultra-pure water. TBA 154 

was simultaneously used as scavenger for hydroxyl radicals formed during 155 

ozonation. 10 µmol of the competitor was added and phosphate buffer (preparation 156 

modified after Sörensen 34) was added to obtain a 0.5 mM phosphate-buffer 157 

concentration. Solutions of HCl and NaOH were used for final pH adjustment. Finally 158 

the total volume was adjusted to 1 L, yielding a concentration of 10 µM for each 159 

analyte and competitor, and the pH was checked again. Ozone solution was added 160 

using glass syringes (Poulten&Graf, Wertheim) to 100 mL samples to obtain 0, 2, 4, 161 

6, 8, 10, 12.5, 15, and 20 µM concentrations. Experiments were performed at pH 3 – 162 

7 and 11 (TAM), and pH 2 – 7 (TOM) in triplicates at ambient temperatures. Cinnamic 163 

acid (pKa 4.44) was used as competitor for TAM at pH 3 and TOM at pH 2 and 3.5 164 

(k(cinnamic acid, O3) = 5 x 104 M-1 s-1, k(cinnamic acid anion, O3) = 3.8 x 105 M-1 s-165 
1)35. All other second order rate constants were determined using phenol (pKa 9.9) as 166 

competitor (k(phenol, O3) = 1300 M-1 s-1 ± 200 M-1 s-1, k(phenolate anion, O3) = 1.4 x 167 

109 M-1 s-1 ± 0.4 x 109 M-1 s-1)36. After addition of ozone, samples were kept overnight 168 

at ambient conditions (ozone depleted completely) and were then analyzed using a 169 

Kinetex® EVO C18 column (150 x 3.0 mm 5µm, 100 Å; Phenomenex, 170 

Aschaffenburg), a Shimadzu 10A liquid chromatograph equipped with a diode array 171 

detector (Shimadzu, Kyoto), and a methanol / pH 2 water gradient. Recorded 172 

chromatograms at 256 ± 1 nm and 278 ± 1 nm were used for quantification. For 173 

further information on the analytical method see SI 2. 174 

Determination of TPs 175 

The same experimental setup as for the reaction kinetics was used (10 µM 176 

TAM/TOM, 100 mM TBA, and 0.5 mM phosphate buffer), except that no competitor 177 

was added and sample volume was reduced to 10 mL and gastight syringes 178 

(Hamilton, Reno) were implemented for dosing ozone solution. Experiments were 179 

performed at pH 2, 7, and 11. Ozone solution was added to gain final concentrations 180 

of 0, 2, 4, 6, 8, 10, 15, 20, and 30 µM. Samples were analyzed with a Kinetex® C8 181 
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column (50 x 2.1 mm; 5 µm; 100 Å; Phenomenex, Aschaffenburg) using an Agilent 182 

1100 Series LC coupled to an 6120 quadrupole LC/MS (Agilent, Waldbronn) and a 183 

methanol (+0.1 % (v/v) formic acid) / water (+0.1 % (v/v)  formic acid) gradient. 184 

Electrospray ionization was operated at 3 kV and a nebulizer pressure of 30 psig. Dry 185 

gas flow rate was set to 10 L min-1 and heated to 300 °C. For quantitative / semi-186 

quantitative evaluation selected ion mode was used to monitor the ions 270.1, 286.1, 187 

372.1, 388.2, and 404.2 in TAM experiments and 270.1, 286.1, 406.2, 422.2, and 188 

438.1 in TOM experiments, which were beforehand identified using scan mode. For 189 

further information see SI 3.  190 

For MS/MSn measurements samples were diluted 1:1 with methanol, containing 191 

0.1 % (v/v) formic acid, and analyzed with an Amazon Speed Ion Trap MS (Bruker, 192 

