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Summary
Dissolved organic matter (DOM) is a heterogenous, hard to define mixture of organic compounds
that is present in natural waters and consists of degradation- and transformation products of
biomass. DOM, which comprises humic and fulvic acids as the main components, has an
important influence on a large variety of chemical reactions in the environment.
Chromophoric moieties of DOM, also termed colored dissolved organic matter (CDOM) are the
most important light-absorbers in natural waters and are for example responsible for the yellowbrownish color of many humic-influenced lakes and rivers. Absorption by DOM leads to
attenuation of the light-intensity in deeper layers of the water column. However, in the upper
parts of the column, near the surface, DOM participates in the production of numerous reactive
species such as excited triplet states of DOM (3DOM*), singlet oxygen (1O2) and hydroxyl radical
(•OH), that all have an important impact on the photochemical transformation of aqueous
contaminants. Thus, in many cases DOM acts as photosensitizer, meaning that it accelerates
photochemical processes.
Nevertheless, based on earlier studies there was some indication that DOM not only stimulates
photochemical contaminant transformation but also inhibits the depletion of certain contaminants.
DOM was hypothesized to exhibit both an increasing and a decreasing effect on photochemical
reactions, the latter of which is beyond light-absorption and its scavenging/quenching attributes.
The aim of the present study was to characterize and quantify the inhibiting effect of DOM on
photochemical reactions. Since previous studies suggested that in particular triplet-induced
oxidations were subject of inhibition, the investigation commenced with this type of oxidation
system. The chosen experimental methods mainly consisted of steady-state irradiations that were
conducted under well-defined laboratory conditions using a merry-go-round photoreactor
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equipped with a medium pressure mercury lamp. Buffered aqueous solutions were irradiated in
quartz-glass tubes and contained various types of DOM isolates or DOM present in natural
waters (in most cases at concentration of 1 – 5 mg C L-1), model sensitizers (10 - 200µM) and
model inhibitors (1 - 750µM), respectively. The latter have not been employed in studies related
to environmental photochemistry before and were therefore evaluated during the course of this
work.
Target compounds (TCs) for photochemical transformation experiments were added at low
micromolar concentrations. TCs were chosen either because they occur as contaminants in
natural waters, and are therefore environmentally relevant, or due to their model character, which
allows drawing conclusions about the behavior of entire classes of contaminants. Relative
depletion of TCs during irradiation was determined by high performance liquid chromatography
(HPLC) and evaluated using conventional kinetic methods.
The tasks of the first part of this work (Chapter 2) were to compare the inhibiting effect of
different types of DOM on the triplet-induced oxidation of several contaminants, to reassess the
already existing simple kinetic model, and to investigate an alternative oxidation system. The
aromatic ketones 2-acetonaphthone (2AN) and benzophenone-4-carboxylate (CBBP) were
chosen as model photosensitizers because their excited triplet states exhibit different reduction
potentials, reflecting the range of reduction potentials that were estimated to occur in natural
excited triplet states of DOM (3DOM*). Three different standard DOMs obtained from the
International Humic Substances Society (IHSS), namely Suwannee River fulvic acid (SRFA),
Nordic Aquatic fulvic acid (NAFA) and Pony Lake fulvic acid (PLFA) and DOM contained in
natural lake water served as inhibitors. Sulfamethoxazole (SMX), trimethoprim (TMP), N,Ndimethylaniline (DMA) and 4-methylphenol (4MP) were chosen as TCs. Hydroxyl radical
induced oxidation was selected as alternative system because •OH is a highly reactive radical that
ix

is important for both environmental photochemistry and in oxidative water treatment.
Experiments with •OH were performed in a screening study with fifteen different TCs and SRFA
as potential inhibitor. Competition kinetics experiments using para-chlorobenzoic (pCBA) acid
as a reference compound were conducted for determination of depletion rates. No inhibiting
effect of SRFA on •OH-induced oxidations was found.
For triplet-induced oxidation, significant differences were observed for various types of DOM
with DOM of terrestrial origin being a much more effective inhibitor than DOM of aquatic origin.
While minor differences in inhibition were found for the two selected model sensitizers, variation
between various contaminants was substantial.
The main question of the second part of this work (Chapter 3) was, whether model compounds
are able to simulate the inhibition observed for DOM. This approach would improve the
mechanistic understanding and render information about the functional moieties of DOM that
could be responsible for the effect. The use of such model compounds was unprecedented in the
context of environmental photochemistry. Based on the results of the first part of the work,
phenolic compounds seemed to be promising and realistic model compounds. Terrestrial DOM
which proved to be the better inhibitor contains more phenolic moieties and many phenols are
known for their antioxidant character. Thirteen different phenolic antioxidants were evaluated for
their inhibiting properties using 2AN as the sensitizer and four anilines, four sulfonamides and
two human sulfonamide metabolites as TCs. All tested phenols were good inhibitors of the
triplet-induced oxidation of aniline. Anisoles (anisole and 4-methylanisole) employed as controls
exerted no inhibiting effect. Within the anilines it was found that the inhibition efficiency
increased with the reduction potential of the respective radical cation. This observation
strengthens the hypothesis that oxidation intermediates of contaminants reacting with available
antioxidants reform to their parental compound. Phenol (unsubstituted) was even a useful
x

inhibitor in the case of DOM-sensitized oxidations with a stronger impact on DOM with low
natural phenolic content than those with high phenolic content.
The latter finding in particular but also the results obtained in this part of the study in general
give substantial experimental evidence that natural phenolic antioxidants present in DOM are
important inhibitors in photochemical contaminant transformation.
In the third part (Chapter 4) of this study DOM was manipulated by oxidation with chlorine
dioxide (ClO2) and ozone (O3) (in presence and absence of the •OH scavenger tert-butanol,
tBuOH) to investigate the effect of oxidative treatment of DOM on inhibition of triplet-induced
oxidation. Since both O3- and ClO2- treatment is well known to decrease the light-absorption of
DOM by destroying chromophores, the investigation was extended on changes in spectroscopic
and photosensitizing properties of DOM. As previously, standard IHSS isolates were employed
as DOMs. TCs were SMX, which was already used in the first two parts of the study and 2,4,6trimethylphenol (TMP), that is frequently used as a reference compound in environmental
photochemistry and that is not affected by the inhibiting properties of DOM. CBBP was chosen
as a model sensitizer in these experiments.
It could be shown that inhibition decreases with increasing ozone dose with a faster decrease in
the presence of tBuOH. Photosensitizing properties of DOM decrease along with a decrease in
light-absorption. Differences between changes in spectroscopic properties after O3 and ClO2
treatment allow conclusions about the reactivity of DOM with these oxidants. However,
photochemical experiments with ClO2-treated DOM revealed that a byproduct, most likely
chlorite, is a potent photosensitizer masking the actual effect of DOM.
Results of this part show that inhibiting groups of DOM are easily oxidizable moieties.
Furthermore, results are also important with regard to the environmental effects of oxidative
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wastewater treatment, a technique that will be increasingly used in the future to minimize the
micropollutant load of effluent wastewater.
To conclude, the present dissertation contributes to a better understanding of the photochemistry
of natural waters by better characterizing and quantifying the dual role of DOM, namely as
sensitizer and inhibitor of photochemical reactions.
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Zusammenfassung
Gelöstes organisches Material (dissolved organic matter, DOM) ist ein heterogenes, schwer zu
definierendes Stoffgemisch, das sich aus den Abbau- und Umwandlungsprodukten von Biomasse
zusammensetzt. DOM ist allgegenwärtig in natürlichen Gewässern und kommt dort in
unterschiedlicher Konzentration vor. Es besteht hauptsächlich aus Humin- und Fulvinsäuren und
hat einen grossen Einfluss auf verschiedenste chemische Reaktionen in der Umwelt.
Die Chromophore des DOM, auch gefärbtes organisches Material (colored dissolved organic
matter, CDOM) genannt, sind die wichtigsten lichtabsorbierenden Bestandteile natürlicher
Gewässer und sind zum Beispiel für die gelb-bräunliche Farbe von vielen von Huminstoffen
beeinflussten Seen und Flüssen verantwortlich. Die Absorption des DOM sorgt für eine
Abschwächung der Lichtintensität in tieferen Wasserschichten. In den oberen Bereichen der
Gewässer bilden sich jedoch unter der Beteiligung von DOM zahlreiche kurzlebige reaktive
Spezies, wie zum Beispiel angeregte Triplettzustände des DOM (3DOM*), Singulett-Sauerstoff
(1O2) und das Hydroxyl-Radikal (•OH), die alle für den indirekten photochemischen Abbau von
Schadstoffen eine grosse Bedeutung haben. In vielen Fällen wirkt DOM daher als
Photosensibilisator, also als Beschleuniger des photochemischen Abbaus von Schadstoffen.
Trotzdem hatten Resultate einiger früherer Studien gezeigt, dass sich DOM nicht nur
stimulierend auf photochemische Reaktionen auswirkt, sondern den Abbau bestimmter
Schadstoffe auch hemmen kann. DOM hat also sowohl einen beschleunigenden als auch einen
abbremsenden Effekt, der über die eigentliche Lichtabsorption und seine Funktion als
Radikalfänger und Quencher angeregter Zustände hinausgeht.
Ziel dieser Arbeit war es, den hemmenden Effekt von DOM auf die photochemische
Schadstoffoxidation genauer zu charakterisieren und zu quantifizieren. Da die bisherigen
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Untersuchungen andeuteten, dass vor allem triplett-induzierte Schadstoffoxidation vom
Phänomen der Hemmung betroffen zu sein scheinen, wurde die Arbeit mit dieser Art von
Oxidationssystemen begonnen. Die dazu ausgewählte experimentelle Methodik bestand
grösstenteils aus stationären Bestrahlungsversuchen, die unter definierten Laborbedingungen mit
einem Karussellphotoreaktor, der mit einer Mitteldruckquecksilberlampe bestückt war,
durchgeführt wurden. Die in Quarzglasröhrchen bestrahlten gepufferten wässrigen Lösungen
enthielten jeweils verschiedene Typen von DOM-Extrakten oder DOM natürlicher Gewässer
(beides zumeist in Konzentrationen zwischen 1 – 5 mg C L-1), sowie Modellphotosensibilisatoren
(10 - 200µM) oder Modellhemmstoffe (1 - 750µM). Letztere waren im Bereich der
Umweltphotochemie noch unbekannt und wurden deshalb im Rahmen dieser Arbeit genauer
untersucht. Als Zielsubstanzen des photochemischen Abbaus dienten verschiedene organische
Schadstoffe in niedriger mikromolarer Konzentration, die entweder in der Vergangenheit bereits
in Oberflächengewässern nachgewiesen werden konnten und daher Umweltrelevanz besitzen
oder Modellschadstoffe, deren Verhalten Rückschlüsse auf eine ganze Schadstoffklasse zulässt.
Der relative Abbau der Konzentration der Zielsubstanzen während der Bestrahlungsversuche
wurde mittels Hochleistungsflüssigkeitschromatographie (high performance liquid
chromatography, HPLC) gemessen und anschliessend kinetisch ausgewertet.
Im ersten Teil dieser Arbeit (Chapter 1) ging es zunächst darum, die hemmenden Eigenschaften
verschiedener DOM auf die Triplett-induzierte Oxidation verschiedener Schadstoffe zu
vergleichen, das bereits vorliegende einfache kinetische Modell zu überprüfen und
gegebenenfalls anzupassen, sowie ein alternatives Oxidationssystem zu untersuchen. Als
Modellphotosensibilisatoren wurden die aromatischen Ketone 2-Acetonaphthon (2AN) sowie
Benzophenon-4-carboxylat (CBBP) ausgewählt, da ihre angeregten Tripletts ein unterschiedlich
hohes Reduktionspotential besitzen, das den Bereich von 3DOM* abdeckt. Drei verschiedene
xiv

Standard-DOM der IHSS (International Humic Substances Society), Suwannee River Fulvinsäure
(SRFA), nordische aquatische Fulvinsäure (NAFA), Pony Lake Fulvinsäure (PLFA), sowie
DOM eines Seewassers dienten als Hemmstoffe. Als Zielsubstanzen wurden Stoffe ausgewählt,
die in einer vorangegangenen Untersuchung eine starke Hemmung ihrer Oxidation gezeigt hatten,
nämlich Sulfamethoxazol (SMX), Trimethoprim (TRI) und N,N-Dimethylanilin (DMA), sowie
mit 4-Methylphenol (4MP) eine Zielsubstanz, die vormals keinen Hemmeffekt aufwies. Als
alternatives Oxidationssystem wurden •OH-induzierte Oxidationsprozesse untersucht, da dieses
oxidationsstarke Radikal nicht nur in der Natur, sondern auch in technischen Systemen zur
Wasserbehandlung eine wichtige Rolle spielt. Mit •OH wurde ein Screening mittels
Kompetitionskinetik mit para-Chlorbenzoesäure (pCBA) als Referenz, fünfzehn verschiedenen
Zielsubstanzen und SRFA als Hemmstoff durchgeführt. Allerdings konnte kein hemmender
Effekt von SRFA auf die •OH-induzierte Schadstoffoxidation gefunden werden.
Für die Triplett-induzierte Oxidation zeigten sich grosse Unterschiede zwischen den
verschiedenen DOM-Typen, wobei DOM terrestrischer Herkunft ein effektiverer Hemmstoff war,
als DOM aquatischer Herkunft. Während die Hemmung bei den beiden verwendeten
Sensibilisatoren nur geringfügige Unterschiede erkennen liess, zeigte sich, dass das Ausmass der
Hemmung eher vom jeweiligen Schadstoff bestimmt wird.
Die Fragestellung des zweiten Teils der Arbeit (Chapter 3) war, ob sich der hemmende Effekt
von DOM auch mit Modellsubstanzen nachbilden lässt. Dies würde zum einen zu einem besseren
mechanistischen Verständnis der Hemmungseffekte führen, zum anderen liesse es Rückschlüsse
darauf zu, welche funktionellen Gruppen innerhalb des DOM für die Effekte verantwortlich sein
könnten. Allerdings waren bisher keine geeigneten Modellsubstanzen für den zu untersuchenden
Zusammenhang bekannt. Aufgrund der Ergebnisse des ersten Teils der Arbeit erschienen jedoch
phenolische Antioxidantien als geeignete und realitätsnahe Kandidaten. Der in seiner Hemmung
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effektivere terrestrische DOM enthält nämlich einen höheren Anteil an phenolischen Gruppen als
aquatischer DOM, zudem besitzen viele Phenole eine antioxidative Wirkung. Es wurden
insgesamt dreizehn verschiedene phenolische Antioxidantien auf ihre Hemmeffektivität der 2ANsensibilisierten Oxidation von vier Anilinen, vier Sulfonamiden, sowie zwei ihrer Metaboliten
untersucht. Alle getesteten Phenole erwiesen sich als gute Antioxidantien. Zudem konnte das
bisher verwendete kinetische Modell von DOM auf Phenole übertragen werden. Die als
Kontrollsubstanzen verwendeten Anisole (Anisol und 4-Methylanisol) übten keinen
Hemmungseffekt aus. Innerhalb der Aniline konnte gezeigt werden, dass die Effektivität der
Hemmung mit dem Reduktionspotential des jeweiligen Anilin-Radikalkations zunimmt. Dies
bestätigte die Hypothese, dass diese Oxidationszwischenprodukte sich durch die Anwesenheit
antioxidativ wirkender Substanzen wieder in ihre Ausgangssubstanzen zurückbilden können. In
DOM-sensibilisierten photochemischen Oxidationsreaktionen zeigte Phenol (unsubstituiert)
ebenfalls antioxidative Wirkung. Die Hemmung war bei DOM, der bereits höhere natürliche
Phenolkonzentrationen besitzt, weniger ausgeprägt, als bei solchem mit niedrigen Phenolgehalten.
Die Ergebnisse dieses Teils der Arbeit liefern fundierte experimentelle Indizien dafür, dass
natürliche phenolische Antioxidantien wichtige hemmende Substanzen bei photochemischinduzierten Schadstofftransformationen durch DOM sind.
Die grundsätzliche Idee im dritten Teil der Arbeit (Chapter 4) bestand darin, DOM mittels der
Oxidantien Ozon (O3), in An- und Abwesenheit des •OH-Radikalfängers tert-Butanol (tBuOH)
und Chlordioxid (ClO2) vorzubehandeln, und so die Auswirkungen auf die Hemmung zu
untersuchen. Da O3 und ClO2 auch die Lichtabsorption des DOM verringern, indem sie
Chromophore zerstören, wurden neben der Hemmeffektivität des DOM sowohl die Veränderung
der spektroskopischen Eigenschaften als auch dessen photosensibilisierenden Attribute
untersucht. In diesem Teil wurden die Huminsäure- (SRHA) und Fulvinsäure- (SRFA) Extrakte
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des Suwannee River sowie PLFA als DOM verwendet. Zielsubstanzen waren SMX, das bereits
in den ersten beiden Teilen als Substanz verwendet wurde, deren Oxidation durch Hemmung
beeinflusst wird, sowie 2,4,6-trimethylpenol (TMP). TMP ist eine Substanz, welche häufig für
Studien zur photochemischen Reaktivität natürlicher Gewässer verwendet und deren Abbau nicht
von Hemmung durch DOM beeinflusst wird. CBBP diente als Modellsensibilisator. Es konnte
gezeigt werden, dass die Hemmung mit zunehmender Ozonbehandlung nachlässt, wobei der
Rückgang in Anwesenheit von tBuOH etwas schneller ausfiel. Die photosensibilisierenden
Eigenschaften des DOM verringern sich analog zur Lichtabsorption.
Die Veränderung der spektroskopischen Eigenschaften durch die Oxidation des DOM mit O3 und
ClO2 ist unterschiedlich, was Rückschlüsse auf die unterschiedliche Reaktivität der beiden
Oxidantien zulässt. Photochemische Versuche mit ClO2 behandeltem DOM ergaben, dass ein
Nebenprodukt der Oxidation, wahrscheinlich Chlorit einen photosensibilisierenden Effekt
aufweist, der die Veränderungen der Eigenschaften des DOM überlagert.
Die Resultate dieses Teils der Arbeit zeigen, dass es sich bei den hemmenden Gruppen innerhalb
des DOMs um leicht oxidierbare Verbindungen. wie z.B. aktivierte Aromaten handelt. Es
konnten einige Kenntnisse über die molekulare Strukturen des DOM gewonnen werden, die seine
photochemische Reaktivität bestimmen. Ausserdem sind diese Resultate wichtig im Hinblick auf
die Auswirkungen der in Zukunft geplanten Behandlung von Abwasser mit Oxidantien zur
Eliminierung von Mikroschadstoffen aus die Eigenschaften des DOM.
Insgesamt trägt die Studie wesentlich zum verbesserten Verständnis der Photochemie natürlicher
Gewässer bei, indem sie die doppelte Rolle von DOM, sowohl als Photosensibilisator als auch als
Hemmer photochemischer Schadstoffoxidation erfasst, charakterisiert und quantifiziert haben.
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Chapter 1

Chapter 1
General Introduction

1

Chapter 1
Though the sun beat on water’s naked body
…
The spring is cold during the light of day.
Besides, the sun’s rays work upon the water,
and when the light comes with the quivering heat
They make it porous, therefore it throws off
The seeds of fire inside it, as often water
Throws off the frost contained within itself
And melts the ice and loosens all its knots.
Lucretius (ca. 99 BC – ca. 55 BC), De Rerum Natura (tr. Melville)1

1.1 Sunlight - the color of the water – and dissolved organic matter (DOM)
These few sentences from Lucretius’ teaching poem ”De Rerum Natura“ illustrate that
ancient philosophers already had an impressive imagination of how sunlight interacts with
water. It is even more astonishing how some lines of this poem may be regarded as metaphor
for the photochemical processes in natural waters that are the subject of the dissertational
work presented here. However, before entering the core topic of this work, namely the
antioxidant properties of natural dissolved organic matter (DOM) in indirect photochemical
(contaminant) transformation reactions, some introductory paragraphs on the optical diversity
of natural waters and its reasons may be appropriate and helpful. Furthermore, a brief
introduction on the role of DOM in the environment and some remarks on aquatic
environmental photochemistry are provided. This includes a summary of relevant physical
and chemical processes to understand the broader context of the presented work and literature
for further reading.
Natural water displays many different colors (Figure 1.1). From the deep blue of the open
ocean and the brown-greenish color of biological active coastal zones and lakes towards the
pale yellow to dark brown color of peat bogs and mangrove forests. For the human eye such
visual perception arises because certain colors of the incoming sunlight are both scattered and
2
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absorbed within the water body. The absorption of the red and yellow portion of the sunlight,
mainly by water molecules itself 2, is the reason for the blue color of the ocean, where the
concentration of other light absorbing compounds is very low. However, while locally
chlorophyll and suspended solids are important for light attenuation, dissolved organic matter
(DOM) is considered to be the main absorber of light in natural waters 3.

Figure 1.1. Colors of Lake Greifensee in spring.

DOM is ubiquitously present in natural waters at typical concentrations of 0.5 – 100 mg C L-1
(4)

. Early researchers were already interested in the optical properties of natural waters 5 and

were aware of the humic and fulvic character of the organic substances present, that absorb
the violet and blue part of the visible light

6-7

(and even stronger in the UV-range). Thus, the

term “Gelbstoff” (yellow substance) was introduced 8.
Contrasting to other organic or inorganic substances dissolved in water exhibiting absorption
maxima (peaks) and minima, the absorption of DOM usually increases towards shorter
wavelengths and is featureless. Due to this simple spectral slope, the following exponential
decay function can be employed to parameterize the absorption properties of DOM 9

a  aref e

(1.1)

 S (  ref )

where ɑλ is the absorption coefficient (m-1) at the respective wavelength λ, λref is a reference
wavelength and S is the spectral slope (nm-1). See also Chapter 4 for absorption spectra of
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various International Humic Substances Society (IHSS) standard DOMs and their
parameterization. The absorption of DOM leads to a considerable light-attenuation within the
water column. Thus, most photochemical processes relevant for contaminant transformation
in natural waters are restricted to the upper layer of water bodies 10.

1.2 Origin and structure of DOM and its role in environmental and
technical processes
Dissolved organic matter is a heterogeneous mixture of organic molecules of different
molecular weight, comprised of degradation- and transformation products of animal and plant
biomass that are leached from soils; and of organic material that is either produced within or
directly introduced into the water 11-15. However, globally the amount derived from terrestrial
plants is much higher than DOM originating from animals and aquatic organisms.
DOM is an important participant in the global carbon cycle. The amount present in the ocean
is estimated to be about 700 Gt

16

(1Gt = 1x1015 g) which is, for example, more organic

carbon than stored in terrestrial biota (540 Gt) but less than stored in soils (1600 Gt)
Considering that only 0.3% of the global water is found in lakes and rivers

18

17

.

