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Summary

Summary

The world wide population growth and the increasirager scarcity endanger more and more
the human society. Water saving measures alonenaiilbe sufficient to solve all associated
problems. Therefore, people in arid countries magimhe back to any kind of water available.
In this context the way people regard wastewatestnchange in terms that it has to be
recognized as a water resource. The reuse of wakgevireated and untreated, for irrigation
purposes in agriculture is already establishecbmessemi-arid and arid countries. Countries
with absolute water scarcity like Israel might raly be forced to reduce their water
consumption, but even to transfer reused watethercsectors. Concerns of authorities and
the general public about potential health riskscamapletely understandable. The health risks
of wastewater are mainly originating from pathogessch are negatively correlated with its
treatment. Therefore, the quality of a wastewatiment derived from mechanical-biological
treatment can be further improved by additionahtireent steps like soil aquifer treatment
(SAT). This process is adopted at the Israeli Sdrafthcility in the south of Tel Aviv.
Conventionally treated wastewater is applied otiaser basins from where it percolates into
the coastal plain aquifer which supplies approxetyabne quarter of Israel’s drinking water.
After a certain residence time in the subsurfaegewhter is recovered by wells surrounding
the recharge area. Although the pumping regimetesea hydraulic barrier to the pristine
groundwater, concerns exist that a contaminatiomhef surrounding drinking water wells
could occur. So far, little is known about the resloof organic trace pollutants during the
SAT process in general and for the Shafdan siparticular.

Consequently, the need arose to study the puiticggtower of the SAT process in terms
of the removal of organic trace pollutants. Fosstphurpose reliable wastewater tracers are
essential to be able to differentiate between digian and sorption processes on the one
hand and dilution with pristine groundwater on thtber hand. Based on their chemical
properties, their worldwide usage in a varietyaddstuffs and beverages, and first data about
the fate and occurrence of sucralose, artificiadet@ners came into the focus as promising
tracer candidates.

Thus, in the present work an analytical method th& simultaneous determination of
seven commonly used artificial sweeteners in diffiewater matrices, like surface water and
wastewater, was developed (see chapter 2). Theothéttbased on the solid phase extraction
(SPE) of the analytes by a styrene-divinylbenz&i28) copolymer material, and the analysis
by liquid chromatography-electrospray ionizatiorndam mass-spectrometry (LC-ESI-

MS/MS). The sensitivity in negative ionization modas considerably enhanced by post-
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column addition of the alkaline modifier tris(hyasonmethyl)aminomethane. In potable water,
except for aspartame and neohesperidine dihydrclobiaé, absolute recoveries >75 % were
obtained for all analytes under investigation, tm@re considerably reduced due to matrix
effects in treated wastewater. The widespread iligion of the artificial sweeteners
acesulfame, saccharin, cyclamate, and sucralogbeinaquatic environment was proven.
Concentrations in two German wastewater treatmemtt fZWWTP) influents ranged up to
190 pg/L for cyclamate, several tens of ug/L foesadfame and saccharin, and about 1 pg/L
for sucralose. For saccharin and cyclamate renmates >90 % during wastewater treatment
were observed, whereas acesulfame and sucraloss=ltaut to be very persistent. As a result
of high influent concentrations and low removalesatin WWTPs, acesulfame was the
dominant sweetener in German surface waters withcaxdrations up to 2.7 ug/L. The
detection of acesulfame and sucralose in recoveliswn the Shafdan SAT site in Israel in
the pg/L range was a promising sign for their gaesiise as anthropogenic markers.