Billerica) via direct injection with a 500 µL syringe (Hamilton, Reno) at 7.5 µL min-1 193 

with electrospray ionization (4.5 kV, 10 psi) and 5.7 L min-1, 350 °C dry gas. MS/MS-194 

spectra were recorded using samples ozonated at pH 2 for TP 388 and TP 422, and 195 

samples ozonated at pH 11 for TAM-N-oxide and toremifen-N-oxides. These samples 196 

were checked beforehand by LC-MS measurements to ensure clean MS/MS spectra. 197 

Exact masses were determined using a QExactive Orbitrap MS. Settings and results 198 

are given in SI 3.2.  199 

Results and Discussion 200 

Potentiometric titration 201 

Determined psKa for TAM and TOM are 8.96 ± 0.11 and 9.04 ± 0.10. The pKa was 202 

then calculated using the calibration for acids from determined psKa
 values32, 203 

resulting in pKa values for TAM and TOM of 9.49 ± 0.22 and 9.57 ± 0.22 respectively. 204 

Further information is given in SI 1. The determined dissociation constants show a 205 

significant deviation from the predicted pKa of 8.76 for TAM and TOM 37.  206 

Reaction kinetics 207 

The determined second order rate constants are summarized in Table 1 and pH 208 

dependency is shown in Figure 1. For TOM higher variations of determined second 209 

order rate constants were observed (see SI 2) which have to be considered in data 210 

interpretation. Due to the low solubility in pure water for both compounds high TBA 211 

concentrations (100 mM) during all experiments were applied. This concentration 212 

corresponds to a >1000 fold excess over TAM, TOM and the corresponding 213 

competitor. Even in case the compounds under study and/or the competitors react 214 
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with hydroxyl radicals at diffusion controlled rates the excess of TBA will be sufficient 215 

to scavenge > 95% of hydroxyl radicals (k (OH-radical + TBA) = 4.2-7.6 × 108 M-1 s-1 216 

38). Hence, interferences by hydroxyl radicals can be ruled out.  217 

As expected, the observed second order rate constants increase with pH due to an 218 

increasing fraction of the neutral deprotonated amine. For both compounds the 219 

second order rate constants of the neutral species are in the order of 108 M-1 s-1 220 

which corresponds to the reaction of ozone at the free amine, although second order 221 

rate constants for amines are usually < 107 M-1 s-1 39, 40. The species specific second 222 

order rate constants of TAM and TOM were calculated using a data fitting analysis 223 

based on Equation S3. The same procedure was performed using the 224 

minima/maxima of experimental second order constants to estimate the accuracy of 225 

the regression, stated as error for TAM and TOM in table 1. Second order reaction 226 

rates for TAM were also experimentally determined using 2-chlorophenol and phenol 227 

at pH 11 (see SI 2.1, Table S3). However, due to incomplete recovery in some 228 

experiments (data not shown), rate constants determined at pH 11 have to be 229 

considered with care and were therefore not implemented in the determination of the 230 

species specific rate constant.  231 

The cation (protonated amine) probably reacts with ozone at the olefin moiety. The 232 

TAM cation reacts by a factor of three faster than the TOM cation. This can be 233 

explained by a reduced electron density of the olefin moiety due to the chlorine 234 

substituent in TOM, which is a major factor influencing ozone reaction with olefins41. 235 

The reactivity pKa is defined as the pH where the reactions of ozone with each of the 236 

species present contribute equally to the apparent second order rate constant10. For 237 

TAM and TOM this is the case at pH 5.18 and pH 5.05, respectively. The connectivity 238 

of apparent and species specific second order rate constants and the pH is given in 239 