, these surface

waters are unimportant in terms of DOM storage capacity, but fluxes of 0.25 Gt per year from
rivers to the sea contribute significantly to the oceanic DOM pool 16.
Although DOM is considered to be recalcitrant towards degradation processes, its structure
and composition is steadily altered by physical, chemical and biological processes such as
adsorption, precipitation, oxidation/reduction (biotic and abiotic) and complexation

14

and

DOM is subject to natural turnover processes. While labile fractions of DOM such as free
amino acids and sugars have only a lifetime of minutes to days, the turnover of average or
“semi-labile” DOM is months to decades 13. The mean age of DOM has been determined by
14

C dating. However, in rivers and lakes the apparent age of DOM varies greatly with

4
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seasonal changes due to the release of either young DOM from recent biological production
or DOM from old ground water and soil carbon deposits

19-20

. For refractory deep-ocean

DOM, an average age of several thousands of years was estimated 21-22.
Based on various experimental and computational methods researchers attempted to
understand the molecular structure of humic molecules

23-30

. Examples for possible two- and

three-dimensional structures are shown in Figure 1.2. DOM molecules are composed auf
irregularly repeating organic moieties of both aliphatic and aromatic character. The
attachment pattern of these moieties results in complicated three-dimensional structures. The
molar mass of DOM molecules ranges from roughly 100 g per Mole up to more than 100000
g per Mole with an average between a high three-digit and a low four-digit molecular weight
31-33

. Common functional groups at the structural backbone of DOM molecules are carboxylic

acids, hydroxylic, phenolic, carbonyl, alkoxy groups and functional groups including
heteroatoms such as nitrogen (N) and sulfur (S). DOM of terrestrial origin has a higher
aromaticity and phenolic content 34 but lower nitrogen and sulfur content than mainly aquatic
microbially derived DOM 35.
Due to these structural features and its environmental abundance DOM and humic substances
have been found to participate in numerous environmentally relevant processes in soils, water
bodies, occasionally in the atmosphere and in technical water treatment processes. The
importance of humic substances in general and DOM in particular is reflected by a topic
search in Web of Knowledge conducted on 4 May 4, 2012 using the term “dissolved organic
matter”, which revealed more than 18.000 scientific contributions between 1909 and 2011
(Scopus: 7197 hits on “dissolved organic matter” appearing in title, abstract or keywords).

5
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Figure 1.2. Various proposed strnctures of humic molecules:
a) 2-dimensional strncture from Ref. 26, b) 3-dimensional
black and white model of a humic molecule with two
connected ring-shaped strnctures (Ref. 27) and an undissolved

chy and densely packed globular humic molecule (Ref. 29).
Gray spheres represent C, red spheres 0 , white spheres H, blue
spheres N, and yellow spheres S.

6
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As already mentioned, this work will focus on some effects that DOM exhibits on the
photochemical fate of contaminants. These special aspects of DOM chemistry are addressed in
sections 1.5 and 1.6. However, before continuing with DOM an introduction on environmental
photochemistry is provided.

1.3 Short overview of environmental aquatic photochemistry
Research in environmental aquatic photochemistry can be roughly divided into two areas of
scientific interest. One area covers investigations on the influence of sunlight on the chemistry of
natural water components, with particular attention to type and concentration of various reactive
species and their formation and decay processes (see section 1.5). This area includes also
research on the optical properties and the sunlight-induced changes of DOM during its passage
through surface waters. Irradiation with sunlight causes a number of structural modifications
within DOM that are considered as an important factor of DOM aging. Well-known are the
phenomena of absorption loss called “photobleaching” and the blue-shift of DOM absorption. In
this field probably more research related to marine environments has been published

16, 36-41

but

there is also considerable information on freshwater systems 42-45.
The second area investigates the photochemical fate of aqueous contaminants. Similarly to other
topics in environmental chemistry, the interest in this field started in the early 1970s. Much
pioneering work has been published by Zepp and Coworkers

3, 46-54

Hoigné-research group at Eawag made important contributions

55-60

but also others such as the

. During the 1990s the field

developed slowly. Nevertheless, excited triplet states of DOM as important species in sunlit
natural waters came into consideration

61-63

. Due to the increasing interest in the environmental

fate of micropollutants such as pesticides from agriculture, pharmaceuticals and personal care

7
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products released from wastewater treatment plants, there was a renaissance of research on
environmental photochemical processes that are important for contaminant transformation

64

.

Recent trends include refinement of the mechanistic understanding of photochemical contaminant
transformation (for example this work), the photochemistry of natural molecules such as amino
acids and proteins

65-67

, new methods for detection of reactive species and reevaluation of

traditional probe molecules and model compounds

68-72

and employing sunlight to transform

micropollutants and inactivate pathogens in wastewater 73-75.

1.4 Basics of environmental aquatic photochemistry
Absorption of light is a basic requirement for a photochemical reaction to occur. According to the
Grotthus-Draper law, also known as the first law of photochemistry, a photon needs to be
absorbed in order to induce a chemical reaction. For environmentally relevant photochemical
reactions this means that the absorption spectrum of the reactant needs to overlap the spectrum of
the incoming sunlight. Most aquatic contaminants absorb no visible light but rather in the UV
range of sunlight. This is exemplified in Figure 1.3a for the antibiotic and aquatic contaminant
sulfachloropyridazin (SCPD). Even though both spectra overlap each other only slightly such
overlap is sufficient to induce a significant direct photodegradation of SCPD with simulated
sunlight as shown in Figure 1.3b. However, not every photon absorbed leads to a chemical
reaction. The effectiveness of light absorbed by a substance to produce a chemical change is
determined by the quantum yield Φ, which is the number of events occuring per photon absorbed
by the system 76.
Under environmentally relevant conditions various aquatic contaminants are prone to direct
photochemical reactions. Since this work is focused on indirect photochemical reactions the

8
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configuration of these electrons the state reached is either an excited singlet state S1 or an excited
triplet state T1.
The variety of processes that may occur with an excited molecule are represented as rate
constants k. Briefly, both the singlet and the triplet excited state may undergo a chemical reaction
S

( k R , k RT ), the molecule may return to the ground state via emission of light, either from the
excited singlet state by fluorescence (kF) or from the excited triplet state by phosphorescence (kP)
or radiationless transition (kIC, kTS) occurs. Change of spin of the LUMO electron of the S1 state
via intersystem crossing kST is a further pathway of excited triplet state T1 formation. For
example the excited triplet states of aromatic ketones that are employed as model substances
during this study (Chapter 2 and 3) and excited triplet states of DOM (3DOM*) are formed via the
singlet state 63. For further reading on photochemical and photophysical processes see e.g. recent
textbooks 78-79.
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1.5 Indirect photochemical processes in the environment
Many aquatic contaminants exhibit an absorption spectrum that lacks intersection with the
spectrum of sunlight reaching a water body or they are recalcitrant towards direct light-induced
processes caused by inefficient transformation ( k RS , k RT ) of their excited species. Nevertheless,
photochemical depletion of such contaminants may occur, because other light-absorbing
substances that are omnipresent in natural waters (see section 1.1) are capable to trigger chemical
reactions by the absorption of photons, thereby acting as photochemical sensitizers. The excited
state of a sensitizer reacts either directly with a contaminant (primary reaction) or with other
molecules present in the water leading to the formation of further reactive species, that are able to
react with contaminants by themselves (secondary reaction). Figure 1.5 shows relevant species
involved in natural aquatic photochemistry sorted into three categories, namely (1) sensitizers, (2)
natural water constituents that interact with the excited sensitizers or reactive species to form (3)
reactive species.
The connecting lines represent possible reaction pathways that are involved in the formation of
reactive species and their interactions with each other. Due to this ramified and multi-step manner
indirect photochemical processes in the aquatic environment are more complicated than direct
processes and sometimes not easy to investigate unambiguously 74, 80-82.
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Excitation of DOM, as the main absorber of light in natural waters is in many cases initiating the
generation of reactive species. Meanwhile, as primary reactive species, excited triplet states of
DOM (3DOM*) are considered to play an important role for the photochemical depletion of a
large number of aqueous contaminants

61, 66, 74, 83-87

. Various secondary reactive species result

from the reaction between 3DOM* and molecular oxygen (O2). In the literature this class of
reactants is often summarized as reactive oxygen species (ROS). An important and well
investigated ROS is singlet oxygen 1O2 (in case of oxygen the triplet state 3O2 is the ground state)
51, 58-60, 88-91

. It is a rather specific oxidant that preferably reacts with double bonds. A further ROS

is the hydroxyl-radical (•OH) which reacts less selectively and almost diffusion-controlled with
many organic and inorganic water constituents

92-93

. While 3DOM* is only a minor source of the

hydroxyl radical, •OH is a relevant intermediate in the photochemistry of iron-species in water 9495

and is formed by the photoexciation of nitrate and nitrite

96-99

. Moreover, •OH is an essential

oxidant in technical processes for water treatment such as ozonation and advanced oxidation
processes (AOPs)

100-101

. The superoxide radical anion (O2•, with its conjugated acid, HO2•, the

hydroperoxyl radical) and hydrogen peroxide (H2O2) are potentially less important for
contaminant transformation reactions but may serve as electron sinks and sources in cycling of
reactive species in sunlit waters
irradiation of natural waters

48

102-104

. Short-lived solvated electrons may also be formed during

. Even though there is some evidence for the existence of DOM-

derived reactive oxygen species such as and oxyl (RO•) and peroxyl radicals (ROO•)

105

their

relevance for contaminant depletion has not been shown. Other (Non-ROS) secondary oxidants
originating from anions are the carbonate radical CO3• 106-108 and chlorine/bromine radicals. The
latter potentially play an important role in saline waters 109-110.
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1.6 The dark side of DOM in photochemistry – Starting point for this work
Until now, only light-absorbing moieties of DOM and the resulting formation of reactive species
were considered. However, besides its chromophores, that are sometimes termed colored
dissolved organic matter (CDOM), natural DOM possesses also moieties that absorb little or no
light in the emission spectrum of the sun. Nevertheless, such moieties have great impact on the
photochemistry of natural waters because they are reactive towards species that are formed
during natural photochemical processes.
These moieties serve as radical scavengers or quenchers of excited states

89, 111-113

, thereby

decreasing the concentration/lifetime of reactive species and competing directly with
contaminants present in the water. Due to scavenging/quenching by DOM and inorganic
constituents, concentrations of reactive species in natural waters are low and between 10 -9 – 10-18
M for different species

82 (and references cited therein)

. The capability of DOM to act as a scavenger/

quencher is not only important for photochemical reactions but also for oxidative processes in
water treatment.
While scavenging and quenching of different reactive species has been already investigated by
several research groups (see also introductions of chapters 2 and 3), the basic hypothesis of this
work was developed from a small number of studies. These studies reported effects of DOM that
could not be explained by considering the already known quenching/scavenging properties of
DOM. An earlier study conducted in our group revealed that the reaction of some anilines with
the carbonate radical was much more strongly suppressed by DOM than expected by the effect of
carbonate radical scavenging alone

108

. The behavior observed was similar when the excited

triplet state of an aromatic ketone was employed as oxidant. Other studies investigating the
phototransformation of aniline and 3,4-dichloroaniline lead to the postulate of aniline radicals as

15
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reaction intermediates, which are able to interfere with DOM

46

. The reduced reaction rates of

some phenols in photosensitized aqueous oxidation have been explained analogously,
hypothesizing a reduction of the reaction intermediates, the phenoxyl radicals

61

. Therefore, it

was assumed that a radical mechanism is involved in the reaction. Based on results of an initial
study investigating this effect, a simple reaction scheme was proposed 114 (eqs. 1.2 – 1.4).

X*/Rad• + P

→

X•/Rad +P•+

(1.2)

P•+

→

Pox

(1.3)

P•+ + DOM

→

P + DOM•+

(1.4)

The initial oxidation step is the reaction of an organic contaminant termed as P with an oxidizing
radical Rad˙ or an oxidizing excited state X*, resulting in a radical cation P•+ (1.2). In case of the
presence of DOM the further, hypothesized reaction consists of two competing pathways for the
intermediate P•+. The first pathway (1.3) results in the irreversible formation of an oxidation
product Pox, while the second pathway leads to reduction and reformation of the parent compound
P by reacting with DOM and generating an oxidized DOM•+ species. The more the second
pathway is favored the lesser should be the apparent yield of contaminant transformed.
The proposed reaction scheme allows further hypothesizing that the moieties of DOM reacting
with contaminant radicals are likely easy oxidizable moieties with antioxidant character. Such
electron-donating antioxidants might originate for example from plant derived lignin-derivatives
with a high phenolic content.
It is well known that DOM possesses both electron-donating and electron-accepting capacities. A
good overview on the topic is provided by a recent ETH-dissertation

16
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and the resulting
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publications

116-119

. Electron donating and electron accepting capacities determine the role of

humic substances as redox-buffer in soils and natural waters. Furthermore, humics are considered
as important electron mediators for microbial redox-processes. However, it is unknown whether
electron donating moieties also play an important role in photochemical processes that are
relevant for contaminant transformation.

1.7 Thesis outline
This doctoral thesis investigates the influence of dissolved organic matter (DOM) on the
photochemical oxidation of aquatic contaminants. Funding was provided by the Swiss National
Science Foundation (SNF): SNF Beitragsnr. 200021-117911 „Aqueous oxidation of organic
contaminants: Inhibition by dissolved natural organic matter“ and SNF Beitragsnr. 200020134801”The role of dissolved organic matter as an antioxidant in triplet-induced oxidation
reactions”. The aim was a systematic and quantitative investigation to understand the effect of
DOM on the oxidation rate of contaminants in aqueous solution. Chapters 2 – 4 consist of the
results that are presented in the form of papers which are already published in peer-reviewed
journals (Chapter 2 and 3) or will be submitted in the near future (Chapter 4). Chapter 5
summarizes concluding remarks.

Chapter 1. Gives an introduction to the photochemistry of natural waters and the role of
dissolved organic matter in the environment.

Chapter 2. This chapter describes experimental results of investigating the inhibiting effect of
dissolved organic matter on the triplet-induced oxidation of four aquatic contaminants and the
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effect of Suwannee River fulvic acid (SRFA) on contaminant oxidation induced by the hydroxyl
radical (•OH) for fifteen different aqueous contaminants and model compounds. Two aromatic
ketones were employed as excited-triplet state sensitizers. Three International Humic Substances
Society (IHSS) standard-DOM of different origin and DOM contained in natural lake water
samples served as potential inhibitors. It was found that DOM of terrestrial origin is a much
better inhibitor than aquatic DOM. Furthermore, a previous kinetic model on the DOMconcentration dependence of the inhibiting reaction could be refined. No inhibiting effect was
observed in the alternative oxidation system using hydroxyl radical. The absence of the effect for
hydroxyl radical was explained by a different reaction mechanism of •OH with contaminants.

Chapter 3. A number of different phenolic model-antioxidants were tested for their potential to
mimic the inhibition of DOM on triplet-induced oxidation of contaminants. Several anilines and
sulfonamides were chosen as contaminants because these classes of compounds were previously
found to be subject to inhibition by DOM. It could be shown that phenolic antioxidants induce
similar inhibiting effects as DOM. Transferability of kinetic models for DOM and phenolic
antioxidants underlined these similarities. Furthermore, phenolic antioxidants have been found to
inhibit contaminant oxidation when DOM was used as a sensitizer. It was concluded that
phenolic moieties contained in natural DOM play an important role for the inhibition of tripletinduced oxidation.

Chapter 4. The influence of oxidative treatment of DOM with ozone and chlorine dioxide was
investigated with regard to changes in optical, photosensitizing and inhibiting properties of
DOM. For ozone-treated DOM it was found that DOM-sensitized depletion rates of contaminants
that are not subject to inhibition reactions decline proportionally to DOM-bleaching. For
18
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contaminants whose triplet-induced oxidation is inhibited by DOM, a more complicated ozone
dose dependency was found which was explained by the differential depletion of DOMantioxidants and DOM- photosensitizers during ozonation. For chlorine dioxide no effects caused
by DOM could be observed because an oxidation byproduct, presumably chlorite, proved to be
an efficient sensitizer by its own. The results of this chapter give some insights into structural
moieties of DOM that may play a role in photochemical reactions. However, they are also
important with regard to the environmental effects of oxidative wastewater treatment and the
associated changes in DOM. For example, ozonation, as an oxidative technique, will be
increasingly used in the future to minimize the micropollutant load of effluent wastewater.

Chapter 5. This chapter gives some general conclusions and provides an outlook for further
research.
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Abstract
Dissolved organic matter (DOM) has recently been shown to reduce the transformation rate of
various aqueous organic contaminants submitted to oxidation by excited triplet states, apparently
by inhibiting the transformation of oxidation intermediates. The main goals of the present study
were to evaluate in more detail the effect of concentration and type of DOM on the tripletinduced transformation rate of four selected organic compounds and to check for an analogous
inhibition effect in the case of oxidation induced by hydroxyl radical. A marked inhibition by
DOM of triplet-induced oxidation was observed for N,N-dimethylaniline (DMA) and the two
antibiotics sulfamethoxazole (SMX) and trimethoprim (TRI), DOM of terrestrial origin being a
more effective inhibitor than DOM of aquatic origin. The results are important to understand the
role of DOM both as a photosensitizer and as an inhibitor for the triplet-induced transformation
of aquatic contaminants. In contrast, no DOM-induced reduction in second-order rate constant
could be observed in competition kinetics experiments for the reaction of hydroxyl radical with a
series of 15 organic compounds, covering several classes of aromatic contaminants, indicating
that Suwannee River fulvic acid (SRFA) used as reference DOM does not affect this reaction
mechanism.
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2.1 Introduction
The presence of dissolved organic matter (DOM) in natural waters has an important influence
on light-induced transformation pathways of organic contaminants. An increased photochemical
transformation rate of pesticides in natural waters with respect to pure aqueous solutions was
already reported more than three decades ago (1). This acceleration of transformation is mainly
initiated by the absorption of light by water components such as DOM, nitrate and nitrite ion, and
various Fe(III) species, leading to the formation of several primary and secondary reactive
species that are able to react with organic compounds (2, 3). Among these species excited triplet
states of DOM (3DOM*) and hydroxyl radical (•OH) play an important role because they have
oxidative reactivity towards a wide range of environmentally relevant compounds (3DOM*: (4-8);
•

OH: (9-11)). However, DOM can also contribute to decrease the phototransformation rate of

contaminants

by

three

distinct

effects:

Scavenging/quenching

of

reactive

species,

filtering/screening (attenuation) of the photochemically active light, and limiting of the net
oxidation due to reduction of intermediates.
While scavenging of hydroxyl radical (12-14) and light screening by DOM (15) have been
studied, little is known about the reduction of oxidation intermediates by DOM (16). This
reduction may be considered as an alternative case of scavenging/quenching, where not the
oxidative reactive species itself but a transformation intermediate of the contaminant P reacts
with DOM, as exemplified in the following scheme:

RS  P  RS red  P 

(2.1)

P   Pox

(2.2)

P   DOM  P  DOM

(2.3)
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According to eq 2.1, an oxidative reactive species RS (e.g., 3DOM*, •OH) reacts with the
contaminant leading to a reduction product of RS, RSred, and an intermediate radical cation P•+.
Subsequently P•+ undergoes parallel reactions, where it is either irreversibly oxidized to Pox (eq
2.2) or reduced back to its parent compound by easily oxidizable moieties of DOM generating an
oxidized DOM species (eq 2.3). The more the second pathway is favored the smaller the yield
of Pox and consequently the rate of contaminant transformation should be. Reduction of oxidation
intermediates by DOM is plausible (17) because DOM contains a variety of organic moieties, in
particular phenolic functional groups, which may act as antioxidants. It should be noted that in
the above reaction scheme P•+ stands as a representative for a suite of possible oxidation
intermediates that may be reduced back to the parent compound. A direct observation of the
species involved in eq 2.3 is still outstanding.
An initial study of the possible inhibition of oxidation reactions by DOM (16) was carried out
using the excited triplet state of benzophenone-4-carboxylate (CBBP) as the oxidant. The
oxidation rate of around half of twenty-two environmentally relevant aquatic contaminants was
found to decline in the presence of Suwannee River fulvic acid (SRFA), used as a reference
DOM. Especially compounds having an aniline functionality, including antibiotics such as
sulfonamides and trimethoprim (TRI), but also some phenols were hindered by DOM in their
transformation. Triplet quenching by DOM was excluded as a possible underlying mechanism
since a significant number of the studied contaminants was not affected by any reduction in
oxidation rate in the presence of DOM. Triplet state quenching would result in a uniform
decrease in oxidation rate for any target contaminant. A simple reaction model was introduced to
explain DOM-induced inhibition of oxidation.
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The objective of the present study was to further characterize the observed inhibition, to
generalize and refine the reaction model and to screen for the occurrence of the effect in an
alternative oxidation system. For triplet induced oxidation we selected four target compounds to
be oxidized: (i) 4-methylphenol (4MP) as a representative for the compounds for which no
inhibition of triplet induced oxidation by DOM was found, (ii) N,N-dimethylaniline (DMA), and
the two antibiotics (iii) sulfamethoxazole (SMX) and (iv) trimethoprim (TRI) as compounds
showing inhibition by DOM. Investigations were extended to consider the influence on oxidation
for

several

types

of

DOM

and

a

lake

water

and

the

use

of

2-acetonaphthone (2AN) as a photosensitizer (and excited triplet state precursor) in addition to
CBBP. The second photosensitizer was included to have an improved model system for
mimicking the oxidative properties of 3DOM* (18). In additional experiments using competition
kinetics, the influence of SRFA on the oxidation of several organic contaminants by •OH was
investigated. Hydroxyl radical was chosen, because of its importance in the aquatic environment,
where it is produced photochemically by various pathways (19), and in water treatment processes
such as ozonation and advanced oxidation (AOPs) (20).

2.2 Experimental Section
Materials and chemicals. All chemicals were from commercial sources and used without
further purification. For a complete list of chemicals used see the Supporting Information (SI),
Text S1. Standard DOMs: Nordic Aquatic Fulvic Acid (NAFA), Pony Lake Fulvic Acid (PLFA),
and Suwannee River Fulvic Acid (SRFA) were obtained from the International Humic
Substances Society. Lake water (GSW) was collected at lake Greifensee, Switzerland ([DOM] =
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3.9 mgC L-1; pH 8.0), immediately filtered (0.45 μm, cellulose nitrate, Sartorius AG, Goettingen,
Germany) and stored in glass bottles in the dark at 4°C.
Irradiation experiments. Steady state irradiations were performed in glass-stoppered quartz
glass tubes using a merry-go-round photoreactor equipped with a medium-pressure mercury lamp
operated at 500 W and appropriate filters. Details about the irradiation procedures are given in SI,
Text S2. Prior to irradiation, solutions were aerated and equilibrated for 15 min in a water bath at
a temperature of 25.0 °C, which was kept constant (± 0.2 °C) during irradiation.
The oxidation of contaminants and model compounds (in the following both referred to as target
compounds) by 3Sens* in the presence of standard DOM and GSW was investigated by
irradiating up to six tubes simultaneously. Solutions containing standard DOM were buffered at
pH 8 with 5 mM phosphate (Na2HPO4/NaH2PO4) and adjusted with H2SO4. GSW was not further
treated, prior to irradiations. Each tube was filled with 20 mL GSW or standard DOM solution at
0  5 mgC L-1 (except the combination CBBP-TRI-PLFA: 0  8 mgC L-1) and supplemented with
a target compound at a concentration of 5 µM and an aromatic photosensitizer at a concentration
to obtain 5%  80% depletion during irradiation time. (Target compound/[CBBP]/[2AN]:
4MP/40 μM/150 μM; DMA/40 μM/20 μM; SMX/40 μM/ 70 μM; TRI/40 μM/200 μM). Solutions
were irradiated for 5 min. To determine phototransformation rates in “blank” samples, i.e.
samples without a model photosensitizer, a set of tubes containing 5 M of target compound in
buffered water, GSW or buffered standard DOM solutions was irradiated for 20 – 120 min, based
on the depletion rate of the target compound (4MP: 20 min; DMA 60 min; TRI: 120 min; SMX:
120 min). Samples of 400 μL were withdrawn at six equidistant time intervals and analyzed
immediately or stored at 4°C.
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For •OH competition kinetics experiments, performed based on hydrogen peroxide photolysis
and using a procedure described elsewhere (10), a set of four tubes was irradiated for each target
compound. Besides borate buffered solution (5 mM, pH 8) with 0.5 μM of target compound and
0.5 μM p-chlorobenzoic acid (pCBA), these tubes contained (i): no additions; (ii): 2.5 mgC L-1
SRFA; (iii): 5 mM H2O2; (iv): 2.5 mgC L-1 SRFA and 5 mM H2O2. Six samples were taken
during 20 min of irradiation.
Analytical methods. A description of the HPLC systems used to examine depletion of target
compounds including a complete list of HPLC conditions, detection wavelengths and separation
columns is given together with details of spectrophotometric and pH-measurements in SI, Table
S2.1 & Text S2.3.