As acesulfame and sucralose showed a pronoundatitgtm WWTPs and were detected
in recovery wells of the SAT site in Israel it bewa worthwhile to assess their tracer suit-
ability compared to other organic trace pollutassuggested as anthropogenic markers in the
past (see chapter 3). Therefore, the predictionepai the two sweeteners was evaluated in
comparison with the antiepileptic drug carbamazed@BZ), the X-ray contrast medium
diatrizoic acid (DTA) and two benzotriazoles (1Hahetriazole (BTZ) and its 4-methyl
analogue (4TTri)). The concentrations of these caumps and their ratios were tracked from
WWTPs with different treatment technologies, toipamnt waters and further to river bank
filtration (RBF) wells. Additionally, acesulfame @rsucralose were compared with CBZ
during advanced wastewater treatment by SAT inelsr@nly the persistent compounds
acesulfame, sucralose, and CBZ showed stable naties comparing influent and effluent
concentrations of four German WWTPs with converdglonastewater treatment. However,
by the additional application of powdered activatadoon in a fifth WWTP CBZ, BTZ, and
4-TTri were selectively removed resulting in a pvonced shift of the concentration ratios
towards the nearly unaffected sweeteners. Restilss seven months monitoring program
along the rivers Rhine and Main showed an excellemtrelation between CBZ and
acesulfame concentrations 2 £0.94), and still good values when correlatinge th
concentrations with both benzotriazoles=10.66 - 0.82). In RBF wells acesulfame and CBZ
were again the compounds with the best concentratorelation (= 0.85). A differentiated
comparison of the individual sampling points endhlilee identification of a CBZ point source

at the river Rhine downstream of the city of Bas@l. steady increase of the
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acesulfame/sucralose concentration ratio alongitle Rhine was observed and can most
likely be ascribed to a higher consumption of slos@in Switzerland compared to Germany.

In the Israeli SAT field sucralose concentratioesrdased by more than 80 % from the
percolation basin to peripherical wells. Howevée sweetener was still detected there with
concentrations up to 3.5 pug/L, enabling the indicabf a wastewater impact in a qualitative
way. Acesulfame and CBZ showed a pronounced dtaleiren at these longer residence
times of more than one year in the subsurface@BSIAT field, underlining their suitability as
almost ideal anthropogenic markers.

From the tracer study it can be deduced, that curateon ratios of persistent organic
trace pollutants should be evaluated carefully lgefansferring them from one sampling site
to another for the prediction of a certain wastewampact or for the estimation of the
occurrence of other trace pollutants. In fact,orahifts can also indicate peculiarities like
advanced wastewater treatment, enhanced applicatidhe catchment area of WWTPs,
country specific usage patterns, and point sources.

The persistence of some artificial sweeteners durirastewater treatment and their
occurrence in surface waters, and river bank fdtraised concerns that some of them might
end up in raw waters used for drinking water prdiduc Thus, the most important treatment
steps applied in waterworks were investigated imodatory experiments to assess their
efficiency for the removal of artificial sweetenefgditionally, the effectiveness of different
treatment trains was studied in an extended samplingram in six full-scale waterworks
which use surface water influenced raw waters (@dwpter 4). Saccharin and cyclamate
proved to have no relevance for drinking water potidn as they were effectively removed
during biological active treatment steps, most ingoat river bank filtration (RBF) and
artificial groundwater recharge. Acesulfame andaose were found to be persistent during
aerobic RBF which underlined again the possibilityuse them as tracers for anthropogenic
contaminations. Sucralose was also persistent stgalremical treatment with ozone with
removal rates of <20 % in both laboratory and figldestigations, but the compound was
completely removed by subsequent activated carbwatibn. For acesulfame the applied
ozone doses and contact times in full-scale watdssvavere not sufficient for the complete
oxidation of the compound. Activated carbon filtoat was only effective if the carbon-
preload was below 30 m3/kg. In this study acesuifamas the only sweetener with drinking
water relevance. The compound was detected in @& of the finished potable water

samples with concentrations up to 0.76 pg/L.
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The high mobility and persistence of acesulfame meeficial for its use as a tracer
compound. However, these properties also leadstontvanted occurrence and subsequent
oxidation in ozonation units of waterworks. To emsthat no undesired oxidation products
(OPs) are formed, great importance was attachethdoelucidation of the main OPs of
acesulfame (see chapter 5). Additionally, cyclamages included in the study, as it was
identified as the sweetener with the highest inftusoncentrations in WWTPs, where ozon-
ation might be applied as tertiary treatment. Baxperiments at two different pH values (3
and 7.5) with and without scavenging of OH radidaystert-butanol were carried out to
enable discrimination between oxidation by the ezomlecule itself or by OH radicals.