SI 2, Equation S3-S5. 240 

A good correlation of determined kinetic data with the new determined pKa values 241 

and consistency with a former reported second order rate constant at pH 7.1 24 can 242 

be observed. Based on the structural similarity the species specific second order rate 243 

constants for the neutral species of TAM and TOM can be expected to be similar, 244 

which is confirmed in this study. However, the second rate constants deviate from the 245 

reported species specific second order rate constants of several other tertiary amines 246 

such as trimethylamine (4.1 – 5.1 x 106 M-1 s-1)36, 40, triethylamine (2.1 – 4.1 x 106 M-247 
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1 s-1)40, 42, and the pharmaceutical tramadol (1.0 x 106 M-1 s-1)43, which are two orders 248 

of magnitude lower. However, other amines indeed are reported to have similar 249 

reactivity as TAM and TOM, i.e., dimethylethanolamine (k(O3): 1.1 x 107 M-1 s-1, 250 

pKa: 9.2)44. 3-(dimethyl-aminomethyl)-indole (k(O3): 3.6 x 109 M-1 s-1, pKa: 10.0) is 251 

reported with an even higher species specific second order rate constant than TAM 252 

and TOM44. Although this compound also contains an aromatic moiety that could 253 

react with a similar second order rate constant, the pH dependency of the reaction, 254 

the pKa, and dimethylamine as main product indicate that the tertiary amine and not 255 

the aromatic moiety reacts with ozone 44. Hence, aniline like behavior of 3-(dimethyl-256 

aminomethyl)-indole can be ruled out. Affirmation of the high species specific second 257 

order rate constants was corroborated in this study by good agreement of the 258 

calculated data for TAM and TOM. The good match of the second order rate constant 259 

of TAM with literature data (Figure 1 A) is a further confirmation of our results. 260 

Additional competition kinetic experiments were done using tramadol, as structurally 261 

similar compound. These experiments showed a strong degradation of TAM and only 262 

small degradation of tramadol though no significant degradation of tramadol was 263 

observable at the ozone dosages 1, 2, 3, and 5 µM (see SI, Chapter S5). 264 

Additionally the competition kinetics experiments of TAM vs. tramadol revealed a 265 

very poor linear correlation of the double logarithmic plot for most ozone dosages (1-266 

5 µM) (Figure S10 B), presumably due to the large difference in reaction kinetics. The 267 

slope of the linear regression is 2.47 ± 1.09 (44 %) and barely shows a correlation 268 

(R² = 0.270). Only when the data of the highest two ozone dosages are included (7.5 269 

-10 µM) a suitable correlation can be observed (R² = 0.830) (Figure S10 A). The 270 

competition kinetics experiment has shown that TAM reacts much faster than 271 

tramadol, however, the poor correlation (especially for the part shown in Figure S10 272 

B) barely allows quantitative evaluation of the data (further details cf. SI).  273 

Table 1: Dissociation constants, species specific, and apparent second order rate 274 

constants for the reaction of ozone with of TAM and TOM; (neutral species: k(M, 275 

O3)), cationic species: k(MH+, O3), apparent rate constant at pH 7: k(O3, pH 7), ratio 276 

of k(MH+, O3) / k(M, O3), and reactivity pKa. *Estimated values. 277 

Tamoxifen Toremifen 

pKa 9.49 ± 0.22 9.57 ± 0.22 
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k(M, O3) / M-1 s-1 3.17 x 108 ± 1.19 x 108 1.46 x 108 ± 2.71 x 107 

k(MH+, O3) / M-1 s-1 1.57 x 104 ± 1.63 x 103 4.37 x 103 ± 1.62 x 103 

k(O3, pH 7) / M-1 s-1 1.04 x 106 ± 3.83 x 105 3.75 x 105 ± 2.13 x 104 

k(MH, O3) / k(M, O3) 4.94 x 105 2.99 x 105 

reactivity pKa 5.18 5.05 

 278 

For the reaction of ozone at the olefinic moiety of TAM and TOM (cationic species) 279 

second order rate constants in the same order of magnitude as other micropollutants 280 

containing olefinic groups (103 - 105 M-1 s-1) such as carbamazepine, cephalexin, and 281 

anatoxin-a6, 45-47 were found. For real water treatment (pH 7-8)10 TAM and TOM have 282 

apparent second order rate constants > 103 M-1 s-1 and can thus be considered to be 283 

readily transformed during wastewater ozonation; (k(TAM, app.,O3): 1.04 x 106 M-1 s-284 
1, k(TOM, app.,O3): 3.75 x 105 M-1 s-1, at pH 7).  285 