2.3 Results and Discussion
A. Triplet-induced oxidation
Kinetics analyses and corrections. The inhibition of oxidation of target compounds was
quantified by means of kinetics experiments, where the initial concentrations of the selected
target compound and photosensitizer were kept constant, while the DOM concentration was
varied. For each concentration of selected DOM two kinetics runs were carried out with and
without the selected photosensitizer, respectively. As already pointed out previously (16), the
blank experiments, i.e. those conducted in the absence of a photosensitizer, serve to introduce
some inevitable correction to compensate for direct and indirect phototransformations of the
target compound which do not depend on the photosensitizer. Data were analyzed by linear
regression using the logarithmic form of the pseudo-first-order kinetic equation: ln(

C
)  k  t ,
C0

where C and C0 are the concentrations of target compound at irradiation time t and zero (before
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irradiation), respectively, and k (s-1) is the pseudo-first-order rate constant. A set of such
regression lines is shown in SI (Figure S2.1).
In general, photoinduced transformation in the absence of both photosensitizer and DOM,
possibly arising from direct phototransformation and indirect phototransformation induced by
impurities, kblank, were found to be negligible. DOM alone, which is well known to possess
photosensitizing activity (3, 16), induced significant depletion of the target compound in some
cases. Thus, rate constants for the transformation of target compound in the presence of a
photosensitizer and DOM, k Sens, DOM DOM  , were corrected by applying eq 2.4.
(1)
kSens
, DOM DOM   kSens, DOM DOM   k DOM DOM 

(2.4)

where k DOM DOM  is the target compound transformation rate constant obtained in the absence
(1)
of photosensitizer and kSens
, DOM DOM  is the corrected rate constant (note that for the case of

absence of DOM, k Sens, DOM DOM   0  k Sens and k DOM DOM   0  kblank , leading to
(1)
k Sens
 k Sens  k blank ). The superscript

(1)

indicates the first of two subsequent correction steps.

Experimental conditions were chosen in order to minimize the DOM-photosensitized
transformation of target compounds making only a small correction necessary. Data for kSens,
kDOM([DOM] = 5 mgC L-1) and kblank are given in SI, Table S2.3. Generally, using CBBP at a
concentration of 40 M the maximum correction introduced by eq 2.4 amounted to 10%.
Corrections when using 2AN were in some cases higher, due to the slower transformation
obtained with some target compounds (especially with TRI).
The second correction step introduced in the analysis of the present data concerns the
compensation for the absorption of light by DOM, causing a screening effect or, in other words, a
decrease in fluence rate and therefore in light available for the triplet-induced process. The
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procedure for calculating an approximate light screening factor, S  , DOM ,Sens DOM  , is described
rel

in detail in SI (Text S2.4, Figure S2.2 and Table S2.2). This further correction is expressed by eq
2.5.
( 2)
(1)
k Sens
, DOM DOM   k Sens, DOM DOM   S  , DOM , Sens DOM 
rel

(2.5)

Although the two corrections according to eqs 2.4 and 2.5 are needed for an accurate
quantitative data analysis, they do not drastically change the rate constants, and qualitative trends
are generally the same for both corrected and uncorrected data. In the following, the superscript
(2)

indicates that the data shown underwent both correction steps.

Corrected oxidation rate constants: Dependence on DOM concentration. The effect of the
presence of DOM on the photosensitized oxidation rate constants of the selected target
compounds is shown in Figure 2.1 for the case of SRFA as a model DOM. For an optimal data
representation the corrected rate constants (eq 2.5) were normalized to the zero-DOM value, i.e.
( 2)
( 2)
( 2)
( 2)
 k Sens
to k Sens
, DOM DOM   0 , and plotted as k Sens, SRFA SRFA  / k Sens . For CBBP as the

photosensitizer (Figure 1a), the strongest decrease of the oxidation rate could be observed for the
pyrimidine derivative TRI. Already an addition of 0.5 mgC L-1 of SRFA led to a decline of 80%
in oxidation rate constant. Addition of more than 1 mgC L-1 gave no significant further decrease.
A steady decrease in oxidation rate with increasing [SRFA] was found for SMX, with a reaction
rate decrease of 70% at 5 mgC L-1 of SRFA. For DMA the decrease in relative rate constant at
low [SRFA] was slightly more pronounced than for SMX, but at higher [SRFA] the relative rate
constant appeared to level off to reach a limiting value of  0.5. In contrast to these three
compounds, the phenolic compound 4MP showed no decreased oxidation rate in the presence of
SRFA, as expected from previous results (16).
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( ~ ).

EITor bars indicate 95% confidence intervals . Curves

represent non-linear fits to eq 2.7. Insets: Relative oxidation rate constants of target compounds
n01malized to DMA in the absence of DOM.

The results obtained using 2AN as the photosensitizer (Figure 2.1 b) are somewhat different
from those observed with CBBP. Whereas the trends for DMA and SMX are similar to those
shown in Figure 2. l a, TRI exhibits a completely different behavior, with strnng data scattering
and even a slight increase in oxidation rate with increasing [SFRA]. The data scattering is due to
the ve1y low reactivity of

3

2AN* towards TRI (Figure 2.1 b, inset), which makes the

dete1mination of rate constants inaccurate. The assignment of such a residual TRI reactivity to
direct oxidation by 32AN* is uncertain, and a comparison with results obtained using CBBP is
not useful. The 4MP-32AN* data show a moderate increase in oxidation rate with increasing
[SRFA], and this contradicts the expectation that the oxidation rate of 4MP should not be affected
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by DOM. We interpret this enhancement in oxidation rate as being due to the formation of
additional oxidative species by interaction of 32AN* with DOM, which would add a further
reaction channel for 4MP oxidation.
Analogous rate constant diagrams, as shown in Figure 2.1, are given in SI (Figure S2.3) for the
other two standard DOMs used here, namely NAFA and PLFA. For NAFA patterns are very
similar as for SRFA. This common feature is not surprising since both NAFA and SRFA have a
strong allochthonous (soil-derived) component. In contrast, PLFA showed a more complex
behavior. Trends observed in the system with CBBP and PLFA are almost the same as for the
two previous DOMs (the only deviation consists in slightly higher values for the SMX oxidation
rate constant at low [PLFA]). In the system with 2AN and PLFA it is hard to recognize a
decrease in oxidation rate constant with increasing [PLFA]. On the contrary, the rate constants
for 4MP and SMX oxidation are even increased by up to about 50% in the presence of PLFA. As
suggested above when discussing the behavior of 4MP in the 2AN-SRFA system, the formation
of additional photooxidants by interaction of the excited triplet ketones with DOM appears to be
a plausible explanation for the increased depletion rate of the target compounds, and such an
effect seems to be stronger for PLFA than for the other two fulvic acids. Such a difference in the
behavior of PLFA and the mostly allochtonous fulvic acids is probably connected to their
markedly different chemical composition, with lower aromaticity and much higher nitrogen
content for PLFA (21).
To check the transferability of results obtained using standard DOMs to real surface waters,
additional experiments were performed using almost undiluted GSW (CBBP systems: 94.5%,
2AN systems: >96.8%). Samples of this water were taken from Lake Greifensee, a small
eutrophic lake whose DOM contains predominantly autochtonous but also allochtonous
components, and should therefore have intermediate chemical characteristics with respect to
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NAFA and SRF A on the one hand and PLFA on the other. Figure 2.2 shows nonnalized
oxidation rates ( kfjns)JOM QDOM])! ki~s) for GSW and solutions of standard DOM, all containing
the same amount of DOM (3.9 mgC L- 1). In the case of 4MP the increase of the rate in GSW was
found to be higher than for the coITesponding amounts of standard fulvic acids (in te1m s of
carbon). This indicates that the already proposed fonnation of additional photooxidants is more
efficient in the lake water than in DOM solutions (possibly due to the presence of anions such as
carbonate/bicarbonate and nitrite). For the other three target compounds, the extent of inhibition
of oxidation for GSW was similar to the studied DOM solutions, but was not always inte1mediate
with respect to the studied autochtonous and allochtonous DOM. The only deviation from this
general behavior was found for the system SMX/CBBP, where inhibition in GSW was almost
negligible.
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Models for the DOM concentration dependence of the inhibition of oxidation. To analyze
the data obtained in the present study, two kinetic models of different complexity were
considered (see Scheme 2. 1).

Scheme 2.1. Proposed kinetic models for the DOM concentration dependence of the
inhibition of oxidation

DOM

~

p

3Sens*

___.
P' _ kox

DOM

~P1'

p ox

p

3

Sens*

k1,ox

P 1.ox

'

' - - - p 2,ox
P2
B) Two parallel reaction channels,

A) One reaction channel inhibited by DOM

one thereof inhibited by DOM

The first model (Scheme I A) is equivalent to the one considered in our previous paper (16). The
second model allows two parallel channels for the reaction of the excited triplet photosensitizer
(3Sens*) with the target compound (P) to fo1m the inte1mediates P 1 ' (with yield j) and P2' (with
yield (1 - })). P 1 ' is then transfo1med analogously as for the above single-channel model, while

P2' is not affected by DOM and fully reacts to an oxidized product P2.ox· Assuming that the
coITected rate constants detennined in this study can be related to these models, one obtains eqs
2.6 and 2.7 (for details see SI Text S5) in the case of model A and B, respectively. Note that both
equations do not account for triplet state quenching and are therefore not intended to be used in
th e case of DOM concentrations much higher than the ones used in this study, where quenching
may be significant.
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( 2)
( 2)
k Sens
, DOM DOM  / k Sens 

( 2)
( 2)
k Sens
, DOM DOM  / k Sens 

1

1

k red , DOM
k ox

(2.6)

DOM 

f

1

k1,red , DOM
k1,ox

DOM 

 1  f 

(2.7)

For the one-channel model, k ox and k red , DOM are the first-order rate constant for reaction of the
intermediate P’ leading to Pox and the second-order rate constant for reduction of the intermediate
P’ by DOM, respectively, and an analogous meaning holds for the parameters of the two-channel
model. These kinetic constants cannot be determined experimentally by the methods applied here,
but from data fitting to eqs 2.6 or 2.7 their ratio can be obtained. One can define such a ratio as

DOM 1 / 2 (eq 2.8), which is the concentration of DOM required to reduce the observed oxidation
rate constant to the half of the value in the absence of DOM.

DOM 1 / 2 

k ox

(2.8)

k red , DOM

Similar considerations hold for the two-channel model, DOM 1 / 2 referring in this case to half
of the maximum reduction in oxidation rate constant. In our previous study, eq 2.6 was
transformed by taking the inverse of both terms to get a linear relationship with respect to [DOM]
(eq 2.6a).
( 2)
( 2)
k Sens
/ k Sens
, DOM DOM   1 

k red , DOM
k ox

DOM   1  DOM /DOM 1 / 2

(2.6a)

Model application to data. As shown in Figure 2.3, the one-channel model and eq 2.6a applied
well for SMX oxidation in the presence of SRFA and NAFA, and regression lines for these two
DOMs showed a very similar slope (corresponding to the inverse of DOM 1 / 2 ). The fit between
the PLFA data and eq 2.6a was not satisfactory, indicating a deviation from the simple model,
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which is apparently due to the concomitant presence of factors enhancing and inhibiting
oxidation of the target compounds, as ah eady mentioned in the above qualitative discussion of
the data. Neve1iheless, from Figure 2.3 it can be concluded that the net inhibition caused by
PLFA is much smaller than that caused by the other two fulvic acids.
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Figure 2.3. Plots of inverse rate constant ratios for sulfamethoxazole (SMX) versus [DOM] and

linear regression lines according to eq 2.6a. Photosensitizers: a) CBBP and b) 2AN. DOMs: • ,
Nordic Aquatic fulvic acid (NAF A); • , Suwannee River fulvic acid (SRFA); A , Pony Lake
fulvic acid (PLF A) .
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For DMA and TRI only the two-channel model (eq 2.7) was able to yield satisfactory data fits
(performed using the non-linear curve fit procedure for rational functions as provided by the
Origin software version 8.0 (OriginLab)). The model curves are shown in Figures 2.1 and S2.3 of
SI, and fit parameters for both models A and B are collected in Table 2.1. DOM 1 / 2 , which is the
relevant parameter for the quantification of the inhibition of oxidation, was found to fall in the
range of 0.11  2.85 mgC L-1 for all systems studied. SMX showed the least efficient inhibition
of oxidation, with values of DOM 1 / 2 higher for the 2AN than for the CBBP system. This might
indicate the formation of different oxidation intermediates of the target compound in the two
systems or a photosensitizer-specific change in the antioxidant property of DOM. In addition, the
application of model B tended to somewhat increase the DOM 1 / 2 values, but did not
significantly improve the fits, suggesting that the one-channel model is sufficient to describe the
inhibition of SMX oxidation by DOM. For TRI, DOM 1 / 2 values were at least an order of
magnitude smaller than for SMX and about half of those for DMA, meaning that, for the
oxidation channel inhibited by DOM, transformation of TRI and DMA is much more effectively
inhibited than that of SMX. For the systems involving PLFA, fitting parameter values from Table
1 are given in square brackets because the models appear to be too simplistic to accurately fit the
data. Nevertheless markedly higher DOM 1 / 2 values for PLFA than for the other two fulvic
acids, confirm the qualitative picture obtained above that PLFA is less efficient in inhibition of
oxidation. As far as f, the fraction of reaction inhibited by DOM, is concerned, SMX exhibits
potentially complete inhibition (f  1) and TRI (only the system with CBBP could be analyzed) is
not very far from this limit (f  0.93  0.95), whereas for DMA only about one half of the
reaction appears to be inhibited by DOM (f  0.42  0.61). According to the model, f should be
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independent of the type of DOM employed for inhibition (for a given target
compound/photosensitizer system), and this is generally confirmed by the data in Table 2.1.
Relevance to aquatic photochemistry. The results of the present study reinforce the
conclusions of our previous paper (16) that excited triplet-induced oxidation of some aquatic
contaminants can be inhibited by the presence of DOM. The usage of 2AN as a model
photosensitizer permitted to verify the inhibiting effect of DOM in the case of oxidation by
excited triplet states possessing a relatively low oxidizing strength, thus fortifying the hypothesis
that oxidations induced by 3DOM* should also be subject to such an inhibition by DOM. It also
showed some intrinsic limitations of the methodology, which become apparent especially when
considering the enhanced oxidation of 4MP upon DOM addition. Probably, an unwanted sidereaction is introduced, which might arise from complex formation between ground-state 2AN and
DOM leading to an enhanced production of photooxidants. The employment of negatively
charged photosensitizers (such as CBBP), which tend to less complex formation with DOM at
circumneutral pH, could partly avoid such side-reactions but not eliminate them completely, as
evidenced by some increase in oxidation rates observed for the system CBBP-PLFA. Despite this
limitation, the use of model photosensitizers gives access to valuable data for the study of indirect
phototransformations of aquatic contaminants, for which DOM may act not only as a
photosensitizer but also as an inhibitor of their transformation. Regarding this dual function of
DOM, it is interesting to note that mainly allochtonous, highly aromatic DOM (such as SRFA
and NAFA) generally presents a higher efficiency to inhibit excited triplet-induced oxidation and,
at the same time, a lower photochemical reactivity (see Table S2.3 in SI) than mainly
autochthonous DOM. Similar differences in photochemical reactivity were recently observed by
Guerard and coworkers for 3DOM*-induced transformation of sulfadimethoxine and triclocarban
(21, 22) and were also documented in a previous study (4). It may be concluded that, particularly
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for the contaminants affected by inhibition of oxidation, their phototransformation induced by
3

DOM* will be vary greatly depending on DOM type, and be quite inefficient for highly aromatic

DOMs.
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Table 2.1. Results of data fitting to kinetic models. a, b, c

Photosensitizer
Target
Type of
compound DOM
A) one channel model [DOM]1/2
/ mgC L-1
NAFA
1.10 (±0.23)
SMX
SRFA
1.49 (±0.13)
PLFA
[2.9]
B) two channel model
DMA
TRI
SMX

NAFA
SRFA
PLFA
NAFA
SRFA
PLFA
NAFA
SRFA
PLFA

[DOM]1/2
/ mgC L-1
0.18 (±0.06)
0.28 (±0.04)
[0.45]
0.12 (±0.02)
0.11 (±0.05)
[0.66]
1.56 (±0.70)
1.67 (±0.52)
[5.2]

CBBP

2AN
r2 d

ne

0.981
0.992
[0.90]

6
8
9

f

r2 d

ne

0.60 (±0.02)
0.55 (±0.01)
[0.52]
0.95 (±0.01)
0.93 (±0.02)
[1]
1
1
[1]

0.964
0.994
[0.91]
0.972
0.954
[0.94]
0.959
0.983
[0.74]

5
6
6
6
6
10
6
8
9

r2 d

ne

0.967
0.943
[0.51]

6
8
9

f

r2 d

ne

0.42 (±0.03)
0.61 (±0.01)
[0.20]
n.a.
n.a.
n.a.
1
1
[1]

0.973
0.987
[0.73]
n.a.
n.a.
n.a.
0.942
0.924
[0.23]

6
6
6
5
6
6
6
8
9

[DOM]1/2
/ mgC L-1
2.10 (±0.42)
2.21 (±0.26)
[6.9]
[DOM]1/2
/ mgC L-1
0.20 (±0.06)
0.13 (±0.03)
[0.11]
n.a.
n.a.
n.a.
2.85 (±1.56)
2.82 (±1.25)
[13]

Notes: a Errors given in parentheses as standard deviations. b n.a.: Not applicable to data. c In case of large deviation from the model,
fit parameters are given in square brackets. d correlation coefficient (coefficient of determination). e number of data points included in
data fitting.
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B. Oxidation induced by hydroxyl radical (•OH)
For oxidation induced by •OH, a possible inhibition due to interaction of SRFA used as reference
DOM with oxidation intermediates was investigated by using competition kinetics (see Text S2.6
in SI for details). This method was employed mainly to account for scavenging of •OH by DOM,
and second-order depletion rate constants of target compounds in the presence and absence of
DOM could be determined using para-chlorobenzoic acid (pCBA), in its anionic form, as a
reference compound. pCBA has been extensively used as a probe compound to determine •OH
concentration and exposure in aquatic systems (23, 24) and its second-order rate constant for
reaction with •OH is known: k OH , pCBA = 5.0  109 M-1s-1 (25). As a working hypothesis, k OH , pCBA
is assumed to be unaffected by the presence of DOM. When not irradiated, all sample solutions
were found to be stable over the time needed for experiments and HPLC analysis. Blank
experiments consisting in irradiation of aqueous solutions, with or without SRFA, containing all
ingredients but hydrogen peroxide, were performed to check and possibly correct for side
reactions other than oxidation by •OH, such as direct or DOM-induced phototransformation. For
the large majority of studied compounds (including the reference compound pCBA) no correction
was made owing to the negligible depletion rates measured in blank experiments (< 5 % of
overall depletion due to side reactions). In the cases where side reactions were found to be
important, correction was done on the basis of observed pseudo-first-order kinetics for the
depletion of the target compounds in competition kinetics and blank experiments. The correction
method as well as the compounds affected by the correction are given in detail in SI (Text S2.6).
The bar chart in Figure 2.4 shows second-order rate constants ( k OH ,P ) obtained from competition
kinetics experiments for fifteen selected compounds, representing environmentally relevant
contaminants as well as model compounds. The rate constants measured in the absence of SRFA
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agree well with available literature values (JO, 26) . For most compounds, ·oH reaction rate
constants did not change significantly upon addition of SRFA (2.5 mgC L-1) . No decrease in
reaction rate was observed for any compound. Only for the x-ray contrast media iohexol and
iopromide, the rate constant increased by about 25% in the presence of SRFA.
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Figure 2.4. Second-order reaction rate constants of hydroxyl radical with fifteen target

compounds in the presence and absence of SRFA (2.5 mgC L-1) used as reference DOM. EITor
bars represent 95% confidence intervals of regression lines obtained by competition kinetics
experiments.
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The absence of DOM-induced inhibition effect for oxidation of the selected compounds by •OH
is somewhat surprising in view of the many cases of such inhibition found for oxidation by
excited triplet states. It should be discussed here by considering possible reaction mechanisms.
With most substrates, •OH reacts at close to diffusion controlled rates and undergoes mainly three
types of reactions: Addition to double bonds and aromatic compounds, H-abstraction and less
frequently electron transfer (27). The addition of •OH, which is the most likely mechanism to
occur with the studied compounds, proceeds via a reversible π-complex, which then transforms to
a σ-complex radical. Subsequently, the radicals are oxidized forming the corresponding
hydroxylated compounds (28, 29). The tight CO bond in the σ-complex formed upon •OH
addition appears to offer no possibility to reform the parent compound. For phenols, formation of
phenoxyl radical intermediates after •OH addition and water elimination has also been reported
(30), and this could lead to reformation of phenol in the presence of antioxidants, but apparently
such a pathway is not relevant under the experimental conditions of the present study. An
increased reactivity of iodinated contrast media in the presence of DOM, possibly connected to
the increase in •OH-induced reactivity found here, has been previously observed for ozonation of
river water (10). Finally, in view of the quite variable extent of the inhibition effect observed with
triplet-induced oxidation (16) and the absence of DOM effect on the •OH competition kinetics
rate constants obtained for almost all compounds studied here, it appears to be quite unlikely that
the used reference compound, pCBA, is subject to interference by DOM in its depletion induced
by •OH. Furthermore, this is confirmed by many studies in which pCBA served as a probe
compound to predict the relative elimination of micropollutants in natural waters during
ozonation and AOPs based on the second-order rate constants measured in ultrapurified water (10,
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31). Thus, no contraindication to the use of pCBA as a probe compound to determine •OH
concentrations in the presence of DOM can be derived from this study.
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Text S2.1. List of chemicals
(a) Aromatic photosensitizers: 2-acetonaphthone (2AN) [CAS 93-08-3] (Sigma-Aldrich, >99%),
4-carboxybenzophenone

