
Oxidative processes - Insights in reaction mechanisms 

gained by high resolution and isotope ratio  

mass spectrometry 

Dissertation 

zur Erlangung des akademischen Grades eines 

Doktors der Naturwissenschaften 

– Dr. rer. nat. –

vorgelegt von 

Sarah Willach 

geboren in Oberhausen 

Institut für Instrumentelle Analytische Chemie 

der 

Universität Duisburg-Essen 

2020 



Diese Dissertation wird über DuEPublico, dem Dokumenten- und Publikationsserver der
Universität Duisburg-Essen, zur Verfügung gestellt und liegt auch als Print-Version vor.

DOI:
URN:

10.17185/duepublico/71987
urn:nbn:de:hbz:464-20200708-112337-1

Alle Rechte vorbehalten.

https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.17185/duepublico/71987
https://nbn-resolving.org/urn:nbn:de:hbz:464-20200708-112337-1


 

Die vorliegende Arbeit wurde im Zeitraum von Januar 2013 bis Juni 2017 im Arbeitskreis 

von Prof. Dr. Torsten C. Schmidt am Institut für Instrumentelle Analytische Chemie der 

Universität Duisburg-Essen durchgeführt. 

 

Tag der Disputation:  26.06.2020 

 

Gutachter:  Prof. Dr. Torsten C. Schmidt 

PD Dr. Thomas B. Hofstetter 

Vorsitzender:  Prof. Dr. Malte Behrens 

  



 

  



Danksagung 

 

v 
 

Danksagung 

Mein besonderer Dank gilt Prof. Dr. Torsten C. Schmidt, der mir die Möglichkeit gab diese 

Arbeit in seiner Arbeitsgruppe durchzuführen. Während der gesamten Zeit habe ich einen 

großen Freiraum genossen, um meine eigenen Ideen einzubringen und durch ihn die 

Rahmenbedingungen erhalten, diese auch umzusetzen zu können. Gleichermaßen stand er 

mir als verlässlicher Ansprechpartner zur Seite, um bei Problemen gemeinsam eine 

zielorientierte Lösungen zu finden. Darüber hinaus danke ich ihm für die einmalige 

Möglichkeit mit meiner Arbeit gleichzeitig in die Welt der oxidativen Prozesse und der 

Isotopenchemie einzutauchen, sowie an verschiedensten Konferenzen beider Fachgebiete 

teilnehmen zu können.  PD Dr. Thomas B. Hofstetter danke ich für die Übernahme des 

Zweitgutachtens sowie die anregenden Diskussionen auf Konferenzen oder im 

Schriftverkehr. 

Ausdrücklich bedanke ich mich bei Prof. Dr. Holger V. Lutze für die unzähligen und sehr 

hilfreichen Diskussion, Anregungen und die stets konstruktive Kritik. Ohne die gemeinsame 

Erörterung von Alternativen beim Auftreten diverser Sackgassen und sein 

unerschütterliches, hoffnungsvolles Gemüt, wäre ich sicherlich das ein oder andere Mal 

verzweifelt. Dank gebührt Jens Terhalle, der im Rahmen seines Research Praktikums 

wertvolle Vorarbeiten für ein Kapitel dieser Arbeit geleistet hat. Außerdem gilt mein Dank 

Katja Löppenberg und Michelle Lüling für ihre ausdauernde Unterstützung der Laborarbeiten.  

Den aktuellen und ehemaligen Mitarbeitern des Lehrstuhls für Instrumentelle Analytische 

Chemie an der Universität Duisburg-Essen danke ich für die große Hilfsbereitschaft 

untereinander, die angenehme Arbeitsatmosphäre und die guten Gespräche beim Essen 

oder beim Kaffee. Insbesondere gebührt ein großes Dankeschön meiner AOP+-Gruppe 

(Alexandra Beermann, Dr. Alexandra Fischbacher, Katharina Hupperich, Prof. Dr. Holger V. 

Lutze, Dr. Florian Metzelder, PD Dr. Uschi Telgheder, Jens Terhalle, Dr. Laura Wiegand und 

Vanessa Wirzberger) für alle hilfreichen, fachlichen Gespräche, die angenehme Atmosphäre 

im Büro und alle gemeinsamen Ausflüge miteinander.  

Ich danke meiner Familie und ganz besonders meinen Eltern, die immer hinter mir stehen, 

für ihre stete Unterstützung und Ermutigung - und besonders dafür, dass sie mir diese 

großartige Ausbildung ermöglicht haben. Ein großer Dank richtet sich nicht zuletzt an meine 

Freunde: insbesondere an meinen unerschütterlichen und immer verlässlichen 

Weggefährten André sowie Nils, Miriam und Farina, die die Höhen und Tiefen dieser Arbeit 

mit mir mitgegangen sind, die immer an mich geglaubt und mich motiviert aber mich auch ab 

und an abgelenkt haben, wenn es nötig war.  



Summary 

 

vi 
 

Summary 

Oxidative and phototransformation processes frequently contribute to micropollutant 

degradation in natural or engineered systems. For the remediation of contaminated sites or 

water treatment processes these may be, e.g., ozone (O3), hydroxyl radicals (•OH), chlorine 

dioxide (ClO2) or UV/vis light if the micropollutants contain one or more chromophores. 

However, the corresponding reaction mechanisms which are important to assess the 

formation of undesired transformation products (TPs) are mostly unknown. Currently, TP 

studies are regularly performed with the analysis by high-resolution mass spectrometry 

(HRMS) which enables the derivation of the TP sum formulas based on the exact masses. 

However, the reactive site and point of attack, respectively, remain mostly unknown. Here, 

compound-specific stable isotope analysis (CSIA) may be a useful tool to enlighten and 

further investigate reactions of micropollutants since degradation processes may reveal 

specific isotopic fractionation, which are related to the site of primary attack. Therefore, this 

study investigates the use of CSIA and HRMS as complementary tools to characterize 

various oxidative and phototransformation processes in order to elucidate the underlying 

reaction mechanisms. The sulfonamide antibiotic sulfamethoxazole (SMX) is chosen as a 

model compound in order to systematically investigate the pH dependent transformation 

caused by the oxidative and phototransformation processes listed above. SMX is a widely 

detected micropollutant in surface, ground- and wastewaters which may occur as neutral or 

anionic specie at typical pH values of water treatment or in natural waters.  

In case of the oxidative processes, O3 in presence and absence of •OH and ClO2, the 

reaction stoichiometry, product formation and reaction mechanisms were systematically 

investigated for reactions with SMX. Two moles of ClO2 and approximately three moles of O3 

were consumed per mole SMX degraded. As revealed by HRMS, the oxidation of SMX with 

O3 and ClO2 leads to six major TPs in both cases. Tentatively formulated TP structures from 

other studies could partly be confirmed by CSIA. However, for one TP, a hydroxylated SMX, 

by HRMS alone it could not be decided whether hydroxylation occurred at the aromatic ring, 

as suggested in literature before, or at the anilinic nitrogen. By additional means of CSIA and 

an analytical standard it was possible to identify sulfamethoxazole hydroxylamine 

unequivocally as one of the TPs of the reaction of SMX with O3 as well as with ClO2. 

H-abstraction and electron transfer at the anilinic nitrogen are suggested as likely initial 

reactions of O3 and ClO2, respectively, leading to its formation. The oxidation of anionic SMX 

with O3 did not show any significant isotopic fractionation whereas the other reactions studied 

resulted in a significant carbon isotope fractionation (e.g., εC(O3) = −2.2 ± 0.1 ‰  and 

εC(O3 + •OH) = −1.2 ± 0.1 ‰). 



Summary 

 

vii 
 

For the investigation of the phototransformation reactions of the two relevant SMX species, 

four different irradiation scenarios were employed, i.e., a low, medium, and high pressure Hg 

lamp as well as simulated sunlight. The observed phototransformation kinetics were faster 

for the neutral than for the anionic SMX species (from 3.4 (LP lamp) up to 6.6 (HP lamp) 

times). Furthermore, four phototransformation products (with m/z 189, 202, 242, and 260) 

were detected by HRMS that have not yet been described for direct photolysis of SMX. 

Isotopic fractionation occurred only if UV-B and UV-A wavelengths prevailed in the emitted 

irradiation and was most pronounced for the neutral species with simulated sunlight 

(εC = −4.8 ± 0.1 ‰). The phototransformation of SMX with UV-C light did not cause 

significant isotopic fractionation. Consequently, it was possible to differentiate sunlight and 

UV-C light induced phototransformation of SMX. Thus, CSIA might be implemented to trace 

back wastewater point sources or to assess natural attenuation of SMX by sunlight 

photolysis. In contrast to the wavelength range, pH-dependent speciation of SMX hardly 

impacted isotopic fractionation. However, regarding phototransformation no further 

comprehensive insights in the underlying reaction mechanisms could be gained by CSIA. 

This is attributed inter alia to the presence of sulfur and nitrogen as reactive sites in SMX and 

the current inability to determine any other but C-isotope values by liquid chromatography 

isotope-ratio mass spectrometry (LC-IRMS). 

Consequently, much simpler model compounds without nitrogen or sulfur-containing 

moieties, i.e. benzene and its methylated and methoxylated analogs, were used in order to 

further systematically characterize the abiotic oxidative processes using O3, 
•OH or ClO2 with 

CSIA. Carbon isotope enrichments factors (εC) were determined for reactions with O3 

(εC = −3.6 ‰ to −4.6 ‰) and •OH (εC = < −1 ‰). The differences in isotope fractionation may 

be used to elucidate the contribution of the reactions with O3 or •OH to the overall 

transformation. Subsequently, apparent kinetic isotope effects (AKIEs) were derived for the 

reaction with O3. This was nontrivial due to challenges in assigning reactive positions in the 

probe compounds for the monodentate attack leading to an O3 adduct. Several options for 

this step are presented and the outcome is compared to quantum chemical characterizations 

of O3 adducts. The data show that a general assignment of reactive positions for reactions of 

O3 with aromatic carbon in ortho, meta or para positions is not feasible and that AKIEs of this 

reaction should be derived on a compound-by-compound basis. 

In conclusion, this work has illustrated the potential added value of CSIA to characterize 

oxidative and phototransformation processes. Simultaneously, it became obvious that the 

chemistry of allegedly simple reactions is not yet fully understood and that further research is 

required to enable us to understand reaction mechanisms and isotopic fractionation on a 

more holistic level. 
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Zusammenfassung 

Oxidative Prozesse - Einblicke in Reaktionsmechanismen durch hochauflösende und 

Isotopenverhältnis-Massenspektrometrie 

Oxidative und Phototransformationsprozesse tragen häufig zum Abbau von 

Mikroverunreinigungen in natürlichen oder technischen Systemen bei. Zur Sanierung 

kontaminierter Stellen oder in Wasseraufbereitungsverfahren werden beispielsweise Ozon 

(O3), Hydroxylradikale (•OH), Chlordioxid (ClO2) oder UV/VIS-Licht eingesetzt. Die zugrunde 

liegenden Reaktionsmechanismen, die für die Beurteilung der Bildung unerwünschter 

Transformationsprodukte (TPs) wichtig sind, sind jedoch größtenteils ungeklärt. Derzeit 

werden TP-Untersuchungen oft mit hochauflösender Massenspektrometrie (HRMS) 

durchgeführt, die die Bestimmung der TP-Summenformeln anhand der exakten Massen 

ermöglicht. Die reaktive Stelle bzw. der Angriffspunkt im Zielmolekül bleiben hierbei jedoch 

größtenteils unbekannt. Hier kann die verbindungsspezifische Isotopenanalytik 

(engl. compound-specific stable isotope analysis, CSIA) ein nützliches Instrument zur 

Aufklärung und weiteren Untersuchung von Reaktionen von Mikroverunreinigungen sein, da 

Abbauprozesse zu spezifischen Isotopenfraktionierungen führen können, die Rückschlüsse 

auf den Ort des Primärangriffs liefern. Daher untersucht diese Studie die Verwendung von 

CSIA und HRMS als komplementäre Instrumente zur Charakterisierung verschiedener 

Transformationsprozesse, um die zugrunde liegenden Reaktionsmechanismen aufzuklären.  

Im ersten Schritt dient das Sulfonamidantibiotikum Sulfamethoxazol (SMX) als 

Modellverbindung, um die pH-abhängige Umwandlung durch die oben aufgeführten 

Transformationsprozesse systematisch zu untersuchen. SMX ist ein weit verbreiteter 

Mikroschadstoff in Oberflächen-, Grund- und Abwässern, der bei typischen pH-Werten der 

Wasseraufbereitung oder in natürlichen Gewässern als neutrale oder anionische Spezies 

auftritt. 

Für die oxidativen Prozesse – O3 in An- und Abwesenheit von •OH sowie ClO2 – mit SMX 

wurden systematisch die Reaktionsstöchiometrie, Produktbildung und 

Reaktionsmechanismen untersucht. Pro Mol abgebautem SMX wurden zwei Mol ClO2 und 

ungefähr drei Mol O3 verbraucht. HRMS Messungen zeigten, dass bei Oxidation von SMX 

mit O3 und ClO2 jeweils sechs Haupt-TPs gebildet werden. Vorläufig formulierte 

TP-Strukturen aus anderen Studien konnten teilweise durch CSIA bestätigt werden. Für ein 

TP, ein hydroxyliertes SMX, konnte jedoch durch HRMS allein nicht geklärt werden, ob eine 

Hydroxylierung am aromatischen Ring, wie in der Literatur zuvor vorgeschlagen, oder am 

anilinischen Stickstoff vorlag. Mit Hilfe von CSIA und einem analytischen Standard konnte 
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Sulfamethoxazolhydroxylamin eindeutig als eines der TPs der Reaktion von SMX mit O3 

sowie mit ClO2 identifiziert werden. Für die Bildung werden die H-Abstraktion und der 

Elektronentransfer am anilinischen Stickstoff als wahrscheinliche Primärreaktionen von O3 

bzw. ClO2 vorgeschlagen. Die Oxidation von anionischem SMX durch O3 zeigte keine 

signifikante Isotopenfraktionierung, während die anderen untersuchten Reaktionen zu einer 

signifikanten Kohlenstoffisotopenfraktionierung (εC) führten (z. B. εC (O3) = –2,2 ± 0,1 ‰ und 

εC (O3 + •OH) = –1,2 ± 0,1 ‰). 

Zur Untersuchung der Phototransformationsreaktionen der beiden relevanten SMX-Spezies 

wurden vier verschiedene Bestrahlungsszenarien verwendet: ein Nieder-, Mittel- und 

Hochdruck-Hg-Strahler sowie simuliertes Sonnenlicht. Die beobachtete 

Phototransformationskinetik war für die neutrale SMX-Spezies schneller als für die 

anionische (Faktor 3,4 (LP-Lampe) bis 6,6 (HP-Lampe)). Darüber hinaus wurden vier, für die 

direkte Photolyse von SMX bisher unbeschriebene, Phototransformationsprodukte (mit 

m/z 189, 202, 242 und 260) durch HRMS nachgewiesen. Eine Isotopenfraktionierung trat nur 

auf, wenn bei der emittierten Strahlung UV-B- und UV-A-Wellenlängen überwogen und war 

für die neutrale Spezies mit simuliertem Sonnenlicht am ausgeprägtesten  

(εC = –4,8 ± 0,1 ‰). Die Phototransformation von SMX mit UV-C-Licht verursachte keine 

signifikante Isotopenfraktionierung. Folglich lässt sich unterscheiden, ob Phototransformation 

von SMX durch Sonnenlicht oder UV-C-Licht induziert wurde. Somit könnte CSIA eingesetzt 

werden, um Abwasserpunktquellen zurückzuverfolgen oder die natürliche Verringerung von 

SMX durch Sonnenlichtphotolyse zu bewerten. Im Gegensatz zum Wellenlängenbereich 

beeinflusste die pH-abhängige Speziation von SMX die Isotopenfraktionierung kaum. In 

Bezug auf die Phototransformation konnte CSIA jedoch keine weiteren umfassenden 

Einblicke in die zugrunde liegenden Reaktionsmechanismen liefern. Dies begründet sich 

unter anderem durch die vorhandenen reaktiven Stellen an Schwefel und Stickstoff in SMX 

und die derzeitige Einschränkung mit der Flüssigchromatographie-Isotopenverhältnis-

Massenspektrometrie nur C-Isotopenwerte bestimmen zu können. 

Um die abiotischen Oxidationsprozesse O3, 
•OH oder ClO2 mit CSIA weiter systematisch zu 

charakterisieren, wurden deshalb viel einfachere, stickstoff- und schwefelfreie 

Modellverbindungen gewählt: Benzol und seine methylierten und methoxylierten Derivate. 

εC-Werte wurden für Reaktionen mit O3 (εC = –3,6 ‰ bis –4,6 ‰) und •OH (εC = <–1 ‰) 

bestimmt. Die Unterschiede in der Isotopenfraktionierung können verwendet werden, um den 

Beitrag der Reaktionen mit O3 oder •OH zum Gesamtabbau aufzuklären. Anschließend 

wurden abgeleitete kinetische Isotopeneffekte (engl. apparent kinetic isotope effects, AKIEs) 

für die Reaktion mit O3 abgeleitet. Dies war nicht trivial, da die reaktiven Positionen der 

Modellverbindung für den einzähnigen Angriff identifiziert werden mussten, an der das 
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O3-Addukt gebildet wird. Es werden verschiedene Varianten für diesen Schritt vorgestellt und 

die Ergebnisse mit quantenchemischen Rechnungen von O3-Addukten verglichen. Die Daten 

zeigen, dass eine allgemeine Zuordnung der reaktiven Positionen für Reaktionen von O3 mit 

aromatischem Kohlenstoff in ortho-, meta- oder para-Positionen nicht möglich ist und dass 

AKIEs dieser Reaktion verbindungsspezifisch abgeleitet werden sollten. 

Zusammenfassend hat diese Arbeit den potenziellen Mehrwert von CSIA zur 

Charakterisierung oxidativer und Phototransformationsprozesse veranschaulicht. Gleichzeitig 

wurde deutlich, dass selbst vermeintlich einfache Reaktionen mechanistisch noch nicht 

vollständig verstanden sind und dass weitere Untersuchungen erforderlich sind, um die 

Reaktionsmechanismen und die Isotopenfraktionierung umfassender zu verstehen. 
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1.1 Oxidative processes in water treatment 

Oxidative processes have become an elementary corner stone of water treatment in the 21st 

century. Originally, oxidative processes were implemented in drinking water treatment chains 

for disinfection in order to supply customers with microbiologically safe drinking water, e.g. to 

decrease the threat of lethal diseases like typhus or cholera. In the further development, 

oxidants such as ozone or chlorine dioxide were also used for oxidation of iron (II), 

manganese (II) or arsenic1-3. Additional important fields of application are color removal and 

taste and odor control4. Nowadays, oxidative processes are also implemented in water 

treatment chains of drinking and wastewater treatment facilities for micropollutant control 

such as pesticides or pharmaceuticals. Common representatives are ozone, chlorine, 

chloramine, chlorine dioxide or UV-treatment. The striking advantages of oxidative processes 

are the combination of disinfection and micropollutant control as well as avoidance of treating 

concentrates or solids as it is the case for membrane filtration or sorption processes using 

activated carbon, respectively. Nevertheless, formation of undesired byproducts, i.e. 

disinfection byproducts (DBPs) or transformation products (TPs), as well as handling of 

partially toxic chemicals are remaining drawbacks of these sophisticated processes2. 

1.1.1 Ozone as oxidative agent 

The generation of ozone for drinking water or wastewater treatment purposes is rather 

simple compared to e.g. chlorine or chlorine dioxide applications because no hazardous or 

toxic chemicals need to be stored on site. Ozone may be generated by electrolysis5 or in the 

plasma of microdischarge columns in a silent discharge process6,7 using dry oxygen ( 2O ) or 

air as feed gas. The latter generation process is most common for commercial ozone 

generators2,8.  

The initial reason for implementation of an ozonation treatment step in drinking water 

treatment processes was disinfection in the beginning of the 20th century. In 1906, the first 

ozonation plant was built at the municipal water works in Nice, France9. At the same time, 

several water treatment plants with ozonation unit were opened in Germany 

(e.g. Hermannstadt, Paderborn or Wiesbaden) which were closed after a couple of years due 

to lower costs of disinfection by chlorination10. Today, the dissemination of ozonation as a 

drinking water treatment step in industrialized countries varies widely. In countries such as 

France and Switzerland ozonation is one of the major steps in drinking water treatment 

whereas in, e.g., the USA or Japan this plays only a minor role2.  
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Every ozonation process in drinking or wastewater treatment will lead to formation of 

hydroxyl radicals  OH  at the same time. However, the resulting OH
 quantity depends on 

the given conditions of the water such as the pH or content of dissolved organic matter 

(DOM)11. One possibility for OH
 formation is the reaction of ozone with hydroxide ions 

 ―OH  (see Scheme 1.1 & 1.2). According to thermokinetic and quantum chemical 

calculations, it is most likely that 3O  and 
―OH  form an adduct (Reaction 1.1) prior the decay 

to a perhydroxyl radical  2HO  and a superoxide anion  2O  (Equilibrium 1.2)12. The 
2HO   

(pKa( 2HO ) = 4.8) is in equilibrium with 
2O  (Equilibrium 1.3)13. In reaction of 

2O  with ozone, 

an ozonide radical anion  3O  is formed (Reaction 1.4)14 which is the OH
 precursor 

(Scheme 1.2).  

4HO

3O OH 2 2HO O 

2H O 

2 3O O

(1.1) (1.2)

(1.3)

+ O
3

(1.4)

 

Scheme 1.1: Reaction of a hydroxide anion with ozone leading to formation of an 
ozonide radical anion12-14. 

The 
3O  is in equilibrium with 2O  and O  in which the forward reaction rate constant is 

significantly slower than the backward reaction (Scheme 1.2, Equilibrium 1.5,  

k5  = 1.9 x 103 s-1, k-5 = 3.5 x 109 M-1 s-1)15. The resulting O  is in equilibrium with its 

conjugated acid, the OH
 (Equilibrium 1.6, pKa  OH  = 11.82,16). In contrast to OH

, only 

O will react with 2O  so that the ultimate products of 
3O  are 2O  and OH 2. 

OH OH 2O O3O

(1.5)

- O
2

+ H
2
O

(1.6)
 

Scheme 1.2: Formation of a hydroxyl radical and hydroxide anion from an ozonide 
radical anion2,15,16. 

The hydroxide ion concentrations under environmental conditions, regularly found at pH 7-8, 

is low and the reaction rate constant of 
3O OH

k 
= 70 M-1 s-1 17 is comparably slow. Thus, the 

reactions depicted in Schemes 1.1 and 1.2 do not lead to significant generation of OH
 fed 

by 
―OH found at typical water treatment conditions and may be neglected. 
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The kind and content of DOM of treated raw waters for drinking water or wastewaters plays a 

major role for OH
 formation during ozonation18. The electrophile 3O  will react with the 

electron-rich aromatic moieties contained in DOM (Scheme 1.3, Reaction 1.7)2,11,19. Several 

possible reaction pathways may lead to formation of an 
3O  and a radical cation in the DOM 

fraction   DOM
 2. The 

3O  will cause OH
 formation (Reactions 1.5 & 1.6). The radical 

cation reacts with water (cf. Norman et al.20) so that the  DOM


 is hydroxylated 

(Reaction 1.8). The remaining carbon centered radical  [DOM OH]  easily reacts with 2O  

so that an additional superoxide is formed (Reaction 1.9). By consumption of one more 3O  

molecule (Reactions 1.4-6) another OH
 will be formed. This particular pathway is called 

propagation11. The OH
 production will not cease when all electron-rich aromatic moieties in 

the DOM are hydroxylated21. The resulting phenols and phenolates will be involved in 

electron transfer to ozone so that further ozonide radical anions and thus significant 

quantities of OH
 are formed22.  

3[DOM] O  [DOM OH][DOM]

3



2[DOM OH] O  
+ O

3

(1.7)

- O

+ H
2
O (OH-)

- H+

(1.8)

+O
2

(1.9)
 

Scheme 1.3: Reaction of DOM with ozone and the initiation of the propagation reaction 
sequence2,11,20,21. 

In order to increase the OH
 yield in an ozone based oxidative process, hydrogen peroxide 

 2 2H O  may be added (Scheme 1.4). This is termed peroxone process - one of the 

“advanced oxidation processes” (AOPs)2,23. The reaction of 3O  with 2 2H O  itself is very slow 

(
3 2 2O H Ok 

 < 0.01 M-1 s-1) contrary to the fast reaction with its anion, 
2HO   

(
3 2O HO

k 
 = 5.5 x 106 M-1 s-1)17. Thus, for generation of OH

 in the peroxone process, only the 

dissociated species is of relevance (Equilibrium 1.10, pKa 2 2H O  = 11.824). Lately, it has 

been shown that the formation of the adduct 
5HO  is very likely (Reaction 1.11). Hereafter, 

5HO  decomposes either into 2O  and OH
 (Reaction 1.13), so that no OH

 are formed, or 

to 
2HO  and 

3O  (Reaction 1.12)16,23 which will lead to OH
 formation (Reactions 1.5-6). 
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2 2H O
2H HO 

5HO
2 3HO O 

3

22 O OH

(1.10)

- H+

+ O
3

(1.11)

~ 50%

(1.12)

~ 50 %(1.13)

 

Scheme 1.4: Relevant reactions in the peroxone process16,17,23 

Ozone is a highly selective oxidative agent. Preferred reactive sites of organic compounds 

are double bonds of olefins, activated aromatic systems, reduced sulfur moieties and 

deprotonated amines2,11. There are several possible primary reactions of ozone with such 

compounds. Regularly observed pathways are shown in Schemes 1.5-8. However, a much 

more detailed and comprehensive description can be found in von Sonntag and von Gunten2. 

The most prominent reaction pathway is the Criegee reaction which is usually found for 

olefins (Scheme 1.5) and is also observed for aromatic compounds (Scheme 1.6, 

Reactions 1.17 & 1.21). The reaction pathway may proceed via a zwitterion as intermediate 

(Reactions 1.14 & 1.15 or 1.17 & 1.21) or as concerted attack (Reaction 1.16). The result of 

any of the aforementioned cases will be an instable ozonide and its stepwise breakdown2,11.  

RR

H H

3O

O

O

O

R R

HH
R C

+

O
-

O

O

R

H H
(1.14) (1.15)

(1.16)

 

Scheme 1.5: Primary reactions of ozone with olefins2,11; “R” may be a placeholder for 
an H-atom or an organic moiety. 

Further common reaction pathways after an adduct formation through electrophilic addition 

(Reaction 1.17) are either its dissociation into a radical cation and 
3O  (Reaction 1.18) or the 

formation of an oxyl radical and 
2O  (Reaction 1.19). Moreover, an oxygen transfer, leading 

to hydroxylation of the compound, and singlet 2O  as product is regularly found as well 

(Reaction 1.20). Additionally, the formation of a radical cation and 
3O  is also feasible via a 

direct outer sphere electron transfer (Reaction 1.22)2,11.  
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3O

1

2O

2O3O

R

H O
-

OO

R

R



 

H O

R



H O
-

R



H

H
O

OO

R

(1.17)

(1.18)

(1.19)

(1.20)

(1.21)

(1.22)

 

Scheme 1.6: Primary reactions of ozone with aromatic compounds2,11; “R” may be a 
placeholder for an H-atom, other organic or inorganic substituents or another 
aromatic moiety. Please note that “R” could also be placed in ortho or meta position 
and it is also possible that there are further substituents located at the aromatic ring 
instead of solely H-atoms. 

Aliphatic and aromatic amines show a high reactivity towards ozone. However, in any case it 

is important that the lone ion pair is readily accessible for the oxidant. In the first step an 

adduct is formed which is exemplarily shown in Reaction 1.23 (Scheme 1.7). This adduct 

shares some of the decomposition pathways similarly to the ozone adducts of the aromatic 

compounds (cf. Scheme 1.6). This includes hydroxylation of the amine and loss of 2O  

(cf. Reaction 1.20) or formation of an amine radical cation and 
3O  (cf. Reaction 1.18). The 

latter reaction might also proceed directly via electron transfer (cf. Reaction 1.22). If aromatic 

amines i.e. anilines react with ozone an insertion reaction is also likely (Scheme 1.7), either 

after adduct formation (Reaction 1.23 & 1.24) or directly (Reaction 1.25)2,25. However, 

besides attack of ozone at the anilinic moiety a reaction at the aromatic ring is also highly 

likely due to the strong activation of the aromatic system by its substituent. A detailed 

description of the above mentioned and further reaction pathways of anilines with ozone can 

be found in Tekle-Röttering et al.25. 



Chapter 1 -  
Introduction 

 

7 
 

NH2

3O

H

H

O
-

OON
+

H OHOON

(1.23) (1.24)

(1.25)
 

Scheme 1.7: One of the common primary reactions of ozone with the anilinic moiety of 
aromatic amines termed as insertion2,25. 

In case of sulfur, only reduced sulfur species show significant reaction rates with ozone. For 

sulfides, disulfides and sulfinic acids the depicted reaction mechanism in Scheme 1.8 

(Reactions 1.26 & 1.27) is the only possible pathway since a 100 % yield of singlet oxygen is 

obtained (Reaction 1.27)26. For thiols the singlet oxygen yield is found around 50 % so that it 

was speculated that additionally to the mechanism shown in Scheme 1.8 another competing 

reaction occurs including an oxygen transfer, as it was suggested for ozonation of bisulfide27. 

However, this needs to be proven in future studies2. Lastly, the reactivity of sulfoxides with 

ozone is slow to insignificant so that such compounds appear to be ozone refractory in water 

treatment2.  

S

R

R

3O O
-

OOS
+

R

R

OS

R

R
1

2O
(1.26) (1.27)

 

Scheme 1.8: Primary reactions of ozone with sulfides, disulfides and sulfinic acids2; 
“R” may be a placeholder for an H-atom or an organic or aromatic moiety. 

Reaction rate constants range between very low to insignificant for compounds without a 

moiety of the abovementioned kind28 so that such compounds are often termed ozone 

refractory2,11. As it has been shown above, the highly reactive and unselective OH
 is 

formed in many ozone related reactions and processes (e.g., Scheme 1.3). The main 

reaction pathway is addition29 - preferably to C—C, C—N or S—O double bonds 

(e.g. Scheme 1.9, Equilibrium 1.28 & Reaction 1.29)2,30,31 except for C—O double bonds 

which are unreactive towards an OH
 attack2. Moreover, electron-rich heteroatoms with lone 

ion pairs such as in amines or sulfides are also highly susceptible to addition reactions. 

Reaction rate constants of OH
 addition reactions are usually found at close to diffusion-

controlled rates2,32. If an addition reaction is kinetically not feasible, a usually slower 

H-abstraction (e.g. Reaction 1.30) or a rather barely found electron transfer reaction may 

take place instead2.  
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CH3

OH

CH3

OH H

OH
CH3



HOH

CH3

/
CH2

(1.28)

(1.30)

(1.29)

 

Scheme 1.9: Addition and H-abstraction reaction of an OH
 attack at toluene33.  

The presence of two different oxidative agents, i.e. ozone and OH
, in the ozonation 

process allows oxidation of a high variety of different compounds. However, if oxidation 

reactions of ozone alone are to be studied it is necessary to scavenge the formed OH
 

adequately. Therefore, scavengers are necessary which show a high reactivity towards OH
 

and are unreactive with ozone. Suitable candidates are tertiary butanol (tert-BuOH) or 

dimethyl sulfoxide (DMSO)2. Methanol fulfills these two requirements as well but leads to 

generation of 
2O  which will additionally consume ozone (Reaction 1.4) and lead to 

formation of further OH
 34, thus should not be used as scavenger in ozone-based systems. 

Nevertheless, methanol may be found as OH
scavenger even in recent literature35 so that 

OH
yields were consequently overestimated. 

Currently, ozone is the best chemical disinfectant in drinking water treatment2,36. Contrary to 

chlorine or chlorine dioxide, ozone is capable of inactivating pathogenic microorganisms 

such as protozoa, e.g. Cryptosporidium parvum oocysts or Giardia spp. under certain water 

treatment conditions36. Exemplarily, to obtain a 3-log reduction of Giardia cysts at 10 °C a CT 

value, i.e. residual concentration of oxidant [mg L-1] multiplied by contact time [min], of 

1.43 mg min L-1 ozone, 23 mg min L-1 chlorine dioxide and even 104 mg min L-1 chlorine 

have to be reached37. Ozone is a highly selective oxidant which is capable of entering the 

microbial cells. Here, it reacts with the nucleic acids of the DNA and RNA. The highest 

reaction rate has been determined for the neutral species of thymine  

(kO3+thymine= 4.2 x 104 M-1 s-1) and the overall reaction rate of ozone with DNA was found at 

kO3+DNA= 4.1 x 102 M-1 s-1 2,38. Contrary to ozone, OH
 are not suitable as disinfection agents 

since their steady state concentration and their selectivity are too low. Consequently, OH
 

have already reacted with outer cell compartments which are easily restored by the 

pathogens before OH
 would be able to find their way to the DNA or RNA to cause 

significant harm to the microorganism.  
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1.1.2 Chlorine dioxide as oxidative agent 

The generation of chlorine dioxide  2ClO  requires somewhat more effort than the 

generation of ozone. Due to the explosive nature of 2ClO , long term storage is undesirable. 

The critical aqueous concentration is > 10 g L-1 and 10 % in the gas phase1. For large-scale 

applications in water treatment 2ClO  is mostly produced by mechanical generators. Here, 

mostly sodium chlorite  2NaClO  is mixed with either gaseous chlorine  2(g)Cl  

(Reaction 1.31), hypochlorous acid  HOCl  (Reaction 1.32) or hydrochloric acid  HCl  

(Reaction 1.33). 2ClO  will be formed in the course of Reactions 1.31-331,37,39. 

2 2(g) 2(g)2NaClO Cl 2ClO 2NaCl    (1.31) 

2 2(g)2NaClO HOCl 2ClO NaCl NaOH     (1.32) 

2 2(g) 25NaClO 4HCl 4ClO 5NaCl 2H O     (1.33) 

The Reactions 1.31-33 represent ideal conditions without any byproduct formation. 

Depending on the efficiency of the generator it may also be possible that unreacted chlorite 

 2ClO  remains in the solution or that chlorate  3ClO  or HOCl  are formed in side 

reactions1,37. Formation of HOCl , free chlorine, may lead to enhanced formation of 

chlorinated DBPs4,40. The elevated presence of chlorite and chlorate may result in 

exceedance of threshold limit values of given regulations, e.g. 0.2 mg L-1 
2ClO  for German41 

or 1 mg L-1 
2ClO  for US drinking water42. Mechanical generators are capable of reaching 

2ClO  production efficiencies of > 90 % with these chlorine based methods described 

above39. However, also a generation method which produces chlorine-free 2ClO solutions is 

known in which 2NaClO  is oxidized by persulfate. The produced 2ClO  is purged into chilled 

ultrapure water and remains stable if the solution is maintained cool and in the dark1. This 

method is mostly known for bench- or pilot-scale applications. Recently, also a patented 

variation of this bench method has become available on the market. Herewith, elevated 

levels of 
2ClO , 

3ClO  or HOCl  are not introduced into the treated water due to the 2ClO  

generation method43. 

Since its first discovery in 1811 it took more than one century until it was possible to 

implement 2ClO  in a drinking water treatment process. The reason for this was the lack of 

commercially available 2NaClO 1,39. In the beginning, 2ClO  was used as substitute for 
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chlorine for disinfection of phenol containing waters. Large excess of chlorine would be 

necessary in order to avoid the undesired chlorophenol formation44. In case of 2ClO  much 

lower doses could be applied and olfactory or gustatory flaws of the treated water were 

avoided45,46. Additionally, it was believed that chlorinated DBPs will not form at all if 2ClO  is 

applied. . However, more recent studies have shown that this assumption cannot be fully 

verified40,45,47. 

Nowadays in Europe, 2ClO  is regularly used for secondary disinfection of finished drinking 

water, i.e., prior to water distribution to the drinking water network to maintain a residual 

disinfection. This is done in order to maintain the water quality and prevent microbial 

recontamination from deficient pipe systems48. In case of a fully functional distribution 

network, it may be even possible to renounce secondary disinfection with chlorine based 

disinfectants and solely keep these options available in case of emergency as, e.g., in the 

Mülheim process2. Contrary to Europe, in the United States of America and Canada 2ClO  is 

often used for preoxidation of raw waters for drinking water treatment1,37,49. 

As it has been shown for ozone above, 2ClO  is a highly selective oxidative and electrophilic 

agent, too. As a peculiarity, solely single electron transfer reactions have been proposed in 

literature of 2ClO  with its reactants which is described in the following. High reaction rates 

are observed for phenolates and many of its derivatives48,50, anilines51, neutral tertiary 

amines52,53, reduced sulfur species such as thiolates54 or some polycyclic aromatic 

compounds55. In general, as it is also observed for the electrophile ozone2, reaction rate 

constants of 2ClO  with weak acids, e.g. phenols or thiols, and weak bases are strongly 

dependent on speciation (e.g. Scheme 1.10, Equilibrium 1.34) and thus on surrounding pH 

conditions48,54. Depending on the substituents of the phenolates, the reaction rate constants 

with 2ClO  are between five (4-acetylphenol) and up to nine orders of magnitude 

(2-hydroxyphenol) higher than for the neutral species50. It has been proposed that the 

oxidation of phenolates is initiated by a single electron transfer from the deprotonated oxygen 

of phenolate to 2ClO  so that 
2ClO  and a phenoxy radical are formed (Scheme 1.10, 

Reaction 1.35). The phenoxy radicals may either react with a second 2ClO  thus leading to 

formation of HOCl  and p-benzoquinone or more rarely to o-benzoquinone (Reaction 1.36) 

or the phenoxyl radicals are subjected to irreversible coupling reactions with each other or 

the surrounding substrate (Reaction 1.37)4,40,50.  
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Scheme 1.10: Oxidation of phenolate by chlorine dioxide through electron transfer and 
further oxidation to o- or p-quinones or terminating coupling reaction4,40,48. 

Regarding possible reaction pathways of thiolates, Ison et al.54 proposed that the initial 

oxidation reaction of 2ClO  with cysteine and glutathione is a single electron transfer at the 

deprotonated sulfur group. The resulting thiyl radical will react with another 2ClO  to form an 

adduct. However, depending on the pH different decay reactions of the adduct have been 

proposed. At acidic pH in case of cysteine, sulfinic acid and HOCl  are formed as 

intermediates leading to cysteic acid and Cl as detectable products. At basic pH, the thiyl 

radical reacts with the anionic cysteine species to form cystine and 
2ClO 54. This case 

illustrates the additional gain in information for mechanistic studies of 2ClO reactions if 

additionally to organic product analyses inorganic chlorine species are identified and 

quantified as well. 