In the case of cyclamate, oxidation mainly occuregdthe carbon atom, where the
sulfonamide moiety is bound to the cyclohexyl ri@pnsequently, amidosulfonic acid and
cyclohexanone are formed as main OPs of cyclamViteen ozone attacked at a another
carbon atom of the ring, a keto moiety was intregdlimto the cyclamate molecule yielding
three isomers.

For acesulfame, acetic acid and dihydroxyacetyhsute, a compound with an aldehyde
hydrate moiety, were identified as the main OPaliriests. The observed reaction products
suggested an ozone reaction according to the Griegechanism due to the presence of a
C=C double bond. Kinetic experiments for acesulfamoefirmed that both OPs are formed
during ozone contact times applied in waterworkse Bldehyde hydrate was also detected
after the ozonation unit of a full-scale drinkingter treatment plant which uses surface water
influenced bank filtrate as raw water. Howevelisihot expected to cause any problems for
drinking water suppliers, as primary findings sugiges further removal in biologically active
layers of subsequent activated carbon filters.

It can be concluded that the ubiquitous occurreri@atificial sweeteners and their identi-
fication as emerging contaminants in the aquatierenment have been proven by this study.
The main benefit for environmental scientists, publthorities, and waterworks is the use of
acesulfame as a new tracer for anthropogenic conétions with advantages in abundance
compared to other persistent organic trace poltstased in the past. Acesulfame was already
successfully applied to prove the purification powkthe SAT field in Israel. Stable concen-
trations in recovery wells with residence timesyare than one year were observed, whereas
e.g. pharmaceuticals (CBZ excluded) were reducednbye than 90 % compared to the
applied wastewater. The multi-barrier concept imking water production is reliable (under
certain boundary conditions) to remove traces tfi@al sweeteners and their OPs from raw

waters.
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Zusammenfassung

Das weltweite Bevolkerungswachstum und die danrbwedene Wasserknappheit gefahrden
zunehmend die menschliche Gesellschaft. Ledigleatn \Wasserverbrauch zu reduzieren wird
nicht ausreichen, um alle damit verbundenen Probleru I6sen. Deshalb wird die
Bevolkerung in ariden Landern moglicherweise in uiik auf alle verfugbaren Wasser-
ressourcen zuruckgreifen mussen. In diesem Zusalhamgnmuss sich die Betrachtungs-
weise von Abwasser dahingehend &ndern, dass diélk&eung solcher Lander dieses als
Ressource erkennt. Die Wiederverwendung von uniaehiem oder behandeltem Abwasser
ist fur Bewdasserungszwecke bereits in einigen seiden und ariden Landern etabliert.
Allerdings konnten Lander mit extremer Wasserknaphwie beispielsweise Israel, in
Zukunft nicht nur dazu gezwungen sein ihren Wasserauch zu reduzieren, sondern auch
wiedergewonnenes Wasser in anderen Bereichen rmalsaddwirtschaft zu nutzen. Bedenken
von Behorden und Offentlichkeit bezlglich einergmiellen Gesundheitsgefahrdung sind
dabei nur allzu verstandlich. Die gesundheitlich®isiken von Abwasser sind vor allem
durch darin enthaltene Pathogene begrindet, derawegenheit negativ mit einer
zunehmenden Abwasserbehandlung korreliert. Ausedie&rund kann die Qualitéat eines
Abwassers, das eine biologische Abwasserbehandturghlaufen hat, durch weitere
Aufbereitungsschritte, wie das Versickern Uber eBedenpassage (engl. soil aquifer
treatment, SAT), weiter verbessert werden. Im |geeen Shafdan-Gebiet sudlich von Tel
Aviv wird zu diesem Zwecke gereinigtes AbwasserBedken ausgebracht, von wo es in den
Kistenaquifer versickert, der rund ein Viertel dsaelischen Trinkwassers liefert. Nach
einer gewissen Aufenthaltszeit im Untergrund wies dVasser durch Forderbrunnen in der
Peripherie des Versickerungsfeldes wiedergewon@®dawohl durch das Pumpregime eine
hydraulische Barriere zum unbeeinflussten Grunderageschaffen werden soll, bestehen
Bedenken, dass umliegende Trinkwasserbrunnen kamtairwerden kénnten. Insbesondere
Uber die Entfernung von organischen Spurenstofféihrend des SAT-Prozesses im
Allgemeinen und fur das Shafdan-Gebiet im Besomdistebislang wenig bekannt.

