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Summary \

Summary
Many pharmaceuticals (e.g. antibiotics, contrast media, beta bloclkees)excreted

unmetabolized and enter wastewater treatment plants (WWTPs) through the domestic sewage
system. Research has shown that many of them are not effgcéweoved by conventional
wastewater treatment and therefore are detected in surface waters.

Reverse osmosis (RQ9 one of the most effective means for removing a wide range of
micropollutans in water recycling. However, one significant disadvantagéhés need to
dispose the resultant R€dncentrate. Due to the fact that there are elevated concentrations of
micropollutants in the concentrate direct disposal to surface water could be hazasdo
aguatic organisms. As a consequence, further treaihéim¢ concentratis necessary. In this
study, ozonationwas investigated as a possible treatment option for ¢®@centrates.
Concentrate samples were obtained from a-rR€@nbrane system which usesunicipal
WWTP effluents as feedng water to produce infiiration water for artificial groundwater
recharge In this study it could be shown that ozonation is efficient in the attenuation of
selected pharmaceuticals, eversamples with high TOC levels (46 mg C/L).

Tests with chlorinated and nalorinated WWT Peffluent showed an increase of ozone
stability, but a decrease of hydroxyl radical exposure in the samples after chlorination. This
may shift the oxidation processes towards direct ozone reactions and favors the degradation of
compounds with high apparesécond order rate constants. Additionally it might inhibit an
oxidation of compound predominantly reacting with OH radicals.

Ozone reaction Kkinetics were investigated for beta blockers (acebutdrolol,
metoprolol and propranolol) which are permahemresent in WWTP effluents. Fdreta
blockess two moietiesare common whickare reactive towards ozona secondargmine
group and an activated aromatic ringhe secondary amine is responsible for a pH
dependence of the direct ozone reaction rategsimty the deprotonated amine reacts very

quickly. At pH 7 acebutolol, atenolol and metoprolol reacted with ozone with an apparent
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second order rate constant of about 20Dbs*, whereas propranolol reacted at ~1.8 W0*
s'. The rate constants for theaction of the selected compounds WiiH radicals were
determined to be 0:5.0 x 1d° M*s™.

Oxidation products (OPs) formed during ozonation of metoprolol and propranolol were
identified via liquid chromatography (LC) tandem mass spectrometrynd@ipo led to a high
number of OPs being formed. Experiments were carried out in Mik@er at pH 3 and pH 8
as well as with and without the radical scavenger tertiary buteBol@H). This revealed the
influence of pH and the OH radical exposure onf@iation. The OH radical exposure was
determinediy adding the probe compoupdra-chlorobenzoic acid (pCBA).

Metoprolol: To define the impacts of the protonated and non protonated metoprolol species
on OH radical formation, the measured pCBA attenuatias compared to modeled values
obtained by a simplified kinetic model (Acuchem). A better agreement with the measured
results was obtained, when the model was based on a stoichiometric formation of OH radical
precursorsbz') during the primary ozone reion of metoprolalHowever, for reaction of a
deprotonated molecule (attack of the aromatic ring) a formatid®,0tould be confirmed,

but an assumed stoichiometfi@,” formation overestimated the formation of OH radicals in

the system.

Analysis of ozonated raw wastewater and municipal WWTP effluent spiked with 10 pM
metoprolol exhibited a similar OP formation pattern as detected in the reaction system at pH 8
without adding radical scavenger. This indicated a significant impact of OH radical exposur
on the formation of OPs in real wastewater matrices.

Propranolol: The primary ozonation product of propranolol (@®1) was formed by an
ozone attack of the naphthalene ring, which resulted in a ring opening and two aldehyde
moieties being formed. GP91was further oxidized to OB07, presumably bgn OH radical

attack, which was then further oxidized to -Q®1. Reaction pathways via ozone as well as
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OH radicals wer@roposed and confirmed by the chemical structures identified withali®
MS?® data.
It can be concluded that ozonation of WWTP effluent results in the formation of a high

number of OPs with an elevated toxic potential (i.e. formation of aldehydes).
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Zusammenfassung IX

Zusammenfassung
Bei einigen Arzneimittel4.B. Antibiotika, Kontrastmittel, BetablocKewird ein Teil des

Wirkstoffs unmetabolisiert ausgeschieden und gelandgibss das Abwasser kommunale
Klaranlagen Studien haben gezeigt, dass viele dieser Wirkstoffe durch eine konventionelle
Abwasserbehandlung nicht effektiv abgebaut werden und son@baerflaichengewassern
nachweisbar sind.

Eines der effektivsten Verfahren zur Entfernung organischer Mikroverunreinigungen und
Mikroorganismen ist die Umkehrosmose. Ein bedeutender Nachteil dieses Verfahrens ist die
Entsorgung der anfallenden Konzentrate,ie d erhohte Konzentrationen von
Mikroverunreinigungen und Mikroorganismen enthalten kodnnen. Dabei ist nicht
auszuschlieRen, dass eine direkte Einleitung dieser Konzentrate das Okosystem eines
Gewassers schadigt. Um dieses Risiko zu minimieren, ware eiopdgete Behandlung des
Konzentrats vor der Einleitung sinnvoll. In der hier vorliegenden Arbeit wurde die Ozonung
als mogliches Oxidationsverfahren untersucht. Die untersuchten Konzentratproben stammen
aus einer Klaranlage, in der der Ablauf nach Umkehosgibehandlung in das Grundwasser
infiltriert wird. Durch die Untersuchungen konnte gezeigt werden, dass durch die
angewendeten Ozondosen die ausgewahlten Arzneistoffe weitgehend oxidiert wurden,
obwohl das Umkehrosmosekonzentrat einen sehr hoheniT32@ales von bis zu 46 mg/L
aufwies.

Zur Vorbeugung von Membranfouling wird Membrananlagenzulaufen, in diesem Fall dem
Klaranlagenablauf, haufig Chlor zugese&ine Vergleichsstudienit vorchlorierten und nicht
vorchlorierten Klaranlagenablaufen zeigte ein@mstieg der Ozonstabilitat naclder
Chlorierung Daraus resultierteaber aucheine Abnahme an OiRadikalen Die hdhere
Ozonstabilitat konnte dazu fuhren, dass Uber einekte Ozonreaktiomie Oxidation von

Stoffen mit einer hohere@eschwindigkeitskonstde zweiter Ordnung bevorzugt wurde. Der
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Abbau der Stoffe, die hauptséachlich Uber -BBdikale oxidiert werden, wirde dann
gleichzeitig herabgesetzt.

Fur die Wirkstoffgruppe der Betablocker, die permanent in Klaranlagenablaufen
nachweisbar ist, wurden diee&chwindigkeitskonstanten mit Ozosowie OHRadikalen
ermittelt. Untersucht wurdeno&butolol,Atenolol, Metoprololund Propranolol. Betablocker
enthalten zwei funktionelle Gruppen, die reaktiv gegenuber Ozon sind, zum einen ein
sekundares Amin und zumdaren einen aktivierten aromatischen Ring. Die Amingruppe ist
dafur verantwortlich, dass die Geschwindigkeit der OzonreaktiotWet abhangig ist, da
nur das deprotonierte Amin schnell mit Ozon reagieren KamnGeschlvindigkeitskonstante
fir die Reaktim von Acebutolol, Atenolol and Metoprolol mit Ozon liegt beietwa
2000M*s*, wo hingegen Propranolol mit1.0 16 M* s* etwa zwei GréRenordnungen
schneller reagierDie Konstanten fir die Reaktionentr@H-Radikalen iegenbei 0.51.0 x
10°M*sh,

Die wahrend der Ozonreaktion von Metoprolol und Propranolol gebildeten
Oxidationsprodukte (OPs) wurden tber HRL@ndemMS identifiziert. Die Ozonreaktionen
fuhrten zur Bildung 23 OPs im Fall des Metoprolols und etwa 30 OPs beim Propranolol. Um
die Auswrkung des pHWertes sowie der OfRadikalreaktion auf die OBildung zu
untersuchen, wurden die Experimente bei3ind 8, sowie mit und ohne Zugabe des
Radikalfangerstert-Butanol durchgefiihrt. Die Menge der gebildeten -Rétlikale wurde
durch den Zusatzon para-Chlorbenzoesaure ermittelt.

Metoprolol Der Einfluss des protonierten und des nicht protonierten Metoprolols auf die
Menge der gebildeten ORadikale wurde Uber einen Vergleich der gemessenen
para-Chlorbenzoesaureabnahme mit modellierten Wertenttetitn(Model: Acuchem). Es

lassen sich dabei bessere Ubereinstimmungen erzielen, wenn die Modelannahmen bei der
primaren Ozonreaktion des nicht protonierten Molekuls auf einer stéichiometrischen Bildung

eines OHRadikalvorproduktes 11(02-) basieren. Die Mdellierung der Reaktion der
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protonierten Spezies unterstitzt ebenfalls die These der Bildung des Vorproﬁmtktes
allerdings in unterst6ichiometrischer Menge.

Die Untersuchung eines Abwassers und eines Klaranlagenablaufs, die mit 10 pmol/L
Metoprolol vesetzt wurden, zeigte eine €Bildung ahnlich der bei pH 8 ohne
Radikalfangerzugabe. Dies deutet auf einen signifikanten Einfluss deRaditalreaktion

fur die Bildung der OP in realer Abwassermatrix hin.

Propranolot Das primére OP der Ozonreaktion d&®pranolols (OR291) wird Gber einen
Angriff am Naphthalenring gebildet, der zu einer Ring6ffnung und der Bildung zweier
Aldehydfunktionen fihrt. OR91 wird vermutlich Gber eine GRadikalreaktion weiter zu
OP-307 oxidiert, welches anschlielend zu -281 weitereagiert. Durch die mittels
Massenspektrometrie identifizierten chemischen Strukturen der OPs, kdnnen die
vorgeschlagenen Bildungsreaktionen sowohl Uber direkte Ozonreaktion als auch uber
OH-Radikalreaktion bestatigt werden.

Als Fazit kann festgesielwerden, dass eine Ozonung eines Klaranlagenablaufes zu der
Bildung einer Vielzahl von OPs flhrt, die alle ein unbekanntes toxikologisches Potential

haben (z.B. Bildung von Aldehydfunktionen).