In case of amines, the reaction rate constants with 2ClO  decrease from tertiary over 

secondary to very slow and thus mostly negligible reaction rate constants of primary 

amines51,52. In the reaction of one tertiary amine usually 2 moles of 2ClO  are consumed. Hull 

et al.53 proposed that after a reversible single electron transfer from the lone ion pair of the 

nitrogen, 
2ClO  and an aminium radical cation are formed (Scheme 1.11, Equilibrium 1.38). 

By consumption of a second 2ClO , the aminium radical cation is converted to an imine 

(Reaction 1.39)53.  

This reaction pathway may also be applicable for secondary aliphatic amines45. A 

comparable reaction pathway has been proposed by Rosenblatt et al.52 for arylic tertiary 

amines. In this case the moiety R3 (Scheme 1.11) would represent an arylic substituent. 

However, the reaction mechanisms in Scheme 1.11 have not been proven yet, and are 

based on suppositions.  
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Scheme 1.11: Proposed oxidation reaction of chlorine dioxide with aliphatic tertiary 
amines (Reaction 1.35 & 1.36) which may also apply for aliphatic secondary amines45,53. 

Rav-Acha and Blits55 have found strong evidence that oxidation of aromatic hydrocarbons by 

2ClO  is solely possible by single electron transfer and thus only compounds which are prone 

to facile oxidation such as anthracene in contrast to the unreactive fluoranthene may act as 

reaction partners55. This is opposite to oxidation of the same compound class with 2Cl  which 

may react via various mechanisms such as single electron transfer, addition or electrophilic 

substitution55,56. 

The benefits of disinfection with 2ClO  are often compared to those of chlorine. First, 2ClO

does not show such a strong pH dependency for the disinfection efficacy such as chlorine 

(pKa ( HOCl ) = 7.5457) does. In case of chlorine only the non-dissociated species, HOCl , is 

effective. Second, 2ClO  is equally or more efficient against Giardia cysts, as illustrated 

above, and significantly more efficient against Cryptosporidium oocysts than chlorine which 

has only little impact on reduction of protozoa at all37. Another often mentioned point is 

lowered formation of chlorinated DBPs. This is especially true for trihalomethanes1,37. It has 

been shown that treatment of the same drinking water matrix with 2ClO  yielded much less 

total organic halides (TOX) than in case of 2Cl 58,59. The formation of TOX at all, was 

attributed to formation of HOCl  in the reaction of 2ClO  and its reaction with organic material 

later on58.  

On the other hand, some possible disadvantages have to be dealt with, e.g. that production 

costs for chlorine are lower than for 2ClO . For conventional 2ClO  production storage of two 

to three chemicals is necessary in comparison to only one for chlorination. The operator 

needs to be trained more intensely and required mechanical equipment is more 

sophisticated1,37.  

1.1.3 Photooxidation by various light sources 

Besides chemical disinfection and oxidation processes such as ozonation, chlorination or 

chlorine dioxide use described before, photooxidation may be used as a physical treatment 

step, especially in drinking water treatment41,60. For treatment of drinking water low pressure 
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(LP) and medium pressure (MP) Hg lamps are permissible in Germany within a wavelength 

range of 240-290 nm41. LP Hg lamps emit virtually monochromatic light at 253.7 nm. Without 

usage of any filters, MP Hg lamps emit a polychromatic spectrum over the whole UV range 

(200-400 nm) with a generally higher intensity of the broad spectrum compared to LP lamp 

emission and with several intensive peaks within the overall spectrum61. In the USA these 

are also the lamp types typically used in water treatment60.  

The first reported large scale application implementing a photoreactor was opened in 

Marseille (France) in 1910. However, subordinating to technical shortcomings and improper 

UV lamps, the photoreactor had to be closed shortly after its launch. Due to the low costs of 

chlorination and the aforementioned problems, it lasted until 1955 until the first modern 

photoreactors using low-pressure UV lamps were installed in Switzerland and Austria60,62. 

The primary aim of photoreactors in drinking water treatment plants is disinfection of the 

pretreated drinking water. Moreover, UV disinfection is highly effective in inactivation of the 

drinking water critical protozoa Giardia lamblia cysts or Cryptosporidium parvum oocysts60,63. 

Inactivation of microorganisms and thus disinfection is achieved by ultraviolet (UV) radiation 

between 200 and 400 nm62, i.e. UV-A (315-400 nm), UV-B (280-315 nm) and UV-C (200-

280 nm) radiation60,62. Nucleosides and nucleotides, the basic building blocks of RNA and 

DNA absorb UV radiation very well62,64, and the light absorption maximum of DNA was found 

slightly below 260 nm62. Consequently, the virtually monochromatic LP Hg lamp 

(λ = 253.7 nm) as well as the polychromatic MP Hg lamp are highly efficient for inactivation of 

microorganisms60. The absorption of UV light causes structural changes in the genetic 

material and e.g. leads to dimerization of adjacent thymine bases in case of DNA or cross 

links between the DNA strand and a protein. As a result, the microorganisms are incapable 

of replicating60,62.  

As a potential drawback, most microorganisms and viruses are capable of repairing or 

bypassing damages induced by UV-light ― termed as dark and photoreactivation. In 

photoreactivation, the most common mechanism, UV-A light triggers the production of the 

enzyme photolase which splits the thymine dimers again. For dark reactivation no light 

absorption is required. Here, damaged DNA nucleotides (e.g. nucleotide dimers) are 

removed and replaced or a damaged DNA strand is partially resynthesized and replaced62. 

However, dark and photoreactivation may be substantially reduced if MP (Hg) lamps are 

employed rather than LP (Hg) lamps65. This discrepancy may be explained by several 

possible reasons. The polychromatic light of the MP (Hg) lamp may result in increased DNA 

and, maybe even more important, significant protein damage compared to the effect of a 

LP (Hg) lamp66,67. The latter also includes the required repair enzymes for photoreactivation. 
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In order to enable photochemical reactions through direct photolysis by (UV) light it is 

inevitable that the respective molecule absorbs light within this wavelength range. This 

necessity is termed the Grotthus-Draper law or the first law of photochemistry. If no (UV) light 

absorption occurs, no direct photochemical reaction is initiated if this component is exposed 

to the light source62,68. If (UV) light has been absorbed by a molecule, the molecule will 

change from its singlet ground state to an excited singlet state. Thereafter, the molecule may 

return to its ground state either by photon emission (fluorescence) or release of heat (internal 

conversion) followed by further energy release through vibronic relaxation. As a further 

possibility, the excited state may convert by intersystem crossing to another excited triplet 

state and is either followed by vibronic relaxation or emits photons (phosphorescence) in 

order to return to the ground state again. Last but not least, the energy of the molecule in the 

excited state, i.e. excited singlet or triplet state, may also lead to its transformation by 

monomolecular or bimolecular reactions, i.e., a photochemical reaction or 

phototransformation occurs69. The relation of moles of molecule that undergo a 

phototransformation and moles of photons, i.e., einstein, absorbed is termed quantum yield 

(Equation 1.40)62,68.  

moles of molecule transformed [mol]

moles of photons absorbed [einstein]
   (1.40) 

Under environmental conditions phototransformation is induced by sunlight. The available 

wavelengths (λ) range from 800 nm in the near infrared to 290 nm of UV-B radiation. The 

lower limit of 290 nm is given by the UV absorption of the ozone layer in the earth’s 

atmosphere which mostly absorbs radiation of λ < 290 nm. The available energy of one mole 

photons depends on the (UV) light’s wavelength, the shorter the wavelength the higher is the 

energy, e.g. 150 kJ mol-1 (λ = 800 nm) and 414 kJ mol-1 (λ = 290 nm)68. 

To be able to quantitatively compare phototransformation rate constants or judge the 

efficiency of a photoreactor in a water treatment plant it is necessary to determine the fluence 

rate, i.e. how many photons are available per area and time in a given irradiation system 

(Equation 1.41)70,71. For determination of the fluence rate physical or chemical actinometers 

may be employed. Physical actinometers require regular checks and recalibration whereas 

chemical actinometers are highly reproducible but require experience at chemical 

techniques72. Usually, chemical actinometers are used at low optical density for 

characterization of photoreactors in water treatment70 or environmental processes72. 

Depending on the wavelength or wavelength range different well characterized chemical 

actinometers are available. For example, for characterization of LP (Hg) lamps uridine70,72,73 

and for sunlight in aquatic systems either p-nitroacetophenon-pyridine (PNAP/pyr) or 
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p-nitroanisole-pyridine (PNA/pyr)68,74,75 are well-known choices. For determination of fluence 

rates at low optical density of polychromatic irradiation sources such as MP (Hg) lamps 

covering the visible as well as the whole UV-range currently no suitable chemical 

actinometers are available. Here determination could only be obtained by polychromatic 

quantum counters. However, also these do not cover such large wavelength ranges so that 

this approach is in principle possible if several ones are available but the determination is 

laborious and not suitable for daily laboratory use72. 

p,0
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k (chemical actinometer)
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Additionally to disinfection, UV irradiation in water treatment plants or incident sunlight on 

surface waters may cause phototransformation of potentially present micropollutants such as 

pesticides or pharmaceuticals76,77. In order to facilitate phototransformation of micropollutants 

the absorbed light has to be of sufficient energy to promote an excited singlet state or triplet 

state after intersystem crossing. Besides the decay processes above, homolysis, heterolysis 

or photoionization are possible ways for transformation78. Further possible 

phototransformation mechanisms are photoinduced hydrolysis, isomerization, cyclization or 

rearrangement by e.g. photo-Fries, photo-Claisen or Beckmann rearrangement79.  

In general, phototransformation and the underlying mechanisms may differ strongly 

depending on the available (UV) radiation due to the reasons described above79. 

Nevertheless, even if preferable sites for cleavage have been identified for a compound class 

there are still many variations observed in the preferred phototransformation pathways of the 

single compounds if these have individual substituents or additional acidic, zwitterionic or 

basic moieties78,79. 

A further possibility for oxidation in direct photolysis processes is formation of reactive 

oxygen species such as singlet oxygen  1

2O  or 
2O . 

1

2O  is formed if energy is transferred 

from a compound in an excited triplet state to a triplet oxygen  3

2O  whereas 
2O  is 

received if 
3

2O  is subjected to photoelectrontransfer69. Both oxygen species can be 

converted into each other by transfer or abstraction of an electron, respectively69. Since 
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water treatment plants and phototransformation by sunlight will always happen under oxic 

conditions, 1

2O  and 
2O  need to be considered as additionally available powerful oxidants. 

In indirect photolysis, further reactive oxygen species such as OH
 may be formed if DOM 

or nitrate are present78,80. However, indirect photolysis is not part of the presented work so 

that it will not further be tackled in the following.  

1.1.4 Oxidative processes with regard to disinfection by-product formation 

and degradation of micropollutants 

Today, a high number of different oxidative processes for water treatment are known, 

e.g. chlorine, chloramine56, chlorine dioxide1, permanganate81, 3O  alone or as AOP in 

combination with 2 2H O  or UV radiation to increase the formation of OH 2,11 or UV radiation 

alone or in combination with 2 2H O  or 
2

2 8S O 
 to produce OH 82,83 or sulfate radicals84, 

respectively.  

Under certain conditions the chemical oxidation processes have all known DBP formation 

issues. In case of chlorine, trihalomethanes (THMs) or haloacetic acids (HAAs) may be 

formed in reactions with DOM56,85. These DBPs have been potentially linked to, e.g., bladder 

cancer86 asthma, or miscarriages among many other health impacts87. Ozone is capable of 

reducing the DBP quantities such as chlorophenols or bromophenols, THMs or HAAs if it is 

used prior to post-chlorination. Nevertheless, ozone may also increase the formation of 

certain DBPs. The two most prominent ones are bromate and N-nitrosodimethylamine 

(NDMA)2,36. Both have been recognized as potential and suspected human carcinogens, 

respectively. Bromate has been regulated to a provisional guideline drinking water standard 

of 10 µg L-1 88 which is also included in the German drinking water regulation as maximum 

permissible value89. Moreover, in case of NDMA a guideline value was set to 0.1 µg L-1 88 

and additionally a notification level of 10 ng L-1 was assigned by the California Department of 

Public Health90. If chlorine dioxide is used as substitute for chlorine in order to reduce THM 

formation chlorite and chlorate may be formed in exchange1,37. However, it is possible to 

control the DBP formation if the source water has been properly characterized prior to 

chemical oxidation and if the generation process of the chemical oxidant is properly adjusted. 

With regard to micropollutant control, the usually applied oxidant doses in water treatment 

are insufficient to cause full mineralization of the majority of the relevant micropollutants but 

may lead to transformation products instead40,91,92. In general, von Gunten has elaborated 

that there may be three possible outcomes if TPs are formed from micropollutants giving 

illustrative examples93. First and most desirable, the TP loses the biological activity of the 
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parent compound as it was observed for ozonation of antibiotics94,95 or estrogenic 

compounds such as 17α-Ethinylestradiol96. Second, the resulting TP is another (potentially) 

regulated, more toxic compound. A case in point is the chlorination of the antimicrobial 

triclosan which leads to formation of chloroform among other chlorinated TPs97,98. For 

instance, the German drinking water regulation limits the sum of chlorine and bromine 

containing trihalomethanes to 50 µg L-1 89. Third, a toxic or bioactive TP is formed from a low 

biologically active parent compound. Such a case is observed for ozonation of the nontoxic 

metabolite N,N-dimethylsulfamide originating from the fungicide tolylfluanide which leads to 

formation of the genotoxic NDMA99. Consequently, not all micropollutant borne problems in 

drinking and wastewater treatment may be overcome by oxidative processes or are even 

caused by them. 

1.1.5 High-resolution mass spectrometry for identification of 

transformation products  

Today, high-resolution mass spectrometry (HRMS) is a well-established tool in 

environmental analyses for screening and identification of unknown micropollutants100,101 as 

well as their TPs102-105 and rarely, albeit with increasing tendency, for quantification of known 

target analytes105-107. 

High resolving power (R) (20.000 up to 2.000.000 R at full width at half maximum), mass 

resolution accuracy (3-1 ppm) and sensitivity (pico- to femtogram range) are key features of 

HRMS in a typical mass-to-charge-ratio range of 300-400108,109. The most recognized three 

HRMS instrument options differ mainly in regard to the resolving power. These are 

quadrupole time of flight mass spectrometer (qToF; 10.000-60.000 R; 1-5 ppm)102,110,111, 

linear ion trap/orbitrap (LTQ Orbitrap; >450.000 R; < 2 ppm)109,111,112 and Fourier transform 

ion cyclotron resonance mass analyzers (FT-ICR; 2.000.000 R; < 1 ppm)109. Even though 

FT-ICR mass analyzers offer currently the highest available resolving power and mass 

resolution accuracy, they represent also the most cost-intensive option which is the reason 

for the increased application of the less expensive LTQ Orbitrap108,109. Gas or liquid 

chromatography (GC, LC) may be coupled to all HRMS options listed above in order to 

separate analytes from each other prior to mass spectrometric analysis106,107. However, 

coupling of fast chromatographic separation is not possible for FT-ICR mass analyzers due 

to the elongated scan times which are required to obtain the extraordinary high resolving 

power113.  Generally, LC separation dominates the field of water analysis by HRMS at the 

moment106,107.  

Generally, by means of HRMS, the exact mass of a TP may be determined so that it is 

possible to derive the most probable sum formulas and, eventually, to formulate tentative TP 
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molecule structures114,115. These structures remain tentative until the probable molecule 

structures have been verified by an analytical standard with regard to retention time and 

fragmentation spectra or other analytical techniques such as nuclear magnetic resonance or 

infrared spectroscopy107,108. 

Despite the remarkable advantages of HRMS, there are also some shortcomings and 

limitations to be faced108. Exemplarily, the occurrence of false negatives, i.e. a compound 

present in the sample is not identified, cannot be excluded easily101,108. Such a case may 

occur if isobaric substances, i.e. substances with the same exact mass, are present in an 

analytical run. These isobaric substances have the same molecular formula and may even 

share a highly similar structure. In the latter case chromatographic separation is hardly 

possible and differentiation of isobaric substances becomes challenging as illustrated by 

Schymanski et al. for triazine-derivative herbicides and their TPs101. Fragmentation 

experiments, i.e. MSn-experiments, represent a possible solution to distinguish some isobaric 

substances100,102,104. Nevertheless, if different collision energies do not lead to specific 

fragmentation products but, e.g., only to CO2 or H2O or highly similar analytes result in similar 

fragmentation spectra, this approach is not expedient108. These circumstances may pose a 

problem in identification of transformation pathways of oxidative processes. Due to the 

potential formation of isobaric TPs, the initial point of attack of the oxidant at the reactive 

site(s) of the detected TPs may often remain ambiguous. The oxidation of the antibiotic 

sulfamethoxazole by various oxidants illustrates this case116. Additionally, several oxidative 

processes may lead to formation of similar TPs which do not necessarily need to be formed 

by the same reaction pathways. In order to investigate the underlying mechanisms or to 

distinguish between several degradation processes compound-specific stable isotope 

analysis (CSIA) has been shown to be a useful proxy117-119 (compare also chapter 2.4 below 

“CSIA: Current fields of application - use and limits”).  
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1.2 Stable Isotope Analysis 

1.2.1 Delta notation and normalization 

Stable isotope ratio measurements are obtained by determining the ratio of the light and the 

heavy isotope of an element. In order to express the stable isotope ratio measurement 

values according to internationally used scales, i.e. the delta scale (δ-scale), it is inevitable to 

use reference materials (Equation 1.42). The δ-scale is usually expressed in per mil [‰], 

i.e. parts per thousands120. 

Where 
heavy

c,refE  is the δ-value of a compound c related to the reference ref, Rc and Rref are 

the ratios of the heavy to light isotope E.  

In case of carbon, the ratios of 13C to 12C are determined. Carbon stable isotope ratio 

measurements are commonly related to the primary reference material, i.e. the international 

standard, Vienna Pee Dee Belemnite (VPDB)120. The δ-value of this marine carbonate is zero 

per definition and its R(13C/12C) is 0.0111802121. To decrease the overall consumption of the 

international standard VPDB, several calibration materials, i.e. primary standards, are 

normalized against the primary reference material120. In order to enable normalization of 

stable isotope values on a wide range several different reference materials have been 

evaluated, normalized against the available calibration materials and are listed by the 

Commission on isotopic abundances and atomic weights (CIAAW)122 or the Joint Research 

Centre of the European Union in Geel, Belgium (JRC)123. A comprehensive list for various 

reference materials for e.g. hydrogen, oxygen, carbon or nitrogen, can also be found in 

Jochmann and Schmidt120. 

In this work three different approaches have been used to normalize the measured stable 

isotope values to the international δ-scale and are listed below. Since these are also the 

most widely applied options in the field of stable isotope analysis (SIA)120 they will be 

described in more detail in the following. There are further possibilities for normalization 

strategies explained by Paul et al.124.  

1. Two-point normalization for the in-house reference material 

2. Normalization versus an in-house reference material during sample analysis 

3. Normalization of the stable isotope value of the analyte vs. a referenced working gas  

   
 

 
 

heavy light heavy light heavy light

c ref cheavy

c,ref heavy light heavy light

ref ref

R E / E R E / E R E / E
E 1

R E / E R E / E


     (1.42) 
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In the first case, two internationally accepted reference materials are required which span 

over a wide range of the δ-scale. Ideally, the two standards are bracketing the investigated 

range of the δ-scale, thus, serving as two anchor points for the linear regression of measured 

versus true, i.e. internationally accepted, δ-values. The true δ-value of the compound  

(
heavy

c,trueE ), e.g. an in-house reference material, is calculated with Equation 1.43. 

Where 
heavy

true ref1E   and 
heavy

true ref 2E   are the internationally accepted and 
heavy

m ref1E   and 

heavy

m ref 2E   are the measured δ-values of the two reference materials, respectively, and 

heavy

c,mE  is the measured δ-values of the compound120,124.  

In the second case, 
heavy

c,trueE  is normalized by a reference material, e.g. an internationally 

accepted reference material or a normalized in-house reference material. The reference 

material should be included in the same analytical run according to the “principle of identical 

treatment”121. The molecular structure and its δ-value should be as close as possible to the 

δ-value of the compound in order to increase accuracy of the normalization. 
heavy

c,trueE  is 

calculated according to Equation 1.44120. 

Where 
heavy

c,mE  and 
heavy

m refE   are the measured δ-values of the compound and the 

reference material, respectively, 
heavy

c,trueE  and 
heavy

true refE   are the internationally 

accepted δ-values of the compound and the reference material, respectively. 

In the third case, a working or reference gas is used for normalization. In this case pulses of 

the working or reference gas are injected in the beginning and/or in the end of each 

analytical run. The calculation of the δ-value of the compound is usually done automatically 

by the IRMS software (Equation 1.45). The working or reference gas has to be normalized 

beforehand with an international reference material120,124. 

  

 
heavy heavy

heavy heavy heavy heavytrue ref1 true ref 2
c,true c,m m ref 2 true ref 2heavy heavy

m ref1 m ref 2

E E
E E E E

E E

 
 

 

 
     

 
 (1.43) 

   heavy heavy

c,m true refheavy

c,true heavy

m ref

E 1 E 1
E 1
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Where 
heavy

c,mE  is the δ-value of the compound and 
heavy

c,trueE  and 
heavy

true refgasE   are the 

internationally accepted δ-values of the compound and the normalized working or reference 

gas, respectively. 

1.2.2 Isotopic fractionation 

In the course of chemical reactions isotopic fractionation may be observed and is mainly 

attributed to two kinds of effects ― first, the mass-dependent isotope effect (MDE) and 

second, the mass-independent isotope effect (MIE)118,125.  

In MDEs the additional neutrons of the heavier isotope influence the atomic motions of the 

involved mass so that this effect originates mostly from different vibrational behavior of light 

and heavy isotopes118,125. Up to now, the kinetic isotope effect (KIE), a MDE, has been 

described very well126. The KIE occurs if a specific bond is broken and the activation energy 

required to reach the rate limiting transition state differs between light and heavy isotopes 

located at the reacting position. In the usual case the light isotope reacts faster than the 

heavier one(s) so that KIE > 1 (Equation 1.46)118.  

light

element heavy

k
KIE

k
  (1.46) 

where KIEelement is the kinetic isotope effect of the element under investigation, e.g. carbon, 

oxygen or nitrogen, lightk and heavyk are the reaction rate constants of the compound 

containing the light and heavy isotope under investigation, respectively. 

As a consequence the reactant is enriched with compounds carrying heavy isotopes at the 

reacting position. This is also termed normal isotope effect. The opposite is called inverse 

isotope effect, i.e. if the heavier isotope reacts faster than the light one so that the reactants 

are enriched in light isotopes118,120. As it has been illustrated by Elsner118, the KIE may be 

differentiated as primary or secondary isotope effect. Primary isotope effects are observed if 

the element under investigation is present in the reacting bond, secondary ones occur if the 

respective element is located next to the reacting bond118,127. 

In case of the MIE, the magnetic MIE, i.e. dependence on nuclear spin selectivity, is 

recognized as one of the most important representatives so far. The magnetic MIE originates 

from different reaction rates of nuclear spins and nuclear magnetic moments and is found 

during reactions of radicals which have been generated during e.g. photolysis or 

radiolysis125,128.  

heavy heavy heavy heavy heavy

c,true c,m true refgas c,m true refgasE E E E E          (1.45) 
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To quantify the isotopic fractionation occurring during a transformation reaction, the bulk 

isotopic enrichment factor bulk

E  of element E is often determined. bulk

E  is given in per mil [‰] 

and may be obtained by the logarithmic form of the Rayleigh equation (Equation 1.47)120,127.  

Where 
0,cR  and 

t ,cR  are the 
heavy lightE / E  ratios and 

t ,cc  and 
0,cc  are the concentrations of 

the compound c at time 0 and time t, respectively, and bulk

E  is the bulk isotope enrichment 

factor of element E. 

bulk

E  represents the isotopic fractionation of all isotopes of element E contained in the 

compound. Thus, if several atoms of element E are contained in the compound but not all 

are located in reactive positions this leads to a “dilution” effect and bulk

E  becomes smaller 

overall127. For instance, bulk

C  for carbon cannot be determined if the compound contains 

more than C10-C14 since dilution by the unreactive carbon atoms will prevail and fractionation 

will not be detectable anymore129.  

In order to determine the apparent kinetic isotope effect (AKIE) for the isotope E in the 

reactive position(s) of a compound without dilution effects of heavy isotopes in unreactive 

positions or intramolecular competition caused by the presence of several heavy and light 

isotopes in not distinct reactive positions Equation 1.48 is to be used127.  

Where n is the number of atoms of the same element, x is the number of atoms in a reactive 

position, z is the number of atoms which are in intramolecular competition with each other 

and 
bulk

E  is the bulk isotope enrichment factor of the respective element E. 

This approach requires apriori knowledge, e.g. of the reactive positions or whether 

intramolecular competition occurs118,130. In general, the AKIE of an elementary reaction 

directly reflects the KIE of a reaction. Nevertheless, transformation reactions of abiotic or 

biotic nature are usually divided in several elementary reaction steps which may be rate-

limiting to a certain extent. As a consequence masking effects may occur if further reactions 

are comprised by the overall AKIE which are less or not isotope sensitive130. Additional 

insights may be achieved by comparison of isotopic data received from experimental and 

computational studies131,132. 

 
 

heavy light heavy
t,c t ,c t ,cbulk

Eheavyheavy light
0,c 0,c0,c

R E / E E 1 c
ln ln

E 1 cR E / E
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1.2.3 Instrumentation (LC-, GC- & EA-IRMS) 

Stable isotope analysis may be performed in three different approaches, i.e. bulk stable 

isotope ratio analysis (BSIA), compound-specific stable isotope analysis or position-specific 

stable isotope analysis133. Since the latter was not part of this work it will not further be 

discussed in the following. 

With the BSIA, e.g. employing an elemental analyzer (EA) (compare Figure 1.1), a bulk 

sample is combusted and the contained compounds are converted to low molecular weight 

gases. Hereafter, these are separated by gas chromatography (GC) so that a consecutive 

determination of several elements is enabled using an isotope ratio mass spectrometer 

(IRMS). It has to be noted that the resulting BSIA values represent the whole sample134. With 

EA-IRMS it is for example possible to determine isotope ratios for hydrogen, carbon, oxygen, 

nitrogen and sulfur which are detected as H2, CO2, CO, N2 or SO2, respectively120,134. 

 

Figure 1.1: Schematic comparison of the setups for bulk stable isotope ratio analysis 
(upper panel) or compound-specific stable isotope analysis (lower panel) (cf. 
Jochmann and Schmidt120 and Elsner et al.135) 

With CSIA, all compounds contained in a sample are first separated by either GC (compare 

Figure 1.1) or liquid chromatography (LC; compare Figures 1.1 and 1.2). Subsequently, the 

separated compounds are oxidized to low molecular weight gases in an interface and the 

different isotopes of one element may be detected with IRMS.  

However, GC-IRMS is only applicable for compounds which may be properly transferred to 

the gas phase. Derivatization has been shown to enable GC-IRMS analysis for a certain 

range of non-volatile compounds136. In case of large molecules or if derivatization of the 

molecule is not possible LC-IRMS may be an alternative. Here, carbon stable isotope values 

are readily determined via CO2. However, if stable isotope values for carbon ought to be 
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determined it is inevitable that no organic solvents are used for compound separation with 

LC since these would significantly interfere with the analyte stable isotope values. 

Consequently, LC-IRMS measurements are only possible for a limited number of compound 

classes for which a purely aqueous phase separation is applicable. If the compound is 

thermostable a high temperature gradient for improved separation may be used as well137. 

Oxidation of the analyte molecules to CO2 in the interface shown in Figure 1.2 is achieved in 

a wet chemical oxidation process by sulfate radicals which are obtained by thermal 

activation, i.e. homolysis, of sodium persulfate at 99.9 °C at acidic pH. After the oxidation 

step, the generated CO2 is separated from the aqueous phase via a gas-permeable 

membrane to the gas phase so that it can be analyzed in the IRMS. Consequently, using 

such an interface, the analytes have to be amenable for oxidation by sulfate radicals 

additionally to the requirements listed above. Recently, a different interface has been 

presented by Federherr et al. which converts the analyte molecules to CO2 by thermal 

combustion138. Moreover, in this setup it was possible to determine nitrogen stable isotope 

values in the same run via N2 for the first time. In order to avoid isobaric interferences of the 

N2 relevant mass-to-charge ratios 28, 29 and 30 with, e.g. intermediary formed carbon 

monoxide, it is necessary to obtain a complete mineralization of the analyte and a complete 

separation of carbon and nitrogen oxidation products138.  

 

Figure 1.2: Schematic setup of a HPLC-IRMS system for detection of carbon stable 
isotope values equipped with a wet chemical oxidation interface (compare LC IsoLink 
from Thermo Scientific, Bremen, Germany).  

The IRMS in the illustrated EA-IRMS, GC-IRMS and LC-IRMS systems in Figures 1.1 

and 1.2 are usually magnetic sector field mass spectrometers equipped with a triple Faraday 

cup detector. Each Faraday cup is set to a fixed mass-to-charge ratio in order to obtain a 

maximum stability for detection. Consequently, in these setups a detection of three different 

mass-to-charge ratios is possible simultaneously, e.g. 44, 45, 46 for CO2 or 28, 29, 30 for 
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N2
139. In order to be able to detect the small variations in isotopic abundances these kinds of 

mass-spectrometers with a precision of usually four to six significant decimals are 

required133. For instance, carbon or nitrogen isotopes, i.e. 13C/12C and 15N/14N, respectively, 

show a relative mass difference of 1.08 (12 u (exactly)/13.003354838(5) u) and 1.07 

(14.0030740074(18) u/15.000108973(12) u), respectively140. Moreover, bearing in mind that 

the natural abundance of the lighter isotope is much higher than the heavier one, 

i.e. 98.89 % for 12C and 99.63 % for 14N, respectively140, it becomes obvious why such a high 

instrumental precision is inevitable in order to detect changes in isotope ratios during 

transformation reactions. 

The IRMS are used in SIA due to the high required precision as described above. 

Nevertheless, the available SIA high precision IRMS devices have a lack in sensitivity 

compared to the standard HRMS so that low environmental concentration ranges which are 

generally detectable with HRMS are hardly amenable for IRMS measurements119. For this 

reason, enrichment techniques have to be employed in many cases if environmental 

samples are to be analyzed. For these cases, solid-phase extraction141,142, purge and 

trap143,144 or solid-phase microextraction145,146 represent feasible solutions. Remaining matrix 

interferences after solid-phase microextraction may substantially be reduced in combination 

with subsequent preparative HPLC141,147. Moreover, the successful use of custom-made 

molecularly imprinted polymers for selective enrichment of the target analyte, 

e.g. 1H-benzotriazole, has been presented lately148. These enrichment techniques are either 

not applicable or have not yet been modified and validated for LC-IRMS so that this remains 

a future goal in order to enable analysis of non-GC compatible compounds. 

1.2.4 CSIA: Current fields of application - use and limits 

In many environmental chemistry studies HRMS is the analytical method of choice since it 

enables determination of concentration changes of a target compound or detection of 

potential transformation products. Complementary to these key features, CSIA is a powerful 

tool to close further analytical gaps which cannot be answered by HRMS alone. With CSIA 

transformation processes in the environment or in batch experiments in the laboratory may 

be tracked118,119,130. Additionally, it may be possible to distinguish dilution, sorption or 

volatilization from transformation effects in the environment. In this case two requirements 

need to be fulfilled: the potentially observed transformation needs to be accompanied by 

isotopic fractionation whereas transport or dilution processes are generally assumed to 

cause minor or even negligible isotope effects119,149. However, one exception has been 

described so far for the transport of petroleum hydrocarbons within a sandy unsaturated 

zone in the ground150. Consequently, the given field prerequisites and their resulting effects 
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for transport on isotopic fractionation have to be known beforehand in order to draw the 

appropriate conclusions. Additionally, the origin of contaminants in the environment may be 

traced and identified by CSIA since industrial synthesis or biogenic processes cause different 

isotopic fractionation processes during their generation in combination with the isotopic 

composition of the precursor material(s) and thus leaving a typical “isotopic fingerprint”119,149.  

Besides the plain distinction between dilution and transformation effects, CSIA may also 

provide valuable hints for identification of certain transformation mechanisms or enable 

distinction between several mechanisms or different oxidation processes. This is possible in 

certain cases because isotope fractionation is specific for each mechanism118. For the 

herbicide isoproturon it was shown that isotopic fractionation differed not only between 

abiotic and biotic hydrolysis but also depending on the respective bacterial or fungal strain 

responsible for biotransformation151. Furthermore, CSIA has allowed valuable insights in the 

formation pathways of N-nitrosodimethylamine152,153, degradation mechanisms of diclofenac 

in the environment and water treatment processes154, oxidation of atrazine induced by the 

abiotic factors OH
, excited triplet states or direct photolysis155. Moreover, several studies 

have illustrated that the pH is a master variable which significantly influences isotopic 

fractionation if the reactant may exist as protonated and deprotonated specie etc., e.g. during 

permanganate or electrochemical oxidation of p-methylaniline and further substituted 

anilines156 or photolysis of chloroanilines157,158. 

Recently, it was stated that the variety of micropollutants in the environment has reached 

such a high level that it is rather impossible to investigate TP formation for every single 

compound and identify each TP potentially formed. Instead, future research should focus on 

functional group behavior and oxidants which may be applied to whole micropollutant classes 

in the next step93. Consequently, this claim does not only apply to HRMS but also to CSIA 

analyses. Permanganate as oxidant has already been systematically studied in detail for 

oxidation of substituted anilines156 or several nitrotoluenes132 whereas CSIA regarding other 

chemical oxidants such as ozone154 have only slightly been tackled or not at all in case of 

chlorine dioxide. To fill this gap with systematic planned studies considering influences of pH 

or different functional groups of a compound class remains a challenging task for the future. 
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In the introduction, compound-specific stable isotope analysis (CSIA) was identified as 

suitable tool for investigation of transformation processes and, eventually, as additional proxy 

for elucidation of underlying reaction mechanisms. The major aim of this work is to explore 

the applicability of CSIA for such purposes in abiotic oxidative processes which have been 

barely investigated in the current literature so far. Figure 2.1 represents a graphical overview 

that illustrates the content of the three major chapters of the presented work.  

In the first approach to this objective, CSIA is complementary used to high-resolution mass 

spectrometry (HRMS). The latter is frequently implemented in investigations of 

transformation products (TPs). To this end, Chapters 3 and 4 deal with the pH dependent 

transformation of the model compound sulfamethoxazole (SMX), a widely detected 

micropollutant in surface, ground- and wastewaters.  

In Chapter 3 typical oxidative water treatment processes are considered using the oxidative 

agents ozone (O3) in absence and presence of hydroxyl radicals (•OH) or chlorine dioxide 

(ClO2). The reaction stoichiometry of the oxidative agents with the neutral and anionic 

species of SMX is systematically investigated. In combination with results from TP analysis 

and CSIA, tentatively formulated TP structures from other studies are evaluated and 

respective reaction mechanisms are successfully derived.  

Complementary, in Chapter 4, four irradiation sources, i.e. a low, medium and high pressure 

Hg lamp and simulated sunlight are applied for transformation of SMX. These irradiation 

sources emit wavelengths present in natural or engineered systems. Observed 

phototransformation kinetics are determined and complemented by HRMS and CSIA 

measurements. 

The results of Chapter 4 have pointed out that SMX itself is too complex as a model 

compound. Consequently, much simpler model compounds without nitrogen or sulfur-

containing moieties, i.e. benzene and its methylated and methoxylated derivatives, are used 

in Chapter 5. Here, the abiotic oxidative processes using O3, 
•OH or ClO2 are further 

systematically characterized with CSIA. Exemplarily, the apparent kinetic isotope effect 

(AKIE) for oxidation of the model compounds with O3 ought to be determined which turned 

out to be nontrivial. As a consequence, different approaches for AKIE determination are 

presented and discussed. Additionally, quantum chemical calculations are implemented to 

address this problem more deeply and assess the different approaches.  

Last but not least, an overall conclusion of the obtained results of this work is summarized in 

Chapter 6 and an outlook describing required future studies resulting from the presented 

thesis is given. 
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Figure 2.1: Graphical overview of the major content of this work. The geometric shapes indicate the subject matter, connection and 

intersections of the single chapters. 
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3.1 Abstract 

The sulfonamide antibiotic sulfamethoxazole (SMX) is a widely detected micropollutant in 

surface and groundwaters. Oxidative treatment with e.g. ozone or chlorine dioxide is 

regularly applied for disinfection purposes at the same time exhibiting a high potential for 

removal of micropollutants. Especially for nitrogen containing compounds such as SMX, the 

related reaction mechanisms are largely unknown. In this study, we systematically 

investigated reaction stoichiometry, product formation and reaction mechanisms in reactions 

of SMX with ozone and chlorine dioxide. To this end, the neutral and anionic SMX species, 

which may occur at typical pH-values of water treatment were studied.  Two moles of 

chlorine dioxide and approximately three moles of ozone were consumed per mole SMX 

degraded. Oxidation of SMX with ozone and chlorine dioxide leads in both cases to six major 

transformation products (TPs) as revealed by high-resolution mass spectrometry (HRMS). 

Tentatively formulated TP structures from other studies could partly be confirmed by 

compound-specific stable isotope analysis (CSIA). However, for one TP, a hydroxylated 

SMX, it was not possible by HRMS alone to identify whether hydroxylation occurred at the 

aromatic ring, as suggested in literature before, or at the anilinic nitrogen. By means of CSIA 

and an analytical standard it was possible to identify sulfamethoxazole hydroxylamine 

unequivocally as one of the TPs of the reaction of SMX with ozone as well as with chlorine 

dioxide. H-abstraction and electron transfer at the anilinic nitrogen are suggested as likely 

initial reactions of ozone and chlorine dioxide, respectively, leading to its formation. Oxidation 

of anionic SMX with ozone did not show any significant isotopic fractionation whereas the 

other reactions studied resulted in a significant carbon isotope fractionation.  
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3.2 Introduction 

In recent years, organic micropollutants have been increasingly detected in aquatic 

environments worldwide76,159. In this context the sulfonamide antibiotic sulfamethoxazole 

(SMX) is one important representative. Originally designed for human medicine, today SMX 

is also widely used in veterinary medicine as preventive measure. Common fields of 

application are poultry farming76 or aquacultures160. As a consequence, SMX is frequently 

detected in related surface or groundwaters159,161. Moreover, the elimination of SMX in 

wastewater treatment plants is poor, hence wastewater poses another source of 

contamination of receiving water bodies162-164.  

Surface or groundwaters are common resources for drinking water. One option for removing 

SMX in drinking water treatment is oxidation, which can be achieved e.g. by ozone2,165 or 

chlorine dioxide51,166. Corresponding reaction mechanisms are largely unknown but are 

important to assess formation of undesired products. 