(CBBP)

[611-95-0]

(Sigma-Aldrich,

>99%);

(b)

Phenols:

4-cyanophenol [767-00-0] (Sigma-Aldrich, 95%), 4-methylphenol (4-MP) [106-44-5] (SigmaAldrich, >99%); (c) Anilines: aniline [62-53-3] (Fluka, ≥ 99.5%), 4-cyanoaniline [873-74-5]
(Fluka,

97%),

N,N-dimethylaniline

(DMA)

[121-69-7]

(Sigma-Aldrich

≥

99.5%),

sulfamethoxazole (SMX) [723-46-6] (Fluka); (d) Contrast media: diatrizoate [737-31-5], iohexol
[66108-95-0], iopromide [107793-72-6] (all from Schering, Berlin, Germany); (e) Phenylureas:
diuron [330-54-1] (Riedel-de-Haën, 99.5%), isoproturon [34123-59-5] (Dr. Ehrenstorfer GmbH,
Augsburg, Germany, 99.5%); (f) Further pharmaceuticals and pesticides: atenolol [29122-68-7]
(Sigma-Aldrich, >98%), atrazine [1912-24-9 (Riedel-de-Haën, 99.2%], carbamazepine [298-46-4]
(Sigma-Aldrich), trimethoprim (TRI) [738-70-5] (Sigma-Aldrich, 98%); (g) Further organic
chemicals: p-chlorobenzoic acid (pCBA) [74-11-3] (Sigma-Aldrich, 99%), p-fluorobenzoic acid
[456-22-4] (Sigma-Aldrich, 99%).
Acetonitrile and Methanol for HPLC analysis were purchased from Acros Organics, New
Jersey, USA. Aqueous solutions (including HPLC eluents) were prepared from deionized water
purified with a Milli-Q water system (Millipore). All other chemicals used were of analytical
grade and obtained from Merck, Darmstadt, Germany, except for hydrogen peroxide (SigmaAldrich). Stock solutions of organic chemicals and standard DOM were made in water, buffered
at pH 8 with 5 mM phosphate, apart from 2AN, which was dissolved in methanol.
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Text S2.2. Methods for steady-state irradiations.
Steady state irradiations were performed in glass-stoppered quartz glass tubes (internal
diameter: 15 mm; external diameter: 18 mm) using a DEMA 125 merry-go-round photoreactor
(Hans Mangels GmbH, Bornheim-Roisdorf, Germany) equipped with a Heraeus Noblelight
model TQ 718 medium-pressure mercury lamp that was operated at 500 W. The experimental
setup is described in detail elsewhere (S1, S2). Two different combinations of filter glasses
(cooling jackets) and filter solutions (cooling solutions) were used as specified in the following.
(1) For the generation of excited triplet states (3Sens*) of CBBP and 2AN, samples were
irradiated employing a borosilicate glass cooling jacket and a 0.15 M sodium nitrate filter
solution permitting only transmission of wavelengths > 320nm. Under such conditions, the
typical photon fluence rate in the sample solutions, (at zero optical density of the sample
solutions) was determined to be 3  10-3 einstein m-2 s-1 at 366 nm (S3) using the
p-nitroanisole/pyridine chemical actinometer (S4). Within the experimental data series
presented in this study, such photon fluence rates can be considered as constant. Over longer
time periods (up to about one year) photon fluence rate variations typically remain within a
range of 15%.
(2) For the generation of hydroxyl radical by photolysis of hydrogen peroxide using the 313 nm
emission line from the lamp, the filter system consisted of a UVW-55 glass (supplied by
DEMA) and deionized water as a filter solution, giving a band-pass filter for the wavelength
range of 308 – 410 nm.
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Text S2.3. Analytical methods
An Agilent 1100 HPLC system equipped with a diode array detector and a fluorescence detector
or an equivalent Dionex Ultimate 3000 HPLC system were used to examine the depletion of the
target compounds. Depending on the compounds to be analyzed, the mobile phase consisted of
isocratic acetonitrile/phosphoric acid (10 mM) or methanol/phosphoric acid mixtures of variable
composition; where appropriate phosphoric acid was replaced by water. A complete list of HPLC
conditions including detection wavelengths and separation columns used is given in Table S1.
Electronic absorption measurements were performed at room temperature using a Uvikon 940
spectrophotometer (Kontron Instruments) with 10 − 100 mm path length quartz glass cuvettes
(Hellma, Müllheim, Germany). pH measurements were carried out at room temperature with a
glass electrode on a Metrohm pH meter (model 605 or 632, Herisau, Switzerland). Calibration
using standard buffers at pH 7.0 and pH 9.0 was done routinely before each series of
measurements.

62

Supporting Information for Chapter 2
Table S2.1. HPLC Analysis Parameters
Compounda

Eluent composition (%)

Retention Injection Concentration excitation or
time
Volume (μM)
absorption
(min)
(μL)
wavelength /
emission
wavelength (nm)

water acetonitrile methanol buffer
2-acetonaphthone
50
50
5.3
20
4-carboxybenzophenone 50
50
2.9
20
4-cyanoaniline
50
50
2.1
100
4-cyanophenol
40
60
2.4
150
4-methylphenol
35
65
3.9
20 - 100
aniline
90
10
7.7
100
atenolol
15
85
1.9
100
atrazine
40
60
5.8
100
carbamazepine
60
40
5.1
100
diatrizoate
5
95
3.1
100
diuron
50
50
3.9
100
iohexol
5
95
3.2
120
iopromide
5
95
6.0
130
isoproturon
55
45
5.0
150
N,N-dimethylaniline
45
55
4.3
20 - 100
p-chlorobenzoic acid
40
60
3.9
100
p-fluorobenzoic acid
30
70
4.7
100
sulfamethoxazole
20
80
6.6
20 - 100
trimethoprim
25
75
2.4
20 - 100
a
Notes: All compounds apart from carbamazepine were analyzed on a a reverse-phase

10 - 150
270
40
220
0.5
274/348
0.5
240
0.5 - 5
220
0.5
232/343
0.5
224/312
0.5
220
0.5
280
0.5
237
0.5
242
0.5
237
0.5
237
0.5
242
0.5 - 5
251/360
0.5
240
0.5
233
0.5 - 5
270
0.5 - 5
205
column (Nucleosil C18-5 lm, 125 × 4 mm

Macherey-Nagel, Oensingen, Switzerland) at room temperature at a flow rate of 1 mL min-1. For carbamazepine a Nucleosil C18-5 lm,
250 × 2 mm HD was used (flow rate 0.3 mL min-1).
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Figure 82.1: Depletion kinetics of i1Tadiated aqueous solutions of sulfamethoxazole (SMX, 5 µM)
in phosphate buffer (5 mM, pH

=

8.0), with and without Nordic Aquatic fulvic acid (NAF A, 5

mgC L' 1), and a) without photosensitizer, and b) in the presence of 2-acetonaphtone (2AN, 70
µM). Note the different scales of the abscissa. Linear regression lines an d the con esponding rate
constants as used in the m ain text ar e also given . Enor bars represent stan dard deviation of three
independent measmements (when not shown error bars are sm aller than data. points).
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Text S2.4. Determination of the wavelength-weighted light attenuation factor.
The sample tubes used for irradiations contained two weakly light-absorbing species, namely
the photosensitizer (Sens), i.e. the selected aromatic ketone, and either a standard DOM or lake
Greifensee water (GSW). To calculate the DOM- and photosensitizer-dependent light
attentuation Sλ ([DOM],[Sens]) for a single wavelength we used the formula introduced by
Morowitz (S5), which in the present case can be expressed as equation S2.1.

S  , DOM , Sens DOM , Sens  

2 303

DOM 

Sensb

 , DOM
 , Sens
1 e
2.303  , DOM DOM     ,Sens Sens b

(S2.1)

where b is the path length of the light through the sample [cm], ελ,DOM is the decadic specific
absorption coefficient of DOM [L mgC-1 cm-1], [DOM] is the concentration of DOM [mgC L-1],
ελ,Sens is the decadic molar absorption coefficient of the photosensitizer [M-1 cm-1] and [Sens] is
the concentration of the photosensitizer [M].
For the determination of light attenuation factors it is important to take the geometry of the
reaction vessel into consideration. Therefore we calculated the path length of light through the
quartz tubes. We made the assumptions that there are no vertical differences of light intensity in
the reactor and that there is no scattering of light. To simplify calculations we further used the
approximations that the light passes the sample only horizontally and as parallel beams. A
schematic diagram showing the cross section of a circular tube including the geometrical
calculation for the path length of light is given in Figure S2.1.
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2R

Figure S2.2. Cross section of a sample tube and exemplaiy geometrical calculation for

the length of a chord bi.

The path length of light con esponds to the length of the respective chord of the circle. By
dividing the circle into n chords (for the calculation n
averaged attenuation factor S 2QD OM1[Sens
n

z)·

l

-e

=

103) one can calculate a cross-section-

Daccording to:

- 2.30 3{£l.

DoM[DOM]+£l. s ..,[sens))b;

-S A-,DOM,Sens ([DOM}l[Sens D= -i=O
2.303(sA-,DOM [DOM ]+sA-,Sens [Sens ]JJi
- - - - - ' - - - -n- - - - - - - ' - - - - 1

:i: (1-

Lbi
i=O

e-2.303(£l. DOM[DOM}+£l. 5.,.,(Sens))b; )

(S2.2)

= -i=O
------------n 2.303(s A,,DOM [D OM]+ sA,Senslsens ])L:bj
i=O

where:

~
(1 -~)

i R (2R - iR ) = 2R
n
n
v-;; l~- -;;)

(S2.3)

Under the used polychromatic iirndiation, equation S2.2 is not directly applicable and an
additional averaging step with respect to wavelength has to be introduced to obtain the effective
total light attenuation factor to be used. The employed medium pressure mercmy lamp has a
discontinuous spectrnm in the range

of ~

250 - 600 nm, but only wavelengths > 320 nm are
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transmitted by the optical filters and are available for photochemical reactions in the samples. For
the sake of the present calculation only the two discrete wavelengths of 334 and 366 nm have to
considered, since they correspond to the only relevant emission lines absorbed by the
photosensitizer. It has to be pointed out that in this study no correction for attenuation has been
used for “blanks” (i.e. samples not containing the selected photosensitizer), because these should
be very small in comparison to the experimental error in the determination of first-order rate
constants. Thus, only the absorption by the photosensitizer is considered for the present
averaging procedure. The dichromatic, wavelength-averaged light attenuation factor S  , DOM ,Sens
was obtained by weighting for the relative amount of photons absorbed by the photosensitizer
using eq S2.4 (note that the dependencies on [DOM] and [Sens] were omitted for the sake of
better readability).

S  , DOM , Sens 

I  334nmT 334nm Sens, 334nm S  334nm  I  366nmT 366nm Sens, 366nm S  366nm
I  334nmT 334nm Sens, 334nm  I  366nmT 366nm Sens, 366nm

(S2.4)

where I  is the photon flux emitted by the lamp (Iλ=334 nm= 17 x 10-3 mol quantum hour-1; Iλ=366
nm=

236 x 10-3 mol quantum hour-1and T is the transmission of the filter system (Tλ=334 nm=

0.483; Tλ=366 nm= 0.816). Since corrections for light attenuation are used within series of different
concentrations of a selected DOM, while keeping the [Sens] constant, pseudo-first-order rate
constants were corrected using attenuation coefficients relative to [DOM] = 0 (equation S2.5).
S  , DOM , Sens DOM   S  DOM 
rel

(S2.5)

S  DOM   0
rel

The calculations resulted in a nearly linear decrease of S  , DOM ,Sens with increasing [DOM] up to
10 mgC L-1. Thus, light attenuation factors may be summarized by giving the corresponding
DOM-specific values (see Table S2.2).
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Table S2.2. Attenuation factors for reference DOM and GSW.
Type of DOM
NAFA
PLFA
SRFA
GSW
Notes:

a

Sensitizer (μM)

Light attenuation
(% [mgC L-1]-1)a
CBBP (40)
1.77
2AN (20)
1.45
2AN (200)
1.21
CBBP (40)
0.70
2AN (20)
0.58
2AN (200)
0.48
CBBP (40)
1.35
2AN (20)
1.10
2AN (200)
0.91
CBBP (40)
0.42
2AN (20)
0.33
2AN (200)
0.28
Values for reference DOM are based on absorption measurements at four different

concentrations and valid in the range of 0  10 mgC L-1of DOM. The value for GSW is based on
absorption measurements at 3.9 mgC L-1 of DOM.

The results show that light absorption of DOM is not responsible for a strong decrease of reaction
rates of target compounds with excited triplet states. For instance, the presence of NAFA at 5
mgC L-1 of DOM in the test tubes, which is the highest concentration used for most experiments,
accounts for a decrease of 6.1 - 8.9 % of light availability. SRFA and PLFA absorb less light and
are responsible for a decrease of 4.6 - 6.8% and 2.4 - 3.5%, respectively. However, all reaction
rates were corrected corresponding to their particular light absorbance caused by the presence of
DOM.
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Table S2.3. Measured pseudo-first-order reaction rate constants (10-5 s-1) of photosensitizers
(aromatic ketones [40 μM], reference DOM [5 mgC L-1], GSW [extrapolated to 5 mgC L-1])
and in blank samples with model pollutants. Values in parentheses show 95% confidence
intervals.

Model
substance
4-MP
DMA
SMX
TRI

Aromatic ketone
kSens
2AN
CBBP

Reference DOM
kDOM
NAFA
PLFA
SRFA

GSW

22 (±4)
204 (±32)
24 (±4)
5 (±1)

22 (±1)
6.9 (±2.7)
1.5 (±0.2)
1.8 (±0.1)

35 (±2)
7.6 (±0.9)
6.9 (±0.7)
3.0 (±0.6)

187 (±12)
71 (±8)
141 (±21)
235 (±28)

69

36 (±1)
9.8 (±4.4)
5.5 (±0.6)
3.8 (±0.5)

18 (±1)
7.4 (±2.1)
1.6 (±0.2)
2.0 (±0.2)

Blanks
kblank
0.4 (±0.2)
0.5
0.2
0.6 (±0.2)
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Text S2.5. Derivation of eq 2.6 and eq 2.7
The kinetic eq 2.6 can be derived from the following kinetic equations for P and P’ according to
the single channel model.

d P
 k 3 Sens* 3 Sens * P  k red , DOM P'DOM 
dt

(S2.6)

d P'
 k 3 Sens* 3 Sens * P  k red , DOM P'DOM   kox P'
dt

(S2.7)









where square brackets denote concentrations of the various species [M] and k 3 Sens* is the secondorder rate constant for the reaction of 3Sens* with P. Making the steady-state assumption for [P’],

 d P' 
i.e., 
  0 , one obtains eq S2.8 from eq S2.7.
 dt  ss

P'kox  kred ,DOM DOM   k Sens 3 Sens * P
3

(S2.8)

*

After rearrangement of eq S2.8 and substitution into eq S2.6 one obtains:

k red , DOM DOM  
d P 

 k 3 Sens* 3 Sens * P 1 





dt
k
k
DOM

ox
red , DOM





 k 3 Sens*







k ox
3

Sens * P 





k
k
DOM

,
ox
red
DOM





(S2.9)

Under the experimental conditions of this study, the concentration of 3Sens* is constant (steadystate), and eq S2.10 expresses the pseudo-first-order rate constant for disappearance of P:


k ox
( 2)
3
*


k Sens
, DOM DOM   k 3 Sens* Sens 





k

k
DOM

 ox red , DOM





(S2.10)

Since



2 
2 
3
*
 k Sens
k Sens
; DOM DOM   0  k 3 Sens* Sens



(S2.11)

dividing eq S2.10 by eq S2.11 one obtains eq 2.6.
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2 
k Sens
k ox
;DOM DOM 


2 
kox  k red ,DOM DOM 
k Sens

1

(2.6)

k
1  red ,DOM DOM 
k ox

For the two channels model one can proceed analogously and set up the equations:
d P
 k 3 Sens* 3 Sens * P  k1,red , DOM P1' DOM 
dt

 





 





 

(S2.12)

 

d P1'
 fk 3 Sens* 3 Sens * P  k1,red , DOM P1' DOM   k1,ox P1'
dt

(S2.13)

The main difference from the one channel model consists in the factor f in the formation rate of

P1' (eq S2.13). The corresponding of eq S2.9 for the two channel model is expressed as:


k1,red , DOM DOM 
d P 

 k 3 Sens* 3 Sens * P 1  f





dt
k
k
DOM

1,ox
1,red , DOM





 k 3 Sens*





3

(S2.14)



fk1,ox
Sens P 
 (1  f ) 
 k1,ox  k1,red , DOM DOM 

*



Finally, one gets eq 2.7 following the exactly same procedure as for the one channel model.
2 
k Sens
; DOM DOM 
2 

k Sens



k

1,ox

fk1,ox

 k1,red , DOM DOM 

f

 (1  f ) 
1
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Figure S2.3. The influence of different types of DOM on the rate constants for oxidation photosensitized by a-c) CBBP and d-f) 2AN,

4

for the fom target compounds 4-methylphenol (4MP, • ), N,N-dimethylaniline (DMA, • ), sulfamethoxazole (SMX, A), and

5

trimethoprim (TRI,

6

represent non-linear fits to eq 2.7. Dotted curves indicate datasets with unsatisfacto1y

~ ).

EITor bars indicate 95% confidence intervals for linear regression of depletion data. Curves, where shown,
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Text S2.6. Hydroxyl radical competition kinetics in the presence and absence of DOM
Second-order rate constants for the reaction of organic compounds with hydroxyl radical in
aqueous solution were determined by competition kinetics. The kinetic expression for the
depletion of the target compound is given by:

d P
 k OH , P P OH
dt





(S2.15)

where [P] is the target compound concentration, [•OH] is the hydroxyl radical concentration and

k  OH , P is the corresponding second-order rate constant. After rearrangement and integration one
gets:

1
k  OH , P

ln

P
P0





   OH dt

(S2.16)

If an additional, reference compound R is present in the system it is exposed to the same
concentration of oxidant over time (right-hand side of eq S2.16) and one can write:
1
k  OH , R

ln

R
R0





   OH dt

(S2.17)

Equating the left-hand members of eqs S2.16 and S2.17 and rearranging leads to the competition
kinetics relationship, eq S2.18, which can be used, by applying a linear regression of ln

ln

R , to obtain the ratio of rate constants as the slope of the regression line.
R0

ln

P
P0



k  OH , P
k  OH , R

ln

R
R0

P
P0

vs.

(S2.18)

When a correction for side reactions (depletion of the target compound due to non-•OH reactions)
was necessary, the depletion of target compound in blank experiments was fitted to first-order
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'
kinetics, and the obtained pseudo-first-order rate constant, k blank
,P , was used to correct the data

from the competition kinetics experiments by applying eq S2.19. A correction had to be applied
for the following compounds (percentage correction given in parentheses refers to relative
pseudo-first-order rate constants with respect to the analogous rate constant in the presence of
H2O2): 4-cyanoaniline, without DOM (7.8 %) and with SRFA (8.4 %); 4-methylphenol, with
SRFA (30%); N,N-dimethylaniline, without DOM (10.4 %) and with SRFA (8.2 %);
sulfamethoxazole, with SRFA (5.4 %).
'
Pcorr t   Pt exp kblank
,P  t 

(S2.19)

There are two very distinct ways how DOM, when added, can affect reaction rates. Any
scavenging of •OH by DOM as well as any other effect leading to a change in •OH concentration,
such as a light screening effect, will influence the right-hand term in eqs S2.16 and S2.17 only,
but won’t affect the second-order rate constants and therefore the slope of the regression line (eq
S2.18). The second way occurs when DOM interferes in the oxidation pathway of one of the
target compounds (P or R), as observed for oxidations induced excited triplet states, and this
leads to a change in the ratio of second-order rate constants. Figure S2.3a illustrates the influence
of DOM on hypothetical competition kinetics plots, assuming that the second-order rate constant
for the reference compound is unaffected by DOM. Figure S2.3b gives the results for atrazine as
an example of a compound whose oxidation rate by •OH is reduced by scavenging by DOM, but
whose second-order rate constant is not changed by DOM. Figure S2.3c and S2.3d show the
increasing effect of DOM on the second-order rate constant in the case of oxidation of iopromide
and ioxhexol. A decreasing effect was not observed for any compound tested.
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Figure 82.4. a) Hypothetical competition kinetics plot of a reference compound R and a target
compound P. An ows indicate possible changes of reaction rate of target compound due to the
presence of DOM . Assumption: k.0 H ,R is unaffected by DOM. Green arrow: k.0 H ,P decreases
when DOM is added. Orange an ow: k.0 H ,P increases when DOM is added. Blue an ow: Only
scavenging but no change in k .0 H ,P . (b-d) Experimental results for competition kinetics of "OH
with pCBA and atrazine (b), iopromide (c), iohexol (d) in (• ) pme water and (+ ) SRFA solution
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Abstract
Recent studies have shown that dissolved organic matter (DOM) may inhibit the excited tripletinduced oxidation of several aromatic water contaminants, in particular those containing an
aniline functionality. Such an inhibition was ascribed to antioxidant moieties of DOM. The
present study was conducted with the aim of verifying whether well-defined antioxidants could
act as inhibitors in analogy to DOM. Various substituted phenols exhibiting antioxidant character
were able, at micromolar concentration, to slow down the photo-induced depletion of several
anilines and sulfonamides in aerated aqueous solution containing 2-acetonaphthone as the
photosensitizer. A concomitant accelerated degradation of the phenols in the presence of such
contaminants was observed. This reinforces the hypothesis of reduction of oxidation
intermediates of the contaminants by the phenols. Phenol (unsubstituted) was found to be a useful
inhibitor even in the case of DOM-photosensitized transformations. Phenolic antioxidants are
proposed as diagnostic tools to investigate the aquatic photochemistry of aromatic amines.
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3.1 Introduction
Oxidation induced by reaction with photo-generated excited triplet states is important for the
fate of contaminants in sunlit surface waters.1 The source of these excited triplet states is
constituted by the chromophoric components of dissolved organic matter (DOM), which are
generally the main absorber of sunlight in surface waters.2 Moreover, DOM is involved as a
photosensitizer in other reactions leading to an enhanced transformation of contaminants.3
However, DOM may also play an opposite role and slow down the sunlight-induced
transformation of contaminants by various mechanisms. Besides light screening and scavenging
of photooxidants (e.g. hydroxyl radical4-6 and carbonate radical7, 8), DOM has been shown to
inhibit the excited triplet-induced transformation of certain aromatic compounds. In two
preceding studies9, 10 we characterized these inhibition reactions by employing two aromatic
ketones as excited triplet state precursors and using various types of DOM as inhibitors.
Compounds containing amine moieties, in particular the broad class of the anilines, including 4aminophenyl-sulfonamides that are used as antibiotics (simply referred to as sulfonamides in the
following), were significantly affected by inhibition. The observed inhibition generally increased
with DOM concentration and could be explained in terms of a one- or two-channel reaction
model.10 DOM of terrestrial origin with high aromaticity was shown to be a better inhibitor than
DOM of aquatic origin with low aromaticity. To interpret the findings we proposed that an
oxidation intermediate (possibly but not necessarily the radical resulting from one-electron
oxidation of the target compound) was reduced by some antioxidant moieties present in the DOM.
The occurrence of such moieties is likely because DOM, in particular its humic fraction,
possesses a relevant electron donating capacity (EDC)11, 12 and is even capable to reduce mild
oxidants such as ferric citrate and hexacyanoferrate.13 The chemical complexity of DOM impairs
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the direct identification of the antioxidant moieties thought to be responsible for the observed
inhibition effect. However, probable candidates may be found in the class of phenolic moieties,
which are abundant in DOM.14, 15 Phenols, especially those bearing electron-rich substituents, are
known to exhibit antioxidant activity.16 Phenolic antioxidants (AOs) are either present in nature
to prevent oxidative damage to living cells, as in the case of -tocopherol (vitamin E) and various
phenolic compounds produced in plants, or added on purpose to inhibit the degradation of
numerous goods such as foods, pharmaceuticals and personal care products, and plastic
materials.17
The utilization of model AOs offers new options to explore the inhibition of triplet-induced
oxidation, as illustrated in Scheme 3.1. The left-hand part of the scheme shows the two
alternatives we have used to date to induce oxidations by excited triplet states. Chromophores of
either a model aromatic ketone or DOM, both acting as photosensitizers, are promoted by
absorption of light to their excited triplet states, which oxidize a contaminant (P) to an
intermediate contaminant radical cation (P•+, representing here for simplicity a suite of possible
oxidation intermediates). The model photosensitizer or DOM are recycled via formation of a
radical anion and subsequent reaction with molecular oxygen, which takes up the exceeding
electron thus forming the superoxide radical anion (O2•). The right-hand part of the scheme
considers two alternatives for inhibition of oxidation, consisting in the reduction of the oxidation
intermediate P•+, either by reaction with a model AO or with DOM, yielding back the parent
contaminant P. The reduction reaction competes with the formation of oxidation products (POx)
which cannot react back to give P.
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The main objective of the present study was to demonstrate that phenolic compounds (as
model AOs) are able to inhibit the triplet-induced oxidative transformation of certain
contaminants as observed for DOM, thus providing a proof of concept for the proposed
mechanistic interpretation. This was achieved by conducting steady-state irradiation experiments
of solutions containing a given target contaminant and appropriate combinations of
photosensitizers and model AOs. The depletion kinetics of both target contaminant and AO was
determined for each single experiment.
For a successful implementation, particular attention had to be paid to the selection of the
target compounds, the model AOs and the model photosensitizers. As target compounds, several
anilines and sulfonamides were chosen, because these classes of compounds have proven to be
significantly affected by inhibition of oxidation.9, 10 Moreover, anilines represent basic functional
units of many water contaminants,18 and sulfonamide antibiotics are frequently detected aquatic
contaminants,19 the photochemical transformation of which is of great interest.20-23 Little is
known about the inhibiting effect of phenols on photoinduced reactions.24-26 In selecting the
model phenolic AOs, the general ability of phenols to undergo direct27,