1 General Introduction

1.1 Beta blockers

1.1.1 General information on beta blockers

Betaadrenergic blocking agents (alsknown as beta blockersor betaadrenergic
antagonists) arepharmaceuticalsused for varioustherapeutic purposesmainly for the
treatment of cardiac malfunctiesuch as arrhythmia, hypertensi@swell as post treatment
after a myocardial infarction. Thelgind to betaadrenergic receptors in the sympathetic
nervous system preventing furthéinding of neurotransmitters e(g. adrenaline Beta
blockers can be divided into selective and-setectiveagents, depending on their selectivity
of different types of beta receptoihe beta blockerselectedor theresearch conducted

this thess are shown iTable %1.

N-isopropylethanolamine

Figure 1-1: General chemical structire of beta blockers

The chemicalstructure of the selectedbeta blockerdiave twocommonfunctional groups or
moieties the aromaticring and an ethanolamine(most cases Nsopropyl ethanolamine
Figure1-1) side chain which birgito the aromatic ring it an ether bondl’he oxygen in the
ether bond acts as an electron donor and causes an increase in electron dengitgysttdm
of the aryl group. This results in a higher reactivity towards the electrophile &taglof
ozone The same goes for deprotonated amine with alkyl substitutastsas an electron
donorwith an elevatedelectron densityAs theamino moieties of theelected beta blockers

have pk values of ~9, the protonated species will deminantat environmental as well as
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wastewaterrelevant pH of 68. However,the deprotoaed amine is up to 50 times more
reactive than the activated aromatic ring, so that the apparent rate constant of the reaction with

ozone will also be influenced at this pH range.



Table 1-1: Selected properties of the investigated beta blockers

Prescrip Human
MW Select tions excretion LogP
Name IUPAC name CAS Structure o pKa
[g/mol] -ivity  Germany, rate (o/w)
2004 [t} [%0] **
N-[3-Acetyli 4-
[27 hydroxyr 3- 3757 o on
Acebutolol [(Li 336.4 s o o\)\’NY by - 9-12 (60) 9.4 -
methylethyl)amino]
propoxylbutanamide
4-[2-Hydroxyr 3-
1i methylethyl 29122 ™ ow
Atenolol . _ yiethy) 266.3 j\/©/°\)\/”Y by 7.1 3550 9.6 0.23
amino]propoxy] 68/ 7 HN
benzeneacetamide
1-[4-(2-Methoxyethyl)
henox 37350 7" H
Metoprolol F_)_ 4 267.4 \)\/j/ by 98.1 ~10 9.7 19
-3-[(11 methylethyl) 58/ 6
amino}2i propanol
1-[(1-Methylethyl) )\N on
amino}3- R H/\E
Propranolol 259.3 525666 0 non 3.36 <4 95 1.2

(27 naphthalenyloxy)
-2i propanol

*(Lemmer 2006)** (Moffat 2004)
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1.1.2 Occurrence of beta blockers in the aquatic environment

Pharmaceuticalsexcreted either metabolized or unmetabolizeare enteringwastewater
treatment plarg (WWTPs) through the sewer systemin addition, unused or expired
mediations areknown to be disposeddirectly in the sewage waterselevating the
concentrations of the pharmaceutgaln most casesthese polar compounds arenot
completely removed from the water phase by the conventional wastewater treatment
processes

Onetherapeuticlass of pharmaceuticatsat is not effectively removed during wastewater
treatmenis beta blockers. Beta blockenave been detecteal the high ng/L up to pg/Lrange
in WWTP effluentgBendz et al. 2005, Gros et al. 2006, Huggett et al. 2003, Lee et al. 2007,
Ternes et al. 2003, Vieno, N. et al. 2007, Vieno, N. M. et al. 2@G6}hey are permanently
discharged into surface waters, thegwe frequently beedetected in several surface waters.

Table1-2 shows a sumany of someconcentrationsound in Europeanivers.

Table 1-2: Concentrations of selected beta blockers fron
several European studies on surface waters [ug/L].

Héje rive? Ebro rivef G Vers
(Sweden) (Spain) erman rive
Acebutolol n. i. n. i. n. i.
Atenolol 0.06 0.072 n. i.
Metoprolol 0.06 <LOD 1.2
Propranolol 0.01 <LOD 0.44
Reference - (Bendzet al. (Gros et al. (Ternes et al.
) 2005) 2006) 1998)
Vantaa rivet  Vantaa rivet
Po rivef (Italy) (Sweden) (Sweden)
2006 2007
Acebutolol n. i. 0.008 0.012
Atenolol n. i. 0.022 0.047
Metoprolol 0.039 0.077 0.101
Propranolol n. i. n. i. n. i.
Reference - (Calamari et al. (Vieno, N. M. (Vieno, N. M.
' 2003) et al. 2006) et al. 2007)

n. i.: not included in study; <LOD: below limit of detectidiyrab
sample; 7543 m downstream of WWTBiven in average:german
rivers:Lahn, Kinzig, Fulda, Werra, Main, Rhine, Nidda,
Schwarzbach; giveas 90 percentile
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1.1.3 Ecotoxicology of beta blockers

Pharmaceuticals are designed to haygharmacological anBiochemicalresponse to target
recepors in the human bog¥ut couldpotentialy be hazardougo the receiving ecosystam
(i.e. nontarget organisms)Additionally they mighthave an impact othe qualitydrinking if

they reach the ground water

Several studies focusing on the toxicologigaitential of betablockers revealed their
environmental relevanc€leuves ( 2005)measured E&g values in algae testd¢smodesmus
subspicatusof < 1 mg/L for propranolol and 7.9 mg/L for metoprolol. According to the EU
Directive (Commission of the European Communities, 1996) metoprolol would then be
classified as potentially toxic and propranolol as very toxic to aquatic organisms. A
chlorophyll fluorescence test showedgasitive correlationbetweenfluorescenceanhibition
effects andhydrophobicityof the compoungdwith EGsgvalues ranging fronkECsp 1335 mg/L

for atenolol,EGso 40 mg/L for metoprolol, andECso 4.1 mg/Lfor propranolol(Escher et al.
2006) Dzialowski et al. (2006) measured lowest obsedreffect concentrations (LOEC) of
metoprolol and propranolol fadaphnia magnaln addition to the typical ecotoxitmyical
endpoints growth (LOE Cyroprancioi= 0.44 mg/L; LOEGetopoilol =12 mg/L) theyalso observed

an impacton the heart rate of the test organigif®E Cyroprancioi= 0.055 mg/L; LOEGetopolol

= 13.1 mg/L) A comparison of the LOECconfirmed a higher toxicological potential of
propranolol compared tmetoprolol. All thesebioassays showed effects at concentrations at
least one order of magnitude higher than the environmental relevant ddesyver,a 4-
week exposure experiment by Huggett eteahibted that a concentration afnly 500 ng/L
propranolol hd an effect on the reproduction and steroid level3aipanesenedaka Qryzias
latipe9 (Huggett et al. 2002)

In addition bioassay®f betablocker mixtures showed elevated effedtscomparison tdhe
sum of single compoundeffects. The sum of Ef values(daphnia magnpof propranolol,

metoprolol and atenolol would theoretically only result mihibition of 21.3 % but the
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measured intition of the mixture was 65 %.his suggests that the mixture lméta blockers
supports evera synergisticeffect in these ecotoxicological tests, meaning the effedhef
mixture is greater than the effect observed for each indiviolet@ blockeor the sum of the

individual effects.

1.2 Water Reclamation/ Reverse Osmosis

The globaldemand for higlguality water is constantly increasingith anumber of regions

facing water shortagesn order to produce enough clean water to nileetincreasingvater
demands,several technique have beendeveloped to reuse municipal sta waterfor
irrigation and even drinking water purposes Especially for ground water recharge and
drinking water productiomot only the removal of nutrierg and microbial polldants (e.g.
pathogens) or dissolved orgamarbon (DOC)are crucial but al® the removal obrganic
micropollutantsneed to be considered@ight membrane processasich as nanofiltration (NF)

and reverse osmosi¢RO), are molecular sieving techniquegxhibiting very good
performances alsdor removal of organicmicropollutants Pressuradriven membrane
processes separate a feed stream (e.g. surface water, seawater, treated waste water) into a
purified permeate fraction and concentrated retentate fraction (also called concentrate or
brine).

Studies on different types of NF and R@embranesdemonstrateghat some of the RO
membrans rejected from 60 to over90 % of micropollutants (e.g. pharmaceuticals).
Rejection depends mostly on the charge of a compound, molecular size, steric hindrance and
polarity. (Kimura et al. 2003, Kimura et al. 200Hlowever,the two major drawbacks of

these processes are membrane fouling as well adigpesal of the resuitg concentrate

(Van der Bruggen et al. 20Q3)he average concentration factor from the feed of a RO
processor to the retentate is abou#,3including the DOC, &t content as well as

micropollutants.Possible techniques for processing concentratesrecycling (e.g. into
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WWTP), incinerationand drect or indirect dischargento surface waterRecycling is only
useful, if the concentrate contains a high amoutti@degradable substan¢c@sd most of the
time the feed of a R@oming from a WWTP does not hab®degradable substandascause
they havealreadybeeneliminated.In the currentstudy reclamationof WWTP effluent via
RO treatmentwas investigated For incineration of the RO concentratehigh energy
consumptiorand high costs are need@dan der Buggen et al. 2003Direct dischargef a
solution with elevated concentration of DOC, microorganisms and micropollutaotshe
environmentmight need further treatment to minimize the potential hazard to the receiving
water. One possile treatment othe RO concentrateould be ozoation. Ozonatiordoesnot
only lead todisinfectionbut also to an oxidationf organic molecule of the DOC as well as
micropollutants possiblyincreasng their biodegradability This might justify a recycling of

the concatrateinto a WWTP

1.3 Ozonation

With an oxidation potential of 2.1 eV ozon€aple 13) is one ofthe strongest oxidasf

commonly known disinfectants.