Fur die Beurteilung der Reinigungsleistung des JAdzesses hinsichtlich der Elimina-
tion organischer Spurenstoffe war es notwendig,edéssige Abwassermarkierungsstoffe
(Tracer) zu identifizieren. Nur so war es mogligwischen einer Verdinnung mit land-
seitigem Grundwasser einerseits sowie biologisciAdhau und Sorption andererseits zu
unterscheiden. Kunstliche SuR3stoffe erschienenGauhd ihrer chemischen Eigenschaften,

ihrer weltweiten Anwendung in einer Vielzahl vonbemsmitteln und Getréanken sowie erster
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Informationen Gber das Umweltverhalten von Sucelmsssichtsreiche Tracer-Kandidaten zu
sein.

Daher wurde in dieser Arbeit eine Analysen-Methade simultanen Bestimmung von
sieben allgemein gebrauchlichen kunstlichen Siféstofaus verschiedenen wassrigen
Matrizes, wie beispielsweise Oberflachen- und Alsggsentwickelt (siehe Kapitel 2). Diese
Methode basiert auf einer Festphasenextraktion Alealyten mit einem Polystyrol-
Divinylbenzol-Copolymer und anschlielender Analysigtels Fllssigkeitschromatographie-
Tandem-Massenspektrometrie  mit  Elektrospray-loieat (LC-ESI-MS/MS).  Die
Empfindlichkeit im negativen lonisations-Modus késmrdurch die Zugabe des basischen
Puffers Tris(hydroxymethyl)aminomethan nach demoohatographischen Trennung deutlich
verbessert werden. In Trinkwasser wurden fir allsdbstanzen, aulRer fir Aspartam und
Neohesperidin-Dihydrochalchon, absolute Wiederfimgkn von >75 % erzielt. Diese nahmen
allerdings in behandeltem Abwasser auf Grund votrikfekten deutlich ab. Es konnte die
ubiquitare Verbreitung der kinstlichen SiRstoffeefdfam, Saccharin, Cyclamat und
Sucralose in der aquatischen Umwelt nachgewiesedene Die Zulaufkonzentrationen in
zwei deutschen Klaranlagen betrugen fir Cyclamatzbi 190 pug/L, mehrere Zehn pg/L fur
Acesulfam und Saccharin und ca. 1 pg/L fur Sucealé$ir Saccharin und Cyclamat konnte
eine gute Elimination (>90 %) wahrend der biologmt Abwasserreinigung beobachtet
werden. Acesulfam und Sucralose erwiesen sich @sgalg sehr persistent. Als Folge hoher
Zulaufkonzentrationen und geringer Entfernung watireder Abwasserreinigung war
Acesulfam, mit Konzentrationen von bis zu 2,7 pgfer vorherrschende Suf3stoff in
deutschen Flie3gewassern. Der Nachweis von Acesulfad Sucralose im pg/L-Bereich in
Forderbrunnen des SAT-Feldes in Israel war einversprechendes Anzeichen fir deren
maoglichen Einsatz als Abwasser-Tracer.