28

and indirect29-34

phototransformation in water was considered. As main phenolic antioxidants to be used in this
study phenol and 4-methylphenol were preferred, due to their relative stability against tripletinduced oxidation32 and the consequent reduction of the risk of interference by side-reactions, but
we also extended our selection to include several hydroxybenzoic acids, because they probably
better match the chemical structure and reactivity of the phenolic units present in DOM. 2Acetonaphthone (2AN) was chosen as the model photosensitizer due to the low reactivity of its
excited triplet state toward phenols.35
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Table 3.1. Substances tested in this study
(a) anilines

(d) phenols (including hydroxybenzoic acids)

R1-......._ /R2

¢
N

Rs

aniline

ANI

4-chloroaniline

4CA

N-methylaniline

NMA

N,N-dimethylaniline

DMA

OH

~*·

R.

~

R,

R,

(b) sulfonamides
/R,

¢
HN

I

o=s= o

HN

"R,

¢

4-methylphenol

4MP

catechol
resorcinol
L-tyrosine

TYR

sulfadiazine

SD

p-coumaric acid

CMA

sulfathiazole

STZ

3-hydroxybenzoic acid

3HBA

sulfamethoxazole

SMX

4-hydroxybenzoic acid

4HBA

sulfachloropyridazine

SCPD

3,4-dihydroxybenzoic acid

3,4DHBA

acetylsulfadiazine

ASD

2,4-dihydroxybenzoic acid

2,4DHBA

acetylsulfat hiazole

ASTZ

3,5-dihydroxybenzoic acid

3,5DHBA

2,3-dihydroxybenzoic acid

2,3DHBA

(c) anisoles
""'-o

phenol

5-hydroxy-2-methylbenzoic acid 5H2MBA

anisole
4-methylanisole

4MA

phenolic controls

2,4,6-trimethylphenol

TMP

3 ,4-dimethoxyphenol

DMOP

trolox

R
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3.2 Experimental Section
Materials and chemicals. The organic substances used in this study and their abbreviations
are shown in Table 3.1 and more comprehensively in the Supporting Information (SI, Figure
S3.1). Anilines (a) and sulfonamides (b) served as target compounds (TCs) for the
photosensitized oxidation experiments. Phenols (d), including hydroxybenzoic acids, were mostly
employed as antioxidants (AOs). However, TMP, DMOP and trolox did not serve as AOs but as
control TCs. These electron-rich compounds were expected not to undergo inhibition of
oxidation9 and were therefore used as indicators of possible side-reactions. Two anisoles (c) were
chosen as non-AO controls. For a complete list of all chemicals used and preparation of solutions
see the SI, Text S1. Standard DOMs: Nordic Aquatic Fulvic Acid (NAFA), Pony Lake Fulvic
Acid (PLFA), and Suwannee River Fulvic Acid (SRFA) were obtained from the International
Humic Substances Society. Freshwater samples (all from Switzerland) were taken from: 1) River
Murg, Switzerland upstream (Latitude: 47°34'4.66"N; Longitude: 8°53'41.34"E; [DOM]=1.9 mg
C L-1; pH 8.1) and downstream (47°34'43.42"N; 8°53'9.04"E; [DOM]=2.3 mg C L-1, pH 8.1) of
Frauenfeld’s municipal waste water treatment plant (WWTP); 2) River Thur (47°35'27.26"N;
8°46'19.81"E; [DOM]=2.3 mg C L-1; pH 8.2); 3) Lake Greifensee effluent (47°22'44.20"N;
8°38'47.82"E; [DOM]=3.8 mg C L-1; pH 8.0). Samples were immediately filtered (0.45 μm,
cellulose nitrate, Sartorius AG, Goettingen, Germany) and stored in glass bottles at 4°C.
Experiments were conducted within four weeks after sample collection.
Irradiation experiments. Irradiation conditions are described in detail elsewhere.10 A central
requirement for the present study was to avoid quenching of the excited triplet state of 2AN
(32AN*) by the added model AO, to ensure that triplet quenching was not the cause of any
decreased transformation rates of TCs. For any AO a maximum second-order quenching rate
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constant of 3.1  109 M-1 s-1 can be assumed35, which translates into a first-order quenching
constant of 3.1  104 s-1 for the generally employed AO concentration of 10 M. Comparing this
constant with the deactivation constant of 32AN* in aerated aqueous solution (6.44  105 s-1)35,
one obtains a maximum quenching contribution of 4.6 % due to the presence of AO. With phenol
and 4MP the quenching contribution for 10 M is even much below this value (0.05 % and
0.13 %, respectively), and is still small even at an AO concentration of 500 M (2.5 % and 6.1 %,
respectively). We therefore conclude that quenching by AO in any of the experiments performed
in this study was lower than the experimental uncertainty (typically 15 %) and thus negligible.
Irradiation experiments were performed in quartz glass tubes at a temperature of 25.0 ± 0.5 °C.
The irradiated solutions (20 mL) were buffered at pH 8.0 (5 mM phosphate) except for the case
of the natural waters (which had a pH near 8). The solutions contained various combinations of a
TC (5 µM), a sensitizer (either 2AN at 10  50 µM, or standard DOMs, [DOM] = 2.5 – 5 mg C
L-1, or the DOM of the natural waters), an AO (10 µM for the majority of irradiations and 1 – 750
µM for the study of the concentration dependence) and a control compound. For a full overview
of all combinations see Text S3.3 and Table S3.3 in the SI. Samples of 400 µL were withdrawn
from each tube at six equidistant time intervals during irradiation.
Analytical methods. High-performance liquid chromatography (HPLC) using UV-vis
absorbance and fluorescence detection was employed to quantify the concentration of organic
compounds over the course of the irradiations. Details on the HPLC equipment and methods, and
on pH and spectrophotometric measurements are given in the SI, Text S3.2, Table S3.1 and S3.2.
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3.3 Results and Discussion
Phototransformation of target compounds (TCs) induced by excited triplet 2acetonaphthone (2AN): Inhibition by phenolic antioxidants (AOs). The depletion kinetics of
each of the studied TCs (anilines and sulfonamides) and the AOs was followed in sets of steadystate irradiation experiments as illustrated in Figure 3.1. The behavior shown for aniline as a TC
and phenol as an AO is typical for all studied TC/AO pairs (see SI). Aniline (Figure 3.1a) is
efficiently depleted in the presence of 2AN, and the presence of phenol (10 M) strongly inhibits
the reaction. Moreover there is negligible aniline depletion in the absence of 2AN (with or
without phenol present) and no inhibitory action of anisole (used as a negative control for the
antioxidant activity). Phenol (Figure 3.1b) is appreciably depleted only in the presence of both
2AN and aniline, while it is not in the absence of one of these components. Summarizing, phenol
inhibits the transformation of aniline, which, at the same time, catalyzes the transformation of
phenol. Since the quenching of 32AN* by phenol is negligible (see Experimental Section), only
mechanisms involving interaction of phenol with transients formed from aniline transformation
may explain the observed behavior. We postulate the following reaction sequence (aniline =
PhNH2; phenol = PhOH; G°/(kJ mol-1) in square brackets).
3

2AN* + PhNH2 → 2AN•– + (PhNH2)•+

[-31]

(PhNH2)•+ → oxidation products of PhNH2
(PhNH2)•+ + PhOH → PhNH2 + PhO• + H+
PhO• → oxidation products of PhOH

(3.1)
(3.2)

[-11]

(3.3)
(3.4)

Note that reactions 3.1 and 3.3 are both exergonic at pH 8.0, since the standard one-electron
reduction potential (all the following values in water, vs. NHE) of 32AN* (1.34 V36) is higher
than that of (PhNH2)•+ (1.02 V37), which in turn is higher than that of (PhO•/H+) at pH = 8.0 (0.91
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V, calculated according to Li and Hoffman38). In accordance with this, the reaction of 32AN* with
phenol (eq. 3.5) is even more exergonic (at pH 8.0) than the reaction of 32AN* with aniline, but
its kinetics is slow, since the rate-determining step is an endergonic electron transfer reaction (eq.
3.6).35
3

2AN* + PhOH → 2AN•– + PhO• + H+

[-41]

(3.5)

3

2AN* + PhOH → 2AN•– + PhOH•+

[+15]

(3.6)

We would like to point out that eq. 3.3 is written in a simplified form, since the aniline radical
cation (PhNH2)•+ can deprotonate yielding the corresponding conjugate base, (PhNH)•. However,
taking this acid base equilibrium into account (pKa = 7.05)39, the reaction is still exergonic and
the same conclusions hold. The missing inhibitory effect in the presence of anisole can also be
explained based on thermodynamic arguments. For anisole (PhOCH3), eq. 3.3 is substituted by eq.
3.7:
(PhNH2)•+ + PhOCH3

PhNH2 + (PhOCH3)•+

[+58]

(3.7)

This reaction is highly endergonic and hence extremely slow, owing to the high reduction
potential of (PhOCH3)•+ (1.62 V40). Consequently, (PhNH2)•+ is not reduced by anisole.
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given AO, IE is expected to increase with the lifetime of the aniline radical cation and with its
reduction potential. While such lifetimes are not known, the trend found for IE corresponds
adequately well to that of measured standard one-electron reduction potentials (in aqueous
solution) for the radical cations of the tested anilines: 4CA: 1.02 V;37 ANI: 1.02 V;37 NMA: 0.95
V;41 DMA 0.87 V.42 For sulfonamides a comparison between IE and the reduction potentials is
not possible, because the latter are not available. Moreover, the nature of the radical formed upon
sulfonamide oxidation is not known. It could be an aniline type radical as well as a radical
resulting from the oxidation of the heterocyclic substituent on the sulfonamide group. This is
evident when considering the results for the sulfonamide metabolites (see Table 3.1 (b),
R2=acetyl). While 32AN* apparently cannot oxidize the acetylated aniline group of ASD, for
which no depletion is observed, it leads to a depletion of ASTZ with a rate constant that is only
25% lower than that of STZ (SI Figures S3.9, S3.10 and Table S3.3). We conclude that the
thiazole group in ASTZ is the moiety undergoing oxidation by 32AN*.
There is no clear answer to the question whether 4MP is a better oxidation inhibitor than
phenol. For half of the tested TCs, 4MP shows a lower IE than phenol (Figure 3.2a). Generally
4MP should be a more effective AO than phenol because the additional p-methyl group makes it
a better electron donor, which is expressed in a lower standard one-electron reduction potential
and oxygen–hydrogen bond dissociation energy.43, 44 However, in aqueous solution the acid–base
speciation of the phenolic AO and of the radical formed during oxidation of the TC are expected
to play an important role in the determination of IE, and, in the absence of detailed information
on the reaction kinetics of the various species involved, it is impossible to make reasonable
predictions about IE of the different AOs.
Figure 3.2b shows that all 13 different phenolic compounds are good inhibitors of the triplet
induced oxidation of aniline, IE (bars) ranging from 0.4 (2,4DHBA) to 0.85 (3,4DHBA). As in
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the case of phenol as an AO, the 32AN*-induced depletion of all tested AOs is catalyzed by
aniline. The corresponding depletion rates are weakly correlated to IE (r2 = 0.30). One should be
aware that, in contrast to phenol and 4MP, many of the used phenolic AOs reacted at significant
rates with 32AN*. Substantial formation of reactive AO intermediates, particularly phenoxyl
radicals, and AO transformation products may hinder a detailed understanding of the kinetic
results. A further unknown in the studied oxidation reactions concerns the role of the superoxide
anion radical, which should be generated by reaction of molecular oxygen with the ketyl radical
of 2AN.1,

32, 35

Superoxide can either add to the radicals resulting from oxidation, leading to

oxygenated products, or donate an electron to such radicals leading to their reduction. These
reactions may be in mutual competition, as observed for various phenoxyl radicals.45 Moreover,
the depletion of some of the investigated AOs, such as resorcinol, 2,4DHBA, and 3,5DHBA (all
of which have two hydroxyl groups in m-position to each other) appears to be autocatalyzed,
showing that transformation products of these phenolic AOs can lead to complex kinetics.
An additional series of experiments was performed using TCs that were expected or
previously shown9 not to undergo inhibition of oxidation in the presence of DOM. The choice
was limited to TCs that could be readily oxidized by 32AN*, and so the electron-rich phenols
TMP, Trolox and 3,4DMOP32, 35 were selected. For all these electron-rich TCs, no inhibition of
3

2AN*-induced oxidation was observed using phenol, 4MP and 3HBA as AOs (see SI, Figure

S22), which confirms the expectations. We ascribe the absence of inhibition effect for the
oxidative transformation of these electron-rich phenols to the low reduction potential of their
phenoxyl radicals (<0.50 V vs. NHE)35, preventing their reduction by the used AOs.
Dependence of the inhibition effect on antioxidant concentration. As in the case of
inhibition by DOM9, 10, and also following the reaction mechanism proposed above (see eq. 3.3),
an increase of inhibition with AO concentration was expected. To verify this hypothesis, the
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pseudo-first-order rate constants (kSens,AO([AO])) for the 32AN*-induced oxidation of four selected
TCs, namely aniline, NMA, DMA and SD, was measured at different concentrations of added
phenol and 4MP (Figure 3.3). For both phenolic AOs the rate constants follow qualitatively the
expected decrease with increasing [AO] up to [AO]  50 M. At higher [AO], the decrease
continues in the case of phenol, whereas a slight increase is observed for 4MP. A possible
explanation of this unanticipated behavior is that 4MP reacts with 32AN* at higher rates than
phenol, contributing to an increased formation of 4MP-derived phenoxyl radicals and
transformation products which might increase the depletion of the TC. For a quantitative analysis,
the previously developed relationships (eq. 3.7 combined with eq. 3.8 from our previous study10)
were adapted by substitution of [DOM] with [AO] to give eq. 3.9, which was used for data fitting
(the nonlinear curve fit procedure for rational functions as provided by the Origin software
version 8.0 (OriginLab) was employed).

k Sens, AO ([ AO ])
k Sens



(3.9)

f
 (1  f )
1  AO  /AO 1 / 2

The underlying kinetic model considers two parallel reaction channels for the oxidation of a
given TC, one of which (channel 1) undergoes inhibition by AO, while the other channel is not
affected by AO. In eq. 3.9, kSens is the measured rate constant in the absence of AO, while the
fitting parameters f and [AO]1/2 represent the yield of the channel 1 reaction in the absence of AO
and the concentration of AO needed to halve this yield, respectively.
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should consider that the IE is affected by f, and so the information given by IE is less detailed
than the one obtained from the [AO] concentration dependence.
The fitted [AO]1/2 values increase in the order SD < aniline < NMA < DMA for phenol, while
the order of NMA and DMA is reversed for 4MP. For the anilines and phenol as the AO, this
order is in line with the decrease in reduction potential of the corresponding aniline radical
cations (see above), providing further evidence that these could be the relevant oxidation
intermediates involved in the inhibition of oxidation. Considering SD as a substituted aniline, one
can roughly predict the reduction potential of its radical cation to be on the order of 1.2 V vs.
NHE,1 perfectly matching the order predicted from [AO]1/2.
Phototransformation of target compounds induced by DOM: Inhibition by phenolic
antioxidants. This sub-section deals with the application of combination mode 2 (see Scheme
3.1 and the Introduction) to obtain information about a possible inhibition effect caused by
antioxidants on 3DOM*-induced oxidation of TCs. The implementation of the irradiation
experiments is more critical than for the case of a model photosensitizer, since the concentration
of DOM has to be kept quite low to avoid excessive inhibition of the reaction by DOM itself,
which acts of course both as a photosensitizer and an inhibitor. Owing to the less efficient
photosensitizing activity of DOM with respect to model aromatic ketones,32 required irradiation
times to study the depletion kinetics of the TC were found to be at least one order of magnitude
higher than for the corresponding experiments using 2AN. Under these conditions, the
phototransformation of some TCs, such as aniline and SCPD, in blank solutions (i.e. without
DOM) was very important. Consequently, such TCs were considered to be inappropriate for the
sake of the present study. Also, under DOM photosensitization and such long reaction times,
4MP was depleted rapidly in comparison to the TCs, and was therefore considered to be
inappropriate as a model AO in this case. SMX and SD were found to undergo negligible
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inhibitors (and AOs) in such systems. In contrast to the results obtained using 2AN as the
photosensitizer, the depletion of the AO (phenol in this case, see Figure S3.25 of SI) was already
important in the presence of DOM only, and was not significantly accelerated by the presence of
TC.
Environmental relevance. Our results clearly show that phenolic compounds with
antioxidant character are capable of inhibiting the excited triplet-induced transformation of
several anilines and sulfonamide antibiotics in aerated aqueous solution. Thereby excited triplet
state quenching was excluded as a possible cause of inhibition. The effect was observed using a
model photosensitizer, the aromatic ketone 2AN, as well as various types of DOM (in dissolved
extracts or as present in freshwater samples) as natural photosensitizers. The used phenolic AOs
are apparently capable of mimicking DOM as an inhibitor of excited triplet-induced oxidations.9,
10

This property of phenolic AOs can be exploited as a diagnostic tool to characterize the

degradation pathway of anilines, sulfonamides and possibly other important contaminants in the
aquatic environment. For instance, if the indirect phototransformation of a given contaminant is
efficiently inhibited by addition of phenol (or another appropriate AO) at a relatively low
concentration (<10 M), this finding would support excited-triplet induced oxidation as a
relevant transformation mechanism. Within our research group, this method is currently under
development and is being applied for an improved understanding of the aquatic photochemistry
of sulfonamides, including those which have been the subject of recent studies.22, 23
We now address the question whether phenolic AOs are sufficient to explain the inhibition of
oxidation that occurs in the presence of DOM. Owing to the complexity of DOM, not only
phenolic AO moieties but also a variety of further mechanisms might be responsible for its
inhibitive action. The phenolic content of various DOM extracts has been estimated by acid/base
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titration.15 For NAFA and SRFA it was found to be 3 meq (g C)-1, implying that 1 mg C
corresponds to 3 mol of phenolic moieties in the DOM. Only a certain part of these moieties is
expected to have AO character, thus the value has to be considered as an upper limit for the
phenolic AO content. Using the [DOM]1/2 values previously determined10 and converting them to
phenolic moiety concentrations, one obtains values of 0.4 – 0.6 M and 6.5 M for DMA and
SMX as TC, respectively (data for 2AN as a photosensitizer). In the case of DMA, the level of
DOM phenolic moieties to achieve a 50% inhibition is much lower (by a factor of 5 – 30) than
[AO]1/2 determined here (Figure 3.3) with phenol and 4MP. A possible explanation of such an
underestimation of the antioxidant activity of DOM is that the used model AO are less reactive
with oxidation intermediates of DMA than the corresponding moieties in DOM. This may well
be the case, since NAFA and SRFA possess 1 meq (g C)-1 of electron donating groups that can
be oxidized at potentials as low as 0.61 V at pH 8,12 which is much lower than the potential
required to oxidize phenol and 4MP, and also much lower than the redox potential of the DMA
radical cation. An analogous comparison between [DOM]1/2 for SMX and [AO]1/2 for SD shows
that they have similar values. Thus, the assumption that AO moieties of DOM are responsible for
its inhibition of oxidation appears to be reasonable.
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Text S3.1. List of chemicals
(a) Anilines: aniline (ANI) [CAS 62-53-3] (Fluka, ≥99.5%), 4-chloroaniline (4CA) [106-47-8]
(Fluka, ≥99%), N-methylaniline (NMA) [100-61-8] (Fluka, ≥98%), N,N-dimethylaniline (DMA)
[121-69-7] (Sigma-Aldrich ≥99.5%).
(b) Sulfonamides: sulfadiazine (SD) [68-35-9] (Sigma-Aldrich, ≥99%), sulfathiazole (STZ)
[72-14-0] (Sigma-Aldrich, 98%), sulfachloropyridazine (SCPD) [80-32-0] (Sigma-Aldrich),
sulfamethoxazole (SMX) [723-46-6] (Sigma-Aldrich), acetyl-sulfadiazine (A-SD) [127-74-2] &
acetyl-sulfathiazole (A-STZ) [127-76-4] were a gift from the Environmental Chemistry
Department of Eawag and prepared by acetylating the respective sulfonamides with acetic acid
anhydride (Stoob, K.; Singer, H. P.; Goetz, C. W.; Ruff, M.; Müller, S. R. Fully automated online
solid phase extraction coupled directly to liquid chromatography-tandem mass spectrometry Quantification of sulfonamide antibiotics, neutral and acidic pesticides at low concentrations in
surface waters. 2005, 1097 (1-2), 138-147).
(c) Anisoles: anisole [100-66-3] (Sigma-Aldrich, 99%), 4-methylanisole (4MA) [104-93-8]
(Fluka, ≥98%).
(d) Phenols (including hydroxybenzoic acids): phenol [108-95-2] (Fluka, ≥99.5%), 4methylphenol (4-MP) [106-44-5] (Sigma-Aldrich, >99%), 4-cyanophenol (4CP) [767-00-0]
(Sigma-Aldrich, 95%), L-tyrosine (TYR) [60-18-4] (Fluka, >99%), p-coumcaric acid (CMA)
[501-98-4] (Sigma-Aldrich, ≥98%), 3,4-dimethoxyphenol (DMOP) [2033-89-8] (Sigma-Aldrich,
97%), 2,4,6-trimethylphenol (TMP) [527-60-6] (EGA Chemie, 99%), catechol [120-80-9]
(Merck,