Due to its two pKa-values (1.7 and 5.6) SMX has a cationic, neutral or anionic form 

(Figure 3.1)167. However, under environmental conditions only the latter two species are of 

relevance. The speciation of SMX strongly influences the kinetics of degradation which 

demonstrates the necessity of separate investigation of both relevant species. This is also 

evident from the second-order rate constants of neutral and anionic SMX with ozone are 

4.7 ± 0.9 x 104 M-1 s-1 and 5.7 ± 1.0 x 105 M-1 s-1, respectively165, and with chlorine dioxide 

<100 M-1 s-1 and 7.9 ± 0.9 x 103 M-1 s-1, respectively166. Previous studies have identified the 

aniline moiety of SMX as the main reactive side during oxidation with ozone either 

experimentally165 or computationally168. Additionally, Yu et al.168 computed that a hydrogen 

transfer at the anilinic nitrogen of the neutral SMX is most favorable. However, it remained 

open to which degree the negative charge of the anionic SMX influences the preferences of 

the ozone attack. 

  

Figure 3.1: Speciation of SMX according to the respective pKa-values. SMX+, SMX and 
SMX▬ denote the cationic, neutral and anionic species, respectively (data adapted 
from Boreen et al.167). 

High-resolution mass spectrometry (HRMS) analysis is often used in product studies169,170. 

However, with exact masses, only according sum formulas may be derived. The reactive site 
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and point of attack, respectively, remains mostly unknown. Here, compound-specific stable 

isotope analysis (CSIA) may be a useful tool to enlighten and further investigate reactions of 

micropollutants. The according degradation processes may reveal specific isotopic 

fractionation, which is related to the site of primary attack120,127. In most cases, the lighter 

isotopes (e.g. 12C) at the specific position of attack of a molecule react faster than the heavier 

isotope (e.g. 13C). Consequently, the ratio of 13C to 12C in the remaining reactant fraction 

increases as the reaction proceeds (normal isotope effect). An inverse isotope effect would 

be observed if the heavier isotopes reacted faster. The observed isotope effect varies 

depending on how pronounced the difference between the two reaction rates of the 

according isotopes is120,127. Using CSIA, it is possible to differentiate degradation pathways 

and to identify potential reaction sites as shown for atrazine155 or diclofenac154. Exemplarily, 

in the latter study the authors found evidence that diclofenac is attacked by ozone in 

para-position to the nitrogen at the nonchlorinated aromatic ring which was indicated by 

inverse nitrogen isotope fractionation.  

CSIA is regularly applied for isotopes of hydrogen, carbon, nitrogen or chlorine. Most 

commonly gas chromatography-isotope ratio mass spectrometry (GC-IRMS) is used which 

is, however, limited to volatile or semi-volatile compounds or requires derivatization of the 

analyte120,135. Liquid chromatography coupled to isotope-ratio mass spectrometry (LC-IRMS) 

represents an alternative for polar and non-volatile compounds120,171, which is currently under 

further development138. Few studies have been published up to now dealing with LC-IRMS 

method development for analysis of sulfonamide drugs, inter alia SMX171, or investigation of 

biotic and photolytic degradation of SMX172.  

This study investigates the carbon stable isotope fractionation of SMX to elucidate the 

oxidation of the neutral and the anionic SMX species in reactions with ozone or chlorine 

dioxide at two different pH values (3 and 8). Besides consumption evaluation for SMX 

degradation by ozone (in absence and presence of hydroxyl radical (•OH) scavengers) and 

chlorine dioxide, •OH yields are determined for the reaction of SMX and O3. To our 

knowledge, this is the first time that transformation products (TPs) and carbon stable isotope 

values are determined for the oxidation of SMX with chlorine dioxide. Reaction mechanisms 

were proposed using both, CSIA data and HRMS data for product identification. 
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3.3 Materials and methods 

3.3.1 Chemicals 

All chemicals and solvents were used as received from the according supplier. A complete 

list of all chemicals used can be found in the supporting information in Text S3.1. 

3.3.1.1 Generation of ozone and chlorine dioxide stock solutions 

For preparation of ozone stock solutions, oxygen was used as feed-gas for the ozone 

generator BMT 802X (BMT Messtechnik, Berlin, Germany). The generated ozone gas was 

led into an impinger filled with ultrapure water. The bottle was ice-cooled to enhance the 

ozone solubility. The ozone concentration was determined by spectrophotometrical 

absorption measurements (see subchapter 3.3.3.1 below) of a 1:3-diluted ozone stock 

solution at 258 nm, εO3 = 3200 M-1 cm-1 2. The concentrations of ozone stock solutions were 

in the range of 1.2-1.6 mM O3 (note that during use of the ozone stock solution continuous 

purging with gaseous ozone was assured). 

Chlorine dioxide stock solutions were prepared by mixing of 50 mL of a 0.885 M NaClO2 

solution with 50 mL of a 0.164 M Na2S2O8 solution. Further purification steps were performed 

in reference to a method described by Gates1. The setup is shown and explained in 

Figure S3.1. The resulting concentrations were determined by spectrophotometrical 

absorption measurements of a 1:30-diluted chlorine dioxide stock solution at 359 nm, 

εClO2 = 1200 M-1 cm-1 48. The concentrations of the two chlorine dioxide stock solutions used 

during this study were 14.0 and 18.4 mM ClO2, respectively. 

3.3.2 Sample preparation 

High (790 µM) and low (79 µM) concentrated SMX solutions were directly prepared in 10 mM 

phosphate buffered water either at pH 3 (neutral species prevails) or pH 8 (anionic species 

prevails). This was necessary due to the limited solubility of SMX in water (ca. 2 mM)173. 

Samples were prepared as batch samples each in 20-mL headspace screw cap vials. For a 

detailed overview on sample composition see SI (Table S3.1 and S3.2). Ozone experiments 

were carried out in presence and absence of 150 mM tert-butanol (tert-BuOH) or 183 mM 

dimethyl sulfoxide (DMSO) for scavenging of hydroxyl radicals (•OHs), which can be formed 

in the reaction of ozone2.  In case of ozone experiments in presence of an •OH scavenger, 

the final sample solutions were composed of SMX solutions, varying volumes of ozone stock 

solution and constant concentrations of scavenger stock solution (for a detailed overview see 

Table S3.3 and S3.4). For ozone experiments in absence of an •OH scavenger, the 
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composition was similar to the one described above with the exception that an equivalent 

substitute of ultrapure water was dosed instead of the scavenger stock solution (Table S3.3 

and S3.4). All oxidant dosages were determined in pre-experiments to guarantee that a full 

oxidant consumption was possible while a detectable concentration of SMX remained. 

In •OH scavenging experiments, the concentration of tert-BuOH was adjusted to scavenge at 

least 95 % of •OH and at most 5 % of ozone (see Table S3.5 and explanation Text S3.3). In 

case of DMSO the concentration was sufficient to scavenge a minimum of 99.5 % of the 

formed •OH. DMSO itself also resulted in a consumption of ozone. At the highest ozone 

dosages at pH 3 (neutral species of SMX) 16.6 % and at pH 8 (anionic species) 1.7 % of 

ozone reacted with DMSO. This difference in consumption of ozone by DMSO is due to the 

ten times slower reaction rate constant of ozone with the neutral SMX species compared to 

the anionic SMX species (Table S3.5). The scavenging of ozone by DMSO has to be taken 

into account, when comparing ozone consumption in absence and presence of DMSO. For 

quantification of •OH the DMSO assay is a suitable tool2. In the reaction of DMSO with •OH 

methanesulfinic and methanesulfonic acid are formed174 which can be quantified by ion 

chromatography. The sum of methanesulfinic and methanesulfonic acid reflects 92 % of the 

overall •OH yield31. This condition was considered when calculating the •OH yields. Ozone 

consumption by DMSO in SMX samples prepared from the 790 µM solution at pH 3 was not 

negligible (> 5 %). In order to give a uniform and consistent result, it was decided to correct 

all ozone concentration values, i.e. of high and low initial SMX concentration samples of pH 3 

and pH 8.  (Text S3.4). 

3.3.3 Analytical methods 

3.3.3.1 UV/vis-spectrometry 

For absorption measurements, a UV-1650PC spectrophotometer (Shimadzu, Duisburg, 

Germany) equipped with a quartz cuvette with an optical path length of 1 cm was used.  

3.3.3.2 Quantification of anions by ion chromatography 

The quantification of anions (methanesulfonic acid (MSUS), methanesulfinic acid (MSIS), 

chloride, chlorite and chlorate) was performed with an ion chromatograph 881 Compact IC 

pro – Anion – MCS (Metrohm, Herisau, Switzerland). Calibration standards were freshly 

prepared with equidistant concentrations for every run. The calibration range was chosen 

covering the ion concentrations in the sample. Further details can be found in Text S3.5. For 

identification of chlorate in chlorine dioxide treated samples, the pH 3 SMX sample with the 
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highest applied chlorine dioxide dosage was spiked with 91 µM 𝐶𝑙𝑂3
—

, resulting in an 

increase of the corresponding peak in the chromatogram.  

3.3.3.3 Quantification of SMX by HPLC-DAD 

The concentration of SMX was determined by a HPLC-DAD system of the vp series 

(LC-10AT coupled to the DAD (SPD-M10A) (Shimadzu)). Calibration standards were 

prepared from 99-790 µM SMX or 9.9-79 µM SMX depending on the initial SMX 

concentration of the samples. Further details can be found in Text S3.6. 

3.3.3.4 Isotope-ratio measurements  

Isotope-ratio measurements by high-temperature-liquid chromatography isotope-ratio mass 

spectrometry (HT-LC-IRMS) of SMX were performed according to Kujawinski et al.171 with 

modifications as described in Text S3.7. Briefly, the HTLC system was composed of a binary 

piston pump (Rheos Allegro, Flux Instruments/Thermo Scientific, Bremen, Germany), a HTC 

PAL autosampler (CTC Analytics, Zwingen, Switzerland; supplied by Axel Semrau, 

Sprockhövel, Germany), a HT HPLC 200 column oven (SIM, Oberhausen, Germany), a LC 

IsoLink interface connected to a DeltaV Advantage isotope-ratio mass spectrometer (both: 

Thermo Scientific). Separation was performed on an X-Bridge C18 column (100 x 2.1 mm, 

particle size 3.5 µm) (Waters, Eschborn, Germany) by a temperature gradient. Regularly, 

reference gas pulses of varying amplitudes were used to control linearity and precision 

performance of the IRMS. All samples were measured as triplicates and every third 

measurement was followed by a single measurement of a 390 µM SMX standard. 

Aliquots of the analytical standards of SMX were weighed in tin cups (4 x 6 mm, IVA, 

Analysentechnik, Meerbusch, Germany) and analyzed with an elemental analyzer (vario 

PYRO Cube, Elementar Analysensysteme GmbH, Langenselbold, Germany) coupled to an 

IRMS (IsoPrime100, Isoprime Ltd., Stockport, UK). The reference materials USGS40 

(International atomic energy agency (IAEA), Vienna, Austria; L-glutamic acid, 

δ13C: -26.389 ‰) and USGS41 (IAEA; L-glutamic acid δ13C: +37.626 ‰) were used to 

normalize the working standard acetanilide to the international Vienna Pee Dee Belemnite 

(VPDB) scale120. 

3.3.3.5 Data handling and calculations 

Data from HT-LC-IRMS measurements were processed using by Isodat 2.5 (Thermo 

Scientific). Data from EA-IRMS were treated with IonVantage (Isoprime Ltd.). The carbon 
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isotope enrichment factor εC was calculated using the logarithmic form of the Rayleigh 

equation 3.1120: 
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C ratios and c0

 and ct are the concentrations of SMX at 

time 0 and time t, respectively, εC is the carbon isotope enrichment factor and δ13
C values of 

SMX , are calculated according to equation 3.2: 

   
 

13 12 13 12

13

, 13 12

C / C C / C

C / C

SMX VPDB

SMX VPDB

VPDB

R R
C

R


 
  
 
 

 (3.2) 

Kujawinski et al.171 have shown that δ13
C values of SMX obtained by HT-LC-IRMS are 

concentration independent in the investigated concentration range. The reported δ13
C values 

were normalized to the VPDB scale and all standard deviations refer to a minimum of 

triplicate measurements. Additionally, the δ13
C values of the SMX samples obtained by the 

HT-LC-IRMS were corrected according to the principle of identical treatment as it was 

proposed by Werner and Brand121. Therefore, the EA-IRMS normalized SMX standard was 

measured every third HT-LC-IRMS measurement for correction and normalization of the 

degradation experiment samples.  

3.3.3.6 Transformation product identification 

For the detection of TPs, a high performance liquid chromatograph (Shimadzu) coupled to a 

time-of-flight mass spectrometer (Bruker micrOTOF, Bruker Daltonics, Bremen, Germany) 

with electrospray ionization in negative mode (HPLC-ESI(-)-ToF-MS) was used. In addition, 

fragmentation experiments were carried out employing an esquire6000 ion trap mass 

spectrometer (Bruker Daltonics) coupled to an HPLC system (Shimadzu) for using tandem 

mass spectrometry. Further details can be found in Text S3.8. 
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3.4 Results and Discussion 

3.4.1 Ozone reaction stoichiometry and hydroxyl radical yield 

The reaction stoichiometry is an important means to characterize an oxidation reaction. The 

stoichiometry of the oxidation reaction with ozone (Figure 3.2a and Table 3.1) is mostly 

independent of the SMX species, i.e. neutral or anionic species.  

In the reaction of SMX with ozone, at least three possible reaction pathways may lead to the 

formation of •OH, i.e. via electron transfer at the aromatic ring or at its anilinic nitrogen, 

respectively, inter alia leading to formation of an ozonide radical anion (𝑂3
•—

) or via H-

abstraction at the anilinic nitrogen inter alia forming a hydrotrioxyl radical (𝐻𝑂3
•). The reaction 

of 𝑂3
•—

 with water or the decay of 𝐻𝑂3
• will give rise to •OH (Scheme S3.1, pathways S3.1-3; 

mechanisms are adapted from the reaction of aniline with ozone, which have been described 

by Tekle-Röttering et al.25. Indeed, 40.2 ± 6.7 % and 36.9 ± 0.7 % •OH per mol ozone 

consumed are formed in the reaction of ozone with the neutral and anionic species of SMX, 

respectively (Table 3.1). Similar •OH yields have been reported for the reaction of ozone with 

aniline (34 ± 3.1 %)25.  

 

Figure 3.2: Degraded SMX per oxidant consumed (solely high initial SMX 
concentrations): a) with ozone (pH 3: squares; pH 8: circles) or with ozone in presence 
of 150 mM tert-BuOH as •OH scavenger (pH 3: triangle upward; pH 8: triangle 
downward) and b) chlorine dioxide (pH 3: triangle rightward; pH 8: triangle leftward). 
Concentration (SMXdegraded) denotes the SMX concentration of a reference sample 
minus the residual SMX concentration of the oxidized sample. Error bars represent 
standard deviation of triplicates. All samples were buffered with 10 mM phosphate 
buffer. 

In order to investigate the influence of these intrinsically formed •OH on the overall ozone 

consumption, SMX was additionally oxidized with ozone in presence of the •OH scavenger 

tert-BuOH. However, the consumption of ozone per SMX degraded in absence and presence 



Chapter 3 -  
Reactions of O3, O3/•OH and ClO2 with SMX 

 
40 

 

of tert-BuOH is found in a comparable range (Figure 3.2a, Table 3.1). This is surprising, 

since one would expect a lower consumption of ozone in presence of such high •OH 

concentrations because these react rapidly with SMX (Table S3.5) and, thus, also contribute 

to the oxidation of SMX. However, one explanation is that the •OH initiate the additional 

formation of (N-centered) aminyl radicals (Scheme 3.1) as suggested by Sein et al.175 and 

Tekle-Röttering et al.25. It is assumed that aminyl radicals react with ozone to form nitroxyl 

radicals that themselves consume ozone. The latter reaction may reform the aminyl radical 

resulting in an ozone consuming chain reaction. This extra consumption of ozone 

compensates the additional fraction of SMX, which is degraded by •OH. In comparison, the 

additional ozone consuming effect is even more pronounced in oxidation of diclofenac175 or 

anilines25. Here, the ozone consumption is significantly higher in presence of •OH than in 

their absence. 

 

Scheme 3.1: Proposed reaction scheme of the nitroxyl-aminyl radical chain reaction 
following the postulates of Tekle-Röttering et al.25 and Sein et al.175

 

Due to the carbon stable isotope measurements (discussed below) it was necessary to use 

high initial SMX concentrations. Nevertheless, SMX concentrations in the aquatic 

environment are usually much smaller159. In order to check applicability of the above listed 

concept for lower SMX concentrations, oxidation experiments with ozone and chlorine 

dioxide were carried out using ten times lower initial concentrations of SMX (Table 3.1). The 
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comparison of the ozone consumption obtained with tert-BuOH at high SMX concentration 

and with DMSO at low SMX concentration is possible in this case without restrictions 

(cf. Text S3.3 and S3.4). The results (Table 3.1) show that •OH yields for the oxidation of the 

neutral SMX species are in a comparable range for both starting conditions, whereas the •OH 

yield observed for the anionic SMX species at low initial SMX concentration is somewhat 

higher compared to the high initial SMX concentration. Nevertheless, consumption data 

support the above discussion on aminyl-nitroxyl radical chain reaction. The less SMX is 

available in solution the more ozone is consumed in the aminyl-nitroxyl radical chain reaction 

in the first place until an interrupting reaction occurs. The lower ozone consumption per mole 

SMX at high initial SMX concentrations can be explained by scavenging of aminyl- or 

nitroxyl radicals by SMX itself so that the ozone consuming radical chain reaction is less 

pronounced. Moreover, higher •OH yields were observed at low initial SMX concentration at 

pH 8, further feeding aminyl radicals into the ozone consuming chain reaction. This leads to 

an increased ozone consumption so that even more ozone is necessary to oxidize one SMX 

(3.3 O3/SMX at high and 4.9 O3/SMX at low initial SMX concentrations, respectively) 

(Table 3.1 and Figure S3.2). 
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Table 3.1: Degradation of SMX per consumed oxidant, i.e. ozone in absence or presence of the •OH scavenger tert-BuOH (150 mM) or 
DMSO (10 mM) or chlorine dioxide (left section). •OH yields formed in the reaction of SMX and ozone (right section). Each section shows 
data for the neutral and anionic SMX species at high and low initial SMX concentrations. 

 

SMX degraded [%] per oxidant consumeda, b 

•OH yield per O3 consumed [%]a, c 

O3 (w/o) O3 + tert-BuOH O3 + DMSO ClO2 

ci (SMX) high high low high low high low 

Neutral SMX (pH 3) 36.6 ± 1.1 34.3 ± 1.0 26.0 ± 1.1 50.5 ± 5.0 n.d.f 40.2 ± 1.3d (6.7)e 43.8 ± 2.7d 

Anionic SMX (pH 8) 35.0 ± 2.7 30.1 ± 1.5 20.7 ± 0.6 50.3 ± 3.6 49.8 ± 2.4 36.9 ± 0.7d 43.9 ± 1.7d 

aIn all cases pH was kept constant with phosphate buffer (10 mM).  
bValues are derived from the resulting slopes of oxidant consumed [µM] versus degraded SMX [µM] (see Figure 3.2 for high concentration; data for 
low concentration are not shown). Uncertainties represent the standard deviations of the according slope.  
c•OH yields were determined by the DMSO assay applying 183 mM and 10 mM DMSO, respectively. Values are derived from the resulting slopes 
of ozone consumed [µM] versus •OH yield [µM]. Ozone concentrations were corrected in all cases for consumption by DMSO.  
dUncertainty represents the 95 % confidence limit of the standard deviations of the according slope.  
eUncertainty represents 95 % confidence limit of the standard deviations of the according slope plus an expanded uncertainty (see Text S3.4 for 
further explanation).  
fn.d. = not determined 
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3.4.2 Chlorine dioxide reaction stoichiometry and chlorite and chloride 

yields 

The stoichiometry of the oxidation reaction with chlorine dioxide (Figure 3.2b and Table 3.1) 

is mostly independent of the SMX species, i.e. neutral or anionic species, as it was observed 

for ozone as well. In the oxidation of both SMX species with chlorine dioxide, 50 % SMX are 

degraded per chlorine dioxide consumed, i.e. two moles of ClO2 are necessary to oxidize 

one mole of SMX. This is in accordance with results for phenols40 and different amines53. Hull 

et al.53 and Rav-Acha and Choshen176 proposed that chlorine dioxide tends to react via an 

electron transfer in a first step. During this reaction, the organic molecule is transformed into 

a reactive intermediate, which may rapidly consume another chlorine dioxide molecule (cf. 

Hull et al.53 and Rav-Acha and Choshen176). However, in this latter reaction, hypochlorous 

acid may be formed as a product40,177 which may also react with the substrate (i.e. SMX). 

Comparing the consumption of ozone and chlorine dioxide described above, it can be 

concluded that chlorine dioxide is more selective and thus more efficient in oxidizing SMX, 

regardless of reaction kinetics. 

In the reaction of chlorine dioxide with organic compounds chlorite and chloride are regularly 

formed. At pH 8, 55.5 ± 1.2 % chlorite and 45.3 ± 0.5 % chloride were detected per mole 

chlorine dioxide consumed (Figure S3.3) so that the mass balance of chlorine dioxide is 

readily achieved by these two products. The observed stoichiometry is in accordance to 

chlorite formation during oxidation of phenols by chlorine dioxide where 0.5 moles of chlorite 

are formed per mole chlorine dioxide consumed40. The mechanism how chloride is formed is 

yet unkown. Under acidic conditions at pH 3, 64.1 ± 3.0 % chloride is formed per mole 

chlorine dioxide. However, at this pH, no linear relationship of chlorite formation vs. chlorine 

dioxide consumption was found (Figure S3.4). Moreover, approximately one third of chlorine 

is missing in the chlorine mass balance. Since no major peaks of chlorinated TPs have been 

found (see section 3.4.4) another chlorine species is likely to be formed. Jia et al.178 

suggested that under acidic conditions in presence of phosphate buffers, an acid-catalyzed 

reaction of hypochlorous acid and chlorite is likely to occur (compare reaction 13 in Jia et 

al.178). This reaction leads to the formation of chlorate and additionally to chloride178. Thus, 

the increased chloride yield of SMX samples oxidized at pH 3 could be explained. Indeed, it 

was possible to identify a chlorate signal in the ion chromatograms by retention time 

comparison and standard addition experiments. However, in total, the detected concentration 

could only account for 5.3 % of the overall chlorine mass balance and such low yields of 

𝐶𝑙𝑂3
—

 may partly originate from the ClO2 stock solution. Hence, other chlorine species are 

likely to be formed under acidic conditions, too. 
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3.4.3 Compound-specific stable isotope analysis  

Carbon stable isotope values were determined for SMX samples treated with ozone in 

absence and presence of DMSO as •OH scavenger as well as with chlorine dioxide at both 

pH values each. The results are shown in Figure 3.3 and summarized in Table 3.2. All 

observed isotopic fractionations occurred as normal isotope effects. 

Table 3.2: Stable carbon isotope enrichment factors (εc) and peak area ratios (PAR) of 
the products after oxidation with ozone in absence or presence of the •OH scavenger 
dimethyl sulfoxide (DMSO; 183 mM) or with chlorine dioxide. In all cases, pH was kept 
constant with a phosphate buffer (10 mM). 

 
O3 (pH 8) O3 (pH 3) 

O3+DMSO 
(pH 8) 

O3+DMSO 
(pH 3) 

ClO2 (pH 8) ClO2 (pH 3) 

εC
a [‰] n.s.a -1.2 ± 0.1 n.s.a -2.2 ± 0.1 -1.3 ± 0.1 -0.8 ± 0.1 

SMXremaining
b 0.44 0.33 0.40 0.42 0.12 0.12 

TP177b 
0.02 0.01 0.01 0.01 0.05 0.06 

TP226ab 0.08 0.01 n.s. n.s. n.s. n.s. 

TP226bb n.s. n.s. n.s. n.s. n.s. 0.07d 

TP268b 0.06 0.01 0.12 0.01 0.13 0.02 

TP269b 0.01 0.11 0.03 0.11 0.09 0.03 

TP282b 0.14c 
0.09 0.08e 0.04c 0.23e 0.13e 

aAny εc below 0.5 ‰ was excluded due to measurement uncertainties (compare Jochmann et 

al.143 and Sherwood Lollar et al.179) and is thus denoted as not significant (n.s.).  
bThe semiquantitative peak area ratio of each product is the ratio of product peak area and 
the peak area of initial SMX in the sample (results originate from the highest applied oxidant 
dosage after complete oxidant consumption). In case two or more isomers were detected for 
the same m/z, these were summed up. Exact m/z can be found in Table S3.9.  
c2 isomers detected; d3 isomers detected; e4 isomers detected 

The most pronounced εC was found for the oxidation of the neutral SMX species by ozone in 

presence of DMSO (εc = -2.2 ± 0.1 ‰) (Figure 3.3b) followed by the same oxidation 

conditions in absence of DMSO (εc = -1.2 ± 0.1 ‰) (Figure 3.3a). In contrast to that, no 

significant carbon isotope fractionation could be observed for the oxidation of the anionic 

SMX species with ozone at pH 8 in absence and presence of DMSO (Figure 3.3a & b). This 

is in agreement with results described by Maier et al.154 who did also not observe any shift for 

carbon stable isotope values after oxidation of the anionic species of diclofenac with ozone in 

presence and absence of an •OH scavenger. These results show, that isotopic fractionation 

of SMX during oxidation with ozone depends on the prevailing SMX species (neutral or 

anionic) so that the pH acts as the master variable determining the potentially observable 

isotopic fractionation of SMX in environmental samples later on. 

Dodd et al.165 performed additional experiments in which SMX and N(4)-acetyl-

sulfamethoxazole were oxidized by ozone. The authors could show that the sulfonamide 
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nitrogen is not the ozone reactive site and that the primary site of attack is the aromatic ring 

and/or its anilinic nitrogen. Complementary to the study of Dodd et al.165, the above results 

suggest that in case of neutral SMX ozone may attack a carbon containing moiety 

(presumably the aromatic ring) while the anionic species may be attacked at a hetero atom 

(possibly the anilinic nitrogen). As it was not possible for Dodd et al.165 to indicate the definite 

site of attack by kinetic studies, stable isotope analysis appears to be a useful tool to assist 

mechanistic considerations.  

In case of oxidation of SMX with chlorine dioxide, a slight carbon isotope fraction was 

detected for both species, i.e. εc = -0.8 ± 0.1 ‰ and εc = -1.3 ± 0.1 ‰ for pH 3 and pH 8, 

respectively (Figure 3.3c). The observed isotopic fractionation indicates that carbon bonds 

were involved in the reactions of both species with chlorine dioxide. Contrary to SMX 

samples oxidized with ozone, the εc is more pronounced for the anionic than for the neutral 

species. Additionally, as prospect for a future research it would be possible to distinguish 

SMX oxidation by ozone and chlorine dioxide, respectively, in environmental samples 

exhibiting a slightly alkaline pH (only anionic SMX present) by use of CSIA. 
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Figure 3.3: Rayleigh-plots of SMX oxidation with a) ozone in absence of any scavenger 
b) ozone in presence of dimethyl sulfoxide (183 mM) as •OH scavenger and c) chlorine 
dioxide ((pH 3: diamonds (neutral SMX species); pH 8: squares (anionic SMX 
species)); ln(c/c0) error bars represent standard deviations of experimental triplicates 
and ln(R/R0) error bars represent triplicate measurements with LC-IRMS of 
experimental triplicates 
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3.4.4 Transformation products and possible reaction mechanisms 

In LC-ESI(-)-ToF-MS measurements, six major TPs with m/z-ratios of TP177, TP226a/b, 

TP268, TP269 and TP282 were detected in varying intensities among other minor products 

(see Table 3.2, Table S3.9 and Figure S3.5-7). For most of the detected TPs, analytical 

standards were not commercially available. In order to allow a comparison between the 

different oxidation setups the TP peak areas are given as peak area ratios (PAR), i.e. as ratio 

of product peak area to the peak area of initial SMX in the sample. The initial SMX peak area 

was determined from reference samples which were treated identically to the oxidation 

samples except that the amount of oxidant added was replaced by ultrapure water 

(Table S3.1 & S3.3). In several cases, two or more isomers were found for the transformation 

products TP226b and TP282 as indicated in Table 3.2. In this study, it was not possible to 

identify the different isomers. In order to present a virtually complete picture of PAR, these 

were summed up to a concerted value each (Table 3.2).  

If one compares the product distribution with the according εC values (Table 3.2), it appears 

that the PARs are related to the εC values. This is most distinct for TP268 and TP269 in case 

of oxidation with ozone, i.e. the less TP268 and the more TP269, respectively, is formed the 

stronger pronounced is the isotopic fractionation (Table 3.2). The same trend can be 

observed for TP269 in reactions of ClO2 with SMX. These results indicate that formation of 

TP269 might be linked to isotopic fractionation. The overall PARs of TP177 are more 

pronounced for samples treated with chlorine dioxide than for samples treated with ozone. 

Nevertheless, TP177 is detected in equal measures in each oxidation setup independently of 

the pH. Thus its formation does not seem to be influenced by speciation of SMX. TP226a 

could only be detected in SMX samples oxidized with ozone in absence of an •OH 

scavenger. Hence, it is likely that TP226a is an •OH borne reaction product. The PAR was 

higher for oxidation of SMX at pH 8. One possible reason could be that the •OH react rather 

unselectively with the neutral SMX species leading to various products among TP226a, 

whereas the point of attack at the anionic SMX species could be directed to the oxazole ring 

due to the increase of electron density by the deprotonated sulfonamide nitrogen.  

Additionally to the listed TPs (Table 3.2), one chlorinated TP was found for SMX degradation 

with chlorine dioxide at pH 8 with m/z of 272 as [M-H]-. The evidence for a chlorinated TP 

given by the most suitable sum formula for TP272 (i.e. C9H7ClN3O3S
-) was confirmed by the 

chlorine isotope distribution found in the product spectrum (Figure S3.8). The relative 

abundance in relation to the intensity of the SMX peak at the highest chlorine dioxide dosage 

was 0.01 and thus the sixth most intense peak. Despite that, the absolute product amount of 

TP272 is expected to be rather small since the chlorine mass balance of chlorine dioxide and 
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its inorganic reaction products, respectively, was well closed. However, the corresponding 

chlorine dioxide sample at pH 3 did not show any signal for TP272. One likely explanation is 

that TP272 is a hypochlorous acid reaction product. As explained above, hypochlorous acid 

has been postulated as one possible product in chlorine dioxide reactions with anilines177 or 

other hydrocarbons40,176.  

In case of TP268, which represents the formal addition of one oxygen atom, several 

references suggest its addition to the aromatic ring of the aniline moiety116,170,180. The 

described fragmentation patterns herein do not distinguish whether oxygen was added to the 

aromatic ring (TP268a, Figure 3.4) or whether a hydroxylamine (TP268b, Figure 3.4) was 

formed. In principle, it is possible to formulate reasonable formation mechanisms for both 

TPs, i.e. TP268a and TP268b, respectively (cf. Scheme S3.2), which cannot be distinguished 

by HRMS. Attempts in this study to clarify which of the two TPs was actually formed by 

MSn-experiments were fruitless. Since no carbon isotope fractionation was observed for 

ozonation at pH 8 in presence of DMSO where TP268 was most intense it is likely that 

TP 268b was formed (reaction at the anilinic nitrogen). This assumption could be verified by 

comparison of retention times with a commercially available standard of sulfamethoxazole 

hydroxylamine and the agreement of the related fragmentation patterns in MS2-experiments 

of the standard and the sample peak (cf. Figure S3.9 & S3.10). Sulfamethoxazole 

hydroxylamine may be formed upon H-abstraction by ozone from the anilinic nitrogen leading 

to formation of an aminyl radical168 which easily reacts with oxygen to form a peroxyl radical2. 

Finally, two peroxyl radicals may form a tetroxide in order to decay via the Russell 

mechanism2 and form a sulfamethoxazole hydroxylamine.(Scheme 3.1a). Another possibility 

for sulfamethoxazole hydroxylamine formation may be initiated by electron transfer at the 

anilinic nitrogen either by ozone or chlorine dioxide leading to formation of an aminyl radical 

cation which is in equilibrium with the aminyl radical (Scheme 3.1a). Overall, this example 

demonstrates how it was possible to specify the actually formed TP and the according 

mechanisms by the aid of CSIA. 
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TP 177116 

 

 

TP 268a116,170,180 TP 268b  

(this study) 

    

TP 269169 TP 282116,169,170 

Figure 3.4: Probable structures for determined m/z-ratios. TP268a has been suggested 
in other references but was not found in this study, TP268b represents the structure, 
which has been verified by an analytical standard in this study. TP177, TP269 and 
TP282 have been proposed by other authors and are consistent with the findings of 
this study. 

For TP177, TP269 and TP282 according structures have been suggested in literature 

(Figure 3.4). These agree with the determined εc values of this study (Table 3.2). The 

formation of TP177 and TP269 may be preceded by an attack at aromatic carbon bonds 

which involves carbon isotope fractionation (Scheme S3.3 and Scheme 3.2b) and TP282 

may be formed after an attack at the anilinic nitrogen. The latter mechanism is strongly 

supported by computational studies of Yu et al.168. The substantial formation of TP177 

explains why a significant εC value is found for oxidation of SMX with chlorine dioxide at pH 3 

even though very low amounts of TP269 have been detected.  

During the formation of TP269, the anilinic nitrogen is cleaved from the aromatic ring and 

replaced by a quinone group. The mechanism has been postulated in accordance to Aguilar 

et al.177 (Scheme 3.2b). For the formation of TP282 during ozonation, at least two pathways 

are possible, which have been postulated in conformity to the reaction of ozone with anilines 

(see Scheme S3.4)2,25. Regarding TP226a and TP226b, it was not possible to propose a 

reasonable structure in the current study. In case of ozone, TP226a is possibly an •OH borne 

TP since it does only occur in absence of an •OH scavenger. Martín de Vidales et al.181 have 

postulated a possible structure for a similar m/z (Table S3.9). However, the according TP 

was obtained after conductive-diamond electrochemical oxidation so that in their study, 

significantly different oxidation conditions prevailed. It is very likely that the structure 

postulated by Martín de Vidales et al.181 requires several oxidative attacks, which can easily 

happen at the electrode surface, but is unlikely to appear in reactions with ozone or chlorine 

dioxide.  
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Scheme 3.2: Proposed reaction mechanism for the formation of a) TP268b in the 
reaction of ozone with SMX and b) TP269 in the reaction of either ozone or chlorine 
dioxide with SMX 

 

3.5 Conclusion 

The presented study shows that CSIA is a useful tool for the elucidation of TPs if standard 

fragmentation experiments in e.g. MS/MS-mode reach their limits. Moreover, in the 

demonstrated case, it was possible to prove the formation of sulfamethoxazole 

hydroxylamine, first, by evidence of observed εC values and, second, by comparison of 

retention times in HPLC with a commercially available analytical standard and to postulate 

the according reaction mechanism. Additionally, εC values may even serve as indicators for 

variations of transformation product patterns. In the presented case, it could be shown that 

oxidation of SMX with ozone or chlorine dioxide leads to a number of common main TPs. 

However, the observed PARs of the reaction of the neutral and the anionic SMX species with 

the two oxidants followed opposite trends. This highlights the impact of the reaction pH on 

the resulting product patterns and PARs for micropollutants such as SMX with a pKa close to 

environmental pH conditions. 



Chapter 3 -  
Reactions of O3, O3/•OH and ClO2 with SMX 

 
51 

 

3.6 Supplementary Information 

Text S3.1: Chemicals 

All solutions were prepared in ultrapure water (18.1 MΩ∙cm, TOC < 10 ppb; ELGA LabWater, 

Veolia Water Technologies Deutschland GmbH, Celle, Germany). 

The following chemicals were used for preparation of the samples: acetanilide (99.9 %, 

Merck KGaA, Darmstadt, Germany), acetonitrile (HPLC-grade, VWR Chemicals, Leuven, 

Belgium), dimethyl sulfoxide (p.a., ACS C, AppliChem, Darmstadt, Germany), dipotassium 

hydrogen phosphate (≥ 99 %, p.a., AppliChem), formic acid (99-100 %, Sigma-Aldrich, 

Steinheim, Germany), helium (5.0; Air Liquide, Düsseldorf, Germany), methanesulfinic acid 

sodium salt (95 %, Alfa Aesar GmbH & Co KG, Karlsruhe, Germany), methanesulfonic acid 

((≥ 99 %, Merck KGaA), methanol (99,99 % HPLC grade, Fisher Scientific, Loughborough, 

United Kingdom), nitrogen (5.0; Air Liquide), ortho-phosphoric acid (85 %, p.a., AppliChem), 

oxygen (4.8; Air Liquide), potassium dihydrogen phosphate (≥ 98 %, AppliChem), sodium 

carbonate (ACS reagent, ≥ 99.5 %; Sigma-Aldrich), sodium chlorate (puriss. p.a., ≥ 99 %, 

Sigma-Aldrich), sodium chloride (≥ 99.5 %; Bernd Kraft, Duisburg, Germany), sodium chlorite 

(puriss. p.a. 80 %, Sigma-Aldrich), sodium hydrogen carbonate (ACS reagent, ≥ 99.7 %; 

Sigma-Aldrich), sodium hydroxide (≥ 99 %, VWR Chemicals), sodium peroxodisulfate (99 %, 

Sigma-Aldrich), sulfamethoxazole (analytical standard, Sigma-Aldrich), sulfuric acid (> 95 %, 

Fisher Scientific), tert-butanol (99 %, p.a., AppliChem). 

 

Figure S3.1: Experimental setup for the generation of chlorine dioxide. Impingers are 
connected with PE tubes (1-5). The nitrogen is led through the glass frits into each 
bottle. The magnetic stirrer below the third bottle ensures the mixing of the reaction 
solution. The whole reaction time is one hour. Hereafter, the solution in bottle 5 shows 
a dark yellow colour and chlorine dioxide can be quantified by spectrophotometrical 
absorption measurements. 
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Text S3.2: Sample compositions in Tables S3.1-4 

Note that accuracies of added oxidant dosages vary due to the accuracies of the syringes 

applied for small (< 1 mL) and larger volumes (> 1 mL). In all cases of oxidant dosage glass 

syringes were employed. 

 

Table S3.1: Volumes used for the preparation of high initial SMX concentration 
samples treated with chlorine dioxide. Concentrations of stock solutions were: 
c (ClO2) = 14 mM; c (SMX) = 790 µM. For evaluation of results, each dosage was 
corrected for the volume difference (volume deviation from the reference to the 
highest dosage (1400 µL ClO2) < 10 %). 