The reaction kinetics of tertiary amines have a surprisingly large range of second 286 

order reaction rates constants, which cannot be readily explained, yet. This shows 287 

that further research is needed regarding ozone reactions with nitrogen containing 288 

compounds. 289 

Page 11 of 25

ACS Paragon Plus Environment

Environmental Science & Technology



12 

0 2 4 6 8 10 12 14
-10

-8

-6

-4

-2

0

3

4

5

6

7

8

9

reactivity
pKa

A

pH

lo
g

(f
ra

c
ti
o

n
)

lo
g

(k
(O

3 , T
a
m

o
x
ife

n
)

/ M
-1 s

-1))

0 2 4 6 8 10 12 14
-10

-8

-6

-4

-2

0

3

4

5

6

7

8

9

reactivity
pKa

B

pH

lo
g

(f
ra

c
ti
o

n
)

lo
g

(k
(O

3 , T
o

re
m

ife
n

e
)

/ M
-1 s

-1))

290 

Figure 1: Individual Determined and calculated second order rate constants for 291 

ozonation of tamoxifen (A) and toremifene (B). - - [MH+], ▬ ▬ [M], ▬▬ k(O3, 292 

calculated) with error as dotted line in grey, k(O3, determined) with different 293 

competitors: crosses: cinnamic acid, diamonds:  phenol, closed square: second order 294 

rate constants of TAM from 24.  295 

Determination of TPs 296 

In the following, TPs will be denoted according to the observed m/z ratios, if these 297 

were not verified by reference standards. For TAM and TOM two mutual TPs, i.e., TP 298 

270 and TP 286, were determined. Further observed TPs of TAM were TP 388, TP 299 

404, and tamoxifen-N-oxide (TAM-N-oxide) and for TOM TP 422, TP 438, and TP 300 

422-N. The last can be assumed to be toremifene-N-oxide, based on retention time 301 

shifts similar to those found for TAM-N-oxide and MS/MS spectra. Structures of all 302 

TPs are derived from MS/MS spectra and exact masses (see SI 3, Table S5). Based 303 

on the m/z values one TP for the ozonation of TAM was reported in a previous study, 304 

but without information on structural identity28. TP 286 and TP 388 have also been 305 
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reported with the same m/z ratio in another study and three further TPs (TP 106, 306 

TP214, and TP 224). Here other structures were proposed for the common TPs25.  307 

Reaction pathways 308 

Based on the observed transformation products the same reaction pathways can be 309 

assumed for TAM and TOM as shown in Figure 2. The reaction of ozone with the 310 

olefin leads to formation of an intermediate ozonide according to the Criegee 311 

mechanism in water (reaction 1) at pH 2. A subsequent reaction with water (reaction 312 

2) leads to formation of [4-[2-(Dimethylamino)ethoxy]phenyl](phenyl)methanone (TP 313 

270), propiophen-1-one (TP A) for TAM or 3-chloropropiophen-1-one (TP B) for TOM, 314 

and hydrogen peroxide41. TP 270 and TP A are also formed during photo-315 

transformation of TAM, although propiophen-1-one is unstable under oxidative 316 

conditions26 and was not observed in this study. The alkoxybenzene ring is activated 317 

(σP (ethoxy group) = -0.24)48 and can be hydroxylated by ozone (reaction 3). 318 

However, the reaction should be less favored compared to the double bond and the 319 

amine since alkoxybenzenes as anisole (k(O3): 290 M-1 s-1) or 1-phenoxy-2-propanol 320 

(k(O3): 320 M-1 s-1) react slowly with ozone10, 49. Even though the alkoxybenzene ring 321 

of TAM and TOM is hardly activated by the olefinic group (σP (styrene) = -0.07)48 322 

product analysis showed that the Criegee product was formed. This indicates that the 323 