≥99%),

resorcinol

[108-46-3]

(Sigma-Aldrich,

≥99%),

trolox

[53188-07-1]

(Fluka, >98%), 3-hydroxybenzoic acid (3HBA) [Fluka, ≥99%], 4-hydroxybenzoic acid (4HBA)
[99-96-7 ] (Fluka, 99%), 2,3-dihydroxybenzoic acid (2,3DHBA) [303-38-8] (Sigma-Aldrich),
3,4-dihydroxybenzoic acid (3,4DHBA) [99-50-3] (Sigma-Aldrich, ≥97%), 2,4-dihydroxybenzoic
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acid (2,4DHBA) [89-86-1] (Sigma-Aldrich, ≥98%), 3,5-dihydroxybenzoic acid (3,5DHBA) [9910-5] (Sigma-Aldrich, 97%), 5-hydroxy-2-methylbenzoic acid (5H2MBA) [578-22-3] (SigmaAldrich, 97%).
(e) Aromatic ketone: 2-acetonaphthone (2AN) [93-08-3] (Sigma-Aldrich, >99%).
(f) Buffer solutions: ortho-phosphoric acid [7664-38-2] (Fluka, 85%), sodium dihydrogen
phosphate monohydrate [10049-21-5] (Merck, 99%–102%), sodium dihydrogen phosphate
dihydrate [13472-35-0] (Fluka, ≥99%), disodium hydrogen phosphate dodecahydrate [10039-324] (Fluka, ≥98.0%), trisodium phosphate dodecahydrate [10101-89-0] (Merck, 97.5%–102%),
sodium hydroxide [1310-73-2] (Merck, >99%), sulfuric acid [7664-93-9] (Merck, 98%).
(g) Organic solvents: acetonitrile (ACN) & methanol (Acros Organics).
All aqueous solutions (including HPLC eluents) were prepared from deionized water purified
with a Milli-Q water system (Millipore). Stock solutions of organic chemicals [1mM - 10mM]
and standard DOM [~100 mg C L-1] were made in water, depending on solubility either
unbuffered of buffered at pH 8 with 5 mM phosphate. Stock solutions except 2AN and CBBP
(both at room temperature) were kept at 4°C and replaced monthly (anilines and phenols) or
quarterly (anilines, sulfonamides, standard DOM and model sensitizers). 2AN was dissolved in
methanol.
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Text S3.2. Analytical methods
An Agilent 1100 HPLC system equipped with a diode array detector and a fluorescence
detector or equivalent Dionex Ultimate 3000 HPLC systems with and without fluorescence
detector were used to follow concentration development of target compounds and model
compounds. Depending on the combination of substances to be analyzed several isocratic or
gradient HPLC programs were employed. The mobile phase consisted of various mixtures of
acetonitrile (ACN)/10mM - 20mM phosphoric acid (pH 2.1 - 1.9) or ACN/10mM phosphate
buffer (pH 7). A complete list of HPLC conditions including detection wavelengths is given in
Table S3.1 for isocratic programs and Table S3.2 for gradient programs. Compounds were
analyzed on a reversed-phase column (Nucleosil C18-5 m, 125 × 4 mm Macherey-Nagel,
Oensingen, Switzerland, at a flow rate of 1 mL min-1 or Cosmosil C18-5-MS-II, 100 ×3 mm
Nacalay Tesque, Kyoto, Japan, at a flow rate of 0.6 mL min-1) at room temperature.
Electronic absorption measurements for routine absorption spectra scans of organic
compounds, DOM standard solutions and natural water samples were performed at room
temperature using an Uvikon 940 spectrophotometer (Kontron Instruments) with 10 − 100 mm
path length quartz glass cuvettes (Hellma, Mühlheim, Germany). pH measurements were carried
out at room temperature with a glass electrode on a Metrohm pH meter (model 605 or 632,
Herisau, Switzerland). Calibration using standard buffers at pH 4.0, pH 7.0 and pH 9.0 was done
regularly before each series of measurements.
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Table S3.1. Isocratic HPLC Analysis Parameters
compound

eluent composition (%) pH buffer

retention time absorption
(min)
wavelength (nm) d

excitation
wavelength (nm)

ACN
buffer
aniline
50-10 50-90
7.0
2.1-8.1b
220
236
4-chloroaniline
40-50 50-60
7.0
3.0-3.9b
246
N-methylaniline
60-50 40-50
7.0
2.5-3.2b
220
232
N,N-dimethylaniline
70-50 30-50
7.0
2.6-5.2b
220
251
sulfadiazine
30-10 70-90
2.1
1.9-4.4b
270
sulfathiazole
30-25 70-75
2.1
1.8-2.0b
270
sulfachloropyridazine
30-15 70-85
2.1
3.1-8.6b
270
sulfamethoxazole
30-20 70-80
2.1
3.4-6.6b
270
acetyl-sulfadiazine
30-10 70-90
2.1
1.9-2.4b
270
acetyl-sulfathiazole
30-25 70-75
2.1
1.9-2.2b
270
2-acetonaphthone
60-50 40-50
2.1
4.3-5.4b
220-270
phenol
30-10 70-90
2.1/7.0a
3.4-9.1b
220
275
4-methylphenol
35-25 65-75
2.1/7.0a
3.9-6.7b
220
225
4-cyanophenol
30
70
2.1
3.5b
275
L-tyrosine
10
90
7.0
1.3c
220
236
p-coumaric acid
10
90
1.9
3.7c
220
3,4-dimethoxyphenol
20
80
2.1
2.7c
220
2,4,6-trimethylphenol
40-50 60-50
2.1
4.3-6.6c
225
catechol
10
90
1.9/7.0a
4.3c
275
279
resorcinol
10
90
7.0/7.0a
3.0c
275
276
trolox
40
60
2.1
3.1c
220
3-hydroxybenzoic acid
10
90
1.9
6.7c
240
4-hydroxybenzoic acid
10
90
1.9
4.4c
255
260
2,3-dihydroxybenzoic acid
10
90
1.9
8.0c
220
3,4-dihydroxybenzoic acid
10
90
1.9
2.6c
220
2,4-dihydroxybenzoic acid
10
90
1.9
7.0c
220
3,5-dihydroxybenzoic acid
10
90
1.9
2.4c
220
5-hydroxy-2-methyl-benzoic acid 20-10 80-90
1.9
3.7-12.0c
210
4-methylanisole
35-50 65-50
7.0
3.7-5.5b
226
anisole
50
50
7.0
4.0b
219
a
when injected with anilines buffer at pH 7 was used
b
given for 125 × 4 mm column
c
given for 100 ×3 mm column, note that retention times for both columns at same conditions are similar (±0.4min)
d
when possible fluorescence detection was preferred
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345
345
360
310
316
310
341
316
329
324
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Table S3.2. Gradient HPLC Analysis Parameters
Compound combination Retention Eluent composition (%)
time(min)a Program time (min)
Isocratic I
Linear gradient I Isocratic II
Linear gradient II Isocratic III
sulfonamides
1.9 - 3.1 ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2)
phenol
3.6
30:70
70:30
70:30
30:70
30:70
2-acetonaphthone
8.3
0-3.8
-6.8
-8.8
-10.2
-12.0
sulfonamides
1.9 - 3.1 ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2)
4-methylphenol
5.4
30:70
70:30
70:30
30:70
30:70
2-acetonaphthone
8.4
0-3.3
-6.3
-8.3
-9.7
-11.5
sulfonamides
2.3 - 4.0 ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2)
anisol
8.0
25:75
70:30
70:30
25:75
25:75
2-acetonaphthone
8.6
0-3.3
-6.3
-8.3
-9.7
-11.5
sulfonamides
2.3 - 4.0 ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2) ACN:Buffer (pH2)
2-acetonaphthone
8.6
25:75
70:30
70:30
25:75
25:75
4-methylanisole
8.7
0-3.3
-6.3
-8.3
-9.7
-11.5
a
given for 125 × 4 mm column
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Text S3.3. Irradiation experiments
A single irradiation experiment with 2AN (10µM for 4CA, 25µM for other anilines and 50µM
for sulfonamides), standard DOMs ([DOM]=2.5–5 mg C L-1) or natural waters at given [DOM]
and pH as sensitizer (in the following when collectively addressed different sensitizers are
abbreviated with “Sens”) consisted of a set of several tubes with different composition of which
up to nine were irradiated simultaneously (for 300s up to five). Aqueous solution in tubes was
either buffered at pH 8 with 5mM phosphate buffer when 2AN/standard DOMs were used or no
additional buffer was added when natural water samples were employed. Besides 5µM TC tubes
contained (a) Sens, (b) Sens and AO (at various concentrations) (c) Sens and control (for all
irradiations 10µM), (d) no additions, (e) AO (f) control. Furthermore, tubes without TC were
prepared containing (g) Sens and AO (h) Sens and control (i) AO (j) control. (a) - (c) were the
relevant tubes to determine indirect phototransformation rates of TCs in presence and absence of
AO/control. (d),(i), and (j) served to examine direct phototransformation and effects caused by
impurities, both especially relevant for longer irradiation times. (e) and (f) were chosen to
observe any possible mutual influence between target compounds and AO/control. (g) and (h)
were to quantify sensitized depletion rates of AO/control (for an overview of all combinations see
also Table S3 below). Note that depending on the series of experiments not any possible
combination (a) - (j) was always chosen.
From each tube samples of 400µL were withdrawn at six equidistant time intervals during
irradiation. Irradiation time was determined by depletion rate of TC with the respective
photosensitizer. For 2AN irradiation time was generally 300s (only in case of high phenol
concentration of ≥50µM and in 4CA experiments sometimes longer times of 600s or 900s were
chosen because strong oxidation inhibition made accurate observation of depletion kinetics of
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TCs in presence of antioxidants difficult). Standard DOM solutions and natural water samples
were irradiated for 7200s.

Table S3.3. Sample composition
(a)

(b)

(c)

(d)

(e)

TC

x

x

x

x

x

Sens

x

x

x

AO
Control

x

x
x

(f)

(g)

x

x

x

(i)

x
x
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Figure 83.22. Kinetics of the 2-acetonaphthone (2AN, 25 µM) sensitized depletion of Trolox (a),
3,4-dimethoxyphenol (3,4-DMOP) (b) and 2,4,6-trimethylphenol (TMP) (c) in presence an d
absence(• ) of th e three phenolic model antioxidants phenol (• ), 4-methylphenol (4MP, .& ), 3hydroxybenzoic acid (3HBA, T ). Pseudo-first order reaction rate constants and 95% confidence
intervals are given in the figm e and are dete1mined according to regression lines shown. En or
bars of data points represent standard deviation of at least two independent i1rndiation
experiments. N ote that deviation from pseudo-first-order kinetics for phenol in (c) is possibly
induced by a side reaction resulting in a decreased TMP depletion. However, no such an effect
could be observed for sho11er i1Ta.diation times (d).
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Oxidative treatment of DOM containing aqueous solutions
with ozone and chlorine dioxide: Effect on optical and
photochemical properties

Jannis Wenk, Michael Aeschbacher, Elisabeth Salhi, Urs von Gunten,
Michael Sander and Silvio Canonica.

The results of this chapter will be divided into two separate contributions currently in
preparation for submission to
Environmental Science and Technology.

(1) Chemical oxidation of dissolved organic matter by chlorine dioxide, chlorine, and ozone:
Effects on its optical and antioxidant properties.
(2) Ozonation of dissolved organic matter: Effect on photochemical reactivity and antioxidant
properties

Chapter 4

Abstract
The influence of oxidative treatment of DOM with ozone and chlorine dioxide was
investigated with regard to changes in optical, photosensitizing and inhibiting properties of
DOM. For ozone-treated DOM it was found that DOM-sensitized depletion rates of
contaminants that are not subject to inhibition reactions decline proportionally to DOMbleaching. For contaminants whose triplet-induced oxidation is inhibited by DOM, a more
complicated ozone dose dependency was found which was explained by the differential
depletion of DOM-antioxidants and DOM- photosensitizers during ozonation. For chlorine
dioxide no effects caused by DOM could be observed because an oxidation byproduct,
presumably chlorite, proved to be an efficient sensitizer by its own. The results of this chapter
give some insights into structural moieties of DOM that may play a role in photochemical
reactions. However, they are also important with regard to the environmental effects of
oxidative wastewater treatment and the associated changes in DOM. For example, ozonation,
as an oxidative technique, will be increasingly used in the future to minimize the
micropollutant load of effluent wastewater.
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Introduction
Dissolved organic matter (DOM) is a heterogeneous complex mixture of organic molecules
with macromolecular structure that plays an important role in various aquatic environmental
processes and in technical processes for water treatment. DOM may act as pH and redox
buffer 1, 2, electron shuttle in microbial respiration 3, complexing agent 4 and is a central
participant to aqueous environmental photochemistry 5. In water treatment DOM is the main
sink for chemical oxidants applied for disinfection and removal of micropollutants 6, 7 and is a
well-known precursor of disinfection byproducts.8
The reactivity of DOM is generally connected to the occurrence of functional moieties, which
is variable and depends on DOM origin.9 Differences in structure and functional moieties of
DOM from different sources are still under investigation.10 To overcome limitations caused
by the complexity of DOM, many studies have employed model compounds to gain insight
into the various aspects of reactive sites.11-18 Another experimental concept is the
manipulative approach, where systematic treatment of DOM using (photo)chemical
techniques has been successful to characterize functional moieties involved in DOM
reactions. Irradiation of DOM by UV or visible light (photobleaching) 19 has been employed,
which decreases the aromaticity and the average molecular size and increases the oxygen
content of DOM.20,

21

Based on photobleaching experiments combined with electronic

absorption and fluorescence spectroscopy it was proposed that the optical properties of DOM
result from intramolecular charge-transfer interactions between hydroxyl-aromatic donors
and quinoid acceptors.22, 23 Further methods falling into the manipulative approach include
oxidative treatment of DOM with chlorine
radical (•OH)

28-32

24-26

, chlorine dioxide

27-29

, ozone and hydroxyl-

. A common finding of these studies is that oxidative treatment of DOM

decreases both its size and aromaticity. Recently, a reductive manipulative method using
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borohydride 33 was employed to investigate changes in photochemical activity of DOM upon
chemical alteration 34, 35.
We are interested in investigating the inhibiting properties of DOM with regard to its
influence on oxidative photochemical contaminant transformation. Three preceding studies 16,
36, 37

revealed that DOM may inhibit oxidative transformation reactions of aquatic

contaminants beyond light-attenuation and scavenging/quenching of photooxidants. By
employing model photosensitizers (aromatic ketones) we were able to show that the tripletinduced oxidation of several environmentally relevant aqueous contaminants and model
contaminants from the class of anilines (including sulfonamide antibiotics) but also some
phenols were subject to inhibition in presence of DOM

36

. Terrestrial-aquatic DOM was

found to be a much better inhibitor than microbially-derived DOM

37

. This finding is in

agreement with recent results from electrochemical measurements on the electron-donating
(i.e. antioxidant) properties of DOM 38. Use of model antioxidants was unprecedented in the
context of environmental photochemistry. Therefore, we evaluated thirteen different phenolic
antioxidants for their inhibiting properties and found that all were good inhibitors of tripletinduced oxidations

16

. These results indicate that phenolic moieties within DOM are

important contributors to the inhibiting effect of DOM.
The primary aim of this study was to use, as manipulative approach, oxidative treatment of
DOM with ozone (O3) and chlorine dioxide, (ClO2) to investigate the influence of oxidation
on the inhibiting properties of DOM on photochemical contaminant transformation. We
hypothesize that oxidative treatment attacks easy oxidizable moieties of DOM, including
antioxidant moieties, thus leading to a reduction of the inhibiting effect of DOM on tripletinduced oxidations. Simultaneously, oxidative treatment alters optical properties by
destruction of chromophores and may also change the photosensitizing characteristics of
DOM. Therefore, we extended our investigation on these aspects. From the results of this
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study we expect a better understanding on the interaction of various functional moieties of
DOM involved in DOM photochemistry and photochemical contaminant transformation
processes. Due to the heterogeneity of DOM, that makes assignment of single functional
groups to certain properties of DOM impossible, we preliminary categorize these moieties
into chromophores, sensitizers and antioxidants. Additionally, this study is motivated by the
interest in the consequences of oxidative wastewater treatment on the optical and
photochemical properties of the receiving water bodies. This technique is planned to be
increasingly used for reduction of the micropollutant load of wastewater effluent but not
much is known on its further environmental impacts. 7, 39-41
In the current study we pretreated three different DOM standards, Suwannee River humic
acid (SRHA), Suwannee River fulvic acid (SRFA) and Pony lake fulvic acid (PLFA), with
the chemical oxidants O3 and ClO2 and subsequently measured the optical changes of the
DOMs and performed photochemical experiments. Pretreated DOMs were employed as both
photosensitizers and inhibitors. To observe the effects of DOM oxidation on photochemical
contaminant depletion kinetics, phototransformation experiments with 2,4,6-trimethylphenol
(TMP), a well-known phenolic compound to investigate the photochemistry of natural waters
42

, and the two sulfonamide antibiotics sulfamethoxazole (SMX) and sulfadiazine (SD) were

carried out. The aromatic ketone benzophenone-4-carboxylate (CBBP) served as triplet-state
precursor when the role of oxidatively treated DOM as inhibitor was investigated.
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Experimental Section
Materials and Chemicals. All chemicals were from commercial sources. A complete list
including standard DOM is given in the Supporting Information (SI), Text S1.
Preparation of aqueous solutions. Aqueous solutions (including oxidant stock solutions and
HPLC eluents) were prepared from deionized water from Milli-Q (Millipore) or Barnsteadt
water purification systems. Stock solutions of organic chemicals (all 1 mmol) and standard
DOM (~100 mg C L-1) were prepared in water buffered with 5 mmol phosphate at pH 8.
Ozone (O3) stock solution at a concentration of ~1.3 - 1.5 mmol was prepared by sparging
ozone produced from pure oxygen with an Apaco CMG 3-3 ozone generator (Grellingen,
Switzerland) through water cooled in an ice bath.43 Chlorine dioxide (ClO2) stock solution
(~10mmol) was produced according to a method described by Gates

44

by mixing potassium

peroxodisulfate (K2S2O8, 2g in 50mL water) with sodium chlorite (NaClO2, 4g in 50mL).
Oxidant stock solutions were standardized spectrophotometrically based on their molar
absorption coefficient: ε = 3000 M-1 cm-1 at λ = 258 nm for ozone 45 and ε = 1200 M-1 cm-1 at
λ=359 nm for chlorine dioxide.46
Oxidation of standard-DOM solutions. For each oxidation experiment, standard-DOM
solutions yielding a final concentration of 0.83 mmol C L-1 (10 mg C L-1) and a blank
containing no DOM but ultrapure water, all buffered with 50 mmol phosphate at pH 7, were
provided in a series of identical 50 mL or 100 mL glass reaction vessels (Schott, Germany).
Oxidant stock solutions were added under vigorous stirring. The oxidant concentrations
applied included the concentration range that is commonly used for water treatment

40, 47, 48

and were 0 - 1.12 mmol O3 (mmol C)-1 and 0 - 0.36 mmol ClO2 (mmol C)-1. 1 mmol O3
(mmol C)-1 is equivalent to 4 mg O3 (mg C)-1 and 1 mmol ClO2 (mmol C)-1 is equivalent to
5.62 mg ClO2 (mg C)-1. Ozone experiments were performed in the presence and absence of
5mmol of tBuOH (•OH scavenger), in additional control experiments tBuOH was added after
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ozonation. After addition of oxidant solution vessels were immediately closed, removed from
the stirrer and stored at 22°C for 2h for ozone and 12h for chlorine dioxide. Subsequently,
residual ozone and chlorine dioxide were removed by gently purging with helium for 20 min.
Irradiation experiments. Details on irradiation conditions are described elsewhere.37 From
oxidatively treated DOM solutions two different types of irradiation experiments were
performed (1) DOM was employed as antioxidant, the aromatic ketone CBBP (50 μM) was
added as model triplet sensitizer

36, 37

(2) DOM served as both photosensitizers and

antioxidant. Based on results from previous studies TMP, SMX and SD (5 μM) were selected
as target compounds (TCs) for investigating photochemical depletion kinetics because these
compounds undergo negligible direct phototransformation in irradiated blank solutions in
absence of DOM. TMP was employed to model compounds with triplet-induced oxidation
kinetics that are expected to be unaffected by inhibition in the presence of DOM. SMX and
SD serve as model TCs whose triplet-induced oxidation is subject to inhibition

16, 36, 37

.