 V (ClO2) [µL] V (SMX) [mL] V (total) [mL] 

Reference 0 15 15.000 

ClO2 sample 105 15 15.105 

ClO2 sample 430 15 15.430 

ClO2 sample 750 15 15.750 

ClO2 sample 1100 15 16.100 

ClO2 sample 1400 15 16.400 

 

Table S3.2: Volumes used for the preparation of low initial SMX concentration samples 
treated with chlorine dioxide. Concentrations of stock solutions were: 
c (ClO2) = 18.4 mM; c (SMX) = 79 µM. Chlorine dioxide was dosed from a working 
solution (c (ClO2) = 6.13 mM). For evaluation of results each dosage was corrected for 
the volume difference (volume deviation from the reference to the highest dosage 
(1400 µL ClO2) < 10 %). 

 V (ClO2) [µL] V (SMX) [mL] V (total) [mL] 

Reference 0 15 15.000 

ClO2 sample 24 15 15.024 

ClO2 sample 122 15 15.122 

ClO2 sample 196 15 15.196 

ClO2 sample 294 15 15.294 

ClO2 sample 367 15 15.367 

 

  



Chapter 3 -  
Reactions of O3, O3/•OH and ClO2 with SMX 

 
53 

 

Table S3.3: Volumes used for the preparation of high initial SMX concentration 
samples treated with ozone in presence and absence of an OH radical scavenger. 
Concentrations of stock solutions were: c (O3) = 1.2-1.6 mM; c (SMX) = 790 µM; 
c (scavenger = tert-BuOH) = 2 M or c (scavenger = DMSO) = 2.44 M. In case that no 
scavenger was added, the volume of 1.125 mL was replaced by an aliquot of water. For 
all dosages, two reference samples and three ozone treated samples were prepared 
each. 

 V (O3) [mL] V (H2O) [mL] V (SMX) [mL] V (scavenger) [mL] V (total) [mL] 

O3 sample 0.6 - 13.275 1.125 15 

Reference - 0.6 13.275 1.125 15 

O3 sample 1.2 - 12.675 1.125 15 

Reference - 1.2 12.675 1.125 15 

O3 sample 2.4 - 11.475 1.125 15 

Reference - 2.4 11.475 1.125 15 

O3 sample 3.6 - 10.275 1.125 15 

Reference - 3.6 10.275 1.125 15 

O3 sample 4.8 - 9.075 1.125 15 

Reference - 4.8 9.075 1.125 15 

O3 sample 6.0 - 7.875 1.125 15 

Reference - 6.0 7.875 1.125 15 

O3 sample 7.2 - 6.675 1.125 15 

Reference - 7.2 6.675 1.125 15 

 

Table S3.4: Volumes used for preparation of low initial SMX concentration samples 
treated with ozone in presence and absence of an OH radical scavenger. 
Concentrations of stock solutions were: c (O3) = 1.2-1.6 mM; c (SMX) = 79 µM; 
c (scavenger = DMSO) = 1.5 M. In case no scavenger was added, the volume of 0.1 mL 
was replaced by an aliquot of water. For all dosages, two reference samples and three 
ozone treated samples were prepared each. 

 V (O3) [mL] V (H2O) [mL] V (SMX) [mL] V (scavenger) [mL] V (total) [mL] 

O3 sample 0.2 - 14.7 0.1 15 

Reference - 0.2 14.7 0.1 15 

O3 sample 0.4 - 14.5 0.1 15 

Reference - 0.4 14.5 0.1 15 

O3 sample 0.6 - 14.3 0.1 15 

Reference - 0.6 14.3 0.1 15 

O3 sample 0.8 - 14.1 0.1 15 

Reference - 0.8 14.1 0.1 15 

O3 sample 1.0 - 13.9 0.1 15 

Reference - 1.0 13.9 0.1 15 

O3 sample 1.2 - 13.7 0.1 15 

Reference - 1.2 13.7 0.1 15 

O3 sample 1.4 - 13.5  0.1 15 

Reference - 1.4 13.5 0.1 15 

O3 sample 1.6 - 13.3 0.1 15 

Reference - 1.6 13.3 0.1 15 



Chapter 3 -  
Reactions of O3, O3/•OH and ClO2 with SMX 

 
54 

 

Table S3.5: Reaction rate constants of all relevant reactions in ozonation of the 
anionic (SMX-) and the neutral (SMX) species of sulfamethoxazole in absence and 
presence of the OH radical scavengers tert-butanol and DMSO 

Reaction Second order rate 

constant k [M-1 s-1] 

Reference 

SMX + O3 4.7±0.9 x 104 Dodd et al.165 

SMX▬ + O3 5.7±1.0 x 105 Dodd et al.165 

SMX + ●OH - - 

SMX▬ + ●OH 5.5±0.7 x 109 Huber et al.182 

●OH + O3 1.1±0.2 x 108 Sehested et al.183 

H2PO4
▬ + O3 4 x 10-4 Hoigné et al.184 

H3PO4 + O3 2 x 10-2 Hoigné et al.184 

tert-butanol+ O3 3 x 10-3 Hoigné and Bader185 

tert-butanol+ ●OH 6 x 108 Buxton et al.32 

DMSO + O3 8 x 100 Pryor et al.186 

DMSO + ●OH 7 x 109 Buxton et al.32 

•NH2 + O2 3.0±0.2 x 108 Laszlo et al.187 

 

Text S3.3: Determination of the minimal necessary and maximal possible scavenger 

concentrations 

The minimal concentrations of the OH radical scavenger tert-butanol and DMSO necessary 

to scavenge a minimum of 95 % of OH radicals generated were calculated according to 

equation S3.1 using the rate constants given in Table S3.5 (exemplarily shown for 

tert-butanol): 
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The maximal concentrations of the OH radical scavenger tert-butanol and DMSO possible at 

which less than 5 % of ozone react with the scavenger were calculated according to 

equation S3.2 using the rate constants given in Table S3.5 (exemplarily shown for 

tert-butanol): 
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Scheme S3.1: Proposed reaction scheme of OH radical formation following the 
postulates of Tekle-Röttering et al.25 for the reactions of aniline with ozone 

 

Text S3.4: Derivation of the uncertainties of OH radical yields and consumption data for SMX 

degradation by ozone in presence of DMSO at initial stock solution concentration of 78.9 µM 

For all given OH radical yields, the plotted ozone concentrations have been corrected by 

consumption of ozone by DMSO itself. In case of pH 8 samples this correction is only 

marginal since the ozone consumption was 0.4 % and 1.7 % (183 mM DMSO, 

789 µM ci(SMX)) and 0.2 % and 0.5 % (10 mM DMSO, 78.9 µM ci(SMX)) each for the lowest 

and highest dosage, respectively. However, at pH 3, the second order reaction rate constant 

of SMX and ozone is ten times lower than for the anionic species at pH 8 so that ozone 

consumption by DMSO could not be neglected here. DMSO consumption was 4.5 % and 

16.6 % (183 mM DMSO, 789 µM ci(SMX)) and 2.6 % and 6.2 % (10 mM DMSO, 

78.9 µM ci(SMX)) each for the lowest and highest dosage, respectively. In order to give a 

uniform and consistent result, it was decided to correct all values, i.e. pH 3 and pH 8. The 

fraction of ozone consumed by DMSO was determined as shown below (Equation S3.3): 

3434333
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  (S3.3) 

This fraction was subtracted from the determined ozone concentrations in each batch sample 

thus resulting in the residual ozone concentration available for SMX oxidation. 

Each uncertainty given is the 95 % confidence limit derived from the standard deviation of 

the slope multiplied by the quantile of student t-distribution (α = 0.05, n-2) for a two sided 
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statistical test (according to DIN 32 645). In case of ozonation of SMX at pH 3 (ci = 789 µM) 

the ozone consumption by DMSO was particularly pronounced. In literature, to the authors’ 

knowledge, there has been only one indication found that the reaction of ozone and DMSO 

can also lead to methanesulfinic and methanesulfonic acid as potential products among 

others188 without any indication of the underlying stoichiometry. However, in the given 

experimental set-up described by Wu et al.188 it cannot be fully excluded that the reaction of 

ozone and DMSO investigated is not interfered by OH radicals. Wu et al.188 used tert-butanol 

as additional OH radical scavenger. DMSO was provided at an initial concentration of 13 mM 

and tert-butanol at 50 mM. Since tert-butanol reacts 10 times slower with OH radicals than 

DMSO does (compare Table S3.5, reaction rate constants) the minimum concentration of 

tert-butanol would have needed to be >130 mM to scavenge the majority OH radicals.  

However, methanesulfinic and methanesulfonic acid are used for the quantification of 

OH radicals by ion chromatography in this study and as described above it could not be fully 

excluded that the reaction of DMSO and ozone does not contribute to OH radical formation. 

However, in order to display the worst case scenario, i.e. to include the possibility that 100 % 

of the DMSO reacted with ozone lead to formation of OH radicals (lowered OH radical yield) 

or that 100 % of the DMSO reacted with ozone could lead to formation of OH radicals 

(increased OH radical yield), both options were calculated. For the lowest four dosages, 

these “worst-case scenario” data could be fitted by a linear regression each, bracketing the 

measurement data. Furthermore, only measurement values for correlation of ozone vs. 

OH radicals were included for which the “worst-case scenario” data were situated within a 

95 % confidence limit. Finally, it was decided to give an expanded uncertainty for this 

experimental data set, i.e. the relative standard deviation was derived from the square root of 

the sum of the squared 95 % confidence limit of the standard deviation of the slope (1.3 %) 

and the difference of the two slopes determined in the “worst-case scenario” (6.6 %). In case 

of ozonation of SMX at pH 3 (ci = 78.9 µM) values resulting from a fraction of > 5 % ozone 

consumption by DMSO were excluded so that the given value complies with the 95 % 

confidence limit perfectly. 

 

Text S3.5: Quantification of anions by ion chromatography 

The quantification of anions was performed with the ion chromatograph 881 Compact IC pro 

– Anion – MCS (Metrohm, Herisau, Switzerland) connected to an autosampler (814 USB 

Sample Processor, Metrohm). The injection volume was 20 µL. Separation of 

methanesulfonic acid (MSUS) and methanesulfinic acid (MSIS) was performed isocratically 

using the anion exchange column Metrosep A Supp 4 (250 x 4.0 mm with 9 µm particles) at 
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a flow rate of 1 mL min-1. The eluent contained 0.36 mM Na2CO3 and 0.34 mM NaHCO3. For 

isocratic separation of chloride, chlorite and chlorate the anion exchange column Metrosep A 

Supp 5 (250 x 4.0 mm with 5 µm particles) was run at a flow rate of 0.7 mL min-1. The eluent 

composition was 3.2 mM Na2CO3 and 1.0 mM NaHCO3. Calibration standards were freshly 

prepared with equidistant concentrations for every run, bracketing the sample 

concentrations. Limits of quantification (LOQ) were 2.0 µM (MSIS), 11 .8 µM (MSUS), 0.3 µM 

(chloride), 1.2 µM (chlorite) and 5.2 µM (chlorate). The LOQs were determined according to 

the calibration method described in DIN 32645 (2008). 

 

Text S3.6: Quantification of SMX by HPLC-DAD 

The concentration of SMX was determined by a HPLC-DAD system of the vp-series 

consisting of LC-10AT, FCV-10AL, SCL-10A, SPD-M10A, SIL-10AD, CTO-10AS (Shimadzu, 

Duisburg, Germany). The injection volume was 10 µL. The analytical column was a 

ProntoSIL C-18 (250 x 4 mm, particle size 5 µm) (Bischoff Analysentechnik und -geräte 

GmbH, Leonberg, Germany) using an isocratic eluent (35:65 Methanol:Water (pH 2); flow: 

0.5 mL/min). Absorption at 270 nm was used for quantification. Calibration standards were 

prepared from 99 - 790 µM SMX or 9.9-79 µM SMX depending on the initial SMX 

concentration of the samples. LOQ was 2.3 µM SMX (determination according to DIN 

32645:2008-11189. Data processing was performed by LC solutions, version 1.25, SP4 

(Shimadzu). 

 

Text S3.7: Isotope-ratio measurements by high-temperature-liquid chromatography-isotope-

ratio mass spectrometry 

Isotope ratio measurements by HT-LC-IRMS of SMX were performed according to 

Kujawinski et al.171 with modifications as described below. The HT-LC system was composed 

of a binary piston pump (Rheos Allegro, Flux Instruments/Thermo Scientific, Bremen, 

Germany), a HTC PAL autosampler (CTC Analytics, Zwingen, Switzerland; supplied by Axel 

Semrau, Sprockhövel, Germany), a HT HPLC 200 column oven (SIM, Oberhausen, 

Germany), a LC IsoLink interface connected to a DeltaV Advantage isotope ratio mass 

spectrometer (both: Thermo Scientific). Separation was performed on an X-Bridge C18 

column (100 x 2.1 mm, particle size 3.5 µm) (Waters, Eschborn, Germany) with an acidic 

eluent (pH 3 buffered with 2.5 mM sodium phosphate) at a flow rate of 300 µL min-1. The 

temperature gradient was started at 30 °C, increased after sample injection instantaneously 
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by 5 °C min-1 until the maximum of 85 °C and then held for 9 min. For an improved 

temperature transfer the eluent was pre-heated by the oven. Additionally, the entire column 

was embedded between two custom made aluminum blocks. After separation, the column 

effluent was mixed with 30 µL min-1 of 1.5 M ortho-phosphoric acid and 70 µL min-1 0.84 M 

sodium peroxodisulfate in the interface. Afterwards, the mixture was led into the oxidation 

oven which was set to 99.9 °C. After passing the gas separation unit the generated CO2 was 

transferred by a helium stream at a flow rate of 1.2 mL min-1 to the open split of the IRMS. 

The IRMS was tuned to maximum linearity. Regularly, reference gas pulses of varying 

amplitudes were used to control linearity and precision performance of the IRMS. All samples 

were measured as triplicates and every third measurement was followed by a single 

measurement of a 390 µM SMX standard. 

 

Text S3.8: Transformation product identification 

For the detection of transformation products, a high performance liquid chromatographic 

separation coupled to a time-of-flight mass spectrometer (HPLC-ESI(-)-ToF-MS) was used. 

In addition an ion trap mass spectrometer was employed for fragmentation experiments. For 

the chromatographic separation 5 µL of sample solution were injected onto a reversed-phase 

C18 column (Hypersil Gold, 150 x 2.1 mm, 3 µm particle size, 175 Å, Thermo Scientific, 

Bremen, Germany). A solution of 0.1% formic acid in bidistilled water (eluent A) and 

acetonitrile (eluent B) were used as eluents in a binary gradient which is shown in 

Table S3.6. Separation was carried out at 40°C and the total flow rate was set to 0.3 mL/min. 

Determination of accurate masses was achieved with a Bruker micrOTOF (Bruker Daltonics, 

Bremen, Germany) with an electrospray ionization interface operated in negative mode. This 

mass spectrometer was coupled to an LC system by Shimadzu (Shimadzu Germany, 

Duisburg, Germany) consisting of two LC-10ADVP pumps, a SIL-HTA autosampler, a DGU-

14A degasser, and a CTO-10ADVP column oven containing a 0.5 mL mixing chamber. 

Detailed mass spectrometric parameters are given in Table S3.7. The mass spectrometer 

was controlled by micrOTOFControl 1.1 software, the LC system by LC Solution 1.25. For 

high mass accuracy, each analysis was calibrated internally using the SMX signal and its 

accurate theoretical mass. 

Additionally, fragmentation experiments have been carried out by coupling an esquire6000 

ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany) to a Shimadzu LC system 

(Shimadzu Germany, Duisburg, Germany) consisting of two LC-20AD pumps, a SIL-20ACHT 

autosampler, a CBM-20A controller, a DGU-20A3 degasser, and a CTO-20AC column oven. 
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This separation was performed on the same column, using the same binary gradient as 

described in Table S3.6. Detailed mass spectrometric parameters are given in Table S3.8. 

Data acquisition was performed using HyStar 3.2 software from Bruker Daltonics (Bremen, 

Germany). The fragmentation experiments of the transformation product with m/z 268.0 were 

carried out using an isolation width of 0.7 u and fragmentation amplitude of 0.7. 

For data evaluation DataAnalysis 4.0 software from Bruker Daltonics (Bremen, Germany) 

and OriginPro 9.3 by OriginLab Corporation (Northampton, MA, USA) were used. 

 

 

Table S3.6: Gradient profile for the LC separation of transformation products of SMX. 

t [min] 0 3 14 15 16 17 25 

%B (Acetonitrile) 5 5 30 90 90 5 5 

 

 

 

Table S3.7: Mass spectrometric parameters for the determination of exact masses of 
transformation products of SMX analyzed by liquid chromatography coupled to time-
of-flight mass spectrometry. 

Ionization mode negative Hexapole 1 voltage -26.7 V 

Mass range m/z 50 – 550 Hexapole 2 voltage -22.1 V 

Spectra rate 1.0 Hz Hexapole RF voltage 90 Vpp 

Nebulizer gas pressure 1.5 bar Lens transfer time 49.0 µs 

Dry gas flow rate 8.6 L/min Pre pulse storage time 9.0 µs 

Dry heater temperature 200 °C Lens 1 storage voltage -30.0 V 

Capillary voltage 4000 V Lens 1 extraction voltage -20.5 V 

Endplate offset voltage -500 V Lens 2 voltage -12.0 V 

Capillary exit voltage -90.0 V Lens 3 voltage 16.0 V 

Skimmer 1 voltage -30.0 V Lens 4 voltage -0.3 V 

Skimmer 2 voltage -22.1 V Lens 5 voltage 30.0 V 
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Table S3.8: Mass spectrometric parameters for the determination of transformation 
products of sulfamethoxazole analyzed by liquid chromatography coupled to ion trap 
mass spectrometry. 

Ionization mode negative Capillary exit voltage -100.4 V 

Mass range m/z 50 – 550 Skimmer voltage -40.0 V 

Nebulizer gas pressure 35 psi Octapole 1 voltage -12.0 V 

Dry gas flow rate 8.5 L/min Octapole 2 voltage -1.7 V 

Dry gas temperature 320 °C Octapole RF  137.5 Vpp 

Capillary voltage 4000 V Lens 1 voltage 5.0 V 

Endplate offset voltage -500 V Lens 2 voltage 60.0 V 

ICC target 7000 Trap Drive 46.3 

Max. accu. time 100 ms   

  

 

 

Figure S3.2: Comparison of ozone consumption during oxidation of SMX with initial 
concentrations of the stock solutions of 789 µM (ozone in presence of 150 mM tert-
butanol: pH 3: square; pH 8: diamond) and 78.9 µM (ozone in presence of 10 mM 
DMSO: pH 3: triangle up; pH 8: triangle down). Each ozone dosage is represented by 
experimental triplicates. Concentration (SMXreacted) denotes the actual reacted 
concentration, i.e. concentration of blank sample minus extant concentration of 
oxidized sample. All solutions were buffered with a 10 mM phosphate buffer. 
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Figure S3.3: Quantification of chloride (squares) and chlorite (diamonds) after 
oxidation of SMX samples (ci(SMX) = 789 µM) with chlorine dioxide at pH 8. Each 
chlorine dioxide dosage is represented by experimental triplicates. All solutions were 
buffered with 10 mM phosphate buffer. 

 

 

Figure S3.4: Quantification of chloride (squares) and chlorite (diamonds) after 
oxidation of SMX samples (ci(SMX) = 789 µM) with chlorine dioxide at pH 3. Each 
chlorine dioxide dosage is represented by experimental triplicates. All solutions were 
buffered with 10 mM phosphate buffer. 
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Table S3.9: Main transformation products found for the oxidation of SMX at pH 3 and 
pH 8 with ozone in absence and presence of DMSO and with chlorine dioxide. For 
each transformation product, the according retention time (tR), the measured mass-to-
charge-ratio (m/z) as [M-H]-, the derived elemental composition and the according 
calculated mass-to-charge-ratio (m/z) as [M-H]-, the deviation from measured to 
calculated m/z and its double bond equivalent (DBE). 

  

Name tR [min] 
Measured m/z 

[M-H]─ 

Elemental 
composition 

[M-H] 

Calculated 
m/z [M-H] ─ 

Error 
[ppm] 

DBE 

O3, pH 3 

TP177 2.6 176.9983 C4H6N2O4S 176.9976 -4.24 3 

TP226a 13.6 225.9922 C7H5N3O4S 225.9928 2.65 7 

TP268 13.4 268.0386 C10H11N3O4S 268.0398 4.29 7 

TP269 13.9 269.0243 C10H10N2O5S 269.0238 -1.97 7 

TP282 17.9 282.0179 C10H9N3O5S 282.0190 3.94 8 

SMX  14.4           

O3, pH 8 

TP177 2.7 176.9983 C4H6N2O4S 176.9976 -4.24 3 

TP226a 13.7 225.9922 C7H5N3O4S 225.9928 2.65 7 

TP268 13.5 268.0386 C10H11N3O4S 268.0398 4.29 7 

TP269 14.0 269.0243 C10H10N2O5S 269.0238 -1.97 7 

TP282 13.0 282.0152 C10H9N3O5S 282.0190 13.51* 8 

TP282 17.9 282.0179 C10H9N3O5S 282.0190 3.94 8 

SMX  14.4           

O3+DMSO, 
pH 3 

TP177 2.8 176.9980 C4H6N2O4S 176.9976 -2.54 3 

TP268 13.5 268.0408 C10H11N3O4S 268.0398 -3.92 7 

TP269 14.0 269.0243 C10H10N2O5S 269.0238 -0.45 7 

TP282 13.0 282.0164 C10H9N3O5S 282.0190 9.25* 8 

TP282 17.9 282.0195 C10H9N3O5S 282.0190 -1.74 8 

SMX 14.5           

O3+DMSO, 
pH 8 

TP177 2.8 176.9985 C4H6N2O4S 176.9976 -5.37 3 

TP268 13.5 268.0400 C10H11N3O4S 268.0398 -0.56 7 

TP269 14.0 269.0250 C10H10N2O5S 269.0238 -4.57 7 

TP282 4.5 282.0205 C10H9N3O5S 282.0190 -5.28* 8 

TP282 11.3 282.0205 C10H9N3O5S 282.0190 -5.39* 8 

TP282 13.0 282.0196 C10H9N3O5S 282.0190 -2.09 8 

TP282 17.9 282.0198 C10H9N3O5S 282.0190 -2.80 8 

SMX 14.5           

ClO2, pH 3 

TP177 3.0 176.9977 C4H6N2O4S 176.9976 -0.85 3 

TP226b 9.6 226.0299 C8H9N3O3S 226.0292 -3.14 6 

TP226b 10.0 226.0301 C8H9N3O3S 226.0292 -4.03 6 

TP226b 11.0 226.0299 C8H9N3O3S 226.0292 -3.14 6 

TP268 13.9 268.0394 C10H11N3O4S 268.0398 1.31 7 

TP269 14.5 269.0237 C10H10N2O5S 269.0238 0.26 7 

TP282 9.6 282.0190 C10H9N3O5S 282.0190 -0.07 8 

TP282 11.0 282.0164 C10H9N3O5S 282.0190 9.25* 8 

TP282 13.9 282.0165 C10H9N3O5S 282.0190 8.90* 8 

TP282 18.0 282.0180 C10H9N3O5S 282.0190 3.58 8 

SMX 15.0           
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Name tR [min] 
Measured m/z 

[M-H]─ 

Elemental 
composition 

[M-H] 

Calculated 
m/z [M-H] ─ 

Error 
[ppm] 

DBE 

        

ClO2, pH 8 

TP177 3.0 176.9967 C4H6N2O4S 176.9976 4.80 3 

TP226b 10.3 226.0311 C8H9N3O3S 226.0292 -8.45* 6 

TP226b 11.2 226.0311 C8H9N3O3S 226.0292 -8.45* 6 

TP268 14.2 268.0387 C10H11N3O4S 268.0398 3.92 7 

TP269 14.6 269.0242 C10H10N2O5S 269.0238 -1.60 7 

TP272 14.1 271.9905 C9H8ClN3O3S 271.9902 -1.07* 7 

TP272 14.1 271.9894 C9H8ClN3O3S 271.9902 2.98 7 

TP282 5.8 282.0191 C10H9N3O5S 282.0190 -0.32 8 

TP282 12.2 282.0191 C10H9N3O5S 282.0190 -0.32 8 

TP282 14.1 282.0185 C10H9N3O5S 282.0190 1.81 8 

TP282 18.0 282.0192 C10H9N3O5S 282.0190 -0.67 8 

SMX 15.1           

*Peaks showed intensities below 150 cps thus often resulting in increased errors (ppm) 
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Figure S3.5: Main degradation products of the oxidation of SMX with ozone in absence 
of an OH radical scavenger. Exact m/z and further product information can be found in 
Table S3.9. 
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Figure S3.6: Main degradation products of the oxidation of SMX with ozone in 
presence of the OH radical scavenger DMSO. Exact m/z and further product 
information can be found in Table S3.9. 
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Figure S3.7: Main degradation products of the oxidation of SMX with chlorine dioxide. 
Exact m/z and further product information can be found in Table S3.9. 
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Figure S3.8: Product spectrum of TP272 found for SMX samples treated with chlorine 
dioxide at pH 8. Typical 3:1-distribution of the two masses 271.9903 and 273.9783, 
respectively, indicating the presence of one chlorine atom in the product. 

 

 

Figure S3.9: Comparison of TP268 detected in SMX samples oxidized with ozone in the 
presence of DMSO and chlorine dioxide at pH 8 each (exemplarily shown) to the 
commercially available analytical standard of sulfamethoxazole hydroxylamine. 
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Figure S3.10: Mass spectra of the analytical standard of sulfamethoxazole 
hydroxylamine obtained with a) LC-ESI(-)-ToF-MS and b) with the LC-ion trap-MS after 
MS2-fragmentation. The analyte peak consisted of two conformers “A” and “B” which 
could not be fully baseline separated. Peak “B” showed the additional characteristic 
m/z 251 as indicated by the dotted lines in the chromatograms. Peak “A” 
corresponded to the retention times of TP268 detected in the oxidized SMX samples 
whereas “B” was not detected in the oxidized SMX samples (see Figure S3.9). It has to 
be noted that retention times of LC-ESI(-)-ToF-MS and LC-ion trap-MS differ because 
two different LC-systems were employed (cf. Materials and methods section) 

 

a) 

b) 
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Scheme S3.2: Possible reaction mechanisms for formation of TP268a and TP268b. 
TP268b could be confirmed by comparison of retention times with analytical standard 
of sulfamethoxazole hydroxylamine and related fragmentation patterns in MSn-
experiments 
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Scheme S3.3: Proposed reaction mechanisms for the formation of TP177 in the 
reaction of ozone with SMX. Although the postulated formation of the sulfur-centered 
radical could not be found in the available literature, the authors believe that the 
mechanism shown is a possible way of formation of TP177. Additionally, Pathway S2, 
which includes the bimolecular decay of the peroxyl radical appears to be more likely 
than Pathway S1. The other presented radical reaction pathways have been described 
in detail by von von Sonntag and Schuchmann190. 
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Scheme S3.4: Proposed reaction mechanisms for formation of TP282 in the reaction of 
ozone with SMX following postulates of Tekle-Röttering et al.25 and von Sonntag and 
von Gunten2. 
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4.1 Abstract  

The environmental micropollutant sulfamethoxazole (SMX) is susceptible to 

phototransformation by sunlight and UV-C light which is used for water disinfection. 

Depending on the environmental pH conditions SMX may be present as neutral or anionic 

species. This study systematically investigates the phototransformation of these two relevant 

SMX species using four different irradiation scenarios, i.e. a low, medium and high pressure 

Hg lamp and simulated sunlight. The observed phototransformation kinetics are 

complemented by data from compound-specific stable isotope and transformation product 

analysis using isotope-ratio and high-resolution mass spectrometry (HRMS). Observed 

phototransformation kinetics were faster for the neutral than for the anionic SMX species 

(from 3.4 (LP lamp) up to 6.6 (HP lamp) times). Furthermore, four phototransformation 

products (with m/z 189, 202, 242, and 260) were detected by HRMS that have not yet been 

described for direct photolysis of SMX. Isotopic fractionation occurred only if UV-B and UV-A 

wavelengths prevailed in the emitted irradiation and was most pronounced for the neutral 

species with simulated sunlight (εC = -4.8 ± 0.1 ‰). Phototransformation of SMX with UV-C 

light did not cause significant isotopic fractionation. Consequently, it was possible to 

differentiate sunlight and UV-C light induced phototransformation of SMX. Thus CSIA might 

be implemented to trace back waste water point sources or to assess natural attenuation of 

SMX by sunlight photolysis. In contrast to the wavelength range, pH-dependent speciation of 

SMX did hardly impact isotopic fractionation.  
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4.2 Introduction 

In recent years, the number of micropollutants detected in the aqueous environment has 

steadily increased.77,161,191 One important representative is sulfamethoxazole (SMX), a 

sulfonamide antibiotic. There are numerous sources for its release into the aquatic 

environment. Besides the original use in human medicine for treatment of respiratory192 or 

urinary tract infections193, SMX is extensively used as preventive measure in veterinary 

medicine such as aquacultures or livestock farming.77,160,194 Consequently, SMX is regularly 

detected in surface- or groundwaters.76,161 Additionally, the metabolism of SMX in the human 

body and the removal of SMX during treatment in wastewater treatment plants (WWTPs) are 

incomplete.77,195-197 The presence of elevated concentrations of antibiotics may lead to the 

development of microbial resistance genes,198,199 thus, their control and reduction are of 

major public concern. Loos et al. have found SMX at average concentrations of 76 ng L-1 in 

75 % of the investigated European rivers.191 Among 112 evaluated micropollutants, SMX was 

classified as one out of six priority pharmaceuticals and personal care products with the 

greatest potential risk in the Chinese aquatic environment.161 Under environmental conditions 

the neutral and the anionic species of SMX are of relevance due to its pKa,2 of 5.7 ± 0.2 

(Figure 4.1).167  

 

Figure 4.1: The three possible species of SMX as cationic, neutral or anionic form 
(adapted from Boreen et al.167). 

Possible degradation pathways of SMX in the aquatic environment are microbial 

degradation172,200 as well as direct167,172 and indirect photolysis.197,201 Besides natural sunlight, 

SMX is also readily photolysed by UV light implemented in drinking-water disinfection70 or 

wastewater treatment.202-205 Several studies have investigated the transformation products 

(TPs) resulting from the numerous ways of (environmental) degradation of SMX.167,206-209 

Typically, high-resolution mass spectrometry (HRMS) is used for TP identification.103,114,206,207 

Moreover, identification of certain or unique TPs may permit conclusions about the 

underlying degradation process. However, current literature shows that identical TPs may be 

formed in different degradation processes. Two illustrative examples are (5-methylisoxazol-3-

yl)sulfamate or the hydroxylated isomers of SMX which are regularly detected after 

ozonation116,170,180,210, direct photolysis91,206 or oxidation with chlorine dioxide210. Thus, TP 

analysis alone may not be capable of tracking the underlying degradation processes in case 



Chapter 4 -  
Direct photolysis of SMX with UV/vis-light 

 
76 

 

of SMX degradation.  However, it might be of interest to be able to distinguish natural 

degradation processes in the environment and transformation processes in engineered 

systems, i.e. water treatment and disinfection, e.g., with the oxidative processes listed above. 

Compound-specific stable isotope analysis (CSIA) has recently been shown to be useful as 

an additional proxy in the characterization of transformation reactions132,154,155,172 as well as in 

identification of contaminant sources118,130. The measurement of the isotopic ratio of the 

parent compound allows to detect isotopic fractionation if, e.g., kinetic isotope effects (KIE) 

occur. A normal isotope effect is observed if the reaction rates of the lighter isotopes (e.g. 

12C) involved in the chemical bond broken react faster than the heavier ones (e.g. 13C). As a 

result, the ratio of 13C to 12C of the remaining parent compound is increased.120,127 The 

opposite case (ratio of 13C to 12C decreases) can also occur and is termed inverse isotope 

effect.127 If isotopic effects occur, it may be possible to distinguish different degradation 

processes such as biodegradation or photolysis172 by CSIA of the parent compound without 

identification or quantification of resulting TPs or a detailed knowledge of the underlying 

degradation mechanisms.118,211 Moreover, it has recently been shown that it is possible with 

CSIA to differentiate micropollutant degradation caused by biotransformation and abiotic 

processes such as photolysis by sunlight, respectively.154,172 Birkigt et al. investigated 

isotopic fractionation during photolysis of SMX by sunlight and found evidence that isotopic 

fractionation might be pH-dependent, i.e., linked to the prevailing species of SMX.172 

However, other constituents present in the irradiated samples may also have affected the 

isotopic fractionation of SMX such as the nutrient medium used. This may contain 

photosensitizers, which may result in indirect phototransformation of SMX.  

The aim of this study was to investigate the direct photolysis of SMX caused by different 

wavelengths and wavelength ranges which may be relevant in engineered systems and 

under natural conditions. For characterization of the different scenarios degradation kinetics, 

transformation products and data from CSIA are combined. To that end, the two 

environmentally relevant species of SMX, i.e. the neutral and anionic species, are subjected 

to direct photolysis. To cover the whole variety of UV light sources which may be used in 

water treatment plants, a low pressure (LP), a medium pressure (MP) and a high pressure 

(HP) Hg lamp were employed. For simulation of sunlight the MP lamp was used in 

combination with a cut-off filter that absorbed radiation below λ = 310 nm. For 

complementary purposes, SMX was subjected to photolysis by laser light (λ = 266 nm). The 

latter results are available in the supporting information in Text S4.10 and Figure S4.8. 
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4.3 Materials and Methods 

4.3.1 Chemicals 

All chemicals and solvents were used as received from the supplier. A detailed list of all 

chemicals used can be found in Text S4.1. 

4.1.1 Preparation of samples 

SMX solutions of 790 µM were directly prepared in 10 mM phosphate buffered water either at 

pH 3 (neutral species prevails) or pH 8 (anionic species prevails). The stability of pH was 

rechecked after every experiment and maintained constant for every setup. 

4.1.2 Photolysis experiments 

Three different irradiation setups were employed for direct photolysis experiments, which are 

described in detail in Text S4.2-5. Briefly, first, a merry-go-round photoreactor for irradiation 

with a low-pressure (LP) (λ = 254 nm; TNN 15/32, nominal power 15 W, Heraeus Noblelight, 

Hanau, Germany, 185 nm band suppressed) and a medium-pressure (MP) mercury lamp 

(λ = 200-600 nm; TQ 718, nominal power 700 W, Heraeus Noblelight; both lamps were 

supplied by Peschl Ultraviolet, Mainz, Germany) (Figure S4.1a)) was used. The merry-go-

round photoreactor (Figure S4.3 & Text S4.3) has been described previously.212,213 The LP 

and MP lamp were placed in a cooling jacket in the center of the photoreactor. A volume of 

70 mL of the SMX solution was filled in quartz glass tubes positioned circularly around the 

lamp. The cooling jacket and the glass container were filled with ultrapure water to maintain a 

temperature of 25.0 ± 0.2 °C. The light absorption of the ultrapure water within the emitted 

wavelength range was negligible. The fluence rate of the LP lamp was determined by uridine 

actinometry and varied in a range of 54-63 µeinstein m-2 s-1 with an average of 

60 ± 4 µeinstein m-2 s-1 (cf. Text S4.3) and controlled on a daily basis.72 

In case of the MP Hg lamp, a second approach was used to simulate sunlight irradiation 

conditions. Therefore, the cooling water in the cooling jacket was replaced by a potassium 

hydrogen phthalate solution which caused total absorption for wavelengths below 310 nm. 

The efficacy of the cut-off filter was controlled by spectrophotometric absorption 

measurements of the potassium hydrogen phthalate solution (Figure S4.4) and atrazine 

control samples (Figure S4.5), which were run simultaneously with the SMX samples 

(cf. Text S4.3). In order to simulate SMX photolysis by sunlight irradiation, it is not necessary 

to provide the full sunlight spectrum with wavelengths up to 800 nm68 since the neutral and 

anionic species of SMX do not significantly absorb irradiation above 320 nm 
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(cf. Figure S4.1). Hence, even if natural sunlight emission is typically more pronounced at 

longer wavelength, radiation of λ > 320 nm may not contribute to photolysis of SMX. 

Second, a high-pressure (HP) Hg lamp (λ = 220-500 nm; SUV-DC-P Deep-UV, Lumatec, 

Deisenhofen, Germany) connected to a liquid lightguide (series 250, ø5 mm x 1000 mm; 

Lumatec) (Figure S4.1b), S4.2, S4.6 & Text S4.4) was used. Samples were irradiated from 

above in an open crystallizing dish while being stirred continuously.  

Third, for complementary purposes, a wavelength-quadrupled neodymium-doped yttrium 

aluminum garnet (Nd:Y3Al5O12) laser (Nd:YAG-laser) (λ = 266 nm; Polaris II, New Wave 

Research, St Neots, UK) was used, and was integrated in a flow-through setup with a 5 cm 

quartz laser cuvette connected to an HPLC pump (PLATINblue; Knauer, Berlin, Germany) to 

precisely control different flow rates (Figure S4.7, Text S4.5 & Table S4.1). All results are 

shown in Figure S4.8 and discussed in Text S4.10. 

4.1.3 Analytical methods 

A UV-1650PC spectrophotometer (Shimadzu, Duisburg, Germany) was used for absorption 

measurements with a quartz cuvette with an optical path-length of 1 cm. For pH 

measurements, a pH-meter (827 pH lab with aquatrode both from Metrohm, Herisau, 

Switzerland) was used, which was calibrated with standard buffers every working day. 

SMX and atrazine were quantified by an HPLC-DAD system (LC-10AT pump coupled to a 

SPD-M10A detector; Shimadzu, Duisburg, Germany). Calibration standards were prepared 

from 99-790 µM SMX and 1-6 µM atrazine, respectively (cf. Text S4.6 & S4.7).  