Da Acesulfam und Sucralose eine ausgepragte Rmsisvvahrend der Abwasser-
behandlung aufwiesen und in Férderbrunnen des S#\deB nachgewiesen wurden, erschien
es lohnenswert, ihre Eignung als Abwassertraceem#mer anderen organischen Spuren-
stoffen zu bewerten, die in der Vergangenheit eddlsnfils Tracer vorgeschlagen wurden
(siehe Kapitel 3). Aus diesem Grund wurde die Héditgder beiden SufRstoffe, einen
Abwassereinfluss anzuzeigen, mit der des Antiepkams Carbamazepin (CBZ), des
Rontgenkontrastmittels Amidotrizoesaure (DTA) undt wher zweier Benzotriazole (1H-
Benzotriazol (BTZ) und seines 4-methylierten Analog (4TTri)) verglichen. Ausgehend
von Klaranlagen mit unterschiedlichen Behandlurgsi&ken wurden die Konzentrationen

der Spurenstoffe und ihre Verhaltnisse untereinandber Vorfluter bis hin zu
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Uferfiltratbrunnen verfolgt. AuRerdem wurde das hadten von Acesulfam, Sucralose und
CBZ bei der weitergehenden Abwasserbehandlung Imit8AT in Israel miteinander
verglichen.

In den Zu- und Abléaufen von vier deutschen Klargalamit konventioneller Abwasser-
reinigung waren nur die Konzentrationsverhatnissepgrsistenten Spurenstoffe Acesulfam,
Sucralose und CBZ untereinander konstant. Bei einensatzlichen Einsatz von
Pulveraktivkohle in einer fuinften Klaranlage wurdedoch CBZ, BTZ und 4-TTri selektiv
entfernt, was die Konzentrationsverhaltnisse zu kimm betroffenen Suf3stoffen verschob.
Die CBZ- und Acesulfam-Messwerte eines siebenmgeatiUntersuchungsprogramms an
Rhein und Main korrelierten untereinander hervaeraty(f = 0,94) und ebenfalls noch gut
mit den Konzentrationen beider Benzotriazole=(0,66-0,82). Auch in den untersuchten
Uferfiltratbrunnen war die Korrelation zwischen Aoéfam und CBZ am besten. Eine
differenzierte Betrachtung der Substanzverhdltnidse einzelnen Probenahmestellen an
Rhein und Main ermdglichte die Identifizierung eifnktquelle fir CBZ am Rhein fluss-
abwarts von Basel. Im Rheinverlauf wurde zudem aisteigendes Acesulfam/Sucralose-
Verhaltnis beobachtet, was auf einen hoheren Ssgalerbrauch in der Schweiz im
Vergleich zu Deutschland schliel3en lasst.

Im israelischen SAT-Feld nahm die Sucralose-Komagioh auf dem Weg von den
Versickerungsbecken zu den peripheren Brunnen uhr aie 80 % ab. Allerdings wurde der
SuRstoff auch dort noch mit Konzentrationen vonzuis3,5 pg/L detektiert und ist deshalb
immer noch dazu geeignet, auch bei langen Aufetstteiten einen Abwassereinfluss
zumindest qualitativ anzuzeigen. Acesulfam und @Bigten selbst bei langen Verweilzeiten
im Aquifer von mehr als einem Jahr eine ausgepratabilitdt, was ihre Eignung als nahezu
ideale Abwassertracer unterstreicht.

Die Ergebnisse dieser Tracer-Studie lassen denuskldu, dass Konzentrationsverhalt-
nisse persistenter organischer Spurenstoffe nur gacauer Prifung von einer Probenahme-
stelle auf eine andere Ubertragen werden solltendan Abwassereinfluss oder das Vor-
kommen anderer Spurenstoffe abzuschatzen. Vielkigimen abweichende Konzentrations-
Verhéltnisse organischer Spurenstoffe Hinweise dofegelmaRigkeiten, wie z. B. eine
weitergehende Abwasserreinigung, einen erhohtesaEinim Klaranlagen-Einzugsgebiet,
international unterschiedliche Einsatzmuster oderkRjuellen geben.