Table 1-3; Comparison of oxidation potential of different common oxidants

oxidant chemical structure OX‘d?‘“O”
potential [eV]
chlorine Cl; + H 0O —= HOCI + HCI 1.36
chlorine dioxide . a}al..-,- . ~a— - . #}éle . 1.15
Q" 0 ar 0
hydroxyl radicals OH 2.8
ozone % - %9 2.1
3%, s

Ozonation is a widely used ameell known technique for disinfection of watge.g.drinking

water teatment (Camel and Bermond 1998, von Gunten 2088) very effective in the
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removal of coloy odor andtaste.Several studie§Andreozzi et al. @05, Huber et al. 2003,
Huber et al. 2005, lkehata et al. 2006, McDowell et al. 2005, Ternes et al. RAG3)
confirmedthat ozone treatment can be very efficient in the oxidation of a wide range of
micropollutants (e.g. betblockers, antibiotics, estgens).In addition, ozonation has been
found to reduce oto eliminate the pharmacological and biological effects of micropollutants.
Estrogenicactivity of 17a-ethinylestradiol(Huber et al. 2004yas reduced by a factor of
200-500 and the pharmaceutical effestof antibiotics(Dodd et al. 2006vere significantly
reduced by ozonatiorhis could lower the risk of théormation of resistanttsains against

the common antibiotics in bacteria.

1.3.1 Ozone decay and OH radical formation in water

The decomposition of ozone in water is initiated by hydroxyl ions as shown irR&p. (
(Staehelin and Hoigne 1982Yhe hydrogenperoxyl ion can react with ather ozone

molecule taform an OH radical,a dioxygenmoleculeand a superoxide radicd®?2).

O3+ OH - HO,+ Oy, k=70M*s?t (Staehelin and Hoigne 1982)  R1
O3+ HO, - "OH +0, + %0y, k=2.8G10° Ms! (Staehelin and Hoigne 198RR
Os+’0, - 05+ 0, k=160 M"'s? (Buhler et al. 1984) R3

The radical reaction chain is propagated with the reaction of superoxide radical with ozone,
causing the formation of an ozonide i@R3). If it is protonated it decomposes to form
another M radical anl dioxygenmolecule(R4 and R5)

o5 +H - HOA  k=5200°"M?*s’ (Buhler et al. 1984) R4

HOA- OH+ 0, k=1.1G0CM?™st (Buhler et al. 1984) R5
If the ozonide ion decomposes directly an oxygattical is formedR6), which reacts with
water toform an OH radical and a hydroxyl iqR7).

o5- 'o+0,  k=2.8A0M's! (Elliot and McCracken 1989) R6

O +H,0- OH+OH, k=920 M?'s? (Buxton 1970) R7



1 General Introduction 9

OH+0;- HOB+ 0,  k=2A0M's!  (Staehelin et al. 1984) RS
The reaction of ozone and OH radicals k#axthe formation of HO; radical, which is the
deprotonated forrof anOH radical precursofR8). Apart from these main pathwaygaction
chain propagationis promoted by several more side reacsionot mentioned here
Termination of the radical reaction chainccurs, whenever two radicatsombine. For
example,two OH radicals form hydrogen peroxid@9) or a superoxide radical anan OH
radical reactresulting ina dioxygenmoleculeand hydroxyl iongR10).

"OH +"OH - H,0,, k=500 M™s! (Staehelin et al. 1984) R9
'OH +’0, - 0,+OH, k=1CG0°M*s’ (Staehelin et al. 1984) R10
All radicals formedluring thereaction chainexcept OH radicalgjo not oxidize any organic
solutes.OH radicals are very strong oxidar(ee Table )| reactingin a nonselective way
During ozonation of natural watand wastewater mates OH radicals are formedut can
be scavengedffectively by DOC However,they can have a huge impact thwe oxidation of

organic compounds, especially those which are not reactive towards ozone.

1.3.2 Ozonation kinetics

Direct azonation reactiongwithout involvement of ®l radicals in presenceof a radical
scavengércan be descrilikas followed(Hoigne and Bader 1983)

M+hO,- M,

Where M represents the compound being oxidikethe stoichiometric factor of the

numberof ozonemoleculesconsumed for moxidation of M and Myq, the oxidation product

of the target caopound. If onds only looking atthe primary attackof ozone,h becomes 1

and the ¥ order rate law for this reaction can be formulated as:

= ko, [0,]M] eql
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If M is a dissociating compound and the protonated and demi®o species hawbfferent

reactivitiestowards ozone,d¢ becomes pH dependeritherefore, M can be described as

M+H" == MH*

andko; can be formulated as

Ko, :(a & +(1- a)(koxM) eq 2
with U defined as the degree dissodation which is dependent on X the equilibrium

constantof the protonation reaction:

a=-—~— eq3

A typical exampleare amines in which the protonatedspeciesdoes not react with ozone,
while the deprotonatedorm reacts quite fastAll beta blockers have a secondary amine
moiety, causing the pH dependencetbéir rate constantSincethe pk; values are known,
the apparent rate constarfor the deprotonated beta blockezan be extrapolatedRate
constants amnot be measuredt high pH valuegi.e. pH 12) becausezoneis not sufficient
stableduringtheseexperimentatonditions.

Depending on the reactivity of the target compouhd,determinations of rate constants are

based on different theoretical considerations.

Pseudefirst-order condition(slow reacting compoundgéioigne and Bader 1983)

To measure the apparent rate constants of slogtimgacompound in batch systems, the
concept ofpseudefirst-orderkinetics is usedlf ozone is added ihigh excess compared to
the concentrationof M, the change of ozone concentration due tactren with M is
negligibleand canbe considered stabl#. this is applied to ed it results in gpseudefirst-

orderreaction rate
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dt = ko3,obs[M] eq 4
integrated form'lné,1 [M] 8— K, .. @ eq5
g h ég—[mgg_ 05,0bs q

Wlth kos,obs: kog,appc[DS]O eq 6

Rate constants for slowlyreacting compoursl were determinedn batch systemsby

measuring thetime dependingattenuationof the target copoundvia HPLC with UV

: . a M| @ o : S .
detection.Plotting the lnae[ ] 8 versus the reaction time, resulted in a straight line with
o Ml 2
- Ko, ons @S SlOpe.

Ozone concentrations the samplesvere determinedwith an indigo-blue method and

extrapolated tahe time point 0. Dividing- k by the ozone concentration at the starting

0;,0bs

point resulted in thepparent second ordeate constant k, ., of the system.

app
The higher thepH in the batch systenthe more elevated th@zonedecay due to the
decomposition initiated by the hydroxyl ioresulting in a nofinear correlationlf the decay
of excessozonewas not causedby the reaction with thetarget compoundthe measured

valuescould be plottedagainst thevzone exposure (ek) which is theintergradedzone dose

ﬁog]c'hit. The slope of the resulting straight line representede¢kend orderate constant.

cty, = jO,] it eq7

Competition kinetics (fast reacting compounds):
For higher rate consta(> 2000 M's™), a competition kinetic method withacompetitor
substrateof a known ozone rate constawas usedFor this researchginnamic acid(R,

reference)Kneutral03= 5 QLO* M™s® and kiion 03= 3.8C10° M's* (Leitzke et al. 2001)pKa, =
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4.4 (Lide 2001) was usedwhich was mixed with the tget compoundM) in a 1:1ratio and

several stoichiometric ozone doses were added

Ml a_ &Rl gk, (M)
= 8—3 eq8
QM(O @ (;R(O Zko, (R)
a[R o a[M] o

Plotting Inﬁjgversuslnﬁ—]gof the different ozone doses resdlin a straight line.

By dividing the sl@e of ko3(R), kos(M) could be elaidated(Hoigne and Bader 1983)

The same principle can be applied foH radicalrate constantsFor a pure droxyl
radical reaction, radicalsvere generated bin situ UV photolysis (low pressure mercury
lamp) of H,O, in solutions containing the competitor substrate {udtarobenzoic acid
(PCBA, with kspfon=5.0010° M's* (Buxton et al. 1989)with a knownkapfbon and the
target compoundrlhe experimentabetup with UV photolysis makes it necessaryattrount
for direct photolysis of the compoundand if this direct photolysis wagfon could be
determined.

Ozone and OH radicaxposuresn real water systems depend on different parameters,
such as pH, DOC and the scavenging potential. If ozone and OH radicalegusn be
measured for a certain matrthe degree of adation of compound$M) with known Kappos

andKapon can be predicted accordingeq, 4. (Elovitz and vorGunten 1999)

] = o ol g eq9
Figure 1-2 shows an example comjag the measured and predicted attenuation of

propranolol in a matrix samp{&O-concentrate)
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O Ozone
% Propranolol
— predicted Propranolol conc.

betablockers [umol/L]
O, [mg/L]

t [s]

Figure 1-2: Continuous quench flow experiment with matrix (RO-concentrate, pH = 8) containing

propranolol. Ozone dose: 5 mg/L; room temperature.

1.3.3 Formation of oxidation products

A major part ofthis thesiswvas thestructuralelucidation of ozonation productds economic
relevant ozone dosese insufficient tomineralizemicropollutants potential toxic aidation
products (OB) could be formed.The two reactive sigeof the beta blocker molecule do not
only influence the kinetgof the oxidation reactiorut also the structures of thermedOPs
The attack of ozone #tedouble bod of an activated aromatic ring leadstb@ aromatiging
opening and formation of ketones, aldehydes and/or carboxylic mo{€iéesgee 1975)
During the reactioausingthe formation of twaaldehydes (Figur&-3), a hydrogen peroxide
ion (HG,) is cleavedMvula and von Sonntag 2003ndHO," can be a pmrrsor for OH

radical formation(Staehelin and Hoigne 198@&ee R2).

R R R R -HO, R
() A1 (=0
o~ @ o N 0
U H20 H& a L!)
\OH

Figure 1-3: Ozonation of an activated aromatic ring following theCriegee mechanisn{formation of two

aldehyde maeties)
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Ozone can also hydroxylate an aromatic ragjivated byelectron donating subtituentsa
electrophilic substitutiorfFigure 1-4). The ortho- and pargpositionof the electron donor are

usuallythe preferredsitesfor hydroxylation(Mvula and von Sonntag 2003)
C\%R QT-R
|

() H

Figure 1-4: Electrophil ic substitution of an activated aromatic ring (hydroxylation) by ozone.

The reactivity ofdeprotonatedamines dependon the degree of substitution. Comparing
alkylated amines the following correlation can be statdd higher the number of
substituentsthe stronger the electron density ahéd higher the reactivit{i.e. NHz < RNH;,
(primary amines) < fNH (secondary amines) <sR (tertiary amineg)

In general, aonation ofsecondaryaminesresults in the formation diydroxyaminesgither
via formation ofanamine oxyl radical leading to a superoxide radical or dicohation with

a heterolytic cleavagef singulet oxygen (Schemel).