Compound-specific stable isotope values of SMX samples were determined by high-

temperature-liquid chromatography isotope-ratio mass spectrometry (HT-LC-IRMS). The 

system consisted of a binary piston pump (Rheos Allegro, Flux Instruments/Thermo Fisher 

Scientific, Bremen, Germany), a HTC PAL autosampler (CTC Analytics, Zwingen, 

Switzerland; supplied by Axel Semrau, Sprockhövel, Germany), a HT HPLC 200 column 

oven (SIM, Oberhausen, Germany) and a LC IsoLink interface connected to a DeltaV 

Advantage isotope-ratio mass spectrometer (both: Thermo Fisher Scientific). For separation, 

a temperature gradient was run on an X-Bridge C18 column (100 x 2.1 mm, particle size 

3.5 µm, 130 Å) (Waters, Eschborn, Germany). More details can be found in Kujawinski et al. 

with modifications described in Willach et al. and Text S4.8.171,210 Linearity and precision test 

were run regularly. Each sample was measured in triplicate and was followed by a 390 µM 

SMX standard. SMX carbon isotope values are given in reference to the international Vienna 

Pee Dee Belemnite (VPDB) scale according to Equation 4.1 (cf. Text S4.8).120  
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where  RSMX and RVPDB are the ratios of 13
C/

12
C of SMX samples and VPDB. The given 

standard deviations refer to a minimum of three replicate measurements. The carbon isotope 

enrichment factor (εC) of each photolytic degradation of SMX could be determined by 

application of the Rayleigh-equation (Equation 4.2):120 
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where δ13
C0 and δ13

Ct and the concentrations of SMX, i.e. c0 and ct, originate from sampling 

time 0 and time t, respectively. 

Transformation product analysis was conducted with a high performance liquid 

chromatographic system (Shimadzu) coupled to a time-of-flight mass spectrometer (Bruker 

micrOTOF, Bruker Daltonics, Bremen, Germany) with electrospray ionization in negative 

ionization mode (HPLC/ESI(-)-ToF-MS). Further details are provided in Text S4.9 and 

Tables S4.2-4. 

4.4 Results and Discussion 

4.4.1 SMX transformation by direct photolysis 

The reaction kinetics are an important cornerstone for characterization of transformation 

reactions. In general different irradiation setups, as they were used in this study, may only 

reasonably be compared on the basis of fluence rates.70,71 However, fluence rates could not 

be determined for the polychromatic radiation sources since suitable actinometers were 

lacking. Hence, the fluence rate was only determined for the monochromatic LP lamp. In the 

following the results of pH 3 and 8 of each setup may be directly compared. Comparisons 

between the four setups though are only of a qualitative nature. In all four mercury lamp 

irradiation setups, the transformation of the neutral species is significantly faster than that of 

the anionic one (Figure 4.2), i.e. in a range of 3.41 ± 0.02 times faster in case of the LP lamp 

and even 6.58 ± 0.02  times faster in case of the HP lamp. These findings are in agreement 

with results from Boreen et al. and Zhou and Moore, who observed significantly higher 

phototransformation rates for the neutral species in comparison to the anionic one.167,214 

Moreover, the results for phototransformation with the LP lamp are in line with data of 

Canonica et al., who found that the neutral SMX species is transformed faster by a factor of 

3.30 ± 0.46 over the anionic one (Table S4.5).70 Additionally, the quantum yields for 



Chapter 4 -  
Direct photolysis of SMX with UV/vis-light 

 
80 

 

λ = 254 nm were determined by Canonica et al. to be 0.212 ± 0.018 mol einstein-1 (neutral 

species) and 0.046 ± 0.021 mol einstein-1 (anionic species), which readily explains why 

phototransformation is more efficient for the neutral species than for the anionic one at 

λ = 254 nm even though the molar absorption coefficient is 1.4 times higher for the anionic 

SMX species (Table S4.5).70  

Moreover, the monochromatic LP lamp (λ = 254 nm) and the polychromatic MP lamp 

(Figure 4.2a-d) revealed comparable ratios of first order apparent photolysis rate constants 

(kp
app) of neutral to anionic SMX species each (further details Figure S4.1). For LP and MP 

lamp in absence of the cut-off filter, the ratios are (kp
app(neutral SMX/anionic SMX)) 

3.41 ± 0.02 and 3.64 ± 0.03, respectively. The comparable ratios are possibly due to the 

strong emission of the MP lamp at 254 nm which seems to predominate over the emission at 

UV-B and UV-A wavelengths.  

In contrast to that, the ratio of kp
app for neutral over anionic SMX species shifts to 5.63 ± 0.05 

if only simulated sunlight, i.e. UV-B, UV-A plus visible light (MP lamp + cut-off filter), is used 

for irradiation and, overall, the apparent transformation for both SMX species is significantly 

slowed down (Figure 4.2e & f). This observation indicates that if UV-C light is available for 

SMX phototransformation, UV-B, UV-A and visible light wavelengths are not important 

anymore. The fraction of SMX degradation by UV-B, UV-A and visible light (in presence of 

the cut-off filter) compared to degradation with the full emission spectrum of the MP lamp 

(absence of the cut-off filter) is 11.5 ± 0.3 % (pH 3) and 7.41 ± 0.05 % (pH 8) (kp
app(MP+cut-

off filter)/kp
app(MP)). 

In case of phototransformation under HP lamp irradiation (Figure 4.2g & h), the highest ratio 

of kp
app (neutral SMX)/kp

app (anionic SMX) was observed, i.e. 6.58 ± 0.02. This result may be 

attributed to two reasons. First, the irradiation with the HP lamp was conducted using a liquid 

lightguide which has a lower transmission for UV-C (~70 %) than for UV-B and UV-A light 

(~80 %) (Figure S4.2) thus leading to a stronger reduction of the phototransformation rate of 

the anionic than of the neutral SMX species (cf. Figure S4.1b). Second, the slightly shifted 

absorption spectrum of the neutral SMX species to longer wavelengths in combination with 

the high intensity of UV-B and UV-A light of the HP lamp (Figure S4.1b) leads to an overall 

increased phototransformation rate of the neutral species. 
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Figure 4.2: Photolysis of SMX with monochromatic (a & b) and non-monochromatic 
light sources (c-h). Data are shown for the LP lamp, MP lamp, MP lamp plus cut-off 
filter (CF) and HP lamp in dependence of the time t at pH 3 (a, c, e & g) and pH 8 (b, d, f 
& h), respectively.   Concentration decrease is given as ln(c/c0) (squares; error bars 
represent standard deviations of experimental replicates) and carbon isotope values 
as δ13

C (circles; error bars represent standard deviations of experimental replicates 
plus the triplicate measurement of each sample). First order apparent photolysis 
kinetic rate constants (kp

app) shown in each according graph are derived from the 
slopes of t vs. ln(c/c0). The given uncertainty originates from the standard deviation of 
the related slope. 
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An additional explanation for the differences between the irradiation setups in transformation 

kinetics could be that other chromophores are excited at 254 nm than at longer wavelengths. 

Therefore, the absorption spectra of SMX and three of its possible TPs (Figure S4.9) are 

compared with each other. It appears that the TPs carrying a sulfanilic moiety absorb UV 

light rather similarly to SMX whereas 3-amino-5-methylisoxazole does only significantly 

absorb light in the lower UV-C range (λ < 250 nm) at both pHs. In this view, it appears rather 

likely that the sulfanilic moiety is the relevant chromophore in all irradiation setups applied in 

this study. Consequently, the higher energy of UV-light is the decisive factor for the differing 

transformation kinetics. 

Canonica et al. have determined photon fluence-based rate constants ( 0
pE

k ) for the direct 

phototransformation of neutral and anionic SMX at 254 nm70, which were obtained from low 

optical density solutions. However, the LC-IRMS measurements required high initial SMX 

concentrations of 790 µM, which led to a significant absorption at 254 nm (Table S4.6). In 

order to calculate the apparent photon fluence-based rate constants (
app

E p

k 0 ) from the apparent 

pseudo-first-order rate constants for phototransformation (
app

pk ) it is crucial to determine the 

average fluence rate (
avg

nmE 254 ) in the SMX containing sample. Since it is hardly possible to 

measure the fluence rates at such high optical densities, it was determined in pure water 

(Text S4.3) and corrected for the optical density in the SMX system using the Morowitz 

correction.71 The according formulas and all intermediate results are shown in Text S4.11 

and Table S4.6. The quotient of 
app

pk and 
avg

nmE 254  results in the photon fluence-based rate 

constant. The values for 
app

E p

k 0  of our study are 240 m2 einstein-1 ± 4 m² einstein-1 (neutral 

SMX) and 107 m2 einstein-1 ± 2 m² einstein-1 (anionic SMX), respectively, and are 

comparable with the 0
pE

k  of Canonica et al. (580 ± 48 m² einstein-1 (neutral species) and 

176 ± 80 m² einstein-1 (anionic species); Table S4.5).70  Given the pH conditions of the 

experimental setup in this study, the 
app

E p

k 0  are equivalent to species-related 0
pE

k  values 

without further correction since either the neutral or the anionic SMX species prevails without 

significant influences from the other SMX species. Even though Canonica et al., used much 

smaller initial concentrations of SMX their 
app

E p

k 0  agreed well with our study, indicating that our 

results are also representative for smaller SMX concentrations.70 In addition, the molar 

absorptivity of two out of three typically formed transformation products of SMX 

phototransformation, i.e. sulfanilic acid and sulfanilamide, absorb UV-C light at 254 nm to a 
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similar degree compared to SMX (Figure S4.9).167,206,208,209 This implies that the optical 

density would not be changed if these transformation products are formed during the 

phototransformation of SMX. The observation that SMX photolysis follows the same first 

order rate constants during the whole experimental runs corroborates this, since a change in 

the absorptivity of the solution would result in different fluence rates and thus, different first-

order reaction rates. 

4.4.2 Transformation product analysis 

Analysis with HPLC/-ESI(-)-ToF-MS revealed ten major transformation products (TPs) 

among other minor products (Figure 4.3 and Table S4.7). According to their m/z-ratios, these 

were termed as TP177, TP189, TP202, TP214, TP242, TP252, TP260, TP266, TP268 and 

TP270 (cf. Table S4.8 and Figures S4.10-13). It has to be noted that TP189 and TP260 were 

only observed after irradiation of SMX at pH 3, whereas TP242 was solely detected in 

significant amounts after phototransformation of SMX at pH 8. Several of these TPs and their 

exact masses have been reported by previous researchers, namely TP177 as 

(5-methylisoxazol-3-yl)-sulfamate206,215,216, TP214217 as sulfacarbamide, TP252, i.e. the 

photoisomer of SMX,91,206,208,209,214,216-218, TP266 as SMX-NO215, TP268 as various isomers of 

hydroxylated SMX (SMX-OH)91,206,208,214-216 and TP270 that Zhou and Moore derived to be the 

hydrated product of 2H-azirine214. However, the double-bond equivalency of 6 (Table S4.7) 

would also support a hydroxylation of the methylisoxazole-moiety as it was proposed by 

Trovó et al. and Yang et al..91,208 So far, TP242 has only been observed as a TP resulting 

from an OH radical attack in a photo-Fenton reaction.219 Apart from this, TP189, TP202, 

TP242 and TP260 have not been reported as TPs after direct phototransformation of SMX. 

Tentatively formulated structures are shown in the Table S4.8 for TP189, TP202 and TP242. 

For TP260, no reasonable structure could be derived. Nevertheless, the most probable sum 

formula (C13H15N3O3) suggests the extrusion of SO2 which has been described for SMX and 

other sulfonamide drugs in literature before.206,217,220 Additionally, the isotopic pattern of 

TP260 supports the loss of SO2 (Figure S4.14). Bonvin et al. identified TP202 as 

4-(hydroxyamino)benzenesulfonic acid after phototransformation of SMX-NO.206 Since 

SMX-NO (TP266) was also identified in this study (Tables S4.7 and S4.8) in all irradiation 

setups, it appears reasonable that TP202 could also have originated as a secondary TP from 

TP266. However, it has to be noted that TP202 was not detected after irradiation with the LP 

and MP lamp at pH 8 even though TP266 was detected. Thus, even the formation of 

secondary TPs appears to be dependent on the pH and irradiation range. 

Analytical standards were not commercially available for most of the TPs. In order to enable 

a comparison of the TPs between the different irradiation setups, the according peak areas 
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are given as peak area ratios (PAR). The PAR is the ratio of each TP peak area to the initial 

SMX peak area of a sample withdrawn before the irradiation was started (Figure 4.3). For 

several TPs, two or more isomers were detected (cf. Table S4.7). It was not the aim of this 

study to identify the different isomers. However, in order to give the best possible overview, 

these were summed up to a combined PAR value.  

In general, the formation patterns shown in Figure 4.3 appear to be species-dependent. In 

case of the anionic SMX species, small TPs such as TP177 and TP214 are more preferably 

formed than for the neutral species where the photoisomer of SMX, TP252, shows the 

highest PAR. Zhou and Moore as well as Periša et al. state that similar phototransformation 

products are formed regardless of the prevailing SMX species.214,217 Our study has shown 

that this does apply for certain products (e.g., TP252 or TP270) but not for the whole variety 

and yields of TPs formed.  

In conclusion this means that it is not possible in case of SMX to distinguish the different 

photolysis scenarios, e.g. monochromatic UV-C light from simulated sunlight, solely by TP 

analysis. A comparable situation was found for degradation of methyl tert-butyl ether (MTBE) 

by acid hydrolysis, aerobic or anaerobic transformation which uniformly result in the common 

TP tert-butyl alcohol. Nevertheless, Elsner et al. could differentiate the three degradation 

processes by CSIA.221 In order to check for differences on the isotopic level of the SMX 

photolysis by the various photoirradiation setups, the samples were subjected to CSIA (see 

below). 

  

Figure 4.3: Formation patterns of the TPs after phototransformation with LP, MP, MP 
lamp with cut-off filter (MP+CF) and HP lamp at a) pH 3 and b) pH 8. TPs are 
represented as peak area ratios (PAR), i.e. the ratio of product peak area and of the 
peak area of initial SMX in each photolysis setup. Results originate from the longest 
irradiation times each (cf. Figure 4.2). Peak areas were summed up in case two or 
more TPs were found for the same m/z. The exact m/z can be found in Table S4.7. 
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4.4.3 Compound-specific stable isotope analysis 

For all SMX samples generated in the investigated irradiation setups, carbon stable isotope 

values have been determined (Figure 4.2). The resulting εC values are summarized in 

Table 4.1. Isotopic fractionation occurred during phototransformation with the MP lamp in 

presence of the cut-off filter and with the HP lamp as normal isotope effect at both pH values. 

The most pronounced εC value was detected for the MP lamp with cut-off filter at pH 3. 

Solely, for phototransformation with the LP lamp at pH 3 a minor inverse isotope effect was 

observed, i.e. reaction rates of 13C were faster so that the ratio of 13C to 12C of the remaining 

parent compound decreased. However, since the degree of isotope fractionation is very 

small, no further speculations will be added to that result. For the other remaining irradiation 

setups, no significant isotope fraction was observed. 

It is remarkable that only irradiation of SMX samples with sunlight related wavelengths, 

i.e. MP lamp with cut-off filter and HP lamp, resulted in significant isotope fractionation. This 

is most obvious from the comparison of the MP lamp in absence and presence of the cut-off 

filter. If UV-C light is not cut off, no isotope fractionation is observed. It can therefore be 

concluded that phototransformation with UV-C light does not or only slightly (cf. LP lamp, pH 

3) lead to isotope fractionation. The 254 nm emission line of the MP lamp is very strong, 

i.e. 3.2 times stronger than of the LP lamp (Figure S4.1a), so that the major 

phototransformation in absence of the cut-off filter proceeds via light absorption of SMX in 

the UV-C range (Figure S4.1a) and prevents any significant influences of UV-B and UV-A 

light. This concept is further supported by the significantly smaller apparent degradation rate 

of SMX using the MP lamp in presence of the cut-off filter, where only UV-B and UV-A light 

contribute to phototransformation in comparison with the MP lamp without filter solution.  

In case of the HP lamp, UV-C light was not cut off so that the 254 nm mercury emission line 

partially contributes to the phototransformation. However, due to the reduced transmission in 

the UV-C range of the liquid lightguide of the HP lamp, the intensity is reduced by more than 

30 % (Figure S4.2). This additional irradiation setup points out that carbon stable isotope 

fractionation is wavelength dependent. It illustrates that isotopic fractionation may occur even 

if UV-C irradiation is present on the premise that the sunlight related wavelengths are 

significantly more intense (cf. Figure S4.1b). This may also explain why a considerable εC 

was observed, albeit to a smaller extent than in case of a complete elimination of UV-C 

irradiation using the MP lamp with cut-off filter. 

Previously, it was shown that equilibrium isotope fractionation for H+-exchange at primary 

anilines such as 4-CH3-aniline may result in significant nitrogen isotope fractionation with 
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deviations up to -20 ‰ and even minor carbon isotope fractionation of 

approximately -0.5 ‰.222 Thus, it could have been expected to observe at least a small 

influence on isotopic fractionation due to H+-exchange at the sulfonamide nitrogen of SMX for 

the neutral species. However, for irradiation with the HP lamp, no significant pH dependence 

and for the MP lamp with the cut-off filter only a slight pH dependence could be observed. 

These findings regarding the influence of the pH and the resulting dominant species are 

divergent and it appears questionable that the difference of approximately 1 ‰ in case of the 

MP lamp with cut-off filter has been caused by H+-exchange at the sulfonamide nitrogen. 

Consequently, in our experiments εC-values of SMX are mainly influenced by the applied 

wavelength range and the effect of pH is rather small. However, the difference of 

approximately 1 ‰ of the two SMX species for phototransformation with sunlight related 

irradiation is in agreement with the results of Birkigt et al.172. 

At the moment it cannot be excluded that the observed εC-values are a product of primary 

and secondary isotope effects. TP analysis has shown that the other elements contained in 

SMX are located at relevant bond positions. During formation of TP177, TP189 and TP 202 

sulfur is directly involved in the bond cleavage. A nitrogen bond is directly involved in 

formation of TP189, TP202, TP214, TP242, TP252, TP266 and TP268 (cf. Table S4.8) so 

that an additional influence on carbon isotopic fractionation seems possible due to secondary 

isotope effects. Secondary isotope effects have been reported for carbon132,223 as well as 

nitrogen154,155 atoms in various transformation processes. However, with the instrumentation 

available in the present study it was not possible to determine other isotopic values than for 

carbon. Nevertheless, the information supplied by nitrogen stable isotope analysis may 

additionally help to distinguish transformation reactions as it was possible for atrazine155 or 

diclofenac154 which will be addressed in future work. Furthermore determination of εN-values 

could also help to clarify the impact of H+-exchange on isotopic fractionation values 

discussed above as in a previous study.158 Ratti et al. have substantially investigated the 

direct photolysis of chloroanilines.157,158 In these studies it was shown that εC- and εN-values 

are strongly dependent on the position of the chlorine substituent, the pH and the excited 

states, i.e. singlet or triplet states. Additionally, all three chloroanilines were affected 

differently by variations of the variables listed before so that it was impossible to deduce a 

unique trend for each variable.  

The irradiation sources used in our study resulted in different isotopic fractionation and one 

might have expected different phototransformation products for each irradiation setup. For 

instance, the MP lamp with cut-off filter revealed the strongest effect on isotopic fractionation 

of SMX (Table 4.1). Hence, one would expect that products from reactions involving C―C 
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bond cleavage are most pronounced in this experimental setup. However, such products, 

e.g. TP214, TP252 or TP270, were observed in all experiments and, thus, no distinct TP 

could be identified as indicator for the isotopic fractionation. One possible explanation is that 

the detected TPs are a mixture of excited singlet and triplet state reactions. If photophysical 

processes governed TP formation it is also likely that magnetic mass-independent isotope 

effects (MIE) determined the observed εC-values as it was suggested in previous 

studies155,157,158. In magnetic MIE reaction rates of chemical reactions are dependent on 

nuclear spin selectivity in contrast to mass-dependent isotope effects where different 

energies of light and heavy nuclei govern the observed isotope effects.125,224 As a 

consequence, the variations in εC-values observed in this study may not be explained by C-C 

bond cleavage alone. Moreover, one intriguing question remains to be addressed, i.e. why 

does photolysis by UV-B and UV-A light lead to isotopic fractionation whereas UV-C light 

does not? It is possible that UV-A, UV-B and UV-C light result in different populations of 

excited states (i.e. singlet or triplet), which might also explain different εC-values. It is known 

from previous studies that either singlet or triplet excited states may determine isotopic 

fractionation.157,158 Thus to gain further insight in underlying reaction mechanisms one would 

need to quantify the influence of the different excited states and, if further instrumental 

developments allow, determine isotopic fractionation of the other elements, e.g. nitrogen or 

sulfur. However, these further investigations are out of scope of the present study. 

Overall it could be shown that the investigated irradiation setups lead to formation of similar 

TPs. Depending on pH and irradiation source their relative quantities varied but a distinction 

of the irradiation source based on product formation studies alone was not feasible. 

Nevertheless, the distinct CSIA results have shown that there are differences in the 

underlying degradation processes which cannot be identified, yet, and deserve further 

research. Based on CSIA it might be possible to distinguish between different wavelength 

ranges causing a phototransformation of SMX, i.e., CSIA may enable to distinguish 

engineered (e.g., UV-disinfection with LP-lamps) from natural photodegradation processes of 

SMX. UV-disinfection has recently been implemented in regular WWTPs202,205 to improve the 

overall water quality of receiving waters. As a consequence, wastewater point sources could 

be traced back especially if photolysis by natural sunlight occurred. In such a case stable 

carbon isotope signatures would become more negative the closer samples are taken at the 

source. Additionally, it would be possible to determine the influence of direct sunlight 

photolysis on natural attenuation of micropollutant contaminations such as SMX. 
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Table 4.1: Carbon stable isotope enrichment factors (εC) for direct photolysis of SMX in 
different irradiation setups 

Irradiation source 
εC

a [‰] 

pH 3 pH 8 

LP (254 nm) 0.8 ± 0.1 n.s. 

MP (200-600 nm) n.s. n.s. 

MP + cut-off filter 

(310-600 nm) 
-4.8 ± 0.1 -3.9 ± 0.1 

HP (220-500 nm) -1.9 ± 0.1 -2.2 ± 0.2 

aεc-values below 0.5 ‰ were excluded due to measurement uncertainties (compare 

Jochmann et al. and Sherwood Lollar et al.)143,179 and marked as not significant (n.s.); 
uncertainties represent the standard deviation of the slope 

 

4.5 Supporting Information 

Text S4.1: Chemicals 

All solutions were prepared in ultrapure water (18.1 MΩ∙cm, TOC < 10 ppb; ELGA LabWater, 

Veolia Water Technologies Deutschland GmbH, Celle, Germany). 

Following chemicals were used for preparation of the samples: acetanilide (99.9 %, Merck 

KGaA, Darmstadt, Germany), acetonitrile (HPLC-grade, VWR Chemicals, Leuven, Belgium), 

3-amino-5-methylisoxazole (≥ 97 %, Sigma-Aldrich, Steinheim, Germany), atrazine (97.4 %, 

pestanal, analytical standard, Sigma-Aldrich), carbon dioxide (4.5 %, Air Liquide, Düsseldorf, 

Germany), dipotassium hydrogen phosphate (≥ 99 %, p.a., AppliChem, Darmstadt, 

Germany), formic acid (99-100 %, Sigma-Aldrich), helium (5.0; Air Liquide), methanol 

(99,99 % HPLC-grade, Fisher Scientific, Loughborough, United Kingdom), ortho-phosphoric 

acid (85 %, p.a., AppliChem), pH-reference solutions pH 4 (citric acid, sodium hydroxide, 

sodium chloride) and pH 7 (phosphate mixture) (both Bernd Kraft, Duisburg, Germany), 

potassium dihydrogen phosphate (≥ 98 %, AppliChem), potassium hydrogen phthalate 

(Reag. Ph Eur., p.a., Merck KGaA), sodium hydroxide (≥ 99 %, VWR Chemicals), 

sulfamethoxazole (analytical standard, Sigma-Aldrich), sulfanilamide (≥ 99 %, puriss. p.a., 

Sigma-Aldrich), sulfanilic acid (99 %, Sigma-Aldrich), sulfuric acid (> 95 %, Fisher Scientific), 

uridine (≥ 99 %, Sigma-Aldrich). 
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Text S4.2: Photoirradiation setups - Sources of irradiation 

Three different irradiation setups were employed for direct photolysis experiments: a merry-

go-round photoreactor for irradiation with the low- (LP) (λ = 254 nm; TNN 15/32, nominal 

power 15 W, Heraeus Noblelight, Hanau, Germany) and the medium-pressure (MP) mercury 

lamp (λ = 200-600 nm; TQ 718, nominal power 700 W, Heraeus Noblelight; both lamps were 

supplied by Peschl Ultraviolet, Mainz, Germany), the latter in absence and presence of a cut-

off filter solution, a high-pressure (HP) mercury lamp (λ = 220-500 nm; SUV DC DeepUV, 

Lumatec, Deisenhofen, Germany) connected to a liquid lightguide (series 250, 

ø5 mm x 1000 mm; Lumatec) and a neodymium-doped yttrium aluminum garnet 

(Nd:Y3Al5O12) laser (Nd:YAG-laser) (λ = 266 nm; Polaris II, New Wave Research, St Neots, 

UK) integrated in a flow-through setup. 

The emission spectra of the LP, MP and HP Hg lamps in comparison to the molar 

absorptivity of the neutral (pH 3) and the anionic (pH 8) species of SMX are shown in 

Figure S4.1. Additionally, the wavelength-dependent transmission of the liquid lightguide 

employed in combination with the HP lamp is shown in Figure S4.2. 
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Figure S4.1: Molar absorptivity of the neutral (pH 3) (black line) and anionic (pH 8) 
(pink line) species of SMX are shown in comparison to the emission spectra of a) the 
LP lamp (TNN 15/32) (dark blue) and MP lamp (TQ 718) (light blue) and b) the HP lamp 

(SUV DC DeepUV) connected to the liquid lightguide (ø5 mm x 1000 mm) (dark blue). 

 

 

 

Figure S4.2: Transmission properties of the liquid lightguide (black line) in 
comparison to the emission spectrum of the HP Hg lamp. The HP Hg lamp data were 
recorded with the liquid lightguide already connected to it. 

  

a) 

b) 
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Text S4.3: Photoirradiation setups - Merry-go-round photoreactor 

For irradiation with the LP and the MP lamp, the merry-go-round photoreactor shown in 

Figure S4.3 was used. The lamp was placed in the center of the photoreactor within a quartz 

glass cooling jacket. The cooling jacket and the glass container were filled with ultrapure 

water. In both cases the light absorption within the emitted wavelength range was negligible. 

The temperature of the feed water of the cooling jacket was controlled so that the 

temperature of the water surrounding the samples was kept constant at 25.0 ± 0.2 °C. 70 mL 

of aqueous SMX solution, either buffered at pH 3 or pH 8, were filled in quartz glass tubes 

which were then immersed in the glass container of the photoreactor. Aliquots were 

withdrawn in certain time intervals. Moreover, it was made sure that a minimum sample 

volume of 17.5 mL remained in the quartz glass tubes. This was necessary because 

irradiation was unevenly distributed at the bottom of the quartz glass tubes which led to 

significant lower degradation rates in preliminary tests (data not shown). In case of LP lamp 

phototransformation experiments were performed as duplicate for SMX at pH 3 and single 

experiments at pH 8. In case of MP lamp phototransformation experiments were performed 

as triplicate for SMX at pH 3 and duplicate at pH 8. 

 

Figure S4.3: Merry-go-round photoreactor for irradiation with LP and MP lamp. In case 
of the MP lamp, the setup was either run with ultrapure water or 1.1 % w/v potassium 
hydrogen phthalate as cooling water. In the latter case all wavelengths below 310 nm 
were cut off. Figure was adapted from Wegelin et al.212 and modified accordingly. 
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The fluence rate of the LP lamp was determined every working day by chemical actinometry 

using the uridine actinometer72 at low optical density.70 A 10 µM uridine solution buffered with 

10 mM phosphate at pH 7 was irradiated for 10 min in total with molar absorption coefficient 

(ελ) of ελ=254nm (uridine) = 841 m2 mol-1 and a quantum yield (Φλ) of 

Φλ=254nm (uridine) = 0.019 mol einstein-1.72,73 Aliquots were withdrawn in between every 2 min. 

Absorption measurements of residual uridine were done spectrophotometrically at 262 nm 

with ελ=262nm (uridine) = 1040 m2 mol-1.73 The pseudo-first order degradation rate constant (kp) 

of uridine was obtained from the slope of the regression of time [s] vs. ln(curidine/c0,uridine). The 

fluence rate at vanishing absorbance (
0

254, nmpE  ) was calculated with Equation S4.1.70 

)()(303.2

)(

254254

254,0

254,
uridineuridine

uridinek
E

nmnm

nmp

nmp


















 (S4.1) 

In a second approach, the cooling water in the cooling jacket was replaced by a cut-off filter 

solution for total absorption of wavelengths below 310 nm. According to Montalti et al., a 

0.5 % w/v solution of potassium hydrogen phthalate solution will lead to total absorption over 

a path length of 1 cm for wavelengths below 310 nm.225 In the given setup the cut-off filter 

solution was filled into the cooling jacket of the photoreactor and continuously exchanged by 

a thermostat, which was simultaneously used to maintain a temperature of 25.0 ± 0.2 °C 

within the glass container. The path-length of the cooling jacket was 0.45 cm, thus, to obtain 

a similar total absorption for λ < 310 nm, a 1.1 % w/v solution of potassium hydrogen 

phthalate solution was used. The total absorption was controlled via two ways. First, every 

30 min, aliquots of the cut-off filter solution were taken and absorption was determined 

spectrophotometrically. An absorption spectrum of the potassium hydrogen phthalate 

solution after different irradiation times with the MP-lamp is shown in Figure S4.4. Second, 

additionally to the quartz-glass tubes filled with sample solution, one quartz-glass tube was 

filled with a 5 µM atrazine solution buffered at pH 7 with a 5 mM phosphate buffer. Due to the 

higher stability of atrazine in aqueous solution, this was used instead of the uridine 

actinometer. This setup has been described as a suitable chemical actinometer for 

characterization of LP lamps for wavelength in a range of 238-334 nm.70 As atrazine does not 

absorb light at wavelengths above 310 nm, it was used to reassure the efficacy of the cut-off 

filter within the system. Figure S4.5 shows irradiation of the 5 µM atrazine solution in 

presence and absence of the cut-off filter solution. It is remarkable that atrazine is not 

detectable after more than five minutes of irradiation with the MP lamp in absence of the cut-

off filter solution. Phototransformation experiments were performed as triplicates for SMX at 

pH 3 and duplicates at pH 8 with the MP lamp in presence of the cut-off filter. 
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Figure S4.4: Example of absorption of the filter solution used for the MP lamp after 0 
min and 120 min of irradiation. The concentration in the cooling jacket was  1.1 % w/v 
potassium hydrogen phthalate. Absorption was measured at a path length of 1 cm (cf. 
materials and methods section in the main paper). In order to depict absorption 
conditions within the cooling jacket of the irradiation setup (path length of 0.45 cm) 
with the MP lamp, the original solution was diluted using ultrapure water to a 
concentration of 0.5 % w/v potassium hydrogen phthalate. It becomes easily visible 
that wavelengths below 310 nm are completely absorbed. 
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Figure S4.5: Comparison of two irradiation experiments of a 5 µM atrazine solution 
buffered at pH 7 with 5 mM phosphate in a) absence and b) presence of the 1.1 % w/v 
potassium hydrogen phthalate cut-off filter solution. 

 

Text S4.4: Photoirradiation setups - HP lamp 

The irradiation setup using the HP Hg lamp is shown in Figure S4.7. In each experiment, 

50 mL of SMX solution were filled into the crystallizing dish (inner diameter 7.7 cm) and 

continuously stirred using a magnetic stirrer. The whole setup was encased during the 

irradiation to prevent interactions with other light sources. The distance between the 

crystallizing dish and the tip of the liquid lightguide was chosen so that the area of the SMX 

sample solution was completely irradiated by the light beam. Aliquots of 1.5 mL of sample 

solution were withdrawn at each time samples were taken. Phototransformation experiments 

were performed as triplicates for SMX at pH 3 and duplicates at pH 8. 
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Figure S4.6: Irradiation setup employing a HP Hg lamp connected to a liquid 
lightguide. The liquid lightguide was permanently fixed directly above the crystallizing 
dish in order to apply same conditions to all samples.  

 

Text S4.5: Photoirradiation setups - Nd:YAG laser 

The Nd:YAG laser was integrated in a flow-through setup shown in Figure S4.6. The SMX 

solutions were pumped by an HPLC-pump (PLATINblue; Knauer, Berlin, Germany) through a 

laser quartz glass cuvette (path length = 5 cm) with an irradiated area of 3.98 mm², a 

repetition rate of 10 Hz and a pulse energy of 3.7 mJ. The flow rates of the pump were 

adjusted to obtain defined numbers of laser shots per volume as shown in Table S4.1. 

Phototransformation experiments were performed as triplicate for SMX at pH 3 and pH 8. 

Nd:YAG Laser
λ = 266 nm

Sampling point

λ

HPLC pump

SMX solution

 

Figure S4.7: Flow-through setup with a Nd:YAG laser irradiating a laser cuvette with a 
path length of 5 cm and an irradiated area of 3.98 mm². Transport of SMX solution at 
defined flow rates was conducted with an HPLC pump. 
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Table S4.1: Various flow rates (Q) which were set by the HPLC pump in order to obtain 
the different numbers of shots applied to the SMX solution. 

Number 

of shots 
100 200 300 400 500 600 700 800 900 1000 

Q 

[mL min-1] 
1.193 0.596 0.398 0.298 0.239 0.199 0.170 0.149 0.133 0.119 

 

Text S4.6: Quantification of SMX by HPLC-DAD (fully adapted from Willach et al.210) 

The concentration of SMX was determined by an HPLC-DAD system consisting of LC-10AT 

(pump), FCV-10AL (degasser), SCL-10A (system controller), SPD-M10A (detector), SIL-

10AD (autosampler) and CTO-10AS (column oven, isothermally run at 30 °C) (Shimadzu, 

Duisburg, Germany). The injection volume was 10 µL. The analytical column was a 

ProntoSIL C-18 (250 x 4 mm, particle size 5 µm; pore size 120 Å) (Bischoff Analysentechnik 

und -geräte GmbH, Leonberg, Germany) using an isocratic eluent (35:65 methanol:water 

(pH 2); flow: 0.5 mL/min). Absorption at 270 nm was used for quantification. Calibration 

standards were prepared from 99 - 790 µM SMX or 9.9-79 µM SMX depending on the initial 

SMX concentration of the samples. Limit of quantification (LOQ) was 2.3 µM SMX 

(determination according to DIN 32645)189. Data processing was performed by LC solutions, 

version 1.25, SP4 (Shimadzu). 

 

Text S4.7: Quantification of atrazine by HPLC-DAD 

The concentration of atrazine was determined using the same HPLC-DAD system, analytical 

column and data processing software already described in Text S4.6. The eluent was 

isocratic (70:30 methanol:water (pH 2); flow: 0.5 mL/min). Absorption at 220 nm was used for 

quantification. The calibration range was 1-6 µM atrazine. LOQ was 0.6 µM atrazine 

(determination according to DIN 32645, 2008)189. 

 

Text S4.8: Isotope-ratio measurements by high-temperature-liquid chromatography-isotope-

ratio mass spectrometry (fully adapted from Willach et al.210) 

Isotope ratio measurements by HT-LC-IRMS of SMX were performed according to 

Kujawinski et al.171 with modifications as described below. The HT-LC system was composed 
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of a binary piston pump (Rheos Allegro, Flux Instruments/Thermo Scientific, Bremen, 

Germany), a HTC PAL autosampler (CTC Analytics, Zwingen, Switzerland; supplied by Axel 

Semrau, Sprockhövel, Germany), an HT HPLC 200 column oven (SIM, Oberhausen, 

Germany) and a LC IsoLink interface connected to a DeltaV Advantage isotope ratio mass 

spectrometer (both: Thermo Scientific). Separation was performed on an X-Bridge C18 

column (100 x 2.1 mm, particle size 3.5 µm; pore size 130 Å) (Waters, Eschborn, Germany) 

with an acidic eluent (pH 3 buffered with 2.5 mM sodium phosphate) at a flow rate of 300 µL 

min-1. The temperature gradient was started at 30 °C, increased after sample injection 

instantaneously by 5 °C min-1 until the maximum of 85 °C and then held for 9 min. For an 

improved temperature transfer the eluent was pre-heated by the oven. Additionally, the entire 

column was embedded between two custom made aluminum blocks. After separation, the 

column effluent was mixed with 30 µL min-1 of 1.5 M ortho-phosphoric acid and 70 µL min-1 

0.84 M sodium peroxodisulfate in the interface. Afterwards, the mixture was led into the 

oxidation oven which was set to 99.9 °C. After passing the gas separation unit the generated 

CO2 was transferred by a helium stream at a flow rate of 1.2 mL min-1 into the open split of 

the IRMS. The IRMS was tuned to maximum linearity. Regularly, reference gas pulses of 

varying amplitudes were used to control linearity and precision performance of the IRMS. All 

samples were measured as triplicates and every third measurement was followed by a single 

measurement of a 390 µM SMX standard. The method’s detection limit of SMX was 0.3 µg C 

on column and was determined according to the moving mean procedure.143  

The obtained data sets were tested for outliers by the three Grubbs-test explained in detail 

by Ellison et al..226 Only if one measurement data point was clearly identified by these tests it 

was marked as an outlier and was not further considered. 

Aliquots of the analytical standards of SMX were weighed in tin cups (4 x 6 mm, IVA, 

Analysentechnik, Meerbusch, Germany) and analyzed with an elemental analyzer (vario 

PYRO Cube, Elementar Analysensysteme GmbH, Langenselbold, Germany) coupled to an 

IRMS (IsoPrime100, Isoprime Ltd., Stockport, UK). The reference materials USGS40 

(International atomic energy agency (IAEA), Vienna, Austria; L-glutamic acid, 

δ13C: -26.389 ‰) and USGS41 (IAEA; L-glutamic acid δ13C: +37.626 ‰) were used to 

normalize the working standard acetanilide to the international Vienna Pee Dee Belemnite 

(VPDB) scale.120 

Kujawinski et al. have shown that δ13
C values of SMX obtained by HT-LC-IRMS are 

concentration independent in the investigated concentration range.171 The reported δ13
C 

values were normalized to the VPDB scale and all standard deviations refer to a minimum of 

triplicate measurements. Additionally, the δ13
C values of the SMX samples obtained by the 
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HT-LC-IRMS were corrected according to the principle of identical treatment as it was 

proposed by Werner and Brand.121 Therefore, the EA-IRMS normalized SMX standard was 

measured after every third HT-LC-IRMS measurement for correction and normalization of the 

degradation experiment samples. Data from HT-LC-IRMS measurements were recorded and 

processed by Isodat 2.5 (Thermo Scientific). Data from EA-IRMS were treated with 

IonVantage (Isoprime Ltd.). 

Text S4.9: Transformation product identification (fully adapted from Willach et al.210) 

For the detection of transformation products, a high performance liquid chromatographic 

separation coupled to a time-of-flight mass spectrometer (HPLC/ESI(-)-ToF-MS) was used. 