Auf Grund der Persistenz einiger kinstlicher Siistevdhrend der Abwasserreinigung
sowie wegen ihres Vorkommen in OberflachengewassednUferfiltratbrunnen erschien es

wahrscheinlich, dass diese Stoffe auch in Rohwésaar Trinkwassergewinnung vorhanden
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sein konnten. Deshalb wurden die wichtigsten in $®Bgserken angewendeten Auf-
bereitungsschritte im Labormal3stab untersucht, hus Eignung hinsichtlich der Entfernung
von SuRstoffen beurteilen zu kénnen. Zusatzlichdeuan sechs deutschen Wasserwerken,
die Oberflachenwasser beeinflusstes Rohwasser muiae Effektivitat der Gesamtheit aller
Aufbereitungsstufen in einem umfangreichen Untdrangsprogramm Uberprift (siehe
Kapitel 4). Saccharin und Cyclamat erwiesen siahdig@ Trinkwassergewinnung als nicht
relevant, da beide wahrend biologisch aktiver Atgliangsschritte, wie der Uferfiltration
oder der kunstlichen Grundwasseranreicherung, tffedntfernt wurden. Acesulfam und
Sucralose waren dagegen wahrend der aeroben Uégrdih persistent, was die Mdglichkeit,
die Substanzen als Markierungsstoffe flr eine apthgene Verunreinigung zu nutzen,
wiederholt unterstrich. Sucralose erwies sich augihder chemischen Behandlung mit Ozon
mit Entfernungsraten <20 % in Labor- und Felduntelnsingen als persistent, wurde aber bei
der nachfolgenden Aktivkohlefiltration effektiv awkem Wasser entfernt. Fur Acesulfam
waren die in Wasserwerken angewandten Ozonkonziemia und -kontaktzeiten fur eine
vollstandige Oxidation des Stoffes nicht ausreichelBine Aktivkohlefiltration war nur
effektiv, wenn die Kohle eine Beladung von wenigds 30 m3/kg aufwies. In diesem
Untersuchungsprogramm war Acesulfam der einzigestiifdmit Trinkwasserelevanz. Die
Verbindung wurde in ca. 90 % aller Proben am Ende Trinkwasseraufbereitung mit
Konzentrationen bis zu 0,76 pg/L nachgewiesen.

Die hohe Mobilitdt und Persistenz von Acesulfanmdsiiitzlich, um diese Substanz als
Tracer einzusetzen. Allerdings fluhren diese Eidgeaften auch zum unerwinschten
Vorkommen und der anschlieBenden Oxidation bei @eonung in Wasserwerken. Um
sicherzustellen, dass dabei keine unerwiinschtedafeansprodukte entstehen, wurde ein
weiterer Schwerpunkt der Arbeit auf die Aufklarumgr Hauptozonungsprodukte von
Acesulfam gelegt (siehe Kapitel 5). Zusatzlich veurder SuRstoff Cyclamat in diese
Untersuchung mit aufgenommen, da er mit den hdshKmnzentrationen in Klaranlagen
nachgewiesen wurde und dort ebenfalls eine Ozonwédf§jrend der weitergehenden
Abwasserbehandlung stattfinden kann. Laborversumire Strukturaufklarung wurden bei
zwei verschiedenen pH-Werten (3 und 7,5) mit undeoden Radikalfangetert-Butanol
durchgefuhrt, um zwischen der Reaktion mit Ozon dedmit OH-Radikalen unterscheiden
zu konnen.

Im Falle von Cyclamat erfolgte die Oxidation ha@gtdich an dem Kohlenstoffatom, an
dem die Sulfonamid-Gruppe mit dem Cyclohexyl-Rimgbunden ist. Dies fihrte zu Amido-

sulfonsaure und Cyclohexanon als Hauptozonungsgtedion Cyclamat. Beim Angriff von
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Ozon an einem anderen Kohlenstoffatom des CycldHeixgs wurde eine Keto-Gruppe in
das Cyclamat-Molekul eingefiihrt, was die Bildungndvei Strukturisomeren zur Folge hatte.