Criegee reaction at the olefinic group is favored over the reaction with the 324 

alkoxybenzene ring of TAM and TOM at pH < 5. For the hydroxylation of the benzene 325 

ring  first a zwitter-ionic ozone adduct is formed, which is probably stabilized at the 326 

ortho-position, followed by either an oxygen transfer (reaction 4) and hydrogen shift 327 

(reaction 5) or re-aromatization by proton cleavage (reaction 6) followed by an 328 

oxygen transfer (reaction 7) and subsequent protonation of the phenolate ion 329 

(reaction 8)49. Since reaction 6 is less observed under acidic conditions, reactions 4 330 

and 5 may be favored. Here a ring opening reaction according to the Criegee 331 

mechanism is also conceivable50, but no corresponding transformation products were 332 

observed. Supposedly stabilization of the cation favors the formation of the 333 

hydroxylation products, TP 388 / TP 422, which are observed during ozonation 334 

experiments.  335 

Reactions of ozone with tertiary amines (reactions 9-12) result in N-Oxide formation40 336 

either by direct electron transfer forming an ozonide radical anion and an amine 337 

radical cation (reaction 9) or by adduct formation (reaction 10) followed by radical 338 
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formation (reaction 11). The retention time of the N-centered radicals and the ozonide 339 

radical located side by side in the solvent cage favors their bimolecular reaction 340 

resulting in the N-oxide (reaction 12)10, 43, 51, 52. The corresponding N-oxides are also 341 

known to be formed as human metabolites that can be reduced back to TAM / TOM 342 

in their interaction with enzymes53. The reactivity pKa indicates that at pH > 5 ozone 343 

mainly reacts with the amine. Hence N-oxide formation is promoted with increasing 344 

pH while the Criegee mechanism and hydroxylation are the major reactions at pH-345 

values ≤ 5. Due to the excess of ozone under typical ozonation conditions further 346 

oxidation of the transformation products is possible. Similar reaction pathways 347 

(reaction 13-16) lead to the secondary TPs (TP 286, TP 404 / 436) (Figure 2). 348 

Products with hydroxylation of the benzene ring and ketone formation were not 349 

observed, since the carbonyl group has a deactivating effect 350 

(σp (benzaldehyde) = 0.43, σm (benzaldehyde) = 0.34, σp (CHO) = 0.42, 351 

σm (CHO) = 0.35)48. TP A and TP B, expected TPs for the ozone-olefin reaction (1, 2; 352 

see Figure 2), were not detected. The confidence of the proposed structure according 353 

to Schymanski et al. are level 1 for TAM-N-oxide and level 2 (b) for TP 270, TP 286, 354 

and TP 422-N. For TP 388, TP 404, TP 422, and TP 438, the position of the hydroxyl 355 

group remains speculative (confidence level 3)54. 356 

357 
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 358 

359 
Figure 2: Reaction pathways for formation of primary TPs of tamoxifen (R1: CH3) and toremifene (R2: CH2Cl) by ozonation and 360 

formation of secondary TPs.  Reactivity pKa at pH 5. Measured TPs highlighted in dotted boxes, intermediates and TPs which have 361 

been hypothesized are marked with #. 362 
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TP 286 was reported as the major formed TP by Ferrando-Climent et al. 2017 25. 363 

Here, the simultaneous cleavage of the olefin and hydroxylation of the benzene ring 364 

is proposed after the formation of the ozonide. However, this pathway of 365 

simultaneous ketone formation at the olefin moiety and hydroxylation of the aromatic 366 

ring is unlikely when compared to known reactions with comparable structures such 367 

as cinnamic acid35. It seems much more likely that at pH 8 ozone attacks the amine 368 

moiety resulting in N-oxide formation as supposed in our study via reactions 9 – 12, 369 

and N-oxide formation has been shown for the ozonation of several micropollutants 370 

containing amine moieties55, 56. We assume that due to their experimental setup 371 