In addition, an ion trap mass spectrometer was employed for fragmentation experiments. For 

the chromatographic separation, 5 µL of sample solution were injected onto a reversed-

phase C18 column (Hypersil Gold, 150 x 2.1 mm, 3 µm particle size, 175 Å, Thermo 

Scientific, Bremen, Germany). A solution of 0.1% formic acid in bidistilled water (eluent A) 

and acetonitrile (eluent B) were used as eluents in a binary gradient which is shown in SI 

(Table S4.2). Separation was carried out at 40°C and the total flow rate was set to 

0.3 mL/min. 

Determination of accurate masses was achieved with a Bruker micrOTOF (Bruker Daltonics, 

Bremen, Germany) with an electrospray ionization interface operated in negative mode. This 

mass spectrometer was coupled to a LC system by Shimadzu (Shimadzu Germany, 

Duisburg, Germany) consisting of two LC-10ADVP pumps, a SIL-HTA autosampler, a DGU-

14A degasser, and a CTO-10ADVP column oven. Detailed mass spectrometric parameters 

are given in Table S4.3). The mass spectrometer was controlled by micrOTOFControl 1.1 

software (Bruker), the LC system by LC Solution 1.25 (Shimadzu). For high mass accuracy, 

each analysis was calibrated internally using the SMX signal and its accurate theoretical 

mass. For highly polar, low-mass transformation products sodium formate clusters were used 

as an internal mass calibration standard. 

For data evaluation, DataAnalysis 4.0 software from Bruker Daltonics (Bremen, Germany) 

and OriginPro 9.3 by OriginLab Corporation (Northampton, MA, USA) were used. 

 

Table S4.2: Gradient profile for the LC separation of transformation products of SMX. 

t [min] 0 3 14 15 16 17 25 

%B (Acetonitrile) 5 5 30 90 90 5 5 
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Table S4.3: Mass spectrometric parameters for the determination of exact masses of 
transformation products of SMX analyzed by liquid chromatography coupled to time-
of-flight mass spectrometry. 

Ionization mode negative Hexapole 1 voltage -26.7 V 

Mass range m/z 50 – 550 Hexapole 2 voltage -22.1 V 

Spectra rate 1.0 Hz Hexapole RF voltage 90 Vpp 

Nebulizer gas pressure 1.5 bar Lens transfer time 49.0 µs 

Dry gas flow rate 8.6 L/min Pre pulse storage time 9.0 µs 

Dry heater temperature 200 °C Lens 1 storage voltage -30.0 V 

Capillary voltage 4000 V Lens 1 extraction voltage -20.5 V 

Endplate offset voltage -500 V Lens 2 voltage -12.0 V 

Capillary exit voltage -90.0 V Lens 3 voltage 16.0 V 

Skimmer 1 voltage -30.0 V Lens 4 voltage -0.3 V 

Skimmer 2 voltage -22.1 V Lens 5 voltage 30.0 V 

 

Table S4.4: Mass spectrometric parameters for the determination of transformation 
products of sulfamethoxazole analyzed by liquid chromatography coupled to ion trap 
mass spectrometry. 

Ionization mode negative Capillary exit voltage -100.4 V 

Mass range m/z 50 – 550 Skimmer voltage -40.0 V 

Nebulizer gas pressure 35 psi Octapole 1 voltage -12.0 V 

Dry gas flow rate 8.5 L/min Octapole 2 voltage -1.7 V 

Dry gas temperature 320 °C Octapole RF  137.5 Vpp 

Capillary voltage 4000 V Lens 1 voltage 5.0 V 

Endplate offset voltage -500 V Lens 2 voltage 60.0 V 

ICC target 7000 Trap Drive 46.3 

Max. accu. time 100 ms   

 

Table S4.5: Kinetics parameters for the direct phototransformation of SMX under 
254 nm irradiation fully adapted from Canonica et al.70 

 εa [m2 mol-1] Φb [einstein mol-1] 0
pE

k
c [m² einstein-1] 

pH 3 (neutral species) 1189 ± 23 0.212 ± 0.018 580 ± 48 

pH 8 (anionic species) 1676 ± 38 0.046 ± 0.021 176 ± 80 

a Molar absorption coefficient; b Quantum yield; c photon fluence-based rate constant 

 



Chapter 4 -  
Direct photolysis of SMX with UV/vis-light 

 
100 

 

  

Figure S4.8: Photolysis of SMX with Nd:YAG-laser light at pH 3 (a) and pH 8 (b). Data 
are shown in dependence of the number of shots.  Concentration decrease is given as 
ln(c/c0) (squares; error bars represent standard deviations of experimental replicates) 
and carbon isotope values as δ13

C (circles; error bars represent standard deviations of 
experimental replicates (n = 3) plus the triplicate measurement of each sample). First 
order apparent photolysis kinetic rate constants (kp

app) shown in each according graph 
are derived from the slopes of number of shots, respectively, vs. ln(c/c0). Time based 
kp

app  were calculated with 600 laser shots min-1. The given uncertainty originates from 
the standard deviation of the related slope. 

 

Text S4.10: SMX degradation by laser light - kinetics and CSIA results  

Please note that transformation products of the phototransformation of SMX by laser light 

were not determined. Thus, in the following only results from degradation kinetics and CSIA 

will be presented and discussed. 

Phototransformation kinetics of SMX using virtually monochromatic laser light (λ = 266 nm) 

appears to be largely independent of the SMX species, i.e. neutral or anionic one 

(Figure S4.8). This different behavior compared to phototransformation with the various 

mercury lamps may originate from the unique character of laser light. In general, laser 

sources emit monochromatic coherent electromagnetic radiation.227 Since the radiation of the 

Nd:YAG-laser is pulsed and focused on a small area, the resulting radiation intensity is very 

high including photon flux and photon density.227 Additionally, the emitted monochromatic 

wavelength differs by 12 nm from the mercury arc lamp so that at this emitted wavelength the 

absorption coefficient of the neutral species is slightly higher than that of the anionic species. 

Consequently, photolysis of SMX caused by mercury arc lamps differs strongly from the one 

originating from laser light. However, it could not be clarified in the course of this study why 

no significant difference between the two SMX species (neutral and anionic) could be 

observed in contrast to all other photolysis setups regardless of the wavelengths. 

Nevertheless, to find the cause of these results should be the aim of future studies. 
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For photolysis of the neutral and the anionic SMX species with the Nd:YAG-laser no 

significant isotope fractionation was detected. For photolysis of SMX by the LP lamp a slight 

inverse isotope fractionation for the neutral species and no significant fractionation for the 

anionic species were determined. However, for both SMX species irradiated with laser light 

no significant carbon isotope fractionation was detected. Thus, it is currently not possible to 

make any further judgement on differences originating from the different irradiation sources. 

Solely considering the results from CSIA it might have been concluded that UV-C light does 

not or only slightly cause carbon isotope fractionation. However, taking the kinetic data into 

account it appears unlikely that both kinds of photolysis proceeded via the same mechanism. 

If it becomes possible to determine isotope values for nitrogen or sulfur, further insights will 

probably be possible. Unfortunately, at the moment further conclusions are not possible due 

to the limited amount of data. 

 

Text S4.11: Morowitz correction factor adapted from Katsoyiannis et al.71 

The average fluence rate (
avg

nmE 254 ) in the quartz glass tubes of the merry-go-round 

photoreactor was obtained by Equation S4.2: 

0
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 (S4.2) 

where nmS 254  is the Morowitz correction factor, 
0

254, nmpE   is the fluence rate at vanishing 

absorbance. The absorbance nmA 254  is approximated by Equation S4.3: 

avg

nmnm lA   254254    (S4.3) 

where nm254  is the absorption coefficient of the sample, i.e. 790 µM SMX solution plus 

10 mM phosphate buffer, and the average optical path-length of the quartz glass tube 
avgl . 

The resulting values of the Morowitz correction for the LP lamp with the merry-go-round 

photoreactor are listed in Table S4.6. 
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Table S4.6: Correction of the apparent pseudo first order rate constant of SMX 
degradation under monochromatic 254 nm irradiation with the LP lamp in the merry-
go-round photoreactor 

  pH 3 pH 8 

nm254  [cm-1] 9.389 13.234 

nmA 254
a 

[-] 14.83 20.91 

nmS 254
a [-] 0.0293 0.0208 

avg

nmE 254
b 

[µeinstein m-2 s-1] 1.756 1.246 

app

pk c 
[min-1] 0.02880 ± 0.00046 0.00844 ± 0.00013 

app

E p

k 0
d [m2 einstein-1] 240 ± 4  107 ± 2 

acalculated with lavg = 1.58 cm 

bcalculated with 
0

254, nmpE  = 60 µeinstein m-2 s-1 

cmeasured in this study 

dcalculated from 
avg

nm

app

papp

E E

k
k

p

254

0






70  
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Figure S4.9: Comparison of the molar absorptivity of three typical transformation 
products of SMX at a) pH 3 (neutral SMX species prevails) and b) pH 8 (anionic SMX 
species prevails). A significant absorption between 400 nm and 800 nm was not 
detected. 

 

  

0

5000

10000

15000

20000

25000

30000

35000

19
0

20
0

21
0

22
0

23
0

24
0

25
0

26
0

27
0

28
0

29
0

30
0

31
0

32
0

33
0

34
0

35
0

36
0

37
0

38
0

39
0

40
0

ε 
[L

 m
o

l-1
 c

m
-1

] 

Wavelength [nm] 

pH 3 

SMX

Sulfanilic acid

Sulfanilamide

3-Amino-5-
methylisoxazole

a) 

0

5000

10000

15000

20000

25000

30000

35000

19
0

20
0

21
0

22
0

23
0

24
0

25
0

26
0

27
0

28
0

29
0

30
0

31
0

32
0

33
0

34
0

35
0

36
0

37
0

38
0

39
0

40
0

ε 
[L

 m
o

l-1
 c

m
-1

] 

Wavelength [nm] 

pH 8 

SMX

Sulfanilic acid

Sulfanilamide

3-Amino-5-
methylisoxazole

b) 



Chapter 4 -  
Direct photolysis of SMX with UV/vis-light 

 
104 

 

Table S4.7: Main transformation products found for the phototransformation of SMX at 
pH 3 and pH 8 with the LP, MP, MP+CF and HP lamp. For each transformation product, 
the according retention time (tR), the measured mass-to-charge-ratio (m/z) as [M-H]-, 
the derived elemental composition and the according calculated mass-to-charge-ratio 
(m/z) as [M-H]-, the deviation from measured to calculated m/z and its double bond 
equivalent (DBE) are given. 

 Name tR [min] 
Measured 

m/z 

[M-H]─ 

Elemental 
composition 

[M-H] 

Calculated 
m/z 

[M-H] ─ 

Error 
[ppm] 

DBE 

LP 
pH 3 

189 1.64 188.9842 C6H6O5S 188.9863 11.21 4 

214 2.09 214.0291 C7H9N3O3S 214.0292 0.40 5 

189 2.31 188.9866 C6H6O5S 188.9863 -1.49 4 

214 3.11 214.0291 C7H9N3O3S 214.0292 0.40 5 

214 4.24 214.0290 C7H9N3O3S 214.0292 0.86 5 

260 4.40 260.1033 C13H15N3O3 260.1041 2.94 8 

260 4.80 260.1034 C13H15N3O3 260.1041 2.56 8 

270 5.62 270.0558 C10H13N3O4S 270.0554 -1.48 6 

202 5.71 201.9811 C6H5NO5S 201.9816 2.31 5 

252 6.84 252.0444 C10H11N3O3S 252.0448 1.75 7 

268 6.86 268.0405 C10H11N3O4S 268.0398 -2.80 7 

266 8.42 266.0221 C10H9N3O4S 266.0241 7.52 8 

268 11.41 268.0400 C10H11N3O4S 268.0398 -0.93 7 

SMX 12.39      

266 13.40 266.0238 C10H9N3O4S 266.0241 1.13 8 

LP 
pH 8 

268 2.97 268.0398 C10H11N3O4S 268.0398 -0.19 7 

214 3.07 214.0281 C7H9N3O3S 214.0292 5.07 5 

242 3.66 242.0240 C8H9N3O4S 242.0241 0.41 6 

270 5.59 270.0553 C10H13N3O4S 270.0554 0.37 6 

252 6.82 252.0451 C10H11N3O3S 252.0448 -1.03 7 

268 11.40 268.0395 C10H11N3O4S 268.0398 0.93 7 

SMX 12.38      

266 13.39 266.0245 C10H9N3O4S 266.0241 -1.50 8 

MP 
pH 3 

189 1.63 188.9868 C6H6O5S 188.9863 -2.55 4 

177 2.13 176.9959 C4H6N2O4S 176.9976 9.33 3 

189 2.29 188.9863 C6H6O5S 188.9863 0.10 4 

214 3.06 214.0282 C7H9N3O3S 214.0292 4.60 5 

214 4.18 214.0288 C7H9N3O3S 214.0292 1.80 5 

270 5.55 270.0551 C10H13N3O4S 270.0554 1.11 6 

202 5.62 201.9808 C6H5NO5S 201.9816 3.80 5 

252 6.79 252.0446 C10H11N3O3S 252.0448 0.95 7 

266 8.38 266.0239 C10H9N3O4S 266.0241 0.75 8 

268 11.38 268.0394 C10H11N3O4S 268.0398 1.31 7 

SMX 12.35      

266 13.32 266.0234 C10H9N3O4S 266.0241 2.63 8 
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 Name tR [min] 
Measured 

m/z 
[M-H]─ 

Elemental 
composition 

[M-H] 

Calculated 
m/z 

[M-H] ─ 

Error 
[ppm] 

DBE 

MP 
pH 8 

214 2.08 214.0317 C7H9N3O3S 214.0292 -11.75 5 

177 2.14 176.9969 C4H6N2O4S 176.9976 3.68 3 

214 3.08 214.0290 C7H9N3O3S 214.0292 0.86 5 

242 3.66 242.0241 C8H9N3O4S 242.0241 0.00 6 

268 5.48 268.0399 C10H11N3O4S 268.0398 -0.56 7 

270 5.57 270.0555 C10H13N3O4S 270.0554 -0.37 6 

252 6.80 252.0448 C10H11N3O3S 252.0448 0.16 7 

268 11.38 268.0392 C10H11N3O4S 268.0398 2.05 7 

SMX 12.35      

266 13.33 266.0238 C10H9N3O4S 266.0241 1.13 8 

MP+CF 
pH 3 

189 1.63 188.9864 C6H6O5S 188.9863 -0.43 4 

177 2.13 176.9975 C4H6N2O4S 176.9976 0.29 3 

189 2.29 188.9862 C6H6O5S 188.9863 0.62 4 

214 3.04 214.0289 C7H9N3O3S 214.0292 1.33 5 

214 4.16 214.0285 C7H9N3O3S 214.0292 3.20 5 

260 4.24 260.1032 C13H15N3O3 260.1041 3.33 8 

260 4.64 260.1039 C13H15N3O3 260.1041 0.63 8 

270 5.52 270.0547 C10H13N3O4S 270.0554 2.59 6 

202 5.59 201.9815 C6H5NO5S 201.9816 0.33 5 

268 5.78 268.0390 C10H11N3O4S 268.0398 2.80 7 

252 6.76 252.0448 C10H11N3O3S 252.0448 0.16 7 

266 8.37 266.0241 C10H9N3O4S 266.0241 0.00 8 

266 9.52 266.0241 C10H9N3O4S 266.0241 0.00 8 

268 11.38 268.0402 C10H11N3O4S 268.0398 -1.68 7 

SMX 12.34      

266 13.31 266.0236 C10H9N3O4S 266.0241 1.88 8 

MP+CF 
pH 8 

214 2.08 214.0290 C7H9N3O3S 214.0292 0.86 5 

177 2.13 176.9968 C4H6N2O4S 176.9976 4.24 3 

202 2.17 201.9831 C6H5NO5S 201.9816 -7.59 5 

214 3.06 214.0283 C7H9N3O3S 214.0292 4.13 5 

242 3.63 242.0238 C8H9N3O4S 242.0241 1.24 6 

270 5.53 270.0546 C10H13N3O4S 270.0554 2.96 6 

202 5.61 201.9812 C6H5NO5S 201.9816 1.82 5 

266 8.38 266.0240 C10H9N3O4S 266.0241 0.38 8 

266 10.50 266.0239 C10H9N3O4S 266.0241 0.75 8 

252 11.01 252.0441 C10H11N3O3S 252.0448 2.94 7 

268 11.39 268.0392 C10H11N3O4S 268.0398 2.05 7 

SMX 12.35      

266 13.33 266.0242 C10H9N3O4S 266.0241 -0.38 8 
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 Name tR [min] 
Measured 

m/z 
[M-H]─ 

Elemental 
composition 

[M-H] 

Calculated 
m/z 

[M-H] ─ 

Error 
[ppm] 

DBE 

HP 
pH 3 

177 2.17 176.9972 C4H6N2O4S 176.9976 1.98 3 

189 2.33 188.9864 C6H6O5S 188.9863 -0.43 4 

214 3.09 214.0287 C7H9N3O3S 214.0292 2.27 5 

214 4.30 214.0285 C7H9N3O3S 214.0292 3.20 5 

260 4.56 260.1041 C13H15N3O3 260.1041 -0.13 8 

260 5.01 260.1040 C13H15N3O3 260.1041 0.25 8 

270 5.63 270.0552 C10H13N3O4S 270.0554 0.74 6 

202 5.71 201.9810 C6H5NO5S 201.9816 2.81 5 

268 5.90 268.0398 C10H11N3O4S 268.0398 -0.19 7 

252 6.74 252.0447 C10H11N3O3S 252.0448 0.56 7 

268 6.76 268.0404 C10H11N3O4S 268.0398 -2.43 7 

268 10.69 268.0398 C10H11N3O4S 268.0398 -0.19 7 

SMX 11.84      

266 13.03 266.0235 C10H9N3O4S 266.0241 2.26 8 

HP 
pH 8 

242 2.00 242.0212 C8H9N3O4S 242.0241 11.98 6 

214 2.07 214.0290 C7H9N3O3S 214.0292 0.86 5 

177 2.14 176.9965 C4H6N2O4S 176.9976 5.94 3 

214 3.07 214.0287 C7H9N3O3S 214.0292 2.27 5 

242 3.65 242.0241 C8H9N3O4S 242.0241 0.00 6 

270 5.55 270.0554 C10H13N3O4S 270.0554 0.00 6 

202 5.65 201.9813 C6H5NO5S 201.9816 1.32 5 

266 8.41 266.0242 C10H9N3O4S 266.0241 -0.38 8 

266 10.52 266.0243 C10H9N3O4S 266.0241 -0.75 8 

252 11.04 252.0446 C10H11N3O3S 252.0448 0.95 7 

268 11.38 268.0393 C10H11N3O4S 268.0398 1.68 7 

SMX 12.35      

266 13.35 266.0238 C10H9N3O4S 266.0241 1.13 8 

 

Table S4.8: The suggested structures of the ten most abundant phototransformation 
products of SMX photolysis with the LP, MP, MP+CF and HP lamp. Names are referring 
to the nomenclature from Table S4.7.  

Name 

Calculated molecular mass 

of neutral suggested 

structure [g mol-1] 

Suggested structure 

Reference 

to 

Literature 

TP177 178.1664 

O

OH

O

S

N O

NH

 

206,215,216
 

TP189 190.1738 
OH

O

OH

O

S

OH

 

Newly 

identified 

m/z 
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Name 

Calculated molecular mass 

of neutral suggested 

structure [g mol-1] 

Suggested structure 

Reference 

to 

Literature 

TP202 203.1736 

O
-

OH

O

O

S

O

N
+

 

Newly 

identified 

m/z 

TP214 215.2297 

O

NH2
O

O

NHSNH2

 

208
 

TP242 243.2398 

OHN

NH

O

O

SNH2

O
 

219
 

Found in 

photo-

Fenton 

TP252 253.2776 

O

O

NHSNH2

N

O
 

91,206,208,20

9,214,216-218
 

TP260 ? ? 

Newly 

identified 

m/z 

TP266 267.2612 

O

O

O

NHSN

N O

 

215
 

TP268 269.2770 

H

OH O

O

NHSN

N O

 

91,206,208,21

5,216
 

TP270 271.2929 

O
NH

O
O

O

NHSNH2

 

214,216
 

OH

O

O

NHS

N O
NH2

 

91,208
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Figure S4.10: Main transformation products of the photodegradation of SMX with the 
LP lamp at pH 3 and pH 8. Exact m/z and further product information can be found in 
Table S4.7. 

 

 

Figure S4.11: Main transformation products of the photodegradation of SMX with the 
MP lamp at pH 3 and pH 8. Exact m/z and further product information can be found in 
Table S4.7. 
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Figure S4.12: Main transformation products of the photodegradation of SMX with the 
MP lamp with cut-off filter at pH 3 and pH 8. Exact m/z and further product information 
can be found in Table S4.7. 

 

 

Figure S4.13: Main transformation products of the photodegradation of SMX with the 
HP lamp at pH 3 and pH 8. Exact m/z and further product information can be found in 
Table S4.7. 



Chapter 4 -  
Direct photolysis of SMX with UV/vis-light 

 
110 

 

 

Figure S4.14: Isotopic pattern of TP260 exemplarily shown for HP pH 3, t = 240 s. The 
relative peak abundance of m/z (260.1033:261.1034:262.0981) is 100 %:15.95 %:2.23 % 
with a standard deviation of 1 %. Theoretically, the calculated relative peak abundance 
for the elemental composition “C13H15N3O3” of m/z (260.1041: 261.1074: 262.1107) is 
100%:15.44%:1.73%. The relative peak abundance of a sulfur-containing TP with m/z 
(X:X+2) would have been 100 %:4.4 %. 
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5.1 Abstract 

Oxidative processes frequently contribute to organic pollutant degradation in natural and 

engineered systems such as during the remediation of contaminated sites and in water 

treatment processes. Because a systematic characterization of abiotic reactions of organic 

pollutants with oxidants such as ozonation or hydroxyl radicals by compound-specific stable 

isotope analysis (CSIA) is lacking, stable isotope-based approaches have rarely been 

applied for the elucidation of mechanisms of such transformations. Here, we investigated the 

carbon isotope fractionation associated with the oxidation of benzene and several methylated 

and methoxylated analogs, namely toluene, three xylene isomers, mesitylene and anisole, 

and determined their carbon isotope enrichments factors (εC) for reactions with ozone 

(εC = −3.6 ‰ to −4.6 ‰) and hydroxyl radicals (εC = < −1 ‰). The differences in isotope 

fractionation may be used to elucidate the contribution of the reactions with ozone or 

hydroxyl  radicals to overall transformation. Subsequently, apparent kinetic isotope effects 

(AKIEs) were derived for the reaction with ozone. This was nontrivial due to challenges in 

assigning reactive positions in the probe compounds for the monodentate attack leading to 

an ozone adduct. We present several options for this step and compare the outcome to 

quantum chemical characterizations of ozone adducts. Our data show that a general 

assignment of reactive positions for reactions of ozone with aromatic carbon in ortho, meta or 

para positions is not feasible and that AKIEs of this reaction should be derived on a 

compound-by-compound basis. 
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5.2 Introduction 

Oxidative processes play an important role in pollutant degradation in natural156,228 and 

numerous engineered systems such as during the remediation of contaminated sites229-231 

and water treatment processes2. In water treatment processes a broad variety of oxidants 

are used and including chlorine dioxide (ClO2)
49,166, ozone (O3)

2,182 or hydroxyl radicals 

(•OH)2. Common processes to generate significant amounts of •OH in water treatment, are, 

e.g., H2O2/UV or the peroxone process (O3/H2O2).
2,232 Usually, oxidative processes cause 

chemical modifications, e.g. through electron transfer and oxygenation2,166 of the otherwise 

persistent pollutants which enable their further degradation228. Detecting the resulting 

oxidation products to assess the utility of oxidative processes in removing pollutants is often 

challenging and may be hampered if their susceptibility for further oxidation is higher than 

that of the original contamination. One option to monitor such reactions is compound-specific 

stable isotope analysis (CSIA).118,119 

CSIA is a widely used tool to track the origin and fate of environmental contaminants and to 

distinguish environmental degradation processes over much longer timescales of years to 

decades.118-120 Examples include the monitoring and distinction of biotic and abiotic 

remediation activities if differences in isotope fractionation of the (bio)transformation 

processes occur.118,119,129,130,229,233 Those distinctions are possible because the isotope effects 

determining the observable isotope fractionation in a pollutant are indicative of a reaction 

mechanism.118 This feature enables one, for example, to differentiate aerobic and anaerobic 

biodegradation or acid hydrolysis of methyl tert-butyl ether (MTBE) from each other - three 

transformation pathways which otherwise could not be differentiated from the reaction 

product because those reactions all lead to tert-butyl alcohol (tert-BuOH).118,221 However, up 

to now only a few studies applied CSIA for investigation of oxidation processes relevant in 

water treatment.154,210,234 

Isotopic enrichment factors (εE) and apparent kinetic isotope effects (AKIEEs) of an isotopic 

element E are the key parameters in CSIA for assessing how contaminants react. Whereas 

εE values enable one to apply and interpret CSIA to specific pollutants, AKIEEs allow for 

general mechanistic insights into reaction mechanisms.120,153,233,235 These two parameters are 

related as specified in eq. 5.1.127 
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E

E

1
AKIE

n
1 z

x



  

 
(5.1) 

where n is the number of atoms of the considered element (i.e., in this study carbon 

atoms) of which the number of x atoms are located at a reactive position and z is the number 

of equivalent reactive positions in intramolecular competition.127 

As a consequence, it is possible to assign certain ranges of AKIEs to specific reaction 

mechanisms under the assumption that they share one major rate-determining reaction 

step.127,233 Such AKIE ranges may be helpful in future environmental or technical process 

oriented investigations to infer reaction mechanisms of pollutant degradation from εE 

value(s).127,233 However, due to the lack of experimental data no appropriate ranges for 

AKIEs originating from oxidation reactions with O3 or ClO2 of benzene and its analogs have 

been defined, yet. In case of •OH, a first AKIE data set has been determined.234 

In order to define the required variables x and z (eq. 5.1) it is necessary to have a well-

understood hypothesis for the reaction mechanism.127 Regarding ozonation of benzene and 

its analogs, it is a general obstacle that their primary ozonation products are muconic or 

phenolic compounds. These products show significantly higher reaction rate constants with 

O3 (cf. von Sonntag & von Gunten2) than the respective reactants (< 103 M-1 s-1;236 

cf. Table S5.1). O3 reacts with muconic products at approximately 104 M-1 s-1.2 In case of 

phenolic compounds (cf. Table S5.1) (pKa(phenol) = 9.9)236, the very fast reaction rate 

constant of the anion is the reason why traces of phenolate even at neutral pH are sufficient 

to cause observable reaction rate constants > 106 M-1 s-1.2 The reactivity pKa is found at 

pH ≈ 42, that is the pH where the reacting quantities of neutral and anionic species are equal. 

Consequently, it is hardly possible to quantify the primary ozonation reaction products of 

benzene and its analogs with a reasonable effort which would give insights on the initial point 

of attack. Hence, a complementary approach such as computational chemistry is required to 

derive appropriate values for the variables x and z (eq.5.1). 

The aim of this study was to elucidate isotopic fractionation trends pertinent to the oxidation 

reaction of the well-established oxidative processes applied in water treatment 

(i.e., ozonation, •OH treatment and chlorine dioxide) using benzene and its methylated or 

methoxylated analogs as model compounds for reactive aromatic moieties in organic 

pollutants. The second objective was to present 13C-AKIE-values, which define characteristic 

ranges for the oxidation reactions of O3 with the used model compounds. The determination 

of AKIEs turned out to be nontrivial and the assignment of reactive moieties for reactions of 

the probe compound with O3 is elucidated here with quantum chemical calculations.  
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5.3 Material and Methods 

5.3.1 Chemicals 

Chemicals and solvents were used as received from the supplier. A complete list of all 

chemicals used is given in the supporting information (SI) in Text S5.1. 

5.3.2 Generation of ozone stock solutions 

O3 was generated by an O3 generator BMT 802X (BMT Messtechnik, Berlin, Germany) using 

oxygen as feed-gas. The O3 gas was led into an ice cooled impinger filled with ultrapure 

water. The O3 stock solution was continuously purged with O3 gas throughout its utilization. 

The O3 concentration of this stock solution was determined spectrophotometrically of a 

1:3-diluted O3 stock solution at 258 nm, εO3 = 3200 M-1 cm-1.2 The resulting O3 concentrations 

were in a range of 1.6-1.7 mM O3. 

5.3.3 Sample preparation 

The stock solutions of each probe compound including benzene and its analogs for 

preparation of calibration standards were prepared in methanol. Stock solutions for oxidation 

experiments with O3 or •OH were prepared in ultrapure water because the presence of 

methanol may lead to formation of undesired reactive species such as superoxide radicals 

(O2
•–) which could accelerate O3 decay due to •OH formation.34 The aqueous stock solutions 

were prepared in Erlenmeyer flasks by addition of an aliquot of one pure probe compound to 

ultrapure water and subsequent shaking for at least 48 h. Due to the limited solubility in water 

the remaining organic phase was removed thereafter. Final concentrations of the aqueous 

stock solutions were determined with HPLC-DAD. The aqueous stock solutions were used 

within a day of their preparation. Reactors were prepared as batch samples in 20-mL 

headspace screw cap vials. In case of oxidation with O3 the pH was kept constant at pH 7 

with 5 mM phosphate buffer. Additionally, tert-BuOH was added in order to scavenge •OH 

which may be formed in the reaction with O3.
2 The tert-BuOH concentrations were chosen 

individually for each compound so that ≥ 95 % of •OH formed were scavenged (Text S5.2 

and Table S5.1). A detailed overview on sample composition is shown in Tables S5.2-8. In 

case of oxidation with •OH the peroxone process was utilized (i.e., •OH are generated by the 

reaction of O3 with hydrogen peroxide).2,24 The amounts of hydrogen peroxide required to 

obtain ≥ 99 % reaction with O3 were calculated using the corresponding reaction rate 

constants (Text S5.4 and Table S5.1). Due to the faster reaction rate constant of O3 with the 

hydrogen peroxide anion (𝑘𝑂3+𝐻𝑂2− = 9.6 x 106 M-1 s-1)24 than with the neutral species 
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(𝑘𝑂3+𝐻2𝑂2 < 102 M-1 s-1)17, peroxone reaction experiments were carried out at pH 9 

(𝑘𝑜𝑏𝑠(𝑂3+𝐻𝑂2−) = 1.5 x 104 M-1 s-1, cf. Table S5.1). The pH was controlled with a 5 mM borate 

buffer. The individual sample compositions depended on the reaction rate constants of each 

benzene analog with O3 and •OH and are given in SI in Tables S5.9-15. 

A detailed description of oxidation experiments with ClO2, the respective sample preparation 

and the generation of the required ClO2 stock solutions can be found in the SI in 

Text S5.6, Tables S5.16-22 and Text S5.5, respectively. 

5.3.4 Analytical methods 

For determination of UV-vis absorption a UV-1650PC spectrophotometer (Shimadzu, 

Duisburg, Germany) was used with a quartz cuvette with an optical path length of 1 cm. For 

pH measurements, a pH-meter (827 pH lab with aquatrode both from Metrohm, Herisau, 

Switzerland) was used which was calibrated with standard buffers every working day. 

Quantification of benzene and its analogs in the aqueous stock solutions was performed with 

an HPLC-UV/vis system (LC-20AT coupled to SPD-20A; Shimadzu, Duisburg, Germany). A 

detailed description can be found in Text S5.7.  

Compound-specific stable carbon isotope values of benzene and its analogs were 

determined by gas chromatography isotope-ratio mass spectrometry (GC-IRMS) which is 

described in detail in Text S5.8. Briefly, a Trace GC Ultra coupled by the combustion 

interface Finnigan GC-C/TC III to a Finnigan MAT 253 isotope ratio mass spectrometer (all 

from Thermo Scientific, Bremen, Germany) was used. The GC system was additionally 

equipped with a HTX PAL autosampler (CTC Analytics, Zwingen, Switzerland; supplied by 

Axel Semrau, Sprockhövel, Germany) with an agitator and an Optic 3 injector (ATAS GL-

Sciences, Eindhoven, Netherlands; supplied by Axel Semrau). After sample conditioning in 

the agitator 500 µL of the headspace were injected. Compounds were separated on a Rxi® 

5Sil MS column (60m x 0.25 mm i.d., 0.25 μm film thickness; Restek, Bad Homburg, 

Germany) using different temperature gradients described in Table S5.23. After separation, 

the analytes were oxidized to CO2 at 940 °C in the combustion interface equipped with Pt, 

CuO and NiO wires, which were reoxidized each time (i.e., after 40 to 60 injections) before a 

new sample set was run. At least every fourth sample run was a reference sample without 

oxidant addition for quality control. Linearity and precision tests were run regularly. The 

carbon isotope values are given in reference to the international Vienna Pee Dee Belemnite 

(VPDB) scale according to eq. 5.2 (cf. Text S5.8).120  



Chapter 5 -  
Reactions of O3, •OH and ClO2 with benzene and its analogs 

 
117 

 

13 12 13 12

sample VPDB13

sample,VPDB 13 12

VPDB

R ( C / C) R ( C / C)
C

R ( C / C)

 
    

 
 (5.2) 

Where Rsample and RVPDB are the ratios of 13C/12C of the samples and VPDB, respectively. At 

least two to three calibrated CO2 reference gas pulses were included in each 

chromatographic run for referencing. The peak areas used for the ratio of concentration to 

initial concentration (c/c0) originate from the 12CO2 peak (m/z 44). 

The carbon isotope enrichment factors (εC) of the different oxidation experiments of benzene 

and its analogs with O3 or •OH were determined by application of the Rayleigh equation 

(eq. 5.3):120 

13 12 13

i,sample i,sample i,sample

C13 12 13

0,sample 0,sample 0,sample

R ( C / C) C 1 c
ln ln ln

R ( C / C) C 1 c

      
                   

 (5.3) 

Where δ13C0 and δ13Ci and the concentrations of each model compound, i.e. c0 and ci, relate 

to the sampling point 0 (no oxidant added) and sampling point i (transformation after full 

oxidant turnover at defined oxidant doses), respectively. 

5.3.5 Quantum chemical calculations 

Quantum chemical calculations have been performed to gain more insight into the reactions 

on a molecular scale.237 Three scenarios (i.e., calculations type 1-3) have been conducted for 

further elucidation. All calculations were performed with the Gaussian09 and Gaussian16 

program packages238. 

Calculations type 1 focused on the determination of optimized geometries of possible adduct 

compounds originating from a monodentate attack of ozone on the various substituted 

benzene derivatives. These calculations were performed at the unrestricted UMP2 level 

using a moderately sized segmented valence double zeta 6-31+G(2d,p) basis set with 

polarization functions on all atoms and a set of diffuse functions on non-hydrogens.239-241 To 

account for liquid phase conditions all calculations were embedded in a self-consistent 

reaction field (SCRF) in form of the polarizable continuum model (PCM)242 assuming water 

as solvent. In calculations type 1, it turned out that a full set of adduct compounds including a 

number of different conformers and isomers could only be derived if the electronic triplet 

state was assumed. In addition, transition states could be located and optimized for the 

corresponding reverse reactions of ozone cleavage. However, these transition states and 

adduct molecules correspond to a reactive electronic triplet surface, e.g. accessible by the 

singlet state benzene derivative plus an exited state triplet ozone molecule. 
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Calculations type 2 were started to reoptimize the various ozone adduct structures in an 

open shell singlet electronic state. Again, these calculations made use of the unrestricted 

UMP2/6-31+G(2d,p) method embedded in a PCM reaction field.239-242 The unrestricted 

treatment for the singlet electronic state was forced by mixing alpha and beta molecular 

orbitals, thus destroying spatial symmetries in the initial guesses of the wave function in 

every step of the geometry optimization. Unfortunately, only few calculations converged and 

resulted in the desired singlet state adduct, despite the previously optimized (triplet) starting 

geometries. In summary, we were able to derive complete triplet state as well as singlet state 

reaction paths (including transition states) only for triplet/singlet ozone added to benzene and 

p-xylene, respectively. These results were later used to calculate the kinetic isotope effect via 

statistical reaction kinetics using ISOEFF243. 

In calculations type 3, the electronic properties of the various substituted benzene derivatives 

such as electrostatic potential mapped onto the electron density and regional Fukui functions 

(cf. SI Text S5.9) were derived. Fukui functions were derived with a calculation program,244 

publicly available under GPL 3.0 License in accordance to the work of Contreras et al.245. In 

addition to the already calculated geometries at the PCM/MP2-level (see above) also 

PCM/B3LYP/6-31++G(2df,p)246 ones were utilized as base geometries. The corresponding 

structural optimizations with the B3LYP Hybrid-DFT method247 along with a slightly larger 

basis set served as additional check for our previous calculations at the MP2 level. 

5.4 Results and discussion 

5.4.1 Isotope fractionation in transformation of benzene and its analogs 

Carbon stable isotope values were determined for benzene, its methylated analogs and 

anisole (methoxybenzene) oxidized with •OH and O3. The according Rayleigh-plots 

(cf. eq. 5.3) are shown in Figure S5.1. The observed isotopic fractionations always occurred 

as normal isotope effect, that is molecules containing the heavier 13C isotope reacted slower 

than molecules containing exclusively 12C so that the residual substrate fraction is depleted in 

molecules with the lighter 12C. As a consequence, the ratio of 13C/12C increased as the 

oxidation reactions proceeded further. The determined εC values (cf. eq. 5.3) for the 

investigated transformation reactions (i.e., εC(oxidation with •OH) ranging between 

−0.0 ± 0.2 ‰ and −1.2 ± 0.1 ‰ and εC(oxidation with O3) ranging between −3.7 ± 0.1 ‰ and 

−5.4 ± 0.3 ‰) are shown in Figure 5.1 and are listed as numerical values in Table S5.24. 

Additionally, transformation reactions of benzene and its analogs were conducted with 

chlorine dioxide (ClO2) as oxidant (see Figures S5.2-8). However, except for mesitylene it 
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was not possible to cause a significant reactant transformation. Even with mesitylene it was 

not possible to obtain a trend of carbon isotope signatures so that no further conclusions will 

be drawn from the experimental setups with ClO2. One reason for the negligible turnover of 

reactants could be the slow reaction rate constants of ClO2 with the studied compounds. 

However, the reaction rate constants have not been determined, yet. Lee et al. have 

illustrated that reaction rate constants of ClO2 are regularly found approximately 100 − 1000 

times slower than for O3 with the same reactant.248 Based on the available reaction rate 

constants for O3 with benzene and its analogs listed in Table S5.1, ranging between 

𝑘𝑂3+𝑏𝑒𝑛𝑧𝑒𝑛𝑒 = 2 x 100 M-1 s-1 185 and 𝑘𝑂3+𝑚𝑒𝑠𝑖𝑡𝑦𝑙𝑒𝑛𝑒 = 7 x 102 M-1 s-1 185, it is highly probable that 

reaction rate constants for ClO2 and the respective compounds are thus extremely slow.  