Fur Acesulfam wurden Essigsaure und Dihydroxyasatidmat, eine Substanz mit einer
Aldehydhydrat-Gruppe, in allen Versuchen als Happbaingsprodukte identifiziert. Die
beobachteten Reaktionsprodukte lassen auf einetiBean der C=C Doppelbindung gemarf
dem Criegee-Mechanismus schlief3en. Kinetik-Expartemdiir Acesulfam bestatigten, dass
die Ozonungsprodukte direkt und nach kurzen Ozont#dzeiten, wie sie auch in
Wasserwerken angewendet werden, entstehen. Dahyalldgdrat wurde auch in einem
Wasserwerk nach der Ozonung von Oberflachenwassgnflusstem Uferfiltrat detektiert.
Es ist allerdings nicht davon auszugehen, dassetheBroblem fur Wasserversorger darstellt,
da erste Untersuchungen darauf hindeuten, dasgsdi@sidationsprodukt in biologisch
aktiven Schichten der nachfolgenden Aktivkohlédiliton entfernt wird.

Schlussfolgernd lasst sich sagen, dass mit deriegeriden Arbeit die ubiquitare
Verbreitung kunstlicher SuRstoffe in der aquatischémwelt nachgewiesen wurde. Der
hauptsachliche Nutzen fur Umweltwissenschaftlefid@den und Wasserwerke liegt darin,
dass Acesulfam als neuer Tracer fir abwasserbiiragéhropogene Verunreinigungen
identifiziert werden konnte. Die Substanz bietdteddinsichtlich des Konzentrationsniveaus
Vorteile gegeniber anderen persistenten Spureastoffcesulfam wurde bereits erfolgreich
zum Nachweis der Reinigungsleistung eines SAT-Reldangesetzt. Selbst nach
Aufenthaltszeiten im Aquifer von mehr als einem rJalurde Acesulfam dort noch in
Forderbrunnen in vergleichbaren Konzentrationerg sie auch im versickerten Abwasser
vorliegen, nachgewiesen. Dagegen nahm beispielewdis Gesamtkonzentration der
pharmazeutischen Wirkstoffe (ohne CBZ) um mehr &8 % ab. Das in der
Trinkwasseraufbereitung angewandte Multibarriergygyp ist  (unter  bestimmten
Rahmenbedingungen) geeignet, um Spuren von kimestlic St3stoffen und ihrer

Oxidationsprodukte aus Rohwassern zu entfernen.
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General introduction

1

General introduction

1.1 Water scarcity and wastewater reuse

Population growth and the associated increasinganunse and pollution of water resources
have come to a level, where the scarcity of cleatewendangers ecosystem functions,
biodiversity, food production and water supply {dand Vaux 2007). In many parts of the
world water resources like rainwater, groundwagenface water, and wetlands are very
limited. In such regions it might not even be suéfint to merely follow water saving
measures but also necessary to come back to adykwvater available to meet the demand.
In this context the way we regard wastewater masinge in terms that mankind has to
recognize it as a resource rather than waste (Wheions, 2009). As a consequence it has to
be proactively managed to make it available foranrdandscaping, recreational uses,
industrial applications, indirect potable reuse] amost important, for irrigation in agriculture
as the major consumer (Angelakis et al., 1999; AQEL, 2006). According to the United
Nations (2009) reused wastewater is currently aaiog for only 2.4 % of the global water
consumption but has a considerably higher potential

Authorities as well as the general public are stihcerned about the reuse of wastewater
due to potential health risks. Especially when eaied wastewater is used for aquaculture or
irrigation, as it is the case in countries like.edambodia, Vietham, Mexico, Morocco, or
Pakistan, these concerns are justified, becausealfgsmthogens may cause diseases to
farmers, local communities and consumers of thpeas/e products (Habbari et al., 1999;
Cifuentes et al., 2000; Ensink et al., 2005; Anhlgt2007; Trang et al., 2007). However, the
health risks associated with the reuse of wastewede be reduced by an appropriate
wastewater treatment (Ensink et al., 2005; WHO 620@hich might be further improved by
tertiary treatment steps like chlorination or thgplecation of ozone (de Velasquez et al.,
2008; Nikaido et al., 2010). Besides microbial pa#ns, concerns originate also from

residual anthropogenic organic trace pollutant® léndocrine disrupting compounds or
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pharmaceuticals, which are not completely remowethd mechanical-biological wastewater
treatment (Drewes et al., 2002; Yoo et al., 2006).