R R o0—-0
W, o+ 0y —m= W/ ‘
R” My R™ @&y
R, / \
N—OH + 'O N=0 + 0P + H®
/ '
R R

R
AY
Rnﬁ-—cp ;N_DH R-..?...(p
il
: : :

Schemel-1: Ozone reaction of secondary amines via production of singulet oxygen or superoxide radical
formation (von Gunten 2003)
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In case of tertiary amineabout 90 %is transfemed inan aminoxide as primary product
while 10 %form an amine radical catiofscheme 42). Further reactions with oxygerau® a
cleavage of a substituent leading to formation of secondary afvoie$sunten 2003)n this
reactionanozonide radical as well assuperoxide is formed, both precursors for OH radical

formation (Chapter 1.3.1).

R
b
CH, R
'-.%Hz
R—=C=N: + 0 =3 R=C—N=0._
Ha | Hy 1@ o=

y 90 %
R o
“en, \

\ .
®

Hy | “CH
R ® V2 ©
-H R—=C—N=0
Hy |
R
R
\(I:Hz
R=C— N:
R
0;
R R\
2N P CH IR
v\ | = R—C=N —— Fy | +>=0
R=C—N: H I -H® R H
ol R

Schemel-2: Ozone reaction of tertiary amines leading to production of a aminoxide (90%) or formation

of a secondary aminevia superoxide production (von Gunten 2003)

OH radicals reacin a more nonselectivemanner which makes it difficult to predict the
oxidation products. Hydrogen abstraction as primary reactadsl to different kinds of
radicals(von Gunten 2003)Further reactions of tkeradicals causkformation of a variety

of OPs
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1.4 Objectives

One important aspedf this studywasto investigate whether ozonation is an appropriate
process to treat membrane concentraté®e Behavior of aane and the formation of OH
radicalsin sucha concentrateshould be determinedAs many membrane processes use
prechlorination to prevent biofoulingf membranesanother task was the monitoring thie
impactof chlorinationon ozonestability and OH radialan exposure

Another objective of this study was to investigatiee ozonationof beta blockerson a
molecular base.Ozone reactions ofofir selected beta blockers(acebutolol, atenolol,
metoprolol and prognolol) were foreseen tbe investigated. Thegan be usedasa kind of
model substance for other micropollutants with similar reactivity ememical structures.
Determination of the reaction rate constants of ozone and OH madiaal performedand
applied to predict the extent aixidation extentin RO concentrate and WWTP effluent
samples.Another objective waghe formation of oxidation productsof propranolol and
metoprolol With the elucidation of chemical structuriéss foreseen to propose oxidation
pathwaydor most of theOPs These pathwascanhelp to understand the formation of OPs of
structurally similar compoundsA comparison with modeled and measured OH radical
exposureganindicatethe influence of the different active moieties (aromatic ring, amine) on
formation of OH radical precsors. An observation of a formation of specific functional
groups which have knowntoxicological potential might indicate a toxicological relevance of

the OPs.
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1.5 Outline

The outline of this thes is as followed:

Chapter 2reports abouthe investigion of ozore reactionin reverse osmosis concentrate.
Additionally kinetic rate constants of acebutolol, atenolol, metoprolol and propranolol were
determined and tested fqredicting ther behaviorin the RO concentrate matrix. Ozone
stability andthe famation of OH radical were monitored as well as the influence of

chlorination.

Chapter 3 descrilsethe formation of oxidation products of metoprololn addition to the
elucidation of chemical structure of the OPlse thfluence of metoprolol orOH radica

formationin pure watewasmeasurd andthen compared to the results franmodel

Chapter 4 deals with the identification of oxidation products of propranGlbémical
structures of main oxidation products were elucidated via LC tandem MS ahdpd®a.

Oxidation pathways andX¥ormation in wastewater matrix were investigated.

Chapter 5 discises the resultsbtainedand gives some general conclusiolmsaddition,an
outlook on the otgoing studies as well as suggestions on future researchsiratéa is

presented.
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Abstract
Reverse osmosis (R@pncentrate samples were obtained from ar®Mnbrane system

which uses effluents oWwastewatertreatment plantfWWTP) as a feed watefor the
production of drinking waterA number of different pharmaceuticals (e.g. antibiotics, contrast
media, beta blockersyere found in the WWTP effluent as well as in the-Bfhcentrate.
Overall a concentration factor (feed:concentrate)approximately3-4 was measured. Beta
blockers(acebublol, atenolol, bisoprolol, celiprolol, metoprolol, propranolol, timolakre
found in the range of low ng/L to low pg/LBecausemetoprolol and propranolol are
classified as potentigl toxic to aquatic organismand & beta blocker molecules have
moieties, whichare reactive towards ozone (amine gugctivated aromatic rings), it was
tested whether ozonation can be applied for their mitigaRate constants for the reaction of
acebutolol, atenolol, metoprolol and propranolol with ozone ADH radcals were
determined. At pH 7 acebutolol, atenolol and metoprolol react with ozone with an apparent
second order rate constantofk of about 2000M™ s whereas propranolol reacts with
~1.010° Mt st The rate constants for the reaction of the selectedpounds witfOH
radicals were determined to be A® x 16° M™* s™. Experiments of RO concentrate showed
that an ozone dose of onlynag/L resulted in a quantitative removal of propranolol in<.8
and 10 mg @L oxidized 70 % of metoprolol in only.2 s.

Tests with chlorinated and nalorinated WWTP effluent showed an increase of ozone

stability but a decrease of hydroxyl radical exposure in the samples after chlorination. This
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may shift the oxidation processes towards direct ozone reactiona\amd the degradation of

compounds with highde.

2.1 Introduction

Reverse osmosis (RO) is one of the most effective means for removing a wide range of
micropollutants during water recycling. However, one significant disadvantage is the need to
dispose the maltant RGconcentrate (brinejVan der Bruggen et al. 20Q3pue to the fact
that there are el/ated concentrations of micropollutants in the concentrate, a direct disposal
to the environmentcould be hazamls to aquatic organisms. As a consequence, further
treatment of the concentrate could be necessHmg site investigated in this study is
producing infiltration water for recharge ia dune water catchmenthe source for this
infiltration water isan effluent froma municipalwastewater treatment plant (WIW) with
80,000 population equivalentPrior to infiltration, the WWTP effluent is treatkin an
advanced treatment stdyy ultrafiltration andreverse osmosigFigure 1). The concentrate
(brine) resulting from thereverse osmosis treatment is mixed with the water from the
backwaskcycles of the ultrafiltration and thedischarged intacoastalsurface waterin the
past the WWTP effluent was directly discharged in the receiving water. Bgegttoday
the load is esentially the same as what waBscharged without water +#se, the
concentrationsit the effluent stream are significantly higlagd might,be ecotoxicologicdly
harmful. As a consequence, further treatment of the concentrate could be necessary.

In this study, ozonation is being investigated apo#ential treatment option for RO
concentratesSeveral studie§Andreozzi et al. 2005, Huber et al. 2003, Huber et al. 2005,
Ikehata et al. 2006, McDowell et al. 2005, Ternes et al. 2003, Vieno, N. M. et al. [20@7)
shown that ozone treatmeptin be very efficient in theoxidation of a wide range of

micropollutants (e.gbeta blockersantibiotics estrogens The estrogewity (Huber et al.
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2004) as well as the antibiotic effec{®odd et al. 2006} re significantly reduced during
ozonation. Another crucial class of pharmaceuticals are beta blocker, which are permanently
discharged by municipaVWTP (Bendz et al. 2005, Calamari et al. 2003, Gros et al. 20086,
Ternes et al. 2003, Vieno, N. M. et al. 2008¢veral studies focusing on the toxicological
potential of beta blockers show, that they could be @frenmental relevance. A-@weeks
exposure experiment by Huggett et €002) showed that a concentration of 500 ng/L
propranolol has an effect on the reproduction and steroid levels in medakaas latipep
Cleuvers et al(2005) measuredECsp values in algae testsldsmodesmus subspicgtud

< 1mg/L for propranolol and 7.9 mg/L for metoprolol. Tests with mixtures of beta blockers
indicated additive effects, which means that even a low concentration of propranolol might
contribute to theoverall toxic potential of the sum of compounds in an aquatic environment.
This is of even more concern if the concentration levels of beta blockers in the aquatic
environment might increase, for instance due to demographic reasons with an increasing
percentage of the older people as expected for Germany in the next d¢Céelegers 2005,
Dzialowski et al. 2006, Escher et al. 2006, Fraysse and Garric 2005, Hernando et al. 2006,
Owen et al. 2007)

Ozonation of effluent containing beta blockers could be an efficient tool to decrease the
input of these compounds to the environm@mie of the main objectives of this study was to
investigate whether ozonation can be applied to treat brine. Since second order rate constants
for the reaction of ozone arf®H radicals with beta blockers are riaiown, they were
determined in this study.