Aliquots of oxidant-treated DOM solutions were added to 20 mL quartz glass tubes and
diluted to 0.19 mmol C L-1 (2.3 mg C L-1), pH 7 was readjusted with phosphoric acid (11.5
mmol final buffer concentration). Irradiation times were set to 5 min for CBBP containing
samples and to 100 min (TMP) and 225 min (SMX/SD) when DOM was the sensitizer,
respectively. During irradiation six samples at 400 μL were withdrawn at equidistant time
intervals and analyzed immediately or stored at 4°C until analysis. To investigate the
potential kinetic effects of chlorine dioxide byproducts a series of irradiations with buffered
pure water and untreated DOM was performed with adding 10 – 100µM NaClO2, NaClO3
and NaCl to the solutions, respectively.
Instrumental methods and data analysis. pH measurements were carried out at room
temperature with a glass electrode on a Metrohm pH meter model 632 (Herisau). Calibration
using standard buffers at pH 4.0, pH 7.0 and pH 9.0 was performed regularly before each
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(3)

C
ln    kt
 C0 

where C and C0 are the concentrations of target compound at irradiation time t and zero
(before irradiation), respectively. When DOM was employed as photosensitizer, rate
constants were corrected for light attenuation that varies among different DOM and different
applied oxidant doses. Light-attenuation decreased with the oxidant dose and was 2%, 3%
and 6% for untreated PLFA, SRFA and SRHA, respectively (SI Figure S5). For the
photosensitizer CBBP, transformation rate constants of the TCs were additionally corrected
for DOM-sensitized phototransformation. In the chosen experimental setup DOM-sensitized
rates are generally small compared to CBBP-sensitized rates: 2% for SD/SMX –
SRFA/SRHA, 5% for SD/SMX – PLFA, 5% for TMP – SRFA/SRHA and 10% for TMP –
PLFA (all maximum values). While data corrections are required for accurate comparisons
among different DOM and oxidant doses, the corrections are smaller than the estimated
experimental error of 15% and, therefore, do not change the general trends of the presented
data. In the Results and Discussion section the first (light-attenuation) and the second
correction step (light attenuation and DOM sensitized rates) are denoted by the superscript (1)
or

(2)

on the given reaction rate constants, respectively. Details on the calculation procedure

for correction factors were described previously.37

Results and Discussion
Changes in the optical properties of DOM. The specific absorption coefficients of the
untreated DOM samples decreased in the order SRHA > SRFA > PLFA (Figures S1 and S2
in SI), reflecting the decreasing aromatic carbon contents in the same order 50 (i.e., 31, 22 and
12 % aromaticity for SRHA, SRFA, and PLFA, respectively51; Table S1). For all three tested
oxidants and irrespective of the DOM, increasing oxidant doses resulted in decreasing
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specific absorption coefficients over the whole spectral range collected (i.e., 300–600 nm in
Figures S1 and 220–300 nm in Figure S2). Chemical oxidation hence resulted in loss of
structural moieties in the DOM that absorb light in the UV-visible range. Similar findings
were reported in earlier studies.25, 27, 52, 53
Treatment with ClO2 and HOCl resulted in gradually decreasing UV-visible light
absorbance of SRHA, SRFA, and PLFA over the entire collected spectral range. The
SUVA254 of the three DOM decreased linearly with increasing doses of ClO2 and HOCl and
showed similar dose-dependencies for the two oxidants (Figure 1). The oxidants ClO2 and
HOCl also had a comparable effect on the spectral slopes of SRHA and SRFA, which
increased with increasing oxidant doses (Figure 1). In the case of PLFA, ClO2 treatment
resulted in larger increases in the spectral slope as compared to HOCl at the same molarbased oxidant dose.
Ozonation, both in the absence and presence of tBuOH, resulted in much larger
decreases in the specific absorbance of SRHA, SRFA, and PLFA than ClO2 or HOCl
treatments (Figures S1 and S2). When normalized to the same oxidant dose, treatments with
O3 resulted in larger decreases in SUVA254 than with ClO2 and HOCl (Figure 1), suggesting
more efficient removal of UV-light absorbing aromatic moieties in the DOM by O3 than ClO2
and HOCl.
Compared to ozonation of SRHA and SRFA in the absence of tBuOH, the addition of tBuOH
resulted in more pronounced losses in absorbance at wavelengths > 315 nm and in larger
increases in the spectral slopes of SRHA and SRFA with increasing O3 doses. These findings
can be ascribed to two factors. First, tBuOH addition enhanced the lifetime of O3 and hence
resulted in higher O3 exposure of the DOM. Such an enhancement in O3 exposure upon
tBuOH addition was verified experimentally with PLFA solutions (see Figure S3). It can be
explained by the fact that tBuOH scavenges •OH, which are formed from the DOM-ozone
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reaction and contribute to the catalytic degradation of O3.54 Second, addition of tBuOH leads
to a suppression of •OH reactions and therewith a shift of the overall oxidation to direct
ozone reactions with specific ozone-reactive moieties such as olefins, activated aromatic and
amines in the DOM. Therefore, the larger absorbance loss during ozonation in the presence of
tBuOH may be ascribed to enhanced cleavage of light absorbing double bonds according to
the Criegee mechanism.54 Conversely, •OH reacts unselectively at diffusion controlled rates
by addition, •H abstraction and electron transfer.55
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Correction factors for different ozone concentrations applied are given in SI Tables S2 –
S4 and are highest for non-ozonated DOM (SRHA: 7.8%, SRFA 4.2%, PLFA: 2.9%). Factors
decrease with increasing degree of ozonation as light absorption of DOM in general decreases
with increasing ozone doses. Furthermore, corrections are small and do not change the general
trends of the experimental results but enable exact comparison of the observed reaction rate
constants for both different ozone doses and different types of DOM.
A summary of the experimental results with ozonated DOMs as photosensitizers is shown in
Figure 3 (a–c). All data are plotted normalized to results obtained for non-ozonated DOM
(1)
(1)
[O3 ] / k DOM
[O3  0] . The Superscript
solutions, i.e. k DOM

(1)

indicates correction for light

absorption. Brackets indicate the ozone dose applied for DOM treatment. All numerical values of
corrected pseudo-first order reaction rate constants are provided in SI Tables S5 – S10. Since O3treatment was performed with and without the •OH scavenger tBuOH (5 mmol) controls were
conducted with tBuOH addition after ozonation. These controls revealed no differences to
ozonated samples without tBuOH suggesting that photochemical reactions were not affected by
tBuOH and that TC oxidation by •OH formed photochemically during irradiation was negligible.
Depletion rate constants of TMP for all three DOMs decline similarly with increasing
applied ozone doses. The remaining photochemical activity of 10%  20% suggests that DOM
contains sensitizing moieties that are recalcitrant towards ozonation and/or that formation of
secondary photosensitizers during ozonation both in presence and absence of tBuOH occurs.
TMP depletion rates photosensitized by SRHA were similar in solutions ozonated in presence
and absence of tBuOH. However, phototransformation rates of TMP photosensitized by SRFA
and PLFA show a delayed decrease when tBuOH was present during ozonation.
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SMX depletion sensitized by ozonated DOMs revealed transformation rate changes that
were substantially different in comparison to TMP and also different among the tested DOMs.
For all three DOMs, O3-treatment at low doses (<0.2 mmol O3/ mmol C) had little effect or
slightly increased the depletion rates of SMX. At higher O3 doses (>0.2 mmol O3 / mmol C) there
is a decline in relative depletion rates for SRHA and SRFA, smaller for SMX than for TMP. For
PLFA the decrease in SMX depletion rates is similar to TMP. Moreover, only for PLFA a
significant difference was observed between ozonated PLFA in the presence and absence of
tBuOH. Depletion rates double at low ozone doses and decline rapidly at higher doses to become
similar to the rates in absence of tBuOH (>0.2 mmol O3 / mmol C).
In Figure 3 (df) the relationship between light-absorption and photochemical reactivity is
shown as normalized depletion rates of TCs versus the normalized light absorption (at 334 nm
and 366 nm which are the wavelengths relevant in the employed irradiation system) of DOMs.
Fit parameters for linear regression lines are given in SI Tables S17 – S18. A good correlation for
TMP data with all DOMs was found (Correlation coefficients R2 0.756 – 0.969). Regression lines
with slopes of about unity (0.894 – 1.108) indicate that quantum yields remain unchanged during
ozonation and suggest that, within the DOM, the pool of all chromophores (light absorbing
moieties) and its sub-pool of moieties responsible for the photosensitized transformation of TMP
are depleted by ozonation at a similar rate.56

Effect of ozone on the inhibition of DOM on triplet-induced transformation reactions. To
investigate the effect of ozonation on the inhibition of triplet-induced oxidation of target
compounds by DOM irradiation experiments were performed with the model triplet sensitizer
CBBP. Figure 4 shows the results in terms of an inhibition factor IF, calculated by dividing
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corrected rate constants obtained in the presence of ozonated DOM with those obtained with
CBBP in the absence of DOM (eq. 4).
(4)

( 2)
IF  kCBBP
, DOM ,[ O3 ] / kCBBP

Exact values of pseudo-first order reaction rate constants are given in SI Table S11 – S16. TMP
served as control because its triplet-induced oxidation has been previously shown not to undergo
inhibition by DOM

36

and to check for other side-effects potentially caused by ozonated DOM.

As expected, the presence of DOM exerted no effect on the triplet-induced TMP depletion rates
(IF ~1). Also, no significant changes of transformation rates were observed at higher ozone
doses. This suggests that ozonation products of DOM are neither efficient quenchers of 3CBBP*
nor increase the production of secondary reactive species from excited triplet states.
Data for SMX and SD reflect the inhibition by DOMs in dependence of the applied ozone dose,
thereby low IF values express a more effective inhibition of the triplet-induced transformation.
As shown previously37, terrestrial DOMs such as SRFA and SRHA are better inhibitors than
mostly aquatic DOMs such as PLFA. Thus, initial IF for non-ozonated SRFA and SRFA is ~0.3
whereas the initial value for PLFA is between 0.53 (SMX) and 0.7 (SD). For all three DOM, the
IF increases with increasing ozone dose similarly and can be described as a two-step behavior.
Already low ozone doses strongly decrease inhibition and increase IF. This increase is almost
linear until 0.55 for SRFA and SRHA and 0.85 for PLFA and ozone doses of 0.2 and 0.1 mmol
O3/mmol C, respectively. While for SRHA no further increase of IF has been observed, IF for
SRFA and PLFA increased continuously but less rapidly than in the initial phase up to a value of
1 (no inhibition).
Generally, in presence of tBuOH during ozonation, IF increases faster. However, these results
show also some irregularities: For SRHA, IF peaks at ozone concentrations between 0.2 – 0.4
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most cases indicates that no such antioxidants were formed. Therefore, one can conclude that the
inhibiting effect of DOM on photochemical contaminant oxidation should generally decrease
with the applied ozone dose.

Photochemical reactivity of byproducts of chlorine dioxide treatment determines
photochemical contaminant transformation. Figure 5a-b shows pseudo-first order reaction rate
constants for TMP and SMX in presence of standard DOMs treated with chlorine dioxide. For
TMP reaction rates rise steadily (~3 fold increase at 0.18 mmol ClO2/mmol C with respect to
untreated samples) with the applied oxidant dose and in a pattern that is mostly independent of
the type of DOM. Such a pattern indicates that chlorine dioxide treated DOM-solutions contain
photochemically relevant oxidation byproducts that form reactive species on irradiation. Similar
to TMP, depletion for SMX increases in presence of treated SRHA and SRFA. However, when
irradiated in presence of treated PLFA a slight decrease in reaction rates could be observed with a
subsequent increase at higher oxidant doses. Such a complicated kinetic behavior may be
explained with the higher photochemical reactivity (2.5 fold higher than SRHA/SRFA) of PLFA
with SMX, which increases the steady-state concentration of oxidized short-living SMX
intermediates. It may be assumed that a reaction intermediate of SMX (such intermediates
possess a one-electron reduction potential >1.0V vs. NHE) is reduced back to the parent
compound by reaction with chlorine dioxide byproducts. It is difficult to explain why such a
reaction does not occur with SRFA/SRHA, probably due to the different reactivity (antioxidants
or lower triplet-energies). No increased depletion for TMP and SMX could be observed in
controls with chlorine dioxide treated buffered ultrapure water where residual ClO2 was removed
by stripping with He indicating that the reactive component is produced only in presence of
oxidizable organic material such as DOM.
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When chlorine dioxide is applied at concentrations commonly used for water treatment, it
is normally assumed to react with oxidizable organic constituent present in the water and is
reduced to the chlorite anion (ClO2-) which is the main byproduct formed. Since ClO2 reacts
exclusively as one-electron acceptor, only a small amount of chlororganic compounds is
produced by secondary reactions

59

. Furthermore, chlorine dioxide is able to disproportionate to

chlorate (ClO3-) and chloride (Cl-)60. The yield of chlorite was found to correspond to 50% to the
stoichiometric amount of the added chlorine dioxide for both natural waters

60

and phenolic

model compounds 61, while the yield of chloride and chlorate was 25%, respectively 60.
To investigate the potential effects of chlorite, chlorate and chloride, a series of irradiation
experiments in buffered pure water and in solutions containing SRFA and PLFA at 2.5 mg C L-1
was performed where 10 – 100µM of NaClO2, NaClO3 and NaCl were added, respectively. The
results of these experiments are given in Figure 5 d-f (and SI Figure S6b, CBBP-TMP) and show
that neither addition of NaCl nor NaClO3 has an impact on the depletion kinetics of TMP and
SMX sensitized by DOM or CBBP. However, addition of chlorite results in strongly increased
depletion rates for both TMP and SMX in pure water and DOM containing solutions. Depletion
rates in the system CBBP-SMX decrease at low chlorite concentration (10 µM) and increase
again at higher chlorite concentrations in pure water samples.
Despite the relevance of chlorine dioxide in water treatment, surprisingly little is known on the
photochemistry of its inorganic byproducts. Experimental results of this study and previous
research

63

suggest that chlorite anion is the most relevant photochemically active byproduct. At

pH 7 chlorite has a broad absorption spectrum beginning at 360nm with two maxima at 290nm
ε290nm = 92 M-1 cm-1) and 260nm ε260nm = 145 M-1 cm-1 (see inset Figure 4c). Light-absorption of
chlorite leads to the production of chlorine dioxide and hypochlorite anion

62

. Although

maximum chlorite concentration expected (if complete transformation of ClO2 to ClO2- occurs
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18µM for SRHA and 9µM for PLFA/SRFA, however 50% of this concentration would be more
reasonable to assume) and light-absorption (ε334nm = 11 M-1 cm-1) is low a significant amount of
chlorine dioxide is produced, which can undergo photochemical reactions in irradiation
experiments. Even at short irradiation times, in presence of CBBP reactions caused by the
chlorite-anion may have an impact on the transformation kinetics. While no or only a slight
increase for TMP reaction rates could be observed (SI Figure 6a) SMX transformation in
presence of chlorite was found to be strongly inhibited (Figure 5c/f) (in addition to inhibition
already caused by DOM). This observation can be explained by the different reactivity of the two
target compounds with chlorine dioxide (given as second-order reaction rate constant), which is
two orders of magnitude higher for TMP at pH7 (TMP: ~5.1x105 M-1 s-1 (46), SMX: 6.7x103 M-1 s1 (47)

) and the nature of oxidation intermediates that are formed.

TMP reacts with both triplet-CBBP and ClO2 and is assumed to be oxidized to its phenoxyl
radical, having a one-electron reduction potential of 0.49 V vs. NHE63, while SMX reacts mainly
with triplet-CBBP under possible formation of a aniline-like radical with an unknown oneelectron potential (estimated value for the neutral species of sulfonamides: 1.2 V vs NHE65).
Such high reduction potential raises the possibility of reaction with reductants and reformation to
the parent compound as observed for SMX in the presence of antioxidants 16.
Here we propose the reaction of an SMX radical with chlorite to chlorine dioxide. A sink for the
produced chlorine dioxide is superoxide (Reaction rate constant from NIST) which is produced
from triplet-CBBP.
Photochemical reactivity of byproducts from chlorine dioxide treatment present at micromolar
concentration gives rise to interesting effects that might be potentially exploited for a more
efficient usage of the employed chlorine dioxide in water treatment (e.g. chlorine dioxide in
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combination with UV-irradiation or natural sunlight). However, the observed kinetics is not
useful to draw conclusions on changes in DOM reactivity and its molecular structure after
treatment with chlorine dioxide.
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Oxidative treatment of DOM containing aqueous solutions
with ozone and chlorine dioxide: Effect on optical and
photochemical properties

Jannis Wenk, Michael Aeschbacher, Elisabeth Salhi, Urs von Gunten,
Michael Sander and Silvio Canonica.

The results of this chapter will be divided into two separate contributions currently in
preparation for submission to
Environmental Science and Technology.

(1) Chemical oxidation of dissolved organic matter by chlorine dioxide, chlorine, and ozone:
Effects on its optical and antioxidant properties.
(2) Ozonation of dissolved organic matter: Effect on photochemical reactivity and antioxidant
properties

Text S1. List of chemicals and materials
All chemicals were from commercial sources and used as received: Sulfamethoxazole
(SMX) [CAS 723-46-6] (Sigma-Aldrich), sulfadiazine (SD) [68-35-9] (Sigma-Aldrich,
≥99%),

2,4,6-trimethylphenol

(TMP)

[527-60-6]

(EGA

Chemie,

99%),

4-carboxybenzophenone (CBBP) [611-95-0] (Sigma-Aldrich, >99%), tert-butanol (tBuOH)
[75-65-0] (Fluka, ≥99.7% ), HPLC-grade acetonitrile and methanol (Acros Organics),
potassium peroxodisulfate (K2S2O8) [7727-21-1] (Fluka, ≥99%), sodium chlorite (NaClO2)
[7758-19-2] (Fluka, puriss. p.a. 80%), sodium chlorate (NaClO3) [7775-09-9] (Fluka, ≥99%),
ortho-phosphoric acid [7664-38-2] (Fluka, 85%), sodium dihydrogen phosphate monohydrate
[10049-21-5] (Merck, 99–102%), sodium dihydrogen phosphate dihydrate [13472-35-0]
(Fluka, ≥99%), disodium hydrogen phosphate dodecahydrate [10039-32-4] (Fluka, ≥98.0%).
Standard DOMs - Suwannee River Humic Acid (SRHA), Suwannee River Fulvic Acid
(SRFA) and Pony Lake Fulvic Acid were obtained from the International Humic Substances
Society (IHSS, St. Paul, MN).

S156

Table S1. Selected physicochemical properties of tested dissolved organic matter samples

Suwanee River
Humic Acid
Suwanee River
Fulvic Acid
Pony Lake
Fulvic Acid

Elemental compositiona
(mass%)
C
H
O
52.63
4.28
42.04

Aromaticityb

Phenol contentc
[meq gC-1]

31

3.72

52.34

4.36

42.98

22

2.84

52.47

5.39

31.38

12

Not available

a.

From http://www.humicsubstances.org/elements.html; accessed 18th October 2012; b.
Estimated by 13C-NMR spectroscopy (ref1) c. Determined by acid-base titration (ref2)

S157

Supporting Information for Chapter 4
Table S2. Weighted light attenuation factors for experimental conditions (quartz glass tubes, medium-pressure lamp
emission at 334 nm and 366 nm and sodium nitrate UV-filter solution) for ozonated SRHA (2.3 mg C L-1) in different
experimental systems. For ozone-concentrations where no absorption data were recorded the value was calculated by
linear interpolation (indicated by asterisks).
Ozone concentration

Ozonated SRHA

Ozonated SRHA
(tBuOH addition)

Ozonated SRHA –
CBBP

0

0.938

0.938

0.922

Ozonated SRHA
(tBuOH addition) –
CBBP
0.922

0.025

0.941*

0.944*

0.926*

0.928*

0.050

0.944

0.949*

0.929

0.934*

0.075

0.947*

0.955*

0.933*

0.940*

0.100

0.950*

0.960*

0.939*

0.946*

0.125

0.953

0.966*

0.942

0.952*

0.150

0.956

0.971*

0.943*

0.958*

0.175

0.958

0.977*

0.944*

0.964*

0.200

0.959*

0.982*

0.945*

0.970*

0.225

0.960*

0.988*

0.946*

0.976*

0.250

0.961

0.993

0.947

0.982

0.300

0.964*

0.993*

0.951*

0.983*

0.313

0.965*

0.994*

0.952*

0.983*

0.350

0.967*

0.994*

0.955

0.984*

0.375

0.969*

0.995*

0.957*

0.985*

0.400

0.970*

0.995*

0.958*

0.986*

0.438

0.973*

0.996*

0.961*

0.986*

0.450

0.974*

0.997*

0.962*

0.987*

0.500

0.976

0.998

0.965

0.988

0.563

0.979*

0.998*

0.967*

0.988*

0.625

0.981

0.998*

0.969

0.988*

0.688

0.983*

0.998*

0.972*

0.988*

0.750

0.984*

0.998*

0.973*

0.988*

0.875

0.987

0.999*

0.977

0.990*

0.900

0.988*

0.999*

0.978*

0.990*

0.950

0.988*

0.999*

0.978*

0.990*

1.000

0.989*

0.999*

0.979*

0.990*

1.125

0.990

0.999

0.981

0.990

[mg O3 / mg C]
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Table S3. Weighted light attenuation factors for experimental conditions (quartz glass tubes, medium-pressure lamp
emission at 334 nm and 366 nm and sodium nitrate UV-filter solution) for ozonated SRFA (2.3 mg C L-1) in different
experimental systems. For ozone-concentrations where no absorption data were recorded the value was calculated by
linear interpolation (indicated by asterisks).
Ozone concentration

Ozonated SRFA

Ozonated SRFA
(tBuOH addition)

Ozonated SRFA –
CBBP

0

0.971

0.971

0.958

Ozonated SRFA
(tBuOH addition) –
CBBP
0.958

0.025

0.974

0.973*

0.961

0.961*

0.050

0.976

0.976*

0.963

0.964*

0.075

0.977

0.978*

0.964

0.967*

0.100

0.979

0.981*

0.967

0.970*

0.125

0.982

0.983*

0.970

0.973*

0.150

0.982

0.986*

0.971

0.976*

0.175

0.985

0.988*

0.974

0.979*

0.200

0.985*

0.991*

0.975*

0.982*

0.225

0.986*

0.994*

0.976*

0.985*

0.250

0.987

0.997

0.977

0.988

0.300

0.988*

0.997*

0.978*

0.988*

0.313

0.988*

0.998*

0.978*

0.988*

0.350

0.989*

0.998*

0.979*

0.989*

0.375

0.989*

0.998*

0.979*

0.989*

0.400

0.989*

0.999*

0.979*

0.989*

0.438

0.990*

0.999*

0.980*

0.990*

0.450

0.990*

0.999*

0.980*

0.990*

0.500

0.991

0.999

0.981

0.990

0.563

0.992*

0.999*

0.984*

0.990*

0.625

0.992*

0.999*

0.984*

0.990*

0.688

0.993*

0.999*

0.985*

0.991*

0.750

0.994*

0.999*

0.986*

0.991*

0.875

0.995

0.999*

0.987

0.991*

0.900

0.995*

0.999*

0.987*

0.991*

0.950

0.995*

0.999*

0.987*

0.991*

1.000

0.995*

0.999*

0.987*

0.991*

1.125

0.995

0.999

0.987

0.991

[mg O3 / mg C]

S163

Supporting Information for Chapter 4
Table S4. Weighted light attenuation factors for experimental conditions (quartz glass tubes, medium-pressure lamp
emission at 334 nm and 366 nm and sodium nitrate UV-filter solution) for ozonated SRFA (2.3 mg C L-1) in different
experimental systems. For ozone-concentrations where no absorption data were recorded the value was calculated by
linear interpolation (indicated by asterisks).
Ozone concentration

Ozonated PLFA

Ozonated PLFA
(tBuOH addition)

Ozonated PLFA –
CBBP

0

0.982

0.982

0.971

Ozonated PLFA
(tBuOH addition) –
CBBP
0.971

0.025

0.985

0.984*

0.974

0.972*

0.050

0.987*

0.985*

0.975*

0.974*

0.075

0.989

0.987*

0.978

0.976*

0.100

0.990*

0.988*

0.980*

0.977*

0.125

0.991

0.990*

0.981

0.979*

0.150

0.991*

0.991*

0.981*

0.981*

0.175

0.992*

0.993*

0.981*

0.982*

0.200

0.992*

0.994*

0.982*

0.984*

0.225

0.993*

0.996*

0.982*

0.986*

0.250

0.994

0.997

0.983

0.988

0.300

0.994*

0.997*

0.983*

0.988*

0.313

0.994*

0.997*

0.984*

0.988*

0.350

0.994*

0.997*

0.985*

0.988*

0.375

0.994*

0.998*

0.986*

0.988*

0.400

0.994*

0.998*

0.987*

0.988*

0.438

0.994*

0.998*

0.988*

0.989*

0.450

0.995*

0.998*

0.989*

0.989*

0.500

0.995

0.998

0.990

0.990*

0.563

0.995*

0.998*

0.990*

0.990*

0.625

0.995*

0.998*

0.990*

0.990*

0.688

0.995*

0.998*

0.990*

0.990*

0.750

0.995*

0.998*

0.990*

0.990*

0.875

0.995*

0.999*

0.990*

0.990*

0.900

0.995*

0.999*

0.990*

0.990*

0.950

0.995*

0.999*

0.990*

0.990*

1.000

0.995*

0.999*

0.990*

0.990*

1.125

0.995

0.999

0.990

0.990

[mg O3 / mg C]
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-5
-1
(1)
Table S5. Measured pseudo-first-order reaction rate constants k SRHA
[O3 ] (10 s ) for TMP

photosensitized by ozonated SRHA (2.3 mg C L-1) and controls (all at pH 7, 10 mM phosphate).
Values in parentheses show 95% confidence intervals (data corrected for light-attenuation by
SRHA).
Ozone
concentration