Only in countries, where the value and need forduse of treated wastewater have been
recognized, regulations about the safety of reddinwater have been implemented
(Angelakis et al., 1999). However, strict water lgysstandards are always a matter of the
related expenses. This is well illustrated by commgaquality guidelines of the World Health
Organization (WHO) and the U.S. Environmental Rrtibé Agency (EPA) or certain U.S.
states. The latter ensure irrigation water for sragnich meets quality standards comparable
to drinking water, but requires cost intensive seleoy treatment followed by disinfection
(US EPA, 2004). However, the WHO notes, that in el@wing countries advanced
wastewater treatment is not feasible. To reducesxe to pathogens and harmful chemicals
simple wastewater treatment with e.g. stabilizatpmnds in combination with consumer
related measures like washing irrigated crops orailighly cooking them are recommended
(WHO, 2006).

Therefore, one main objective of integrated wastemwapplications should be a country-
specific development from the uncontrolled useavi sewage towards the controlled use of

wastewater that has been treated to the most feasitent.

1.2 Soil Aquifer Treatment (SAT) in | srael

The Mediterranean region including countries frdra Near East and the Arabian Peninsula
is among the most affected by water scarcity in wwrld (Bdour et al.,, 2009). The
International Water Management Institute (IWMI) ghcted the water demand and supply
situation for 118 countries. Among the 16 counfriediich were considered to suffer
“absolute water scarcity” by 2025, 13 were assigtedhat region (Seckler et al., 1999).
Based on the annual water resources and withdrawals! is ranked eighth among these
most affected ones. As the country is considere@dmasdvanced economy (International
Monetary Fund, 2010) it is in the position to p@wseveral main strategies to increase its
water supply. One of them is the treatment of weater and its subsequent reuse for
irrigation purposes to overcome the water shor{dge, 2006). Wastewater reuse has been
put on the list of national priorities and IsraalVater Law even defines wastewater as a water
resource. As a consequence of the water streag) swater reuse is mature (Figaré) and
accounts for 70 % of the produced wastewater, wisidamong the highest rates in the world
(State of Israel, 2011).
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Water reuse practice
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Figure 1-1 Water Stress index and reuse practice in Isragipaped to European countries
(adopted from United Nations, 2009; originally pabéd by Bixio et al., 2006).

The wastewater which is reclaimed and used for sincged irrigation stems from
secondary and chlorinated effluent or from a teytimeatment by soil aquifer treatment
(SAT) (Aharoni and Cikurel, 2006). SAT refers teethpplication of treated wastewater to
surface basins and its percolation through the sdmne as a method of aquifer recharge
(Figure 1-2). Natural geopurification processes in the turséed zone as well as in the
aquifer lead to an additional water quality impnoat (Fox, 2001; Eusuff and Lansey,
2004).

Water purification in the vadose zone mainly takésce by filtration, adsorptive and
chemical processes as well as by biological degiadand is followed by hydrodynamic
dispersion and dilution in the aquifer (Nema et 2001). If microbial degradation processes
take place, the dissolved oxygen is decreased gltine seepage of the water. Therefore, the
wetting and drying cycles are important for theasedonditions of the process, as they ensure
the reaeration of the soil and the penetratiorxgfien into the sub-surface (Fox, 2001).
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percolation basin with recovery well
treated wastewater

vadose zone

A

ground water transport and mixing zone

Figure 1-2 Scheme of soil aquifer treatment (Fox et al., 2008dified)

The artificial groundwater recharge by the SAT psx can help to protect coastal
aquifers from seawater intrusion and enables thkagé and conveyance of water for future
use (Bouwer, 2002). According to Asano and Cotr(®@04) the underground storage of
water has several further advantages, as it i) ibghcheaper than storage in surface water
reservoirs, ii) can eventually act as a distributsystem, iii) prevents