Furthermore, the efficiency of beta blocker oxidation in the brine was investigated. In
addition, the stability of ozone and its exposure in the WWTP effluent and the concentrate

were compared and used to pretheta blocker elimination.
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2.2 Experimental Methods

2.2.1 Reverse osmosis concentrate: Analysis of Pharmaceuticals

RO-concentrate (brine) samples were obtained from ani®@brane system which uses
effluent of aWWTP as feedwater (Figure2-1). All samples were fiered (0.45um cellulose
nitrate) upon arrival and stored at 4 °C until use. Each sample was analyssslefied
antibiotics, antiphlogtic drugs, antiepileptic drugspdinated contrast mediand beta
blockers. The analytical methods are based on gtlase extraction (SPE) prior tiguid
chromatography tandem mass spectromelr (tandem MS) detection as described

elsewherdTernes 2001)

Primary & secondary
treatment

Screen Wastewater
S sewer network
Chlorination

~ 3.6 mg/L sodium hypochlorite)
Backwash
> UFI_ _____

Chloramination I
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—® :
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> filter (ABRI N
| |
- RO
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NaOH -
Infiltration > Aquif .| Extraction
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Drinking water Rapid sand _
distribution system filtration ~ [e——| Aeration | <

Figure 2-1. Scheme of indirect wastewater reuse for drinking water production; AD:

sampling points.
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2.2.2 Determination of Rate Constants

The aqueous ozone stock solution {0.8 mM) wa prepared by sparging ozone
containing oxygerthroughan ice-bath cooled MilliQ water(Bader and Hoigne 1981The
concentration of the ozone stock solution was measured direcybyspectrometer at 258
nm u sds¥8@O0MIcmi’. Rate constantfor the reaction obzonewith the selected beta
blockers were measuredvith different methodsbased on their reactivityA detailed
description of th&inetic methods was given previouglodd et al. 2006)

Briefly, rate constants for slowlyeacting compoursl were determinedat room
temperature (2@2 °C) under pseuddirst-order conditions with an excess ofz; O
([Oz]o;[substrate] © 1 0) by measuring the reduction o
with UV-detection.Glass bottles (25@nL) with a dispenser systemere usedas reaction
vessels(Hoigne and Bader 1994)By adding ozone stock solutiofend concentration
~10uM) to the solution containing the compound to be investigated (~1 pMjearloutanol
(~20 nmM) (t-BuOH) as radical scavengethe kinetic runs were starte@fter ~15 s (exact
time recorded), the first sample (2 mL) was withdrawn with the dispenser system.
Subsequently, sampling was performed in 5 to 15 s intervals, depending on the range of the
rate constamstbeing measured. The residual ozone was quenched immediately bysgigpen
into a vial containinganindigo solution. This enables to monitor the ozone decay during the

experiment.The data were evaluated by plotting bbtacker concentratits versus ozone
exposure HOs]C'ait). The slope of the resulting straight line representedebend orderate

constant.

For higher rate constants (> 2000'#%) a competition kinetis methodwas applied using
cinnamic acid (Keutral03= 5 X 10" M*s™ and kpiono3= 3.8 x 10 M™'s? (Leitzke et al. 2001)
pKa= 4.4(Lide 2001) as competitor substrate general, he experiments were carried @t

room temperature (222 °C) in 50-mL vialsat a pH ranging frori.5-8.5 (for propranolol pH
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3-8.5 10-50 mM phosphate buffer) with solutions taiming equal concentrations of beta
blocker and reference compound as wel-BsiOH (~20 mM) Different understoichiometric
concentration levels of ozone were added with a glass syringe to a series of vials. During
ozone injection the solutions were vigasly stirred. Remaining concentrations of target and
reference compound were then analyzed by HBMC Based on eq 1 the data for each ozone
dose was evaluated whergs{R) and lpz(M) are the rate constants for the reference (R) and

target compound (MYespectively.

& [M]
lng '\[/'(C]’) é: lng RO %k, (R) L

’OH radical rate constants were determinbyg competition kineticsas well Hydroxyl
radicals were generated by in situ {p¥otolysis(low pressure mercury lammf H.O, (
~2 UM) in solutions containing theompetitor substrate pachlorobenzoic acid~ 1 uM
PCBA, with kypfon=5.0x10° M7's? (Buxton et al. 198§) and the target compounds
(~1uM). The rate constants were determined by accounting for direct photoly4% &dr
acebutolol 3% for atenolol, 0% for metoprolol and8 % for propranololafter 30 min
irradiation. Further details about the irradiation equipment are given elseW@Gar®nica et

al. 1995)

2.2.3 HPLC/UV and LC-tandem MS detection

All HPLC/UV analyses were performed using an Agilent 1100 HPLC system equipped with a
variable wavelength UV diodarraydetector Separations were performed o d8column
(MachereyNagel CC125/4 Nucleosil 188) with acetonitrile and 0.05 M 20O, (adjusted

with NaOH to pH 2.2) as mobile phase using gradient methods as required. UV detection was
performed aawavelengthof 220 nm for the bethlockers, 256 nm for cinmaic acid and 243

nm for pCBA(LOQ in matrix: beta blockers =0.4 uM; pCBA= 0.2 uM; cinnamic acid was
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not determined)The analysis of the samples from the competition kinetic measurements of

metoprolol at pH 8.5 and 9 were done via-U@&ndem MS using ammamacetate buffer

(20mM) and acetonitrile as eluents. Metoprolol was detected in a positivenétl MRM

transiion 268.1/116.0) and cinnamic acid in a negative mitieN\] transiton 146.8/102.9)

2.2.4 Ozonation experiments of matrix samples with a Continuous
Quench Flow system (CQFS)

In all samples, ozone stabilitﬁDH radicaland ozoneexposurs (HOX] @it) as well asthe

depletion of two betablockers (metoprolol and propranololjere investigatedat room
temperature (222 °C).

The CQFSsetupwas previouslydescribed(Buffle et al. 2006) The quenching reagemas
indigo blue. Residual ozone was continuously measured by the decrease of twdium

a flow-trough cell(1 cm pathlengthjn a UV spectrometeat 600nm (0= 2 0 0 O dn') M

based on the indigo methgBader and Hoigne 1981)

Table 2-1: CQFS-parameters
Flow rate: 360mL/h

Reaction time [s]

Flow rate; 660mL/h

Loop  Loop size[uL] Reaction time [s]

1 15.6+0.4 0.156+ 0.004 0.085+ 0.002
2 36+ 1 0.36+0.01 0.194+ 0.007
3 45.9+0.1 0.459+ 0.004 0.250+ 0.002
4 63.3+0.1 0.633+ 0.004 0.345+0.005
5 101.3+0.1 1.013+ 0.009 0.553+0.003
6 148.3+ 0.5 1.483+0.005 0.809+ 0.002
7 193.8+0.4 1.938+ 0.004 1.057+0.001
8 242+ 2 2.416+0.002 1.318+0.002
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The CQFSparameters, such &sop sizes, flow rates and the resulting tiresalution of the
system are showin Table2-1. For the ozonation of the samplas,0zone stock solution was
directly withdrawninto a piston pumgrom the icecooled vessel where the ozarentaining
oxygenwas constantly bubbledrough. To conserve thezone in the solution for the time
period of the experiment the reservoirs of the pump were cooled with ice packs and the
solution was acidified with HCI to pH Jhis resulted in pH change of the mixture¢od.5,

which could not be avoided as additiohamy kind of buffer led to precipitations in the RO
concentrateBecausehe concentration of the ozone solution did not exceed 1.6 mM and the
dilution of thesample had to be minimed, ozone doses of only 5(10) mg/L were used. This
resulted in aatio of sampleozonesolution of 10:1 (5:1).

In contrastto the procedure applied by Buffle et €006) single runs were done per loop.
The samples for the HPLC analysis were taken after the-tfliomgh U\-measurement
remainedconstant for at least 0.5 min (dead voluaiecell). The ’OH radical exposure was
backcalculated using the oxidation of pCBA analyzed with HRIX (Elovitz and von
Gunten 1999)

To monitor their depletion, metopadl and propranolol were spiked into the samples
(1-8 uM). The spiked concentrations were low enough to avoid significant changes in ozone
half-lives or “OH radical scavengingcapacities of the investigated watefhe ozone

decrease did not vary significdy between thepiked andhonspiked samples.

2.2.5 Analysis of bromate formation

Bromate was determined according to a slightly modified method developed by Salhi and
von Gunten(1999) Due to the complex matrix present in the concentsatmples had to be
diluted andthe injection volumes had to be decreasethich led to a higher quantification

limit of 5 ug/L.
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2.3 Results and Discussion

2.3.1 Analysis of RO-concentrate

Several pharmaceuticals could be detected in the effluent of the convemastavater
treatmentplant, which indicates, that for the production of drinking water a more advanced
treatmentsuch as e.g. the reverse osmosis is necesgaaple 2-2). As all investigated
pharmaceuticals/ere found to be below the limit giuantification (LOQ = 25 ng/L)in the
reverse osmosis permeate (data not shown here), this technology proved to be a very efficient
tool to remove micropollutasfrom the watephase.

The reverse osmosis concentrate is diluted with the backwash water from the ultrafiltration
prior to disposal. As this results in higher volumes to be treated, the ozonation of the pure
concentratas more economic Therefore this study focuss onthe pure concentrate which

was analysed for different micropollutaiff able2-2).
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Table 2-2: Concentrations (inug/L) of selected pharmaceuticals in WWTP

effluent and the reverse osmosis concentrate

compoum WWTP effluent  RO-concentrate CO“?:Q: é?“on
antiepileptic drug
Carbamazepine 1.2+0.1 3.4+0.2 2.8
antibiotics
Sulfamethoxazole 0.4+0.2 1.19+ 0.050 3.0
Trimethoprim 0.22+0.02 0.6+0.1 2.7
Clarithromycin 0.32+0.02 0.8+0.2 2.5
contrast media
lomeprol 0.9+0.2 3.9+05 4.3
lopromide 1.38+0.07 7+1 5.1
antiphlogitics
Ibuprofen 0.25+0.01 1.33+0.07 5.3
Diclofenac 0.53+0.09 1.5+0.1 2.8
lipid regulator
Naproxen 0.36+0.04 0.98+0.06 2.7
beta bbckers
Acebutolol 0.23£0.03 0.76£0.03 3.3
Atenolol 1.7+0.2 2.9+0.3 1.7
Bisoprolol 0.24+0.01 0.94+0.06 3.9
Celiprolol 1.2+0.1 1.8+ 0.6 1.5
Metoprolol 0.25+0.02 0.88+0.03 3.5
Propranolol 0.36+0.01 1.05+0.02 2.9
Timolol 0.0083+0.0003 0.018+0.001 2.1
DOC 12.000 46.000 3.8

The comparison of #hconcentration of the different pharmaceuticklewed araverage
concentration factor of-8, which isalso represented in the DOC values of the measured
WWTP effluent and RO concentratélowever, there are significamteviationsfor some
pharmaceuticals, which can be explained with variations occurring in the real samples. The
samples were taken on the same day, but not corrected for the residence timegatdrtire

the different treatment steps.
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2.3.2 Determination of rate constants for the reaction of 4 beta
blockers with ozone and “OH radicals.

To predict the behaviour of betblockers in the investigated water matrixesring
ozonation the rate constastfor the oxidation ofacebutolol, atenolol, metoprolol and
propranololby Oz (Kappps) and’OH radicals(ka p p , \Ware determined.