Ferrando-Climent et al. 2017 were not able to detect primary TPs we observed in this 372 

study and therefore they suggested the simultaneous oxidation at two neighboring 373 

moieties as one oxidation process. Additionally the proposed structure for TP 388, a 374 

hydroxylation of the alkane, as also proposed by Ferrando-Climent et al., is unlikely 375 

to be formed in ozonation. However, it was only observed in a combined treatment 376 

using UV and ozone. In this process photolysis of ozone yields highly reactive 377 

hydroxyl radicals which may have formed the structure suggested by Ferrando-378 

Climent et al. for TP 388. However, no MS/MS data have been reported here25. 379 

 (Semi)-quantitative evolution of target compounds and TPs 380 

Quantification via external calibration was performed for TAM, TOM, and TAM-N-381 

oxide. For the other observed TPs no reference standard were accessible and 382 

therefore only semi-quantitative evaluation was performed based on measured peak 383 

area. Degradation of TAM and TOM as well as corresponding product formation in 384 

dependence of the ozone dose is shown in Figure 3. The estimation of the ozone 385 

consumption is shown in SI 4. 386 

Tamoxifen 387 

At pH 2 TAM was completely degraded at an ozone dose of 15 µM. The main TP 388 

formed was TP 270 followed by TP 388. Ozone in excess leads to degradation of 389 

TPs 270 and 388 as well as TP 286 and TP 404 as secondary products. Due to the 390 

linear correlation (Figure S9 A), no dominant interferences can be assumed and 391 

therefore an ozone consumption of 1.3 mol ozone per mol TAM degradation at pH 2 392 

could be determined. During ozonation at pH 7 only 99% of TAM was removed with 393 

an ozone dose of 30 µM maybe due to ozone depletion by subsequent oxidation of 394 

primary TPs. The ozone consumption per mol TAM here is 2 mol O3. TAM-N-oxide is 395 
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formed as main TP with a maximum of 2.19 µM at a dose of 10 µM of ozone, but 396 

oxidized to TP 286 and TP 404 at higher ozone dose. The other primary TPs, TP 270 397 

and TP 388, had maximum peak areas an order of magnitude below those during 398 

ozonation at pH 2. All three primary TPs were almost depleted at the final ozone 399 

dose of 30 µM and TP 286 and TP 404 were continuously formed as secondary 400 

products. The decrease of TP 404 indicates a further transformation process which 401 

could be explained with the activation of the aromatic ring by the hydroxyl group10 402 

(σp (OH) = -0.37) 48. Higher ozone doses might cause abatement of TPs containing 403 

phenolic moieties, but ozone doses applied in this study might have been fully 404 

consumed by the reactions stated in Figure 2. However, further TPs were not 405 

detected using reversed phase liquid chromatography, as products formed due to 406 

ring opening show increased polarity and therefore might have escaped detection. 407 

Hence, minor fractions of the TPs containing the phenolic moiety might indeed have 408 

been further oxidized by ozone at the studied ozone doses. TP 286 seems to be 409 

reacting slowly with ozone, since it was also found after very high ozone dose25. Low 410 

solubility (c(TAM) < 1 µM) at pH 11 does not allow to monitor the TAM degradation, 411 

but TP formation can be observed, as 0.5 µM TAM-N-oxide was formed. No ratio for 412 

the consumption of ozone could be calculated. Nevertheless signals for the further 413 

oxidation of the TAM-N-oxide to TP 286 and TP 404 can be observed, since ozone is 414 

present in excess to the TAM concentration, but these are an order of magnitude 415 

below the signal intensities found at pH 7.  416 

Toremifene 417 

The lower solubility of TOM did not allow to determine the ozone consumption (non-418 

linear correlation, Figure S9 B). Nevertheless one can see that a higher ozone dose 419 

is necessary for the complete abatement of TOM than for TAM at pH 2 (compare 420 

Figures 3 A and D). For TOM, TP formation at pH 2 is similar to the oxidation of TAM. 421 