5.4.1.1 Oxidation with hydroxyl radicals 

Benzene and its analogs were oxidized with the peroxone process (i.e., with •OH). All 

resulting εC values for benzene and its methylated analogs (Figure 5.1) were found at 

similarly low values of < −1 ‰. Only, the εC value for anisole was somewhat higher 

(−1.2 ± 0.1 ‰). This overall low but still measurable isotope fractionation for oxidation of 

benzene and its analogs was also observed by Zhang et al. with H2O2/UV - another •OH 

generating water treatment process.234 The related values are included in Figure 5.1 and 

Table S5.24 in order to facilitate direct comparison. The slight variations between the εC 

values for each single compound may be attributed to the different experimental setups 

applied for generation of •OH (i.e., O3/H2O2 (this study) and H2O2/UV (Zhang et al.)234). For 

degradation of toluene with the Fenton-like reaction, another •OH based oxidation process, 

an εC value of −0.2 ‰ was determined.249 Hence, based on these results it is possible to 

assign a distinct range for εC values to be expected for •OH based oxidation of benzene and 

its methylated analogs between 0 ‰ and −1 ‰. 

5.4.1.2 Oxidation with ozone 

The εC values for oxidation of benzene and its methylated analogs with O3 are within a range 

of 1 ‰ (i.e., between −3.6 ‰ and −4.6 ‰) whereas the εC for the methoxy analog anisole is 

even more pronounced (i.e. −5.4 ± 0.3 ‰; cf. Figure 5.1 and Table S5.24). For the 

compounds under study, the εC values for the oxidation with O3 (
•OH excluded) are different 

from those obtained for oxidation with •OH (< −1 ‰). Hence, a second distinct range for εC 

values (i.e., from −3.6‰ to −4.6‰) may be ascribed for oxidation of benzene and its 

methylated analogs with O3. Consequently, oxidation of benzene and its analogs with •OH or 

O3 may be differentiated from each other by comparison of εC values determined by CSIA. 
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This result is in agreement with the kinetic rate constants (Table S5.1) which already 

indicated that •OH reactions are close to diffusion controlled rates2, thus resulting in less 

pronounced εC values, whereas O3 is a more selective oxidant2  showing elevated εC values. 

 

Figure 5.1: Stable isotope enrichment factors (εC) for oxidation of benzene and its 
analogs with either O3 or •OH (generated by the peroxone process). pH was kept 
constant, i.e. at pH 9 with 5 mM borate buffer (•OH reactions, peroxone) and at pH 7 
with 5 mM phosphate buffer (O3 reactions). In oxidations with O3, intrinsically formed 
•OH after reaction of O3 with one of the compounds were scavenged with tert-BuOH 
(cf. sample preparation); error bars represent the standard deviation of the slope of 
each Rayleigh equation. For comparison, εC values of oxidation by •OH generated by 
UV/H2O2 (triangle leftward; Zhang et al.234) are included. Note: Mesitylene was not 
investigated by Zhang et al.234. 

These insights from CSIA could be incorporated in future applications of oxidative drinking 

water treatment to identify the primary oxidation conditions such as for estimating the Rct 

which is an important parameter to describe ozonation of water and wastewater.2,250,251 The 

parameter Rct equals the ratio of •OH- and O3-concentration and exposure, respectively, in 

an ozonation process (eq 4)250 (note that •OH are formed in reactions of O3 with water matrix 

constituents such as natural organic matter (NOM))2. The Rct value mainly depends on the 

water matrix constituents and the oxidant dose and has to be determined for every individual 
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ozonation process, which requires regular sampling and performing according laboratory 

experiments.250 Once the Rct value is known, one can calculate •OH exposures from O3 

exposures (eq. 5.4). Since O3 exposures are easily determined online251, the Rct value allows 

to assess also •OH exposures online. With these two exposures at hand, one can monitor 

disinfection and pollutant degradation during ozonation if according reaction rate constants 

are available in literature.   

 ct

3

OH
R

O

    (5.4) 

where [•OH] and [O3] are the concentrations or exposures of •OH and O3, 

respectively.  

A complementary approach to determination of the Rct value could be the determination of 

the εC value of e.g. a methylated benzene analog such as mesitylene. The obtained εC value 

would allow conclusions on the oxidative process conditions, that is εC ≥ −0.4 ‰ is purely 

•OH governed, −0.4 ‰ > εC > −3.6 ‰ mixed conditions with a contingent tendency and 

εC ≤ −3.6 ‰ purely O3 governed. By regular verification of the εC value either the validity of 

the Rct value could be confirmed or the need for its reevaluation could be identified if, e.g., 

seasonal changes occur. A distinct influence on the Rct value has been illustrated for 

changes in temperature, pH, alkalinity and concentration or constitution of NOM.252  

Moreover, it could also be possible to assess the effectiveness of an O3 based oxidative 

process in water or wastewater treatment with CSIA. If there is a minor pollution with 

benzene or its methylated analogs, CSIA could be used to determine the proportion of 

degradation initiated by ozone within the entire oxidation process of these potential tracer 

compounds. Thus, the plant operator would obtain a reliable measure for the evaluation of 

the overall treatment train.  

5.4.2 Determination of the apparent kinetic isotope effect  

In the oxidation reaction of O3 with simple aromatic compounds such as benzene and its 

analogs, it was postulated that the initial reaction step is the adduct formation of O3 with the 

aromatic ring through a monodentate attack of the electrophile O3.
2,253 This initial reaction 

step is predicted to be rate determining.2,253 Consequently, once the adduct formation has 

been successful, the subsequent reactions to products are assumed to proceed faster as 

described elsewhere.2,254 For example, possible reactions of an ozone adduct could be the 

formation of a Criegee ozonide, which further decomposes in water, formation of an oxyl 



Chapter 5 -  
Reactions of O3, •OH and ClO2 with benzene and its analogs 

 
122 

 

radical and a superoxide anion  2O  or oxygen transfer resulting in hydroxylation of the 

aromatic compound and singlet oxygen.2,254 However, since these subsequent reactions are 

predicted to be fast2,253, the back reaction from products to adduct is negligible2,253 and thus 

not contributing to the isotopic fractionation of the reaction of the probe compound with O3.  

Consequently, the reaction step leading to adduct formation is regarded as the rate 

determining and, thus, decisive step for isotopic fractionation. This predicted monodentate 

electrophilic attack of O3
2,253 involves one out of at least six carbon atoms present in benzene 

and its analogs, hence, the nonreactive carbon isotopes will lead to a dilution of the resulting 

εC values. To take this dilution in the average bulk isotopic signature into account the AKIE 

may be determined according to eq. 5.1.118,127 

In eq. 5.1, only two variables for all benzene analogs may unequivocally be assigned with 

numerical values (i.e., n and εE). For the other two (i.e., x and z) there are several reasonable 

possibilities (cf. Table 5.1). In case of benzene all C atoms are chemically identical, making x 

and z equal n. However, considering toluene (i.e., benzene with only one additional methyl 

substituent) the assignment of the variables is nontrivial anymore. With regard to the variable 

x, the methyl substituent may be excluded in general since the electrophile O3 will attack the 

slightly activated, electron rich aromatic ring.2 Thus, there are three remaining possibilities 

which are exemplified here with toluene:  

x1. Consideration of all carbon atoms of the aromatic ring (Table 5.1, Type 1) 

x2. Consideration of all carbon atoms of the aromatic ring excluding the ipso-position 

(i.e., position C1 in Figure S5.9) since this one will be subject to steric effects and not 

favored for adduct formation253 (Table 5.1, Type 2) 

x3. Solely consideration of the ortho- and para-positions (i.e., positions 2, 6 and 4 in 

Figure S5.9) which are more favored due to inductive effects (i.e. weak electron 

donating properties) of the methyl substituent255 (Table 5.1, Type 3) 

The variable z specifies the number of equivalent isotopes located in intramolecular 

competition. The allocation of an unequivocal number may be obvious e.g. in case of 

transformation reactions limited to the hydrogen isotopes of the methyl group of MTBE127 but 

becomes ambiguous in the cases regarded in this study. Here, different aspects could 

influence the choice of the variable z (eq. 5.1). The following options may be considered, 

again illustrated for toluene as an example: 
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z1. All considered reactive positions are also equal in intramolecular competition. This is 

true for all cases of a) in Table 5.1, Type 1-3. In these cases x = z, so that these two 

variables are cancelled out again and n remains the only relevant variable.   

z2. All positions which are present twice are considered for the variable z, that is. the two 

ortho- and the two meta-positions (Table 5.1, Type 1b), Type 2c)) or the two 

ortho-positions (Table 5.1, Type 3b)).  

z3. All carbon isotopes of the aromatic ring are involved in the reaction in principle but 

due to the directing inductive effect of the methyl substituent to ortho- and para-

positions255 only the two equal ortho-positions may be considered for the variable z 

(Table 5.1, Type 1d), Type 2e)).  

The presented options for the variables x and z open different possible ways of approaching 

the AKIE calculation of the benzene analogs. All options, if applicable, are illustrated for each 

considered compound in Table 5.1. Consequently, the question arises which approach of this 

compilation is chemically meaningful and thus most appropriate. The available literature 

dealing with isotopic fractionation in abiotic transformation processes of aromatic compounds 

has not yet dealt with monodentate oxidative reactions in which either n ≠ x or x ≠ z. This 

means that cases are still missing in which all three variables remain relevant and not two of 

the implemented variables are cancelled out again.132,256,257 In the following, several possible 

approaches will be presented and discussed, which could be used to identify the most 

suitable approach for calculation of the AKIE. 

First of all, it stands out that the option Type 3 is not applicable to all listed compounds in 

Table 5.1. Moreover, the obtained results for possibility a) or b) do not differ numerically from 

the respective AKIEs of Type 1 and could not be differentiated on this basis anyway. Hence, 

the option Type 3 is included for the sake of completeness but will not be considered in the 

following any further. 

Scenario 1: In general, the substituent(s) of the benzene analogs lead(s) to activation for 

electrophilic attack of the aromatic ring system through inductive effects.255 Consequently, 

the reaction rate constants increase with increased number of aromatic substitution 

(cf. Table S5.1). This increase of reaction rate constants hints to a decrease of the overall 

required activation energy associated with the entire barrier height between reactant and 

highest energy transition state.258 Consequently, a general activation of the aromatic ring 

system would require consideration of all possibly involved atoms as intramolecular 

competitors (i.e., n = z and AKIE calculation according to Type 1a) or Type 2a) (Table 5.1)) 

so that an AKIE range of 1.034 - 1.039 is obtained. This resulting range appears to be very 

narrow. Furthermore, it would have been expected to observe a trend in the calculated 
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AKIEs of the homologous series, e.g. a decrease from AKIE of benzene to AKIE of 

mesitylene. However, in the investigated case there seems to be no dependence between 

the overall reaction rate constants and the determined εC values (cf. Figure 5.1) and the 

hypothetical AKIEs (Type 1a) or 2a), Table 5.1), respectively. This behavior is also illustrated 

by plotting the εC values versus the kinetic rate constants of the respective compounds 

(Figure 5.2).  

 

Figure 5.2: Plot of εC values (cf. Table S5.24) versus the respective kinetic rate 
constants of the ozonation of benzene and its methylated and methoxylated analogs 
(cf. Table S5.1) 

Scenario 2: The calculation approach of Scenario 1 did not consider the similarity of the two 

ortho- and meta-positions, each. Taking toluene as an example, this could be reflected by 

consideration of all positions affected by intramolecular competition by the z-value (eq. 5.1) 

without any weighting (i.e., Type 1b) or 2c), Table 5.1). This approach would regard ortho- 

and meta-positions as equal points of attack and disregard the directing inductive effects of 

the methyl substituents of toluene favoring ortho- and para-positions over meta-positions.255 

Consequently, this approach is not entirely conclusive and will be excluded from further 

considerations, so that Scenario 3 comes into play. 

Scenario 3: Based on the well-documented findings of organic chemistry, it is expected to 

observe a directing inductive effect of the methyl- and methoxy substituents to ortho- and 

para-positions255. Hence, another possibility is represented by solely including the two ortho-

positions by the z-value for the example of toluene (i.e. Type 1d) or 2e), Table 5.1). This 

approach deliberately disregards the non-preferred meta-position as possible point of attack. 

From product studies of other reactions initiated by an electrophilic attack at toluene such as 
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electrophilic bromination or nitration it is known that the meta-products are found with a low 

percentage of <1 % or 4 %, respectively.255 Hence, overall product yields of meta-products 

are generally low but, first, will be present within the resulting products so that meta-positions 

cannot be completely excluded and, second, the product yields may not be defined as 

constant values but may vary depending on the type of electrophile. This discrepancy 

illustrates that an additional weighting would be required in eq. 5.1 to represent the individual 

intramolecular competitive effects inherent e.g. in toluene between the two ortho- and 

meta-positions. However, since this weighting is highly compound specific (i.e., unique) it is 

not possible to include a universal complementary term in eq. 5.1. 

Scenario 4: Benzene is the only compound under investigation for which only one possibility 

of AKIE calculation is given (Table 5.1). Wijker et al. have found for oxidation of toluene and 

nitrobenzene by permanganate that similar oxidation pathways show distinctive AKIEs 

(i.e., methyl group oxidation versus deoxygenation of the aromatic ring).132 Following this 

interpretation, the AKIEs of the benzene analogs should be similar to the AKIE of benzene if 

the underlying mechanism is similar. Consequently, solely the AKIEs calculated via Type 1b) 

(Table 5.1) are in accordance to that approach resulting in a narrow range of 

AKIE = 1.017 - 1.026. However, as described above this approach would regard ortho- and 

meta-positions as equal points of attack and disregard the directing inductive effects of the 

methyl- or methoxy substituents favoring ortho- and para-positions over meta-positions. 

Consequently, this explanation from the other side of the problem remains not fully 

conclusive — similarly to the other approaches discussed above. 

As mentioned in the introduction, the quantification of primary reaction products (i.e. muconic 

or phenolic compounds) is not possible using standard experimental approaches due to their 

significantly faster reaction rate constants with O3 with regard to benzene and its analogs. 

Since an experimental approach for solving this problem appears to be impracticable, the 

applicability of theoretical options undertaken will be evaluated in the following.  

5.4.3 Molecular properties from quantum chemistry 

In the first step the molecule structures were optimized within water as a polarizable medium. 

Hereafter, the electrostatic potential was mapped onto the electron density and is illustrated 

in Figure S5.10. In these graphic representations, it is possible to draw qualitative 

conclusions of potential sites more and less favorable for an electrophilic attack of e.g. O3. 

Overall it becomes obvious that the different sites of the aromatic ring systems of the 

benzene analogs are not equal in their electrostatic potential. As a consequence, 



Chapter 5 -  
Reactions of O3, •OH and ClO2 with benzene and its analogs 

 
126 

 

Figure S5.10 illustrates the necessity of considering a weighting factor for, e.g. ortho- and 

meta-positions in toluene or anisole, if AKIEs shall be determined. 

In a second step, a condensed Fukui function ( carbonf 
, cf. Text S5.9) was employed to identify 

potential molecule sites preferred for electrophilic attacks245,259-261. The results are presented 

in Table S5.25. Overall, the data may be classified in two divergent groups. The first group 

(i.e., toluene, o-xylene, p-xylene and anisole) shows consistent results, whereas the second 

group (i.e., benzene, m-xylene and mesitylene) displays an ambiguous outcome.  

Regarding the first group, the ipso-positions are generally favored. However, steric hindrance 

might prevent significant attack rates at those positions. In case of toluene and anisole the 

most preferable site for an electrophilic attack is the para-position at C4 (cf. Figure S5.9 for 

carbon numbering) followed by the two ortho-positions (C2 and C6), whereas the 

meta-positions (C3 and C5) exhibit the lowest carbonf 
. Hence, these two cases agree with the 

expectations known from classical organic chemistry, that is preference for the positions para 

> ortho > meta.255 The unsubstituted positions C2, C3, C5 and C6 of p-xylene are equally 

attractive for an electrophilic attack. In case of o-xylene C4 and C5 which combine features of 

a meta- and para-position show a much higher reactivity for an electrophilic attack than C3 

and C6 which are combining features of meta- and ortho-positions. These examples illustrate 

that a weighting would be required for AKIE calculation and that e.g. meta- and 

ortho-positions of toluene or anisole are not equal in intramolecular competition. However, 

the weighting for the positions which are subject to intramolecular competition appear to be 

highly specific for the investigated compound set. To that end a generalized weighting factor 

within eq. 5.1 for a compound group does not seem reasonable. 

A restriction of the considerations made above is imparted by the second group (i.e., 

benzene, m-xylene and mesitylene). Here, results of the Fukui function remain ambiguous 

and probably even misleading. In case of benzene all six carbon positions in the aromatic 

ring system are expected to be equal. However, carbonf 
 values are significantly higher for C1 

and C4 than for the other four carbon atoms. A similar and ambiguous observation can be 

made for mesitylene where the three substituted (C1, C3 and C5) and the three unsubstituted 

positions (C2, C4 and C6), respectively, would be expected to be equally reactive towards 

electrophilic attacks. Contrary to this expectation, the carbonf 
 values differ substantially 

(cf. Table S5.25). Last but not least, m-xylene shows high carbonf 
 values at the positions C4 

and C6 which comprise features of ortho- and para-positions. Position C5 shows very low 

reactivity for an electrophilic attack as it could be expected for a perfect meta-position. 
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However, the carbonf 
 value for position C2 stands out oddly. It would have been expected to 

find an increased value for reactivity towards an electrophilic attack since this is a true 

ortho-position. Nevertheless, the carbonf 
 value for the position C2 is even lower than for the 

true meta-position C5. These identified controversial aspects for the Fukui function of the 

second group (i.e., benzene, m-xylene and mesitylene) indicate that the Fukui function 

despite its prior use for similar questions might not be the required tool to fully answer the 

open questions of this research. 

Consequently, in a third step, the optimized molecule structures were used for investigation 

of the reaction pathways of benzene and its analogs with O3. The general goal of this 

approach was to determine geometries of the transition states and the products besides the 

reactants in order to subsequently calculate the according kinetic isotope effects (KIEs) with 

the ISOEFF package243. Herewith, the obtained theoretical KIEs could be compared to the 

several AKIE options listed in Table 5.1 to draw further conclusions and approach a solution 

of the problem127. However, numerous attempts for identification of a transition state for the 

reaction of a reactant (singlet state) plus O3 (singlet state) in a monodentate attack yielding 

an adduct (i.e., ozonide) (singlet state) proved to be futile, except for benzene and p-xylene. 

Unfortunately, these two compounds do contribute little to the key question of identifying a 

weighting factor for intramolecular competition. Nevertheless, KIEs were determined with 

ISOEFF243 for these two compounds (cf. Table S5.26). Both averaged KIEs reflected an 

inverse isotope effect (< 1) as well as the calculated theoretical isotope enrichment factors  

( C

 ) which were positive. Thus, it may be concluded that these quantum chemical models do 

not yet match with experimental results and require further optimization in the future.  

Surprisingly, it was possible to determine transition states for all compounds of interest for 

the reaction of reactant (singlet state) plus O3 (triplet state) yielding an adduct (i.e., ozonide) 

(triplet state) (data not shown). It was not possible to identify any meaningful reason why O3 

should react in a triplet state so that this topic was not explored further and the question 

whether O3 may react as triplet at all has to be considered in future research. Adamczyk & 

Paneth have successfully modelled the reaction of benzene plus O3 (both in singlet state) not 

as monodentate but as bidentate attack and obtained an εC value of −7.36 ‰.262 This 

theoretical value differs significantly from the experimental value determined in the present 

study (
3C (benzene O )  = −3.9 ± 0.4 ‰). This discrepancy between theoretical and experimental 

values might indicate that O3 does not initially attack the aromatic ring in a bidentate but in a 

monodentate attack as it is currently assumed.2 
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The question why it was not possible to find meaningful transition states for all benzene 

analogs in the reaction with O3 in a singlet state remains open. A possible reason might be 

that O3 does not initially attack one specific carbon atom of the aromatic ring, eventually, to 

form a σ-adduct as it is currently assumed in literature.2,253 It might also be possible, that the 

preliminary π-complex formed in the first place involves all carbons of the aromatic ring 

system as it has been proposed for •OH263 and other electrophilic aromatic substitutions264 

earlier. In those studies, the π-complex was made accountable for the observed 

regioselectivity of e.g. the •OH in reactions with methylated benzene analogs263 despite its 

close to diffusion controlled kinetic rate constants (cf. Table S5.1). In the presented case of 

this study, such a π-complex would allow directing inductive effects of the substituent(s) to 

determine the final position of the σ-adduct (i.e., the ozonide) as well. However, in such a 

case the formation of the π-complex might also be the rate determining step of the overall 

reaction. Thus, no specific aromatic carbon bond would primarily be involved in this crucial 

reaction step so that the observed isotopic fractionation in this study does not originate from 

chemical bond breakage formation but from π-complex formation. 

5.4.4 Significance  

This work provides a first systematic evaluation of the utility of CSIA for assessing oxidative 

processes by a suite of oxidants (i.e., •OH and O3). Our data show that oxidation with O3 and 

•OH of structural moieties in organic contaminants such as benzene and its methylated and 

methoxylated analogs can lead to significant carbon isotope fractionation. In contrast, the 

same structural moieties in organic contaminants did not react with ClO2, thus, also no 

changes in 13C/12C ratios in our probe compounds were observed. These observations 

suggest that even though several oxidants contribute to contaminant removal in oxidative 

processes, CSIA may be used selectively to monitor the degradation of target compounds by 

ozone and to evaluate the suitability of ozonation for specific water treatment applications. 

The εC values derived here provide some guidance for future studies with regard to the 

magnitude of an anticipated carbon isotope fractionation for comparable oxidation reactions.  

A general mechanistic interpretation of electrophilic attack by O3, however, is particularly 

challenging. Even for simple molecules such as the compounds studied here, interpretation 

of inductive substituent effects in terms of reactive positions for initial attack by ozone did not 

reveal a simple pattern of reactivity for ortho-, meta-, and para-substituted benzene analogs 

that can be used to rationalize the observed isotope fractionation in terms of kinetic isotope 

effects. Further work is warranted to understand isotope effects of ozonation reactions with 

organic contaminants. 
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Table 5.1: Possible approaches for calculation of AKIEs (cf. eq. 5.1) for oxidation of substituted benzenes with O3. Type 1: x = all 
aromatic C-atoms; Type 2: x = all aromatic C-atoms except for ipso-position; Type 3: x = only favored C-atoms; Numbers in brackets 
represent the applied variables in the order of (n/x/z) (cf. eq. 5.1) 

 AKIEexp Type 1 Type 2 Type 3  AKIEexp Type 1 Type 2 Type 3 
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1.024 ± 0.002 (6/6/6) 
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a) 

1.038 ± 0.002 
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―  

b) 

1.025 ± 0.001 
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― 
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a) 

1.034 ± 0.002 
(7/6/6) 

 

(7/5/5) 

 

(7/3/3) 

 

d) 

1.012 ± 0.001 
(8/6/2) 

 

―  ― 
 

b) 

1.022 ± 0.001 
(7/6/4) 

 

―  (7/3/2) 

 

e) 
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a) 

1.037 ± 0.001 
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(8/3/3) 

 

d) 

1.011 ± 0.001 
(7/6/2) 

 

―  ―  
b) 

1.025 ± 0.001 
(8/6/4) 
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a) 
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1.026 ± 0.001 
(7/6/4) 

 

―  (7/3/2) 

 

p
-X

y
le

n
e
 a) 

1.036 ± 0.001 
(8/6/6) 

 

(8/4/4) 

 

― 
 

c) 

1.031 ± 0.002 
―  (7/5/4) 

 

―  
b) 

1.024 ± 0.001 
(8/6/4) 

 

―  ― 
 

d) 

1.013 ± 0.001 
(7/6/2) 

 

―  ―  

M
e
s
it
y
le

n
e
 a) 

1.034 ± 0.001 
(9/6/6) 

 

(9/3/3) 

 

― 
 

e) 

1.015 ± 0.001 
―  (7/5/2) 

 

―  
b) 

1.017 ± 0.001 
(9/6/3) 

 

―  ― 
 



Chapter 5 -  
Reactions of O3, •OH and ClO2 with benzene and its analogs 

 
130 

 

5.5 Supporting information 

Text S5.1: Chemicals 

All solutions were prepared in ultrapure water (18.1 MΩ∙cm, TOC < 10 ppb; ELGA LabWater, 

Veolia Water Technologies Deutschland GmbH, Celle, Germany). 

Following chemicals were used for preparation of the samples: anisole (methoxybenzene; 

≥ 99.9 %, Sigma-Aldrich, Steinheim, Germany), benzene (for synthesis, AppliChem, 

Darmstadt, Germany), carbon dioxide (4.5, Air Liquide, Düsseldorf, Germany),  dipotassium 

hydrogen phosphate (≥ 99 %, p.a., AppliChem), helium (5.0, Air Liquide), hydrogen peroxide 

(30 %, AppliChem), mesitylene (1,3,5-trimethylbenzene; ≥ 99.8 %, Sigma-Aldrich), methanol 

(99,99 % HPLC-grade, Fisher Scientific, Loughborough, United Kingdom), m-xylene (1,3-

dimethylbenzene; ≥ 99 %, Fluka, Steinheim, Germany), nitrogen (5.0, Air Liquide), oxygen 

(4.8, Air Liquide), o-xylene (1,2-dimethylbenzene; ≥ 99 %, Fluka), pH-reference solutions 

pH 4 (citric acid, sodium hydroxide, sodium chloride) and pH 7 (phosphate mixture) (both 

Bernd Kraft, Duisburg, Germany), p-xylene (1,4-dimethylbenzene; ≥ 99 %, Fluka), sodium 

chlorite (puriss. p.a. 80 %, Sigma-Aldrich), sodium dihydrogen phosphate (99 %, 

AppliChem), sodium peroxodisulfate (99 %, Sigma-Aldrich), tert-butanol (99.5 %, p.a., 

AppliChem), toluene (methylbenzene; 99 %, Merck KGaA, Darmstadt, Germany). 
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Table S5.1: Reaction rate constants of all relevant reactions in oxidation of benzene 
and its analogs with ozone and OH radicals 

Reaction Second order rate constant k [M-1 s-1] Reference 

Benzene + O3 2.0 ± 0.4 Hoigné and Bader185  

Benzene + •OH 7.8 x 109 Buxton et al.32  

Toluene + O3 14 ± 3 Hoigné and Bader185  

Toluene + •OH 3.0 x 109 Buxton et al.32 

o-Xylene + O3 90 ± 20 Hoigné and Bader185 

o-Xylene + •OH 6.7 x 109 Buxton et al.32 

m-Xylene + O3 94 ± 20 Hoigné and Bader185 

m-Xylene + •OH 7.5 x 109 Buxton et al.32 

p-Xylene + O3 140 ± 30 Hoigné and Bader185 

p-Xylene + •OH 7.0 x 109 Buxton et al.32 

Mesitylene + O3 700 ± 200 Hoigné and Bader185 

Mesitylene + •OH 6.4 x 109 Buxton et al.32 

Anisole + O3 290 ± 50 Hoigné and Bader185 

Anisole + •OH 5.4 x 109 Buxton et al.32 

Phenol + O3  1.3 x 103 Hoigné and Bader236 

Phenolate + O3 1.4 x 109  Hoigné and Bader236 

•OH + tert-butanol 6 x 108 Buxton et al.32 

•OH + O3 1.1 ± 0.2 x 108 Sehested et al.183  

O3 + HO2‾ 9.6 ± 2 x 106 
Sein et al.24  

O3 + H2O2
 < 10-2 Staehelin and Hoigné17  

O3 + HO2‾ (kobs, pH 9) 
1.5 x 104 derived from eq. S5.1 

 

kobs = k(HO2‾+O3) x 10(pH-pKa) 
(S5.1)24 

where: k(HO2‾+O3) see Table S5.1, pH = 9, pKa(H2O2) = 11.8265  
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Text S5.2: Determination of the minimal necessary scavenger concentrations (adapted from 

Willach et al.210). 

The minimal concentrations of the OH radical scavenger tert-butanol necessary to scavenge 

a minimum of 95 % of OH radicals generated were calculated according to Equation S5.2 

using the rate constants given in Table S5.1 (exemplarily shown for benzene): 

 
butanoltertOHbutanoltertOH

OOHObutanoltertOHOHbenzenebutanoltertOH

min)(butanoltert
1

33















fk

kcfkcf
c

benzene
 (S5.2) 

Note, since reaction rate constants of the aromatic compounds with ozone are comparably 

slow a significant amount of ozone will react with the scavenger tert-BuOH due to the 

necessarily high concentrations. These circumstances were acceptable since it was not the 

aim of this study to determine consumption data of the according reactions in order to 

achieve oxidation of the aromatic compounds solely by ozone. 

 

Text S5.3: Note for sample composition in Tables S5.2-8 

Oxidant and analyte dosage were performed with glass syringes in all cases. The volumes of 

ozone leading to a suitable degree of transformation of each analyte were determined in pre-

experiments. Note that accuracies of added volumes vary due to the accuracies of the 

syringes applied. 

 

Table S5.2: Volumes used for the preparation of benzene samples treated with ozone 
in presence of the OH radical scavenger tert-butanol. Concentrations of stock 
solutions were: c (O3) = 1.2-1.6 mM; c (benzene) = 2.43 mM; c (tert-butanol) = 3000 mM; 
c (phosphate buffer, pH 7) = 100 mM. 

VO3 [mL] Vstock solution, benzene [mL] Vtert-BuOH [mL] Vphosphate buffer [mL] VH2O [mL] 

0 0.100 0.150 0.750 14 

1.0 0.100 0.150 0.750 13 

3.0 0.100 0.150 0.750 11 

5.0 0.100 0.150 0.750 9 

7.0 0.100 0.150 0.750 7 

9.0 0.100 0.150 0.750 5 

11.0 0.100 0.150 0.750 3 

13.0 0.100 0.150 0.750 1 
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Table S5.3: Volumes used for the preparation of toluene samples treated with ozone in 
presence of the OH radical scavenger tert-butanol. Concentrations of stock solutions 
were: c (O3) = 1.2-1.6 mM; c (toluene) = 5.15 mM; c (tert-butanol) = 3000 mM; 
c (phosphate buffer, pH 7) = 100 mM. 

VO3 [mL] Vstock solution, toluene [mL] Vtert-BuOH [mL] Vphosphate buffer [mL] VH2O [mL] 

0 0.200 0.500 0.750 13.55 

1.0 0.200 0.500 0.750 12.55 

3.0 0.200 0.500 0.750 10.55 

5.0 0.200 0.500 0.750 8.55 

7.0 0.200 0.500 0.750 6.55 

9.0 0.200 0.500 0.750 4.55 

11.0 0.200 0.500 0.750 2.55 

13.0 0.200 0.500 0.750 0.55 

 

Table S5.4: Volumes used for the preparation of o-xylene samples treated with ozone 
in presence of the OH radical scavenger tert-butanol. Concentrations of stock 
solutions were: c (O3) = 1.2-1.6 mM; c (o-xylene) = 1.66 mM; c (tert-butanol) = 3000 mM; 
c (phosphate buffer, pH 7) = 100 mM. 

VO3 [mL] Vstock solution, o-xylene [mL] Vtert-BuOH [mL] Vphosphate buffer [mL] VH2O [mL] 

0 1.50 0.300 0.750 12.45 

1.0 1.50 0.300 0.750 11.45 

2.0 1.50 0.300 0.750 10.45 

3.0 1.50 0.300 0.750 9.45 

4.0 1.50 0.300 0.750 8.45 

5.0 1.50 0.300 0.750 7.45 

6.0 1.50 0.300 0.750 6.45 

7.0 1.50 0.300 0.750 5.45 

8.0 1.50 0.300 0.750 4.45 

 

Table S5.5: Volumes used for the preparation of m-xylene samples treated with ozone 
in presence of the OH radical scavenger tert-butanol. Concentrations of stock 
solutions were: c (O3) = 1.2-1.6 mM; c (m-xylene) = 1.57 mM; c (tert-
butanol) = 3000 mM; c (phosphate buffer, pH 7) = 100 mM. 

VO3 [mL] Vstock solution, m-xylene [mL] Vtert-BuOH [mL] Vphosphate buffer [mL] VH2O [mL] 

0 0.750 0.300 0.750 13.20 

1.0 0.750 0.300 0.750 12.20 

2.0 0.750 0.300 0.750 11.20 

3.0 0.750 0.300 0.750 10.20 

4.0 0.750 0.300 0.750 9.20 

5.0 0.750 0.300 0.750 8.20 

6.0 0.750 0.300 0.750 7.20 

7.0 0.750 0.300 0.750 6.20 

8.0 0.750 0.300 0.750 5.20 
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Table S5.6: Volumes used for the preparation of p-xylene samples treated with ozone 
in presence of the OH radical scavenger tert-butanol. Concentrations of stock 
solutions were: c (O3) = 1.2-1.6 mM; c (p-xylene) = 1.74 mM; c (tert-butanol) = 3000 mM; 
c (phosphate buffer, pH 7) = 100 mM. 

VO3 [mL] Vstock solution, p-xylene [mL] Vtert-BuOH [mL] Vphosphate buffer [mL] VH2O [mL] 

0 1.50 0.250 0.750 12.50 

1.0 1.50 0.250 0.750 11.50 

2.0 1.50 0.250 0.750 10.50 

3.0 1.50 0.250 0.750 9.50 

4.0 1.50 0.250 0.750 8.50 

5.0 1.50 0.250 0.750 7.50 

6.0 1.50 0.250 0.750 6.50 

7.0 1.50 0.250 0.750 5.50 

8.0 1.50 0.250 0.750 4.50 

 

Table S5.7: Volumes used for the preparation of mesitylene samples treated with 
ozone in presence of the OH radical scavenger tert-butanol. Concentrations of stock 
solutions were: c (O3) = 1.2-1.6 mM; c (mesitylene) = 0.455 mM; c (tert-
butanol) = 3000 mM; c (phosphate buffer, pH 7) = 100 mM. 

VO3 [mL] Vstock solution, mesitylene [mL] Vtert-BuOH [mL] Vphosphate buffer [mL] VH2O [mL] 

0 6.00 0.250 0.750 8.00 

1.0 6.00 0.250 0.750 7.00 

2.0 6.00 0.250 0.750 6.00 

3.0 6.00 0.250 0.750 5.00 

4.0 6.00 0.250 0.750 4.00 

5.0 6.00 0.250 0.750 3.00 

6.0 6.00 0.250 0.750 2.00 

7.0 6.00 0.250 0.750 1.00 

8.0 6.00 0.250 0.750 0.00 

 

Table S5.8: Volumes used for the preparation of anisole samples treated with ozone in 
presence of the OH radical scavenger tert-butanol. Concentrations of stock solutions 
were: c (O3) = 1.2-1.6 mM; c (anisole) = 7.41 mM; c (tert-butanol) = 3000 mM; 
c (phosphate buffer, pH 7) = 100 mM. 

VO3 [mL] Vstock solution, anisole [mL] Vtert-BuOH [mL] Vphosphate buffer [mL] VH2O [mL] 

0 0.360 0.250 0.750 13.64 

1.0 0.360 0.250 0.750 12.64 

2.0 0.360 0.250 0.750 11.64 

3.0 0.360 0.250 0.750 10.64 

4.0 0.360 0.250 0.750 9.64 

5.0 0.360 0.250 0.750 8.64 

6.0 0.360 0.250 0.750 7.64 

7.0 0.360 0.250 0.750 6.64 

8.0 0.360 0.250 0.750 5.64 
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Text S5.4: Determination of the necessary hydrogen peroxide concentrations for the 

peroxone reactions 

The minimal necessary hydrogen peroxide concentration necessary to obtain a fraction of 

99.00 % - 99.99 % of hydrogen peroxide reacting with ozone was determined according to 

Equation S5.3 using the rate constants given in Table S5.1 (exemplarily shown for benzene).  

 
223223

3223

22 1 OHOOHO

benzenebenzeneOOHO

OH
fk

ckf
c








  (S5.3) 

It has to be noted that the hydrogen peroxide concentrations vary depending on the benzene 

analog to be oxidized. Furthermore, fractions of hydrogen peroxide reacting with ozone could 

be chosen higher in case of benzene (99.99 %) and toluene (99.90 %) due to the very slow 

reaction rate constants of the benzene analog itself with ozone (cf. Table S5.1). For all other 

benzene analogs, fractions were chosen as 99.00 % which can be regarded as completely 

sufficient for the purpose. The volumes of hydrogen peroxide stock solution used resulting 

from the calculated hydrogen peroxide concentrations can be found in Table S5.9-15. 

 

 

Table S5.9: Volumes used for the preparation of benzene samples treated with OH• 

originating from the peroxone reaction (O3 + HO2‾) for 𝒇𝑶𝟑+𝑯𝟐𝑶𝟐 = 𝟎. 𝟗𝟗𝟗𝟗. 

Concentrations of stock solutions were: c (O3) = 1.6-1.7 mM; c (benzene) = 2.43 mM; 
c (H2O2) = 10 mM; c (borate buffer, pH 9) = 100 mM. 

VO3 [mL] Vstock solution, benzene [mL] VH2O2 [mL] Vborate buffer [mL] VH2O [mL] 

0.0 0.620 0.200 0.750 13.43 

0.8 0.620 0.200 0.750 12.63 

1.2 0.620 0.200 0.750 12.23 

1.6 0.620 0.200 0.750 11.83 

2.0 0.620 0.200 0.750 11.43 

2.4 0.620 0.200 0.750 11.03 
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Table S5.10: Volumes used for the preparation of toluene samples treated with OH• 

originating from the peroxone reaction (O3 + HO2‾) for 𝒇𝑶𝟑+𝑯𝟐𝑶𝟐 = 𝟎. 𝟗𝟗𝟗. 

Concentrations of stock solutions were: c (O3) = 1.6-1.7 mM; c (toluene) = 5.15 mM; 
c (H2O2) = 10 mM; c (borate buffer, pH 9) = 100 mM. 

VO3 [mL] Vstock solution, toluene [mL] VH2O2 [mL] Vborate buffer [mL] VH2O [mL] 

0.0 0.580 0.285 0.750 13.385 

1.0 0.580 0.285 0.750 12.385 

2.0 0.580 0.285 0.750 11.385 

3.0 0.580 0.285 0.750 10.385 

4.0 0.580 0.285 0.750 9.385 

5.0 0.580 0.285 0.750 8.385 

 

Table S5.11: Volumes used for the preparation of o-xylene samples treated with OH• 

originating from the peroxone reaction (O3 + HO2‾) for 𝒇𝑶𝟑+𝑯𝟐𝑶𝟐 = 𝟎. 𝟗𝟗. Concentrations 

of stock solutions were: c (O3) = 1.6-1.7 mM; c (o-xylene) = 1.66 mM; c (H2O2) = 10 mM; 
c (borate buffer, pH 9) = 100 mM. 