Ozoneis a highly selectiveelectrophile All the investigated betdlockers contain two
reactive sites for this reaction: activated aromatic ring and a secondary annnogety
(Table 3. The reaction of the aromatic structure is independent ofsthaion pH. In
contrast the protonated amino group does not react with oZbleéggne and Bader 1983)
Therefore the reactivity of aminedependsstronglyon the (Ka of theaminesand the pH of

the solution with the corresponding speciation:
R OH \|/ R OH Y
Q\*/NH @/O\)\/NHZ
—— e
—_—
R

To determine the pidependence of second order rate comsiakinetic measurements
were performed over a pH range-83). The observeda,pp,0. Wereused to extrapolate the
Kaeprotos, Of the deprotonated species accordingetp 2 and 3 which is illustrated in

Figure 2-2.
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Figure 2-2: Plot of degree of dissociation kg, o: versus (). Regression used for the calculation of Korot-

Kapp = @ Qo goprort (1- 51)0(03’;,rot degree of dissociatioa = (2)

Y kapp =a qu,deprot_ k03,prot) + ko3,protc (3)

The lines in Figur@-3 a-c represent the modeledyko. as a function of pHor acdutolol,
atenolol and metoprolol according to eq. 2. Thanglesshow the values for experiments
with pH > 7.5, which could only bdetermined by competition kineticsh@se values agree
quite well with the prediction from the batch experimentsyea though tie errors for
competition kinetics are larger and more difficult to estimate, partly due to the errors induced

by the use of reference compourtHisiber et al. 2003)
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Figure 2-3: pH dependence of k,, 0 Of acebutolol (a), atenolol (b) and metoprolol (c). Circles: batch
experiment, triangles: competition experiment, lines: modecalculations.

Consequently only the values from the batch experiments were used to calculate the

deprotonated rate constaewen thoughthe extrapolation of values several orders of
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magnitude lower than the calculated values will magnify even thesesn@&ly errors These
extrapolated values are also shown in T&&

All kinetic experiments with propranolol could only performed bycompetition kinetis

and an average rate constant for propranolol of £1M2)010° M™* s* was found In the

measued range of pH -37.5 no significantincrease in the apparent rate constants could be
detected. It seems, that the basetsactivity of the protonated proprano&gdeciess already

so high, that the accuracy of the method was not sufficient to obses\edfect

Table 3lists the obtained ozone and hydroxyl radical rate constamntthe protonated and
deprotonated species and tiate constantat pH 7, respectively. For the ozonation reaction

the values for metoprolol, atenolol aadebutololat pH 7are all in the same range. Only
propranolol is reacting about 2 orders of magnitude faster than the other compounds. The
major difference ofits structurelies in the maphthalene moiety while the other three beta
blockers contain gheryl group (Tale 2-3). In addition, the rate constants foiphenoxy2-
propanol and 4nethoxyl-naphthalene sulfonic acid were measured, modelling the aromatic
rings of the different structures. Even though the apparent rate constant for the substance with
the naphthalenenoiety is one order of magnitudeigher, it is not as prominent as observed

for the betablockers (2 orders of magnitude)The sulfonic acid group attachedd the
methoxynaphthalenenight lower the electrodensity in the model substrate, but itusclear

whether thieffect is stronggenough to explain this discrepancy



Table 2-3: Chemical structures and gcondorder rate constants for thereaction ofozoneor “OH radicals with selectedbetablockers

. Chemical struct K M Ky ttse oM s
compou emical structure (RzNH2+- RNH) 0,, prot 0,,deprot at pH v “OH
Acebutolol (E( Y\ o, 9.2 60 2.9010° (1.9° 0.6)010°  (4.6° 0.7)C10°
Atendol J\/@ W/\ 9.6 110 6.3010° (1.7° 0.4)010°  (8.C° 0.5)10°
MetOprO|O| /\/@ \|/\ 97 330 860105 (200 06)01()3 (730 oz)qog
Propranolol s/ \I/\ J\ 9.5 ~1010° . ~1010° (1.0° 0.2)C)1010

1-Phenoxy2- o i i i 320° 40 i
propanol 0/\|/

4-Methoxy-1-

Naphthalee OO - - - 3600° 300 -

sulfonic acid

SO3H

* extrapolated valueséeFigure2-2)
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The apparent rate constants for the reaction with hydroxy! radvittl the compoundare

all in the sameorder of magnitudeSong et al(Song et al. 2008fjpound the same values for

the reaction constants for atenolol (7.850.2740° M s*), metoprolol (8.4 + 0.06 AC°

M™s?) and propranolol.07 + 0.02 @0 M™ s?). For acebutolal atenolol and metoprolol

this oxidation pathway will play a more important role than in the case of propranolol,

becauseheir koz arelower.

2.3.3 Ozonation of beta blockers and stability of ozone in the brine
matrix

To understand an predict the behaviour of ozone in thene matrix, the stability of ozone
as well as thdOH radical formation in the R@oncentrate were measuredl.continuous
guench flow system (CQFS) allodeo monitor the instantaneous loss of ozone in the
complex matrix(Buffle et al. 2006) Samples were spiked with propranolol and metoprolol
(4-8 uM) and their dissipation was measured by HRIXZ. As shown in gure 2-4,
propranolol is attenuated in the same timterval asozone(1.2 s). The very fast dissipation
of ozoneindicatesthat for a significant oxidatioof compounds reacting much slower than

propranolo] higher ozone dosesill be required.
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Figure 2-4: CQFS-experiment with RO-concentrate (pH =8) containing propranolol and metoprolol.
Ozone dose: 5 mg/L; room temperature. Symbols: measured data, line: model calculations (see eq. 4
modeled for pH 8)

This assumption can be confiech by the metoprolol behaviour. Its attenuation was
incomplete, since ihas a lower rate constant for its reaction with ozovieh 10 mg/Lozone
metoprolol was oxidizetb amuch higherextent (Figure2-5). A batch experiment using the
same ozone dossglowed that residualozone was present until SOafter ozone addition,

which can continuously oxidize residual metoprolol.
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Figure 2-5. Ozonation of RO-concentrate (pH =8) containhg metoprolol. Ozone dose: 10 mg/L, room
temperature. Residual ozone measured with CQFS (up to 1.2 s) and batch system (up to 50 s).

Due to thehigher ozone dose the reaction of propranai@s faster than the time
resolution of the CQ&. Thereforenly the loss of metoprolpthe betablockerwith the lower
reactivitycould bemonitoredfor the 10 mg/L ozone dose

The extent of oxidation of the investigatieeta blockers [XEan be predictedccording to
eg 4. and the measured values for the ozone expome‘&OH radical exposure as well as the

apparent rate constantssland ki o ¢Elovitz and von Gunten 1999)
- Kappos 0510k OHCF{“OH]@ .
[X]=e ¢x], (4)

Figure2-4 shows the coparison of the calculatemhd measuredalues for propranolol.It
can be seen that there is a good agreement between the two dédataetisangles, model:
line).

With the used ozone doses a mineralisation of the compounds is unlikely. There will be a
formation of unknown oxidation products which will most probably have lost the former
biological activity but their toxicological potential is still not know@urrently an ofgoing

study is dealing with the identification of the structures and toxiditiiese products.
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2.3.4 Bromate formation during ozonation of brine matrix

Bromate,a potentialhumancarcinogenis formed during ozonation ofsamples containing
bromide(von Gunten 2003)With a bromide level in the reverse assis concentrate sample
of about1200 pg/L there is apotential of elevated bromate concentratiafter ozonation. To
investigate bromate formation, different ozone doses wepdea to a sample spiked with
propranolol and metoprolol (1 pM)he resultig bromate concentraticeind the dissipation

of the beta blockers weraeasuredKigure2-6.).
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Figure 2-6: Bromate formation and depletion of metoprolol and propranolol in the RGconcentrate
(pH=8) as a function of the ozone dose. Room temperature.

The doseneededfor a 90 % elimination of propraral of ~ 8 mg Os/L (metoprolol
~11mgOs4/L) caused a bromate concentration of ca. 24 pg/L (35 pg/L). These are relatively
low bromateconcentration foran effluent dischargedHutchinson et ak1997)propose ot to

exceed the bromate concentration beyond 3.0 mg/L for the protection of aquatic organisms
based on long term adverse effedtmwever,data on long term and chroniefluence of

bromate tahe aquatic ecosystems islsvery limited andfurtherstudes are needed
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2.3.5 Comparison of ozone stability from different sampling points

The stability of ozone in different sampling points in teese process (see Fig4)
was investigatedo evaluatepotential alternative pointsf ozone applicationSamples wee
taken prior to (A) and after (B) the addition of chlorine, as well as after the ultrafilt(@jon
(for sampling points seleigure 2-1). To be able to compare the ozone stability in the effluent
and the RGconcentrate, it was diluted down to a compedbOC level As the carbonate
content also plays an important role for the ozetability, Na,CO; was added to obtain a
similar alkalinity while maintaining the pH at §von Gunten 2003)Figure 7 shows the
residual ozone (ozone dosen®@/L) in the different saples, measured with the CQFS.

significant increase of the ozone stability after chlorine addition (B) was found (Riglre

% O3 residual

>00 @

00 02 04 06 08 10 12 14
t[s]

Figure 2-7: Ozone stability in water from different sampling points according to Figure 1 (pH 8, room
temperature, measured with CQFS). A: WWTP effluent before chlorination; B: WWTP effluent after
chlorination; C: Ultrafiltrate; D: diluted concentrate; transferred ozone dose: 2 mg/L.

A reason for thericrease ofhe ozonestability could be the reaction of chlorine with amine
moietiesof the organic matrix. This would lead to a formation of chloraminvasich areno
longer susceptiblefor a direct reaction with ozone(Hoigne and Bader 1983)The

ultrafiltration (C) and the diluted concentrate sample (D) should both still contain the formed

chloraminesas they are obta@d from later sampling points in the procemsd their DOC
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level does not changeélowever,the measuredzone stability in these samples exhibited that
this effect seems to be partially reversible, because theineostability liesbetween the
chlorinated and the nechlorinated sampleThis is probably due to a partial back reaction of

chloramines to amines with a recovery of ozone reactivity.

OH exposure [Ms]

0.0 50x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10”
Og exposure [Ms]

Figure 2-8: OH exposure vs. Q exposure of ozonated water collected at different sampling points
according toFigure 2-7. A: WWTP effluent before chlorination; B: WWTP effluent after chlorination; C:
Ultrafiltrate; D: diluted RO concentrate; transferred ozone dose: 2 mg/L.