The same signal intensity was found for TP 270 as during the oxidation of TAM and 422 

as for TP 422. In contrast, TP 438 as secondary TP was found here as well. A larger 423 

difference to the ozonation of TAM can be found at pH 7 since TOM is only degraded 424 

by 65 % even after addition of ozone in excess. The formed N-oxide is further 425 

degraded to secondary TPs and may thus have competed with TOM for ozone. This 426 

effect is less pronounced for TAM since the olefin moiety of TOM is less reactive 427 

towards ozone (see second order rate constants, Table 1). Signal intensity for TP 428 

286 is 3 times higher than for TP 438, but compared to the ozonation of TAM only 429 
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half of the signal intensity was found. At pH 11 the low solubility also inhibits the 430 

investigation of the degradation of TOM and product formation. TP 422-N was the 431 

only TP observed at pH 11, also with low signal intensities compared to pH 2 and 7. 432 

Since N-oxide metabolites are known to be slightly less polar than their parent 433 

compounds55, low solubility has to be considered here as well. Hence, the formation 434 

of TP 422-N might be underestimated. 435 
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Figure 3: Degradation of TAM at pH 2 (A), pH 7 (B), and pH 11 (C) and TOM at pH 2 437 

(D), pH 7 (E), and pH 11 (F) during ozonation and formation of TPs, semiquantititive. 438 

○ - TP 270, □ - TP 286, ◊ - TP 388, ▼ - TP 404, ♦ - TAM, ● - TAM-N-oxide, x - TP 439 
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422, + - TP 438, ▲ - TOM, and ■ - TP 422-N. Initial nominal concentration c0 of 440 

TAM/TOM: 10 µM. 441 

Estimation of risk reduction  442 

Based on pH during ozonation of wastewater (~pH 7-8) mainly N-oxides are formed 443 

from TAM and TOM in wastewater and in general, N-oxides  showed to be persistent 444 

in biological post treatments but can be partially removed by sorption to activated 445 

carbon57. Only under anaerobic conditions in the environment N-oxides can be 446 

transformed back to their parent compounds6, 55, 58, 59. After ozonation though, oxic 447 

conditions are usually maintained during furhter treatment steps. Hence, ozonation 448 

may not be a final barrier for removing TAM and TOM. This emphasizes the 449 

importance to further study the environmental behavior of TAM and TOM and their 450 

TPs.  451 

Concerning toxicity of the TPs, only for TP270 data are available with an EC50 of 452 

0.89 µg L-1 for Ceriodaphnia dubia26. Nevertheless Ferrando-Climent et al. showed 453 

that the effect on vibrio fisheri can still be observed after full degradation of TAM and 454 

simultaneous formation of TP 286 25. The anti-estrogenic activity of TAM was 455 

monitored after ozonation in another study and showed that the anti-estrogenic effect 456 

can be preserved or even be amplified by roughly the factor 2 due to the formation of 457 

TP 270 28. This demonstrates the significance of monitoring toxicity of TPs formed 458 

during oxidative processes, but also the necessity of testing the toxicity with multiple 459 

organism species to allow a comprehensive environmental risk assessment 460 

concerning the success of toxicity removal of micropollutants by ozonation. 461 

Acknowledgement  462 

The authors sincerely thank all students participating in the study, namely A. 463 

Suleimenova, B. Nguyen Quoc, W. Kaziur, L. Orschler, C. Melang, and F. Berg. 464 

Further thank goes to the group of Applied Analytical Chemistry, University Duisburg 465 

Essen, especially to Claudia Lenzen and Prof. Dr. Oliver J. Schmitz. This study was 466 

performed within the Fortschrittskolleg FUTURE WATER and funded by the Ministry 467 

of Innovation, Science and Research North Rhine Westphalia, Germany. 468 

Page 19 of 25

ACS Paragon Plus Environment

Environmental Science & Technology



20 

 

 Supporting information 469 

Additional information on pKa determination (SI 1), Reaction kinetics (SI 2), 470 

transformation products (SI 3), ozone consumption (SI 4), and comparison of the 471 
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