VO3 [mL] Vstock solution, o-xylene [mL] VH2O2 [mL] Vborate buffer [mL] VH2O [mL] 

0.0 1.90 0.185 0.750 12.165 

1.0 1.90 0.185 0.750 11.165 

2.0 1.90 0.185 0.750 10.165 

3.0 1.90 0.185 0.750 9.165 

4.0 1.90 0.185 0.750 8.165 

5.0 1.90 0.185 0.750 7.165 

 

Table S5.12: Volumes used for the preparation of m-xylene samples treated with OH• 

originating from the peroxone reaction (O3 + HO2‾) for 𝒇𝑶𝟑+𝑯𝟐𝑶𝟐 = 𝟎. 𝟗𝟗. Concentrations 

of stock solutions were: c (O3) = 1.6-1.7 mM; c (m-xylene) = 1.57 mM; c (H2O2) = 10 mM; 
c (borate buffer, pH 9) = 100 mM. 

VO3 [mL] Vstock solution, m-xylene [mL] VH2O2 [mL] Vborate buffer [mL] VH2O [mL] 

0.0 1.80 0.165 0.750 12.285 

1.0 1.80 0.165 0.750 11.285 

2.0 1.80 0.165 0.750 10.285 

3.0 1.80 0.165 0.750 9.285 

4.0 1.80 0.165 0.750 8.285 

5.0 1.80 0.165 0.750 7.285 
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Table S5.13: Volumes used for the preparation of p-xylene samples treated with OH• 

originating from the peroxone reaction (O3 + HO2‾) for 𝒇𝑶𝟑+𝑯𝟐𝑶𝟐 = 𝟎. 𝟗𝟗. Concentrations 

of stock solutions were: c (O3) = 1.6-1.7 mM; c (p-xylene) = 1.74 mM; c (H2O2) = 10 mM; 
c (borate buffer, pH 9) = 100 mM. 

VO3 [mL] Vstock solution, p-xylene [mL] VH2O2 [mL] Vborate buffer [mL] VH2O [mL] 

0.0 1.50 0.233 0.750 12.517 

1.0 1.50 0.233 0.750 11.517 

2.0 1.50 0.233 0.750 10.517 

3.0 1.50 0.233 0.750 9.517 

4.0 1.50 0.233 0.750 8.517 

5.0 1.50 0.233 0.750 7.517 

 

Table S5.14: Volumes used for the preparation of mesitylene samples treated with OH• 

originating from the peroxone reaction (O3 + HO2‾) for 𝒇𝑶𝟑+𝑯𝟐𝑶𝟐 = 𝟎. 𝟗𝟗. Concentrations 

of stock solutions were: c (O3) = 1.6-1.7 mM; c (mesitylene) = 0.455 mM; c (H2O2) = 
10 mM; c (borate buffer, pH 9) = 100 mM. 

VO3 [mL] Vstock solution, mesitylene [mL] VH2O2 [mL] Vborate buffer [mL] VH2O [mL] 

0.000 2.00 0.410 0.750 11.84 

0.240 2.00 0.410 0.750 11.60 

0.470 2.00 0.410 0.750 11.37 

0.700 2.00 0.410 0.750 11.14 

0.950 2.00 0.410 0.750 10.89 

1.200 2.00 0.410 0.750 10.64 

 

Table S5.15: Volumes used for the preparation of anisole samples treated with OH• 

originating from the peroxone reaction (O3 + HO2‾) for 𝒇𝑶𝟑+𝑯𝟐𝑶𝟐 = 𝟎. 𝟗𝟗. Concentrations 

of stock solutions were: c (O3) = 1.6-1.7 mM; c (anisole) = 7.41 mM; c (H2O2) = 10 mM; c 
(borate buffer, pH 9) = 100 mM. 

VO3 [mL] Vstock solution, anisole [mL] VH2O2 [mL] Vborate buffer [mL] VH2O [mL] 

0.00 0.510 0.705 0.750 13.035 

1.00 0.510 0.705 0.750 12.035 

3.00 0.510 0.705 0.750 10.035 

5.00 0.510 0.705 0.750 8.035 

6.50 0.510 0.705 0.750 6.535 

9.00 0.510 0.705 0.750 4.035 
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Text S5: Generation of the chlorine dioxide stock solution (in reference to Willach et al.210) 

The chlorine dioxide stock solution was prepared in the same manner as described by 

Willach et al.210 before. Briefly, 50 mL of a 0.885 M ClO2 solution were mixed with 50 mL of a 

0.164 M Na2S2O8 solution. The additional purification steps were performed as described by 

Gates1 and illustrated and explained in the Supporting Information of Willach et al.210. For 

spectrophotometrical quantification of the obtained chlorine dioxide stock solution, the 

absorption of the 1:30-diluted stock solution was determined at 359 nm 

(εClO2 = 1200 M-1 cm-1)48. The concentration of the utilized stock solution in this study was 

9.63 mM ClO2. 

 

Text S6: Preparation of samples for oxidation with chlorine dioxide 

The preparation and determination of concentrations of the stock solutions of benzene and 

its analogs were performed in the same way as described in the main manuscript. The initial 

concentrations were chosen similarly to the ones used for oxidation experiments with ozone 

(cf. SI Tables S5.2-8). Similarly, the pH was kept constant with a 5 mM phosphate buffer at 

pH 7. Hypochlorous acid (HOCl) may be formed in reactions of ClO2 and organic compounds 

so that it is crucial to use a HOCl scavenger such as glycine. Glycine reacts comparably fast 

with HOCl (kglycine + HOCl = 1 x 105 M-1 s-1)266 and significantly slow with 

ClO2 (kglycine + ClO2 = 1 x 10-3 M-1 s-1)48. Glycine concentrations were chosen twice as high as 

the individual initial analyte concentration (cf. Tables S5.16-21).  

Chlorine dioxide and analyte dosage were performed with glass syringes in all cases. Note 

that accuracies of added volumes vary due to the accuracies of the syringes applied. 

 

Table S5.16: Volumes used for the preparation of benzene samples treated with 
chlorine dioxide in presence of the HOCl scavenger glycine. Concentrations of stock 
solutions were: c (ClO2) = 9.63 mM; c (benzene) = 2.43 mM; c (glycine) = 10 mM; c 
(phosphate buffer, pH 7) = 100 mM. 

VClO2 [mL] Vstock solution, benzene [mL] Vglycine [mL] Vphosphate buffer [mL] VH2O [mL] 

0.000 0.620 0.300 0.750 13.330 

0.060 0.620 0.300 0.750 13.270 

0.120 0.620 0.300 0.750 13.210 

0.170 0.620 0.300 0.750 13.160 

0.230 0.620 0.300 0.750 13.100 

0.290 0.620 0.300 0.750 13.040 

0.340 0.620 0.300 0.750 12.990 

0.400 0.620 0.300 0.750 12.930 

0.460 0.620 0.300 0.750 12.870 
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Table S5.17: Volumes used for the preparation of toluene samples treated with 
chlorine dioxide in presence of the HOCl scavenger glycine. Concentrations of stock 
solutions were: c (ClO2) = 9.63 mM; c (toluene) = 5.15 mM; c (glycine) = 10 mM; c 
(phosphate buffer, pH 7) = 100 mM. 

VClO2 [mL] Vstock solution, toluene [mL] Vglycine [mL] Vphosphate buffer [mL] VH2O [mL] 

0.000 0.590 0.600 0.750 13.060 

0.030 0.590 0.600 0.750 13.030 

0.060 0.590 0.600 0.750 13.000 

0.090 0.590 0.600 0.750 12.970 

0.120 0.590 0.600 0.750 12.940 

0.150 0.590 0.600 0.750 12.910 

0.180 0.590 0.600 0.750 12.880 

0.210 0.590 0.600 0.750 12.850 

0.240 0.590 0.600 0.750 12.820 

 

Table S5.18: Volumes used for the preparation of o-xylene samples treated with 
chlorine dioxide in presence of the HOCl scavenger glycine. Concentrations of stock 
solutions were: c (ClO2) = 9.63 mM; c (o-xylene) = 1.66 mM; c (glycine) = 10 mM; c 
(phosphate buffer, pH 7) = 100 mM. 

VClO2 [mL] Vstock solution, o-xylene [mL] Vglycine [mL] Vphosphate buffer [mL] VH2O [mL] 

0.000 1.90 0.630 0.750 11.720 

0.025 1.90 0.630 0.750 11.695 

0.050 1.90 0.630 0.750 11.670 

0.075 1.90 0.630 0.750 11.645 

0.100 1.90 0.630 0.750 11.620 

0.125 1.90 0.630 0.750 11.595 

0.150 1.90 0.630 0.750 11.570 

0.175 1.90 0.630 0.750 11.545 

0.200 1.90 0.630 0.750 11.520 

 

Table S5.19: Volumes used for the preparation of m-xylene samples treated with 
chlorine dioxide in presence of the HOCl scavenger glycine. Concentrations of stock 
solutions were: c (ClO2) = 9.63 mM; c (m-xylene) = 1.57 mM; c (glycine) = 10 mM; c 
(phosphate buffer, pH 7) = 100 mM. 

VClO2 [mL] Vstock solution, m-xylene [mL] Vglycine [mL] Vphosphate buffer [mL] VH2O [mL] 

0.000 1.80 0.540 0.750 11.910 

0.020 1.80 0.540 0.750 11.890 

0.040 1.80 0.540 0.750 11.870 

0.060 1.80 0.540 0.750 11.850 

0.080 1.80 0.540 0.750 11.830 

0.100 1.80 0.540 0.750 11.810 

0.120 1.80 0.540 0.750 11.790 

0.140 1.80 0.540 0.750 11.770 

0.160 1.80 0.540 0.750 11.750 
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Table S5.20: Volumes used for the preparation of p-xylene samples treated with 
chlorine dioxide in presence of the HOCl scavenger glycine. Concentrations of stock 
solutions were: c (ClO2) = 9.63 mM; c (p-xylene) = 1.74 mM; c (glycine) = 10 mM; c 
(phosphate buffer, pH 7) = 100 mM. 

VClO2 [mL] Vstock solution, p-xylene [mL] Vglycine [mL] Vphosphate buffer [mL] VH2O [mL] 

0.000 1.50 0.510 0.750 12.240 

0.100 1.50 0.510 0.750 12.140 

0.200 1.50 0.510 0.750 12.040 

0.300 1.50 0.510 0.750 11.940 

0.400 1.50 0.510 0.750 11.840 

0.500 1.50 0.510 0.750 11.740 

0.600 1.50 0.510 0.750 11.640 

0.700 1.50 0.510 0.750 11.540 

0.800 1.50 0.510 0.750 11.440 

 

Table S5.21: Volumes used for the preparation of mesitylene samples treated with 
chlorine dioxide in presence of the HOCl scavenger glycine. Concentrations of stock 
solutions were: c (ClO2) = 9.63 mM; c (mesitylene) = 0.455 mM; c (glycine) = 10 mM; c 
(phosphate buffer, pH 7) = 100 mM. 

VClO2 [mL] Vstock solution, mesitylene [mL] Vglycine [mL] Vphosphate buffer [mL] VH2O [mL] 

0.000 1.80 0.180 0.750 12.270 

0.025 1.80 0.180 0.750 12.245 

0.050 1.80 0.180 0.750 12.220 

0.075 1.80 0.180 0.750 12.195 

0.100 1.80 0.180 0.750 12.170 

0.125 1.80 0.180 0.750 12.145 

0.150 1.80 0.180 0.750 12.120 

0.175 1.80 0.180 0.750 12.095 

0.200 1.80 0.180 0.750 12.070 

 

Table S5.22: Volumes used for the preparation of anisole samples treated with 
chlorine dioxide in presence of the HOCl scavenger glycine. Concentrations of stock 
solutions were: c (ClO2) = 9.63 mM; c (anisole) = 7.41 mM; c (glycine) = 10 mM; c 
(phosphate buffer, pH 7) = 100 mM. 

VClO2 [mL] Vstock solution, anisole [mL] Vglycine [mL] Vphosphate buffer [mL] VH2O [mL] 

0.000 0.510 0.750 0.750 12.990 

0.020 0.510 0.750 0.750 12.970 

0.040 0.510 0.750 0.750 12.950 

0.060 0.510 0.750 0.750 12.930 

0.080 0.510 0.750 0.750 12.910 

0.100 0.510 0.750 0.750 12.890 

0.120 0.510 0.750 0.750 12.870 

0.140 0.510 0.750 0.750 12.850 

0.160 0.510 0.750 0.750 12.830 
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Text S5.7: Quantification of benzene analogs stock solutions with LC-UV/vis 

The concentrations of the benzene analogs stock solutions were determined by a HPLC-

UV/vis system consisting of LC-20AT, DGU-20A5, CBM-20A, SPD-20A, SIL-20A, CTO-10AS 

(Shimadzu, Duisburg, Germany). The injection volume was 10 µL for anisole and 50 µL for 

all other benzene analogs. The analytical column was a Kinetex EVO C18 (100 x 3.0 mm, 

particle size 2.6 µm) (Phenomenex, Aschaffenburg, Germany) using an isocratic eluent at a 

flow rate at 0.3 mL min-1. Separation of benzene and toluene were performed with 50:50 

methanol:water and for the remaining compounds 40:60 methanol:water was employed. 

UV-absorption at 260 nm was used for quantification except for the xylenes where 263 nm 

(o-xylene), 264 nm (m-xylene) and 267 nm (p-xylene) were used. Data processing was 

performed by LC solutions, version 1.25, SP4 (Shimadzu). 

 

Text S5.8: Isotope-ratio measurements by gas chromatography-isotope-ratio mass 

spectrometry 

Compound-specific stable isotope values of benzene and its analogs were determined by 

gas chromatography isotope-ratio mass spectrometry (GC-IRMS) using a Trace GC Ultra 

coupled by the combustion interface Finnigan GC-C/TC III to a Finnigan MAT 253 isotope 

ratio mass spectrometer (all from Thermo Scientific, Bremen, Germany). The GC system was 

additionally equipped with a HTX PAL autosampler (CTC Analytics, Zwingen, Switzerland; 

supplied by Axel Semrau, Sprockhövel, Germany) with an agitator, an Optic 3 injector (ATAS 

GL-Sciences, Eindhoven, Netherlands; supplied by Axel Semrau). Samples were conditioned 

in the agitator (mixing time 5 s, pause time 2 s) for 20 min at 70 °C. Hereafter, 500 µL of the 

headspace were injected with a syringe heated to 73 °C into the injector at 70 °C. Split flow 

was 20 mL min-1 and changed after a transfer time of 60 s to 10 mL min-1. During the transfer 

time the helium column flow was 2.0 mL min-1. Hereafter, it was switched to 1.6 mL min-1 and 

then lowered within 9 min to 1.3 for anisole, mesitylene and the xylenes and to 1.2 mL min-1 

for benzene and toluene, respectively. Compounds were separated on a Rxi® 5Sil MS 

column (60m x 0.25 mm i.d., 0.25 μm film thickness; Restek, Bad Homburg, Germany) using 

different temperature gradients described below in Table S5.23. After separation, the 

analytes were oxidized to CO2 at 940 °C in the combustion interface equipped with Pt, CuO 

and NiO wires. The wires were reoxidized each time before a new sample set was run. At 

least every fourth sample run was a reference sample without oxidant addition for 

normalization. Linearity and precision test were run regularly. The carbon isotope values are 

given in reference to the international Vienna Pee Dee Belemnite (VPDB) scale.120 For ion 
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source stability, at least two to three reference gas pulses were included in each 

chromatographic run. The peak areas used for the ratio of concentration to initial 

concentration (c/c0) originate from the 12CO2 peak (m/z 44). 

 

Table S5.23: Temperature gradients utilized for gas chromatographic separation of the 

benzene analogs benzene, toluene, o-, m-, p-xylene, mesitylene and anisole 

Compound 
Starting 

Temperature [°C] 

Ramp 1 

[°C min-1] 

Plateau 1 

[°C] 

Ramp 2 

[°C min-1] 

Plateau 2 

[°C] 

Benzene/Toluene 40 (0 min) 20 
110 

(2 min) 
20 

180  

(1 min) 

Anisole 40 (1 min) 20 220   

Others 60 (0.5 min) 15 200   

 

 

Text S5.9: Application of the condensed Fukui function 

The quantitative reactivity to atomic level was derived by a condensed Fukui function 

according to Equation S5.4245,259,261: 

atom atom atomf q (N) q (N 1)     (S5.4) 

where atomf 
 is the condensed Fukui function for electrophilic attack, atomq  is the gross 

Mulliken charge at the respective atom and N  is the total number of electrons in the system 

The higher atomf 
 is the more likely is an electrophilic attack at the respective atom. 

Consequently, the maximum value indicates highest reactivity to an electrophilic attack 

whereas the minimum indicates low reactivity. 

The  utilized Fukui  function calculation program is publicly available under  GPL 3.0 

License.244 The software implementation corresponds to the description in Contreras et al..245
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Figure S5.1: Rayleigh-plots of oxidation of benzene and its analogs with a) ozone in 
presence of an adequate tert-BuOH concentration depending on the individual rate 
constants (cf. sample preparation described in main manuscript and Tables S5.2-8) at 

pH 7 (5 mM phosphate buffer) as •OH scavenger and b) •OH generated by the peroxone 

process (cf. sample preparation described in main manuscript and Tables S5.9-15) at 
pH 9 (5 mM borate buffer) (symbols in both figures show squares: benzene, circles: 
toluene, triangle upward: o-xylene, triangle downward: m-xylene, diamond: p-xylene, 
triangle leftward: mesitylene, triangle rightward: anisole); error bars represent 
standard deviations of experimental duplicates. 
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Figure S5.2: Oxidation of benzene (c0 = 100 µM) with chlorine dioxide in presence of 
glycine (c = 200 µM) as HOCl scavenger (squares: ratio of benzene concentration after 
oxidation at given ClO2 dosage to initial benzene concentration; circles: isotope ratio 
13C/12C after respective oxidation). The system was buffered with 5 mM phosphate 
buffer at pH 7. Error bars represent standard deviations of experimental duplicates. 

 
Figure S5.3: Oxidation of toluene (c0 = 200 µM) with chlorine dioxide in presence of 
glycine (c = 400 µM) as HOCl scavenger (squares: ratio of toluene concentration after 
oxidation at given ClO2 dosage to initial toluene concentration; circles: isotope ratio 
13C/12C after respective oxidation). The system was buffered with 5 mM phosphate 
buffer at pH 7. Error bars represent standard deviations of experimental duplicates. 
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Figure S5.4: Oxidation of o-xylene (c0 = 210 µM) with chlorine dioxide in presence of 
glycine (c = 420 µM) as HOCl scavenger (squares: ratio of o-xylene concentration after 
oxidation at given ClO2 dosage to initial o-xylene concentration; circles: isotope ratio 
13C/12C after respective oxidation). The system was buffered with 5 mM phosphate 
buffer at pH 7. Error bars represent standard deviations of experimental duplicates. 

 
Figure S5.5: Oxidation of m-xylene (c0 = 180 µM) with chlorine dioxide in presence of 
glycine (c = 360 µM) as HOCl scavenger (squares: ratio of m-xylene concentration after 
oxidation at given ClO2 dosage to initial m-xylene concentration; circles: isotope ratio 
13C/12C after respective oxidation). The system was buffered with 5 mM phosphate 
buffer at pH 7. Error bars represent standard deviations of experimental duplicates. 
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Figure S5.6: Oxidation of p-xylene (c0 = 170 µM) with chlorine dioxide in presence of 
glycine (c = 340 µM) as HOCl scavenger (squares: ratio of p-xylene concentration after 
oxidation at given ClO2 dosage to initial p-xylene concentration; circles: isotope ratio 
13C/12C after respective oxidation). The system was buffered with 5 mM phosphate 
buffer at pH 7. Error bars represent standard deviations of experimental duplicates. 

 
Figure S5.7: Oxidation of mesitylene (c0 = 60 µM) with chlorine dioxide in presence of 
glycine (c = 120 µM) as HOCl scavenger (squares: ratio of mesitylene concentration 
after oxidation at given ClO2 dosage to initial mesitylene concentration; circles: 
isotope ratio 13C/12C after respective oxidation). The system was buffered with 5 mM 
phosphate buffer at pH 7. Error bars represent standard deviations of experimental 
duplicates. 
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Figure S5.8: Oxidation of anisole (c0 = 250 µM) with chlorine dioxide in presence of 
glycine (c = 500 µM) as HOCl scavenger (squares: ratio of anisole concentration after 
oxidation at given ClO2 dosage to initial anisole concentration; circles: isotope ratio 
13C/12C after respective oxidation). The system was buffered with 5 mM phosphate 
buffer at pH 7. Error bars represent standard deviations of experimental duplicates. 
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Table S5.24: Stable isotope enrichment factors (εC) for oxidation of benzene and its 
analogs with either ozone or •OH (generated by the peroxone process); comparison of 
oxidation of benzene and its analogs by •OH (generated by UV/H2O2) published by 
Zhang et al.234 

Compound 
O3

a,b •OHc •OH 
(Zhang et al.)

 d 

εC [‰] εC [‰] εC [‰] 

Benzene −3.9 ± 0.4 0.0 ± 0.2 −0.7 ± 0.1 

Toluene −4.6 ± 0.2 −0.9 ± 0.2 −0.36 ± 0.05 

o-Xylene −4.6 ± 0.2 −0.8 ± 0.1 −0.27 ± 0.02 

m-Xylene −4.5 ± 0.1 −0.8 ± 0.1 −0.30 ± 0.06 

p-Xylene −4.3 ± 0.1 −0.7 ± 0.1 −0.31 ± 0.05 

Mesitylene −3.7 ± 0.1 −0.3 ± 0.1 - 

Anisole −5.4 ± 0.3 −1.2 ± 0.1 −0.45 ± 0.04 

a pH was kept constant for ozone reactions at pH 7 with a phosphate buffer (5 mM) 
b Intrinsically formed •OH from reaction of ozone and one of the compounds were scavenged 

by an adequate concentration of tert-butanol which was chosen depending of the according 

reaction rate constants (cf. sample preparation described in main manuscript and 

Tables S5.2-8)  
c pH was kept constant for •OH reactions at pH 9 with a borate buffer (5 mM)  
d values are adapted from Zhang et al. (2016)234 

 

 

 

Figure S5.9: Numbering of the aromatic rings of the investigated benzene and its 
substituted analogs. 
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Toluene o-Xylene m-Xylene p-Xylene Mesitylene Anisole 

      

Figure S5.10: Optimized molecule structures of the methylated and methoxylated benzene analogs considered in this study within water 
as a polarizable medium. The electrostatic potential was mapped onto the electron density of each molecule. The color code was 
chosen from -3.0 x 10-2 (red) to -2.0 x 10-2 (blue). All molecule parts which appear in dark blue have an electrostatic potential more 
positive than -2.0 x 10-2. 
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Table S5.25: Table of condensed to atom Fukui functions ( carbonf 
 calculated according to eq. S5.2). Green labelled table fields indicate 

positions with methyl and methoxy substituents, respectively.  

 
Position    carbonf 

    

 
 Benzene Toluene o-Xylene m-Xylene p-Xylene Mesitylene Anisole 

A
ro

m
a

ti
c
 r

in
g
 

C1 0.3252 0.2842 0.2333 0.2068 0.2719 0.2038 0.1707 

C2 0.0867 0.1034 0.2333 0.0064 0.0845 0.0085 0.1415 

C3 0.0867 0.0687 0.0101 0.1827 0.0845 0.1872 0.0260 

C4 0.3252 0.3009 0.2071 0.2622 0.2719 0.2772 0.2503 

C5 0.0867 0.0687 0.2071 0.0086 0.0845 0.0083 0.0624 

C6 0.0867 0.1034 0.0101 0.2442 0.0845 0.2281 0.1125 

 Sum (aromatic carbon 
atoms only) 

0.9972 0.9293 0.9010 0.9109 0.8818 0.9131 0.7634 

S
u

b
s
ti
tu

e
n

ts
 

Methyl or Methoxy at C1  0.0237 0.0158 0.0147 0.0190 0.0162 0.0099 

Methyl at C2, C3 or C4  
 

0.0158 0.0149 0.0190 0.0112 
 

Methyl at C5  
    

0.0006 
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Table S5.26: Theoretical evaluation of resulting C-KIEs for oxidation of benzene and 
p-Xylene with O3. Quantum chemical calculations were conducted as described in the 

main manuscript. KIE values were derived with the ISOEFF package243. The 
C

 -values 

(theoretical isotope enrichment factors) were calculated with eq. S5.3. Atom 
numbering is referring to Figure S5.11. 

Position of 13C 
in aromatic ring 

Benzene p-Xylene 

O3 attack at C1 O3 attack at C2 

C1 1.0299 0.9929 

C2 0.9952 1.0266 

C3 0.9874 0.9959 

C4 0.9790 0.9887 

C5 0.9869 0.9775 

C6 0.9931 0.9846 

Cm1 at C1 - 0.9987 

Cm2 at C4 - 0.9998 

Average KIE 0.9953 0.9956 

C

  (cf. eq. S5.3) +4.77 +4.43 

 

C

1
1 1000

KIE

  
    

 
 eq. S5.3 

 

  

Figure S5.11: Atom numbering for carbon isotopomers for a) benzene and b) p-xylene 
used in Table S5.26. 
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In this thesis, the applicability of compound-specific stable isotope analysis (CSIA) for 

characterization of abiotic oxidative and phototransformation processes as well as 

elucidation of the underlying reaction mechanisms - also complementary to high-resolution 

mass spectrometry (HRMS) - was investigated.  

Experimental setups in Chapter 3 and Chapter 4 have shown that different transformation 

processes, i.e. ozonation, treatment with chlorine dioxide (ClO2), photolysis with different 

irradiation sources such as low pressure Hg lamp or simulated sunlight, cause mostly similar 

transformation products (TPs) which cannot be differentiated by HRMS alone. In the 

presented work it was possible to identify distinct isotopic fractionation patterns for the 

transformation processes listed above. Consequently, CSIA can be a supplementary tool to 

HRMS in such cases. For this reason, it seems possible that CSIA might be implemented for 

monitoring tasks in the future. This may be used for example to track the advances of 

environmental remediation versus plain dilution effects or to differentiate natural attenuation 

through phototransformation by sunlight from simple dilution of emitters such as waste water 

treatment plants or diffuse sources from agricultural activities. Maier et al. have performed 

comparable investigations for Diclofenac so that the suitability for a broader range of 

micropollutants besides sulfamethoxazole (SMX) appears to be likely154. Nevertheless, the 

broad applicability for various micropollutants still needs to be proven with a larger scope of 

analytes in combination with the improvement of sensitivity211. The recent method 

developments using solid-phase extraction, preparative HPLC or molecular imprinted 

polymers are the first steps towards this promising field of application141,142,147,148. 

The elucidation of reaction mechanisms by combining the results obtained from HRMS 

measurements of TPs with CSIA is an exceedingly challenging task. A shining example is 

the N‑nitrosodimethylamine formation during the chloramination of secondary and/or tertiary 

amines152,153. However, an additional value to the HRMS data for the elucidation of reaction 

mechanisms by CSIA could only be established for the transformation of SMX with the 

investigated oxidative (Chapter 3) but not for the phototransformation processes 

(Chapter 4). The basis which enabled this further understanding of the reaction mechanisms 

was a systematic experimental set-up which investigated the two environmentally relevant 

species of SMX, the neutral and the anionic one, respectively, separately from each other 

(Chapter 3). This approach led to distinct results which may be used in future modeling or for 

creation of a data base containing typical isotope fractionation data of oxidative processes. 

Experimental data generated in a parallel approach by Birkigt et al., considered pH regimes 

where both SMX species are present to different extents172. Thus, these results may deliver 

answers for the very exact conditions chosen but do not enable any further generalized 

insights. 
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Contrary to this, the systematic experimental approach in Chapter 4, implementing the 

differentiation of the SMX species with distinct UV/vis-irradiation scenarios for the 

phototransformation of SMX, was not sufficient to enable further insight in the reaction 

mechanisms to HRMS data by CSIA. However, it was possible to discern several further 

levers which have to be considered in future studies with CSIA in order to extend the 

fundamental knowledge of phototransformation reactions. It became obvious that further 

studies are required which systematically investigate and quantify the individual influence of 

parameters such as the pH, the concentration, the position of a substituent and the excited 

states, i.e. singlet and triplet states as it has been performed for chloroanilines157,158. 

Additional information on the kind of excited states could also answer the question if a 

difference in excited states is responsible for the observed isotopic fractionation in 

phototransformation with UV-B and UV-A light but not in case of UV-C light. Moreover, 

further research on pH related phenomena are required to understand if a potential pKa shift 

occurs by transition from ground to excited state in case of SMX. Consequently, in case of 

phototransformation studies a wider pH range using equidistant steps should be investigated 

as it has been shown for other compounds that acidity constants frequently shift by several 

orders of magnitude for excited states267-271.  

The work in Chapter 4 has also illustrated that an in-depth investigation on the discrimination 

of mass-dependent isotope effects (MDE) and mass-independent isotope effects (MIE) using 

CSIA is needed to diminish the current uncertainties. An enhanced understanding of MDE 

and MIE would enable the distinction of, e.g., kinetic and magnetic isotope effects, 

respectively. Besides phototransformation, which was identified as an interesting field for 

such investigations inter alia in this work and by Ratti et al.157,158, oxidative processes 

employing the free-radical monomer ClO2
49 would be of relevance as well. Magnetic MIEs 

usually occur in radical reactions which are energy-cheap125. Based on this, CSIA may be a 

helpful tool in further investigations of the radical character of ClO2 reactions.   

Overall, it became apparent during the work of Chapters 3 and Chapter 4 that the current 

investigations on oxidative processes have considered overly complex probe compounds 

such as diclofenac154 or SMX172,210. The current approaches usually limit the obtained 

conclusions to the specific compound under investigation. In order to derive more 

generalized information on the reactions of pollutants with oxidative agents such as O3, 

hydroxyl radicals (•OH) or ClO2, “simpler” probe compounds have to be considered as the 

initial step in a more holistic approach. The complexity of diclofenac or SMX in this context 

does not only originate from the molecule size itself but also from the presence of different 

atoms besides hydrogen or carbon such as oxygen, nitrogen or sulfur. These may strongly 
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influence the point of attack of the oxidative agent as it was demonstrated for ozonation of 

anilines or N-heterocyclic aromatic compounds25,272.  

Therefore, it was required to step back in the level of compound complexity in order to 

enable a basic understanding of stable isotope fractionation in oxidative processes. In 

Chapter 5, benzene and its methylated and methoxylated analogs were used as simple 

aromatic probe compounds to characterize the reactions of O3, 
•OH or ClO2 and derive the 

related apparent kinetic isotope effects (AKIE). Here it was shown that pure O3 and •OH 

reactions may be distinguished from each other based on the isotope enrichment factors 

which may be used in environmental monitoring measures or process evaluations in the 

future.  

However, the reaction rate constants of ClO2 with benzene and its analogs were too slow 

(𝑘𝐶𝑙𝑂2+𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 ≤ 101 M-1 s-1; estimated according to Lee and von Gunten248) so that no 

significant and reasonable degradation of probe compounds could be observed. Hence, it is 

recommended to conduct such orienting oxidation experiments with ClO2 with a set of 

reactants with 𝑘𝐶𝑙𝑂2+𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 > 101 M-1 s-1. Possible reactants could be di- and trimethoxylated 

benzenes or phenols and its analogs in an appropriate pH range which exhibit sufficiently 

fast reaction rate constants with ClO2
248. These additional compound classes were beyond 

the scope of this study so that these experiments will be part of future investigations.  

The calculation of AKIEs for the oxidation of benzene and its analogs with ozone turned out 

to be nontrivial. Moreover, up to now no precedents which considered monodentate oxidative 

attacks can be found in the current literature. These would have required considering the 

influence of the number of atoms in reactive position versus the number of atoms in 

intramolecular competition as it was necessary in this work. In complementary approaches 

quantum chemical calculations were performed in order to identify the most likely solution. 

Unexpectedly, these additional tools did not lead to a clarification but disclosed even more 

unresolved questions which had also caused discrepancies between experimental and 

theoretical data in other studies234,260,273.  

In general, theoretical calculations may be a useful tool to obtain additional insights and open 

new perspectives132,274. However, quantum chemical calculations have to be carried out very 

thoughtfully due to a high number of pitfalls - especially if a treacherous molecule such as 

ozone shall be investigated275,276. This is the reason why quantum chemical calculations 

require a significant amount of time and often reiterations until one receives the desired 

information. Additionally, reliable and affordable software for modeling of all included 

reactants and their reactions is not yet adequate in order to perform appropriate quantum 
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chemical calculations274. The example of Chapter 5 has illustrated that substantial 

manpower and experience is required to perform high-level quantum chemical calculations 

which needs to be considered carefully prior to such a project plan.  

Moreover, ozonation of the allegedly simple probe compounds, i.e. benzene and its analogs, 

and the related reaction pathways proved to be more challenging than expected in the first 

place. It became obvious that the chemistry of these reactions is not well understood 

(Chapter 5) so that it would be advisable for future studies on oxidative processes to focus 

on very basic structures as probe compounds before considering more complex molecular 

structures of pesticides or active ingredients of pharmaceuticals. A current review of 

available isotopic data for the transformation of benzene and its analogs has demonstrated 

that the availability of data for abiotic oxidative processes is still poor229. 

Besides further systematic evaluation of isotopic fractionation of oxidative processes using 

representative and allegedly simple probe compounds containing solely hydrogen and 

carbon atoms, future studies should also systematically evaluate the influences of other 

elements such as oxygen or nitrogen in order to complete the picture and create a solid 

database which comprises basic structures and different (abiotic) oxidative agents. As soon 

as already developed methods from laboratory tests and applications in liquid 

chromatography-IRMS (LC-IRMS)138,277 can be brought to market maturity and become 

commercially available this might also become possible for polar and non-volatile 

compounds which cannot be transferred to the gas phase. 

Such a database containing data on isotope fractionation for the reactions of various 

oxidative agents with basic probe compounds could be the starting point to answer one of 

the key questions raised during the presented work: Are the isotope fractionation data of 

simple probe compounds transferable to more complex molecule structures, e.g. containing 

an aromatic moiety as the point of oxidant attack? If the answer to this question is positive, 

this would open the door widely for CSIA applications in future environmental and process 

oriented studies. 

In conclusion, on many different levels the presented work has shown that the deeper and 

more detailed one delves into a subject the easier it becomes to find more unresolved 

questions and problems than to find the answers for the initial ones.  
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8.4 List of abbreviations 

AKIE apparent kinetic isotope effect  

AOP advanced oxidation process 

BSIA bulk stable isotope ratio analysis 

CIAAW Commission on isotopic abundances and atomic weights 

CSIA compound-specific stable isotope analysis 

DBE double bond equivalent  

DBP disinfection byproducts  

DMSO dimethyl sulfoxide 

DAD diode array detector 

DNA deoxyribonucleic acid 

DOM dissolved organic matter  

CF cut-off filter 

cf. confer 

Cl  chloride 

2(g)Cl  gaseous chlorine 

2ClO  chlorine dioxide 

2ClO
 chlorite 

3ClO
 chlorate 

avg

254nmE  average fluence rate 

EA elemental analyzer  

e.g. example given 

FT-ICR Fourier transform ion cyclotron resonance mass analyzers  

GC gas chromatography 

HAA haloacetic acid 

HCl hydrochloric acid 

2 2H O  hydrogen peroxone 

HOCl hypochlorous acid 

HP high pressure  

HPLC-ESI(-)-ToF-MS 
high performance liquid chromatograph-electrospray ionization in 

negative mode-time-of-flight mass spectrometer  

HRMS high-resolution mass spectrometry  

HT-LC high-temperature-liquid chromatography 

2HO
 perhydroxyl radical 
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3HO  hydrotrioxyl radical 

IAEA International atomic energy agency 

i.e. id est 

IC ion chromatography 

IRMS isotope ratio mass spectrometer  

JRC Joint Research Centre of the European Union in Geel, Belgium 

0
pE

k  photon fluence-based rate constant 

0
p

app

E
k  apparent photon fluence-based rate constant 

app

pk  apparent pseudo-first-order rate constants for phototransformation 
lightk reaction rate constants of the compound containing the light isotope 

heavyk reaction rate constants of the compound containing the heavy isotope 

KIE kinetic isotope effect  

LC liquid chromatography 

LOQ limit of quantification  

LP low pressure  

LTQ Orbitrap linear ion trap/orbitrap  

MDE mass-dependent isotope effect  

MIE mass-independent isotope effect  

MP medium pressure  

MSIS methanesulfinic acid  

MSUS methanesulfonic acid  

MTBE methyl tert-butyl ether  

2NaClO  sodium chlorite 

2 2 8Na S O  sodium peroxodisulfate 

Nd:YAG-laser neodymium-doped yttrium aluminum garnet (Nd:Y3Al5O12) laser 

NDMA N-nitrosodimethylamine 

NOM natural organic matter 

OH
 hydroxyl radicals 

―OH  hydroxide ions 

2O  oxygen 

1

2O  singlet oxygen 

3

2O  triplet oxygen 

2O
 superoxide anion 

3O  ozone 

3O
 ozonide radical anion 



Chapter 8 -  
Supplements 

 
192 

 

PAR peak area ratios  

PCM polarizable continuum model  

pKa acid dissociation constant 

PNA/pyr p-nitroanisole-pyridine 

PNAP/pyr p-nitroacetophenon-pyridine 

qToF quadrupole time of flight mass spectrometer  

0,cR  ratio of 
heavy lightE / E  compound c at time 0 

Rc ratio of the heavy to light isotope E of the compound c 

Rref ratio of the heavy to light isotope E the reference ref 

t ,cR  ratio of 
heavy lightE / E  compound c at time t 

SCRF self-consistent reaction field 

SI supporting information 

SIA stable isotope analysis  

SMX sulfamethoxazole 

SMX– anionic sulfamethoxazole 

SMX+ cationic sulfamethoxazole 

SMX-OH hydroxylated sulfamethoxazole 

SMX-NO TP266 (TP after photolysis of SMX, cf. chapter 4.4.2) 

tert-BuOH tertiary butanol 

THM trihalomethane 

TOX total organic halides 

TP transformation product 

tR retention time  

UV ultraviolet 

VPDB Vienna Pee Dee Belemnite 

δ-scale delta scale 

heavy

c,refE  δ-value of a compound c related to the reference ref 

bulk

E  isotopic fractionation of all isotopes of element E 

ελ molar absorption coefficient 

λ wavelength 

Φλ quantum yield 
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