Figure 2-8 shows a plot of the OH radical exposure as a function of the ozone exposure for
the 4 differentwaters discussed iRigure2-7. It can be seen that the Rohlorinated sample
exhibits a much higher OH exposure for a given ozone exposure. This is again an indication
for the removal of the OH radical forming moieties such as amines by chlorinatidte &uf

al. (2006) hypothesized that amine groups are responsible for a%ﬁhadical generation
during ozonation. The dease of'OH formation in the chlorinated water could therefore
confirm the hypothesis of a chloramine formatioRor compounds being oxidized

predominantly beH, this could lead to a decrease in their removal efficiency.
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Table 4 shows extrapolate’b)H radcal exposures values for an ozone exposure of
10 uMs, taken from Figre 2-8. These values were used to calculate the expected residual
concentration of propranolol with eq. 4. The measuaradl calculated relative elimination for
the different sampling pois are in the same range (TaBld). With eq. 5 the fraction of

propranolol reacting witfOH radical and ozone can be calculated for the different matrixes:

Co Koot GJOH] dit o
"k, GOH]dt+ky, GOH]at T

f

=1- f

ToH (5)

1oy @nd f, for propranolol are shown in Table 4 for water from sampling pointd A

according toFigure 2-8. The comparison shows, that before chlorination a 2.5 times higher
fraction will be oxidized by&OH radicals than in the chlorinated samples. This is again an
indicationfor the reduced OH radical formation after4otdorination. However, the values of

the residual propranolol (calculated and measured) show that the impact of this on propranolol
is nearlynegligible

Table 2-4: Measured and calculated degradation of propranolol and fraction reacting with

hydroxyl radicals and ozone for an ozone exposure of 1 x TJMs] (Figure 2-8)

Residual

Sampling point propranolol [%] roR(reaS;%lljc?ll [%0] O exposure f
ping p calculated P rﬁeasued 0 [I\/Is] TOH, propra 0O, propre
(eq4.)
WWTP effluent 0
before 3.1 11.8 1.1Q10° 0.40 0.60
chlorination (A)
WWTP effluent o
after 4.3 8.9 3.7Q10° 0.15 0.85
chlorination (B)
U'tfft‘;':';rate 5.8 6.9 52010 0.19 0.81
Diluted o
concentrate 6.1 11.0 5.2Q10° 0.20 0.80

(D)
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2.4 Conclusions

Second order rate constants for the reaction of four beta blockers (acebutolol, atenolol,
metoprolol and propranolol) with ozone and OH radicals were measLinedrate costans

for thereaction of the selectdmktablockerswith ozoneshowed, that the naphthalenwiety

of propranolol causes an increase of the reactofigbout two orders of magnitudalthough

ozone has a lower stability in samples with elevated DOCeruration(46 mg/L) of the RO

brine, the moderate ozone doses applied 0 mg/L) in our experimentaere sufficient to
remove betablockers efficiently Therefore, @aonation of WWTP effluents and brinés a

very efficient tool to derease thelischargeof betablockers in the aquatic environment.

Even though chlorination during the process does not attenuate the DOC, it increases the
ozonestability in the selectedamples. As this extends the lifene of the ozoné leads to a

more efficent oxidationof micropolluantswith high rate constants for the reaction with
ozone Furthermore, also disinfection is enhanced, because mainly direct ozone reactions are
responsible for the inactivation of microorganisms. However, it was shbatrthe "OH

radical exposurefor a given ozone exposure decreased, which could lead to a decrease of
the oxidation otompoundsvith low rate constants for the direct reaction with ozone.

The comparison of effluent amtiluted brine indicated that ozone behasesimilar apart from

the influence of th@re-chlorination.Considering the high bromide concentration in the brine,
bromate formatiorfor a 90% elimination of the investigated beta blockers is ardgerate

(<40 ng/L). This is far below theecotoxicologicalthreshodl value of 3 mg/L which was

previously suggested.
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3 Ozonation of Metoprolol: Elucidation of Oxidation
Pathways and Major Oxidation Products
Jessica Benner and Thomas Ternes,

submittedo Environmental Science and Technology

Abstract
Oxidation products (OPs) formed during ozonation of metoprolol were identified via liquid

chromatography and hybride Q4T -MS. Experiments carried out at pH 3 and 8 showed the
formation of different OPsdepending on pH. The analysis of samples with and without
tertiary butanol tBuOH) revealed the influence of OH radical reactions. The OH radical
exposure was measured by adding a probe compqarad-¢hlorobenzoic acid, pCBA).
Elucidation of chemical stictures confirmed the formation of aldehyde moieties as well as
the occurrence of hydroxylation reactions. Several reaction pathways for the formation of the
oxidation products are proposed. Analysis of ozonated raw wastewater and the effluent of a
municipal wastewater treatment plant spiked witheMd metoprolol exhibited a similar OP
formation pattern as detectedthe reactionsystemat pH8 without a radicalscavenger. This
indicates a significant impact of OH radical exposure on the formation of ORPsain

wastewater matrices.

3.1 Introduction

Met opr ol oitselectiae sbetaa blocker, is administered to treat hypertension,
tachycardia, and heart failure, and is a highly prescribed pharmaceutical. In 2004,
approximately 98.1 of metoprolol was prescribed Germany(Lemmer 2006) About 10 %
of the applied metoprolol dose is excreted unchanged, and hence it is present in wastewater
treatment plant (WWTP) influents at concentration®.6f1.4 pg/L (Bendz et al. 2005, Gros

et al. 2006, Ternes et al. 2003, Vieno et al. 200tenoet al. 200D)



52 3 Ozonation oMetoprolol

Several studies focusing on the toxicological po#étmf metoprolol indicate its potential
environmental relevanggleuvers 2005, Dzialowski et al. 2006, Escher et al. 2006, Fraysse
and Garric 2005, Hernando et al. 2006, Owen et al. 200%$ might be even more of a
concern if the concentrations of beta blockers increase in thati@agenvironment, for
instance due to demographic reasons with an increasing percentage of older people as
expected for Germany in the next deca@isholas and Smith 2006)

A previows study hasshown that ozone treatmerg very efficient in theoxidation of
metoprolol, and an effective wastewater treatment technology for reducing the discharge of
metoprolol into the aquatic environmgBenner et al. 2008)

Direct Oxidation by Ozone. Two moieties of metoprololf¢r chemical structures refer to
Scheme3-2) are predominantly reactive towaeddirect ozone attack: tlaetivated aromatic

ring and the secondary amine. However, as shown béReener et al. 2008xhe ozone
reactivity at these two &t are very different. The amine moiety is only reactive in its
deprotonated form (pKa = 9.7oK depror= 8.6 A0° M %) (Benner eal. 2008) and hencgthe
apparent rate constant is pH depend@itnoz and von Sonntag 200 The protonated
metoprolol molecule is likely to be attacked by ozone at the aromatic ring with an apparent
rate constant of 3307 s* (Benner et al. 2008)At pH 3 the amine moiety is completely
protonatedand thusthe only reactive site for an ozone attack is the activated aromatic ring.
Therefore, the resulting OPs are probably formed by a modification at the ring moiety. The
concentration of the deprotonated amine species increases with highleragidg to OPs
possibly formed by the amine group being attackdithough with a pKa of 9.,7at pH 8 only

2 % of the metoprolol occurs in the neutn@nprotonatedorm, the amine @action is still
contributing to the reaction rate (uncharged ami2&0-times more reactive)

Indirect Oxidation by OH R adicals. Ozonation involves two different major oxidative
species: ozone and OH radicals. One very important reaction leading todigklsas the

decay of ozone into the superoxide radic&élz'ﬁ. The formation of)SOZ' is catalyzed by
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hydroxides (OB resulting in higher OH exposure at higher (Buhler et al. 1984put this
reaction contributes only to a minor extent as has a semafat rate constant of 70 Ws*
(Staehelin and Hoignd.982).
However, sveral researchers have reported a correlation between the ozone reaction of
amines andlevated OH radical exposures, indicating that during the oxidation reaction of an
amine a precursor for OH radicals is formé@z'(or AO3 (Buffle and Von Gunten 2006,
Buhler et al. 1984) Additionally, several studies report the potential of OH radical formation
during ozonation of phenolic compoun@uffle and Von Gunten 2006, Mvula and von
Sonntag 2003)

Economically relevant ozone doses might not mineralize metdpecalasing the formation
of oxidation products (OPs)iquid chromatographyoupled with hybride triple quadrupole
with linear ion trap (LGQqg LIT MS), was used for the elucidation of chemical structures of
the OPs. A comparison of the LS dataand chengal structures oé-beam and gamma
radiolysis products of metoprolol proposed b$legers et al.(2006) resulted in the
confirmation of some chemical structures of the OPs formed.

Ozonation reactions can lead to OPs withidobogical relevant functional groupeg.g,
aldehydes or hydroxylated aromatic compour@ksveral substances with aldehyde functions
( e. g. ,unsatbraed Caybbnykdydroxynonenal) are known to interact with DNA and
exhibit genotoxic and carcinogenic properti®schardson et al. 2007, Kuchenmeister et al.
1998, Roberts et al. 2003, Eaid al. 1993. Hydroxylated PCBs, PDBEs, and PAHs were
found to have elevated endocrine potentials in comparison to the aromatic compound without
hydroxyl substitution Sumbayev et al. 2008, Hamers et al. 2008, Kester et. al 2002 Kester et
al. 2000).

In this study the formation of metoprolol OPs was investigated during ozonation of spiked
Milli -Q water at acidic and neutral pH as well as the ozonation of raw and conventionally

treated wastewater at the ambient pH.
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3.2 Materials and Methods

3.2.1 Sample preparation

An aqueous ozone stock solution@.7 mM) was prepared by sparging ozeoentaining
oxygenthrough icebathcooleddeionizedwater(Bader and Hoiga 1981) The concentration
of the ozone stock solution wagtermineddirectly by a UV spectrometer at 258 nm using
Uosy= 3000M cm™.

Ozone stock solutiowas added tohe reaction solution containingpetoprolol(100 pM),
phosphate buffer (50 mM) at pH 3 or 8 atedt-butanol (100 mM) ¢-BuOH) as a radical
scavengerresulting in ozoe to compound rais of 1:5, 1:3, 1:1, 2.5:1, 5:1, and 10:1. For a
comparison of ORormation without radical scavenging, samples withbBUOH addition
were prepared in parallel as descrilpeeviously To determine the formation &H radicals,
para-chlorobenzoic acid (pCBA, 2 uM) was added. T8a&mples were analyzed 24h after the

addition of ozone to ensure thai moreozone was present.