TMP- Ozonated
SRHA

TMP -Ozonated
SRHA (tBuOH
addition)

0

53.2 (±0.8)

64.7 (±0.9)

0.05

45.1 (±0.8)

56.2 (±0.9)

0.15

32.9 (±0.9)

37.8 (±1.5)

[mg O3 / mg C]

0.25

TMP - Ozonated
SRHA (postozonation
tBuOH addition)

TMP Buffered water
control

TMP Buffered water
control tBuOH
addition

2.8 (±1.0)

0.5 (±1.1)

22.4 (±0.4)

0.5

14.1 (±0.9)

17.0 (±1.0)

0.875

5.7 (±0.2)

6.2 (±0.5)

3.4 (±0.5)

-0.9 (±1.0)

1.125

6.3 (±0.3)

6.9 (±0.7)

2.2 (±1.2)

0.6 (±1.0)

-6
-1
(1)
Table S6. Measured pseudo-first-order reaction rate constants kSRHA
[O3 ] (10 s ) for SMX

photosensitized by ozonated SRHA (2.3 mg C L-1) and controls (all at pH 7, 10 mM phosphate).
Values in parentheses show 95% confidence intervals (data corrected for light-attenuation by
SRHA).
Ozone
concentration [mg
O3 / mg C]

SMX - Ozonated
SRHA

SMX - Ozonated
SRHA (tBuOH
addition)

SMX - Ozonated
SRHA (postozonation tBuOH
addition)

SMX Buffered
water control

SMX Buffered water
control tBuOH
addition

0.00

9.0 (±0.5)

9.8 (±0.3)

8.8 (±0.7)

3.0 (±0.4)

2.8 (±0.2)

0.05

11.2 (±1.0)

11.8 (±1.8)

0.10

10.4 (±0.6)

11.1 (±0.4)

0.15

10.4 (±0.9)

10.9 (±1.1)

0.20

9.6 (±0.9)

9.6 (±0.8)

0.25

9.5 (±0.9)

9.6 (±0.4)

0.30

8.4 (±1.0)

8.6 (±0.5)

0.35

9.2 (±0.8)

10.0 (±0.6)

0.40

8.2 (±0.3)

9.1 (±0.7)

0.45

8.7 (±1.3)

9.4 (±1.0)

0.50

9.0 (±0.9)

8.0 (±1.9)

5.4 (±0.7)

2.4 (±0.2)

2.4 (±0.2)

0.625

7.5 (±0.9)

7.8 (±1.1)

5.4 (±0.5)

2.6 (±0.3)

2.5 (±0.6)

0.875

5.9 (±0.8)

6.0 (±1.0)

4.2 (±0.6)

1.125

4.7 (±0.5)

5.0 (±0.3)

7.4 (±1.0)
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Table S7. Measured pseudo-first-order reaction rate constants kSRFA
[O3 ] (10 s ) for TMP

photosensitized by ozonated SRFA (2.3 mg C L-1), all at pH 7, 10 mM phosphate. Values in
parentheses show 95% confidence intervals (data corrected for light-attenuation by SRFA).
Ozone
concentration [mg
O3 / mg C]

TMP - Ozonated
SRFA

TMP Ozonated
SRFA (tBuOH
addition)

TMP - Ozonated
SRFA (postozonation
tBuOH addition)

0

23.0 (±1.1)

24.0 (±1.3)

26.0 (±0.9)

0.05

20.0 (±0.6)

22.0 (±0.9)

25.0 (±1.3)

0.15

15.0 (±0.7)

21.0 (±0.9)

20.0 (±1.1)

0.25

9.4 (±0.3)

15.0 (±0.6)

13.0 (±0.8)

0.5

5.0 (±0.2)

7.8 (±0.3)

6.8 (±0.3)

0.875

2.7 (±0.2)

4.6 (±0.3)

3.9 (±0.2)

1.125

4.1 (±0.4)

4.9 (±0.2)

3.4 (±1.3)
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-1
(1)
Table S8. Measured pseudo-first-order reaction rate constants kSRFA
[O3 ] (10 s ) for SMX

photosensitized by ozonated SRFA (2.3 mg C L-1), all at pH 7, 10 mM phosphate. Values in
parentheses show 95% confidence intervals (data corrected for light-attenuation by SRFA).
Ozone
concentration [mg
O3 / mg C]

SMX - Ozonated
SRFA

SMX - Ozonated
SRFA (tBuOH
addition)

SMX - Ozonated
SRFA (postozonation
tBuOH addition)

0.00

6.9 (±0.6)

5.7 (±0.3)

10.4 (±0.3)

0.05

6.7 (±0.6)

5.9 (±0.3)

0.10

7.0 (±0.7)

4.9 (±0.2)

0.15

6.8 (±0.2)

5.6 (±0.5)

0.20

7.3 (±0.3)

6.1 (±0.3)

0.25

6.6 (±0.5)

6.9 (±0.2)

0.30

8.8 (±0.7)

7.1 (±0.4)

0.35

8.0 (±0.7)

6.9 (±0.6)

0.40

6.3 (±0.5)

3.5 (±0.2)

0.45

7.2 (±1.0)

4.3 (±0.2)

0.50

7.0 (±0.8)

4.8 (±0.4)

8.4 (±1.2)

0.625

6.0 (±0.4)

3.7 (±0.1)

4.7 (±0.7)

0.875

4.2 (±0.3)

3.6 (±0.2)

6.2 (±0.5)

1.125

4.3 (±0.3)

3.7 (±0.2)

4.0 (±1.2)

9.3 (±0.3)

9.9 (±0.4)
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Table S9. Measured pseudo-first-order reaction rate constants k PLFA
[O3 ] (10 s ) for TMP

photosensitized by ozonated PLFA (2.3 mg C L-1), all at pH 7, 10 mM phosphate. Values in
parentheses show 95% confidence intervals (data corrected for light-attenuation by PLFA).
Ozone
concentration [mg
O3 / mg C]

TMP - Ozonated
PLFA

TMP - Ozonated
PLFA (tBuOH
addition)

TMP - Ozonated
PLFA (postozonation
tBuOH addition)

0

45.5 (±1.9)

43.2 (±0.5)

45.9 (±1.1)

0.05

40.6 (±0.9)

43.9 (±0.5)

0.15

31.9 (±1.1)

41.3 (±2.3)

40.8 (±0.7)

23.8 (±0.8)

15.9 (±0.7)

15.8 (±0.5)

9.3 (±0.6)

0.25
0.5

12.7 (±0.3)

0.875

5.1 (±0.4)

1.125

5.3 (±0.1)

7.1 (±0.8)
9.7 (±0.3)

5.9 (±0.4)
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Table S10. Measured pseudo-first-order reaction rate constants k PLFA
[O3 ] (10 s ) for SMX

photosensitized by ozonated PLFA (2.3 mg C L-1) , all at pH 7, 10 mM phosphate. Values in
parentheses show 95% confidence intervals (data corrected for light-attenuation by PLFA).
Ozone
concentration [mg
O3 / mg C]

SMX - Ozonated
PLFA

SMX - Ozonated
PLFA (tBuOH
addition)

SMX Ozonated PLFA
(post-ozonation
tBuOH addition)

0.00

26.6 (±0.4)

25.6 (±0.6)

38.7 (±0.8)

0.05

29.2 (±0.4)

47.2 (±0.2)

0.10

28.3 (±0.6)

48.5 (±1.5)

0.15

32.9 (±1.8)

54.1 (±3.0)

0.20

27.6 (±2.8)

47.5 (±1.9)

0.25

31.8 (±1.0)

49.1 (±2.4)

0.30

29.6 (±1.5)

44.7 (±1.9)

0.35

16.1 (±1.0)

35.0 (±2.2)

0.40

20.3 (±1.5)

29.8 (±2.1)

0.45

17.1 (±1.0)

24.5 (±1.4)

0.50

9.6 (±1.5)

23.9 (±1.2)

21.7 (±2.8)

0.625

13.0 (±1.1)

14.0 (±0.7)

8.6 (±1.4)

0.875

7.2 (±0.7)

1.125

5.8 (±0.8)

49.3 (±2.1)

4.1 (±0.3)
10.1 (±0.4)

3.1 (±0.3)
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Table S11. Measured pseudo-first-order reaction rate constants kCBBP
s ) for TMP
,SRHA,[ O3 ] (10

photosensitized by CBBP (50µM) in presence of ozonated SRHA (2.3 mg C L-1), all at pH 7, 10 mM
phosphate. Values in parentheses show 95% confidence intervals (data corrected for lightattenuation and photosensitation by SRHA).
Ozone
concentration [mg
O3 / mg C]

TMP - Ozonated
SRHA

TMP - Ozonated
SRHA (tBuOH
addition)

No SRHA

370 (±4)

370 (±4)

0

346 (±10)

399 (±16)

0.05

359 (±4)

349 (±5)

0.15

355 (±5)

331 (±9)

0.25

337 (±10)

403 (±7)

0.5

373 (±8)

392 (±10)

0.875

358 (±8)

345 (±11)

1.125

354 (±12)

326 (±8)

Table S12. Measured pseudo-first-order reaction rate constants

-1
( 2)
(10-5 s ) for SMX
kCBBP
,SRHA,[ O3 ]

photosensitized by CBBP (50µM) in presence of ozonated SRHA (2.3 mg C L -1), all at pH 7, 10 mM
phosphate. Values in parentheses show 95% confidence intervals (data corrected for light-attenuation and
photosensitation by SRHA).
Ozone
concentration [mg
O3 / mg C]

SMX - Ozonated
SRHA

SMX - Ozonated
SRHA (tBuOH
addition)

SMX - Ozonated
SRHA (postozonation tBuOH
addition)

No SRHA

56.4 (±4.3)

56.4 (±4.3)

56.4 (±4.3)

0.00

20.1 (±1.5)

22.6 (±6.4)

20.6 (±0.8)

0.05

23.8 (±0.9)

21.4 (±1.5)

0.10

26.7 (±1.4)

27.4 (±1.3)

0.15

30.4 (±1.7)

31.2 (±1.4)

0.20

30.8 (±1.6)

35.8 (±1.5)

0.25

30.4 (±2.0)

45.1 (±1.6)

0.30

30.6 (±1.8)

52.0 (±1.9)

0.35

30.7 (±1.0)

44.0 (±2.7)

0.40

29.5 (±0.6)

52.1 (±0.8)

0.45

29.3 (±1.2)

37.4 (±0.8)

0.50

32.0 (±2.7)

35.1 (±2.7)

0.625

30.0 (±2.6)

34.5 (±1.8)

0.875

48.0 (±2.9)

32.1 (±1.5)

31.8 (±1.9)

1.125

30.5 (±2.4)

34.6 (±2.2)

31.7 (±0.9)

27.0 (±0.8)

29.1(±2.8)
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Table S13. Measured pseudo-first-order reaction rate constants kCBBP
s ) for TMP
, SRFA,[ O3 ] (10

photosensitized by CBBP (50µM) in presence of ozonated SRFA (2.3 mg C L-1), all at pH 7, 10 mM
phosphate. Values in parentheses show 95% confidence intervals (data corrected for lightattenuation and photosensitation by SRFA).
Ozone
concentration [mg
O3 / mg C]

TMP - Ozonated
SRFA

TMP - Ozonated
SRFA (tBuOH
addition)

TMP - Ozonated
SRFA (postozonation
tBuOH addition)

No SRFA

397 (±7)

385 (±8)

504 (±13)

0.00

436 (±6)

434 (±8)

558 (±30)

0.05

411 (±7)

384 (±9)

470 (±16)

0.15

391 (±7)

371 (±10)

549 (±11)

0.25

384 (±13)

412 (±9)

511 (±12)

0.50

423 (±6)

400 (±12)

507 (±6)

0.875

365 (±5)

359 (±3)

472 (±8)

1.125

369 (±6)

335 (±9)

435 (±8)
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Table S14. Measured pseudo-first-order reaction rate constants kCBBP
, SRFA,[ O3 ] (10 s ) for SMX and

SD photosensitized by CBBP (50µM) in presence of ozonated SRFA (2.3 mg C L-1), all at pH 7, 10
mM phosphate. Values in parentheses show 95% confidence intervals (data corrected for lightattenuation and photosensitation by SRFA).
Ozone
concentration [mg
O3 / mg C]

SMX - Ozonated
SRFA

SMX - Ozonated
SRFA (tBuOH
addition)

SMX - Ozonated
SRFA (postozonation tBuOH
addition)

SD Ozonated
SRFA

No SRFA

65.0 (±6.3)

65.0 (±6.3)

90.0 (±4.7)

339 (±6)

0.00

21.3 (±1.4)

21.6 (±0.9)

42.8 (±0.8)

140 (±4)

0.025

17.9 (±0.8)

21.8 (±1.9)

0.05

18.3 (±0.9)

25.9 (±1.3)

51.7 (±1.8)

125 (±3)

0.075

31.6 (±1.8)

0.10

20.6 (±0.8)

144 (±4)

0.125

25.3 (±2.4)

0.15

25.1 (±2.2)

0.175

28.0 (±1.5)

46.8 (±3.0)

0.20

30.4 (±2.3)

40.0 (±3.6)

0.225

31.6 (±2.2)

47.0 (±8.4)

0.25

34.8 (±2.9)

59.5 (±2.0)

33.9 (±2.2)

66.5 (±1.4)
187 (±6)
203 (±6)
81.2 (±1.3)

241 (±7)

0.375

273 (±14)

0.44

261 (±8)

0.50

41.1 (±1.5)

48.4 (±2.8)

81.7 (±3.4)

0.56

347 (±14)

0.6

347 (±10)

0.75

324 (±16)

0.875

57.2 (±0.8)

59.2 (±1.5)

86.7 (±1.8)

0.95
1.125

390 (±20)
71.1 (±0.2)

61.6 (±4.6)

80.1 (±1.8)
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Table S15. Measured pseudo-first-order reaction rate constants k CBBP
(10-5 s-1) for TMP
, PLFA ,[ O3 ]

photosensitized by CBBP (50µM) in presence of ozonated PLFA (2.3 mg C L-1), all at pH 7, 10 mM
phosphate. Values in parentheses show 95% confidence intervals (data corrected for lightattenuation and photosensitation by SRHA).
Ozone
concentration [mg
O3 / mg C]

TMP - Ozonated
PLFA

TMP - Ozonated
PLFA (tBuOH
addition)

TMP - Ozonated
PLFA (postozonation
tBuOH addition)

No SRFA

405 (±10)

405 (±10)

405 (±10)

0

436 (±15)

448 (±6)

424 (±17)

0.12

461 (±7)

418 (±6)

0.25

450 (±3)

415 (±9)

0.62

411 (±13)

426 (±14)

0.875

405 (±3)

1.125

384 (±3)

407 (±9)
390 (±20)

407 (±6)
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Table S16. Measured pseudo-first-order reaction rate constants k CBBP
(10-5 s-1) for SMX and
, PLFA ,[ O3 ]

SD photosensitized by ozonated PLFA (2.3 mg C L-1), all at pH 7, 10 mM phosphate. Values in
parentheses show 95% confidence intervals (data corrected for light-attenuation and
photosensitation by PLFA).
Ozone
concentration
[mg O3 / mg C]

SMX Ozonated
PLFA

SMX -Ozonated
PLFA (tBuOH
addition)

SMX - Ozonated
PLFA (postozonation tBuOH
addition)

SD Ozonated
PLFA

No SRFA

99.5 (±6)

99.5 (±6)

99.5 (±6)

359 (±7)

0

49.6 (±2.1)

57.6 (±3.0)

54.6 (±1.9)

266 (±8)

0.025

62.6 (±2.9)

68.3 (±2.3)

0.05

77.2 (±3.5)

83.6 (±2.9)

0.075

73.8 (±2.1)

82.9 (±2.9)

284 (±9)

0.1

90.2 (±2.2)

90.9 (±1.2)

287 (±11)

0.125

85.1 (±2.6)

106.9 (±1.9)

0.15

78.2 (±2.7)

99.4 (±3.1)

0.175

98.2 (±2.8)

113.8 (±4.0)

0.2

88.6 (±3.8)

99.4 (±2.3)

0.225

88.1 (±2.1)

117.8 (±2.0)

0.25

106.4 (±2.9)

248 (±7)
72.2 (±3.8)

101.4 (±9.2)

262 (±5)

302 (±9)
316 (±16)

92.2 (±2.7)

334 (±13)

0.3125

327 (±16)

0.375

323 (±13)

0.4375

352 (±14)

0.5

345 (±21)

0.5625

348 (±17)

0.625

107.5 (±1.9)

121.7 (±3.0)

95.1 (±4.5)

337 (±14)

0.6875

348 (±17)

0.75

345 (±24)
89.3 (±2.8)

97.3 (±3.2)

1.0
1.125

381 (±27)
97.6 (±3.2)

121.5 (±4.1)

82.2 (±3.4)
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Table S17. Fit parameters of linear regression of pseudo-first order reaction rate constants of TMP
photosensitized by ozonated DOMs vs weighted light absorption (334 nm and 366 nm) of DOMs
(Standard errors are given in parenthesis).
Linear Regression

SRHA

SRFA

PLFA

Slope

0.913 (±0.07)

0.967 (±0.12)

1.108 (±0.21)

Intercept

0.017 (±0.02)

0.114 (±0.02)

0.02 (±0.03)

0.969

0.907

0.841

parameters

2

R (Corr. Coeff.)

Table S18. Fit parameters of linear regression of pseudo-first order reaction rate constants of TMP
photosensitized by ozonated DOMs (in presence of tBuOH) vs weighted light absorption (334 nm
and 366 nm) of DOMs (Standard errors are given in parenthesis).
Linear Regression

SRHA (tBuOH)

SRFA (tBuOH)

PLFA (tBuOH)

Slope

0.894 (±0.10)

0.98 (±0.22)

0.899 (±0.11)

Intercept

0.139 (±0.03)

0.204 (±0.04)

0.183 (±0.06)

0.924

0.756

0.934

parameters

2

R (Corr. Coeff.)
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General Conclusions

Chapter 5
Photochemical transformation is an important pathway for the fate of aquatic contaminants. For
many transformation processes, dissolved organic matter (DOM) plays a central role and a better
understanding of its various impacts is critical to assess the contaminant depletion potential of
sunlit natural waters. DOM has a dual character because it creates both enhancing and decreasing
effects on the photochemical transformation of contaminants. DOM is involved in the formation
of various reactive species, which are able to react with contaminants. However, it also decreases
the light-availability in deeper zones of water bodies and it competes directly with contaminants
in the water because it is an important scavenger and quencher of radicals and excited states.
Prior to this dissertation, a further aspect of DOM, namely the impact of its antioxidant groups on
environmentally relevant photochemical processes was hardly investigated. By transferring
electrons to short-lived oxidation intermediates of contaminants, antioxidant moieties within
DOM are most likely responsible that these intermediates transform back to their parent
compounds rather than form stable oxidation products. Due to this protective effect of DOM, the
efficiency of certain indirect photochemical transformation pathways may be reduced
considerably.
The aim of the dissertation was to investigate the antioxidant properties of DOM with regard to
their influence on oxidative photochemical contaminant transformation in sunlit surface waters.
During the study it could be shown that the antioxidative effect on triplet-induced oxidation
reactions is much stronger for DOM of terrestrial origin than for DOM of aquatic origin. This
finding indicates that phenolic groups, which are more abundant in plant derived terrestrial DOM,
play potentially an important role for the antioxidant properties. However, antioxidants are not
affecting by all type of oxidation processes as demonstrated by •OH radical induced
transformation of micropolllutans.
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Phenolic model antioxidants were successfully implemented to mimic the antioxidative effect of
DOM in triplet-induced oxidation reactions. These results strengthened the hypothesis of
phenolic moieties carrying a considerable fraction of the total antioxidant moieties of DOM.
Additionally, phenolic antioxidants were proposed as a new diagnostic tool in environmental
photochemistry. Efficient inhibition of oxidation of contaminants after addition of small amounts
of phenolic antioxidants would support excited triplet-induced oxidation as a relevant
transformation pathway.
Compounds bearing amine moieties such as aniline and sulfonamide-antibiotics but also
trimethoprim were significantly affected by inhibition. Comparative experiments between several
anilines suggested that a radical-cation formed upon the one-electron oxidation is the reaction
intermediate probably reacting with the antioxidant moieties of DOM.
Pretreatment of DOM with ozone showed that the inhibiting/antioxidant properties of DOM
could be diminished or even eliminated completely by oxidation. During ozonation
photosensitizing properties of DOM decreased with increasing DOM-bleaching.
In summary, this dissertation substantially enhanced the understanding of the role and
contribution of antioxidant moieties of DOM on photochemical processes.
Despite scientific findings of this dissertation, research in this area of environmental
photochemistry is still in its infancy. To advance further understanding several directions of
research are promising. First of all, time resolved spectroscopic measurements are indispensable
and already planned within the framework of a follow-up project. These measurements will be
used to elucidate the types of possible short-lived reaction intermediates involved in the observed
effects, e.g., radical cations and phenoxy radicals. The results are expected to yield the elements
for a sound mechanistic interpretation of the data obtained in the present study. Likewise, pHdependent steady state experiments should be able to give valuable indirect indications about
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which type of reactive species are involved. Since pH affects acid-base equilibria of both parent
compounds and reaction intermediates, skillful choice of compounds used for experiments is
essential. Currently, such a study is being conducted.
A further important point to be mentioned here is the impact of antioxidants on the direct
photochemical transformation of aqueous contaminants and other environmentally relevant
compounds. If a decrease of direct transformation rates in presence of DOM or model
antioxidants could be observed that is much stronger than the expected decrease caused by
attenuation of light, such an observation would mean a stabilization of certain contaminants in
surface waters and have great impact on models currently used for predicting the photochemical
fate of contaminants. The existence of an antioxidative effect of DOM on direct photochemical
reactions was allusively found for a few sulfonamide antibiotics in this study but not investigated
in detail.
A large part of experimental work was conducted using standard DOM extracts. Therefore,
research needs to expand on the importance of this effect of DOM present in natural waters.
Natural samples investigated during this dissertation showed little antioxidative properties and
results obtained were similar to those determined using a DOM extract of pure aquatic origin
(from Pony Lake, Antarctica). However, these samples were from a rather small geographical
area in Switzerland and should not be generalized. Comparison to other natural waters would
help to quantify the general importance of DOM-antioxidants in surface waters.
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