3.2.2 Chromatography Development

Samples containing the mixture of OPs were separated withgdent 1100 HPLC system
(Agilent Technologies, US/&anta Clara) using Synergi 4uHydro-RP column, 3nm i.d.,
250 mm, 4 um(Phenomenex®, Aschaffenburg, Germany) at room temperdbaienized
water (A) and acetonitrilg(B) both consisting of 0.836 aqueous formic acid were used as
eluents(refer to table 3L for optimized gradieft The UV system was operated at 254 and
280 nm for detection of metoprolol and OPs, and at a0 for pCBA quantification

(LOQ = 0.2 uM).
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Table3-1:Optimized gradientsed for LGMS and LCUV Experimens.

time flow rate
step [min] [pl/min] A [%] B [%0]
0 0.00 400 95.0 5.0
1 30.00 650 90.0 10.0
2 40.00 750 80.0 20.0
3 50.00 800 60.0 40.0
4 55.00 400 95.0 5.0

3.2.3 Determination of Molecular Weights and Fragmentation by
Mass Spectrometry (MS)

Mass specbmetry was performed using an Applied Biosystems/MDS Sciex 4000 @®Trap
Qq-LIT-MS (Applied Biosystems, Langen, Germanyhe system consisieof a hybrid triple
guadrupole andinear ion trap mass spectrometer equipped with an electrospray ionization
(ESI) source. Nitrogen was used as drying, nebulizamgl collision gaskFor the LCsystem
the same gradient than describes above was used. To determimeltoalar weightsve
performedLC-Q1 scansn positive and negative ion mode. The OPs could onlydtected
with positive ionization therefore all following MS experiments were performexhly in
positive mode.
For structural elucidation, the MS fragmentation pattsvaf all OPs were studied by
performing product ion scar®1S?), using the linear ion &p of the LC tandem MSThe
obtained product ions were incorporated into a LC tandem MS mettsioly multiple
reaction monitoring (MRM) transitionsT@ble $-2 and $-3). For MS’ spectra, the sample
was directly injected into the mass spectrometer aiva df 10 to 15uL/min. The excitation
energy, for these experiments was optimized for each single OP and varied between

20-100V, with a collision energy spread 61V.
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3.2.4 OP formation in Matrix Samples

Raw wastewater (DOC = @68g/L, pH 7.7) and conventiorgltreatedmunicipal wastewater
(DOC = 8.5 mg/L, pH 8.4) were spiked with metoprolol (10 psh)d ozone stock solution
was added to obtaimzone to compound ratios of 3:1, 6ahd12:1. OH radical formation in
the matrix was monitored by addingull para-chlorobenzoic acid (pCBA) to the samples.

pPCBA concentration was analyzed by HRUY as described before.

3.3 Results and Discussion

3.3.1 Oxidation Pathways of Metoprolol

To monitor the influence of OH radical reactions in the oxidation process of metoprolol,
we performedexperiments in the presence and absen¢BafOH as a radical scavenger.

The addition of pCBA, a probe compound only reacting with OH radicals and not with
ozone, allowed for OH radical formation to be determined in all experiments (pH 3

scavenge, pH 3 non scavenged, pH 8 scavengedpH 8 non scavenged).



3 Ozonation oMetoprolol 57

Table3-2 Attenuation of pCBA irDifferent ExperimentalSetup$

experiment ozone:m_etoprolol attenuation
ratio pCBA [%]
1:5 0
1:3 1
1:1 0
pH 3 scavenged 251 0
5:1 1
10:1 5
1:5 0
1:3 5
1:1 0
pH 3 non scavenge 251 1
5:1 24
10:1 59
1:5 0
1:3 1
1:1 4
pH 8 scavenged 251 4
5:1 3
10:1 5
1:5 4
1:3 5
pH 8 non scavenge 1:1 18
25:1 60
5:1 79
10:1 100
3:1 9
raw waste water 6:1 6
12:1 15
3:1 6
WWTP effluent 6:1 13
12:1 31

akapp,OH, pCBA- 5909 M_l S_l; kapp,OH, {BUOH— 5%08 M-l S-:L (Bader
and Hoigne 1981

3.3.2 Oxidation Products

BecauseOH radicals and ozone molecules carpbesent, ozone and OH radical reactions as
well as different combinations of both were taken into account.ifffaemation onproduct
formation of ozonation and OH radical reactions for different functional groups in the
literature (Beltran et al. 1993, Boncz et al. 48 von Gunten 2003allowed for possible
reaction pathways for the oxidation of metoprolol and possible OP structures to be proposed.
The nominal masses and the fragmentation pattern from product ion scans supported the

proposed structures of the OfPefer to Table 3 for chemical structuresandto SI Chapter
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3.5.2for missing MS spectra and fragmentation pathwayBiyect injection MS experiments

were performed for a limited number of OPs at higher concentrations. The fractions were
obtained by frationation via LC followed by freeze dryingefer to TextS 3-1 of the
Supporting Information for the procedirdf the OP concentrations were sufficiently high,

the chemical structures of OPs were confirmed by® Mpectra gection 3.52 of the
Supportinginformatior).

In total, 23 different OP signals were detected in which 13 OP chemical structures could be
proposed. Although MSand MS spectra §ection3.53 of the Supporting Informatigrwere
available the chemical structure of 10 signals could Ioe@tidentified.

Product formation at pH 3. The OP formation at pH 3 is very similar for the scavenged and
non scavenged system. The same OPs could be detected to a similar extent. The main OP
formed at pH 3 is M3/292-3. (M srefers to theOP of metoprolgl3 or 8 indicates the pH
where this OP was forme@99 refes to the nominal mass of the OP &h@ refer to the
isomer discussed)resulting from an attack at the aromatic ring following the Crigée
mechanism (Schen®?2) (Dowideit and von Sonntag 1998)his leads to a ring opening and

the formation of two aldehyde moieties.
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Scheme3-1: ProposedFragmentation Pathway for One Possible Sucture of M3/299 with MS? Spectrum
and MS® Spectra.
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Several peaks with a nominal mass 289 Da were found. Their MSand MS spectra
exhibited equalragmentationpatterns.Scheme 3l illustratesthe proposed fragmentation
pathway forone possiblesomer.A mass difference of 32 Dahen comparedo metoprolol
corresponded to an addition of two oxygen atdmshe MS spectra the neutral loss of 59 Da
(fragment 4 and the occurrence of fragmis 9, 10 and 1idicated that the isopropyamine

side chainremained unchange@ompare to metoprolol fragmentati@themeS 31). The
single loss of water (18 Da) confirmed that only one hydroxyl group next to an extractable
proton is presentlhe los of 32 Da, resulting in fragments 2 and 7, confirmed an unchanged
ether side chain.

The m/z 109 fragment ion implied that oxidation took place at énematic moiety. The
proposed formation of two aldehyde moieties instead of a double hydroxylation anghe
was supported by the fragment ioniz 81 (109 Da-28 Da; loss of CO). The MSspectra
confirmed the proposed fragmentation pathway.

Scheme3-2 shows the proposed reaction pathwaystlierthree isomers d13/299, during
which a hydrogen peroxide iqiO;) is cleaved.The three major peaks detected correlated
well with the three possible isomers formed by the ring ope@tagheliret al.(1982)stated

that HQ can be a pecursor for OH radical formation. However, at pH 3 H®@ill very
quickly be protonatd, so the probabilitgf OH radical formation resulting from this reaction

is low. Another reaction leading to the production of H® the further oxidation of M3/299

via the same mechanism resulting in M3/2738Heme3-3). Further oxidation reactions
following the same mechanism such as an attack of the third double bond of M3/273/2 might
be possible. A combination of all these reactions supports elevated OH fadication in

the non scavenged sample at pH 3.
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Scheme3-2: LC Chromatogram of OPs withm/z= 300 andProposedOxidation ReactionPathways of the
Formation of OP M3/299.
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Scheme3-3: ProposedOxidation ReactionPathway of M3/273/2 and Further Oxidation of M3/299.
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Formation of Constitutional Isomers Several of the formed OPs had the same nominal
mass but different retention times (e.g. chromatogram in SeBe?). In most cases these
OPs also exhibited the same M%ragmentation pathways, indicating formation of
constitutional isomers. Schen®2 illustrates examples for possible reaction pathways of
M3/299 formed at pH 3. The formation of constitutionalneos could be due to the ozone
attack at different carbon atoms of the activated aromatic ring. Most of thé&ag@entation

of these OPs showed no differences, again confirming the presence of constitutional isomers.
Unfortunately with the same fragmetiten pattern it was impossible to allocate the isomers to
the different retention times.

Product Formation at pH 8. Performing the experiments at pH 8 in the presence and
absence of-BuOH showed a higher diversity of OP formation. Some OPs detected in the
scavenged system were not found in the non scavengedcandersa The elucidation of the
structures of the main OPs indicated that this is likely due to a higher extent of OH radical
oxidation in the non scavenged sample.

The OPs M8/283/1 and 2 resdtfrom hydroxylation at the aromatic ring, either atahbo-

or metaposition of the metoprolol molecule.

The proposed structure was confirmed by the? K&l MS spectra (Schen@4). The loss of

water (fragments 1 and 7) as well as the loss of 4&Baesponding to the isopropyl moiety,
fragments 3, 5 and 7) implied an unchanged isopropyl amine side chain. The loss of 32 Da,
corresponding to the cleavage of methanol (fragment 2) confirmed the ether bond of the
second side chain was not modified. Qamson of the fragments with a phenoxy moiety
during fragmentation of metoprolol and the MS spectra of M8/283/1 and 2, revealed once
more the mass difference of 16 Da, confirming the hydroxylation of the aromatic ring

(fragments 4, 6 and 7).
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Scheme3-4: ProposedFragmentation Pathway of M8/283/1 and 2with MS? Spectrum and MS® Spectra.

A hydroxylation can occur via direct ozone reacti®tieme3-5 A) (Boncz et al. 1997or
OH radical attack §cheme3-5 B) (Song et al. 2008 It is likely that both reactions occur

simultaneously at pH 8, but the OH radical reaction would be more pronounced due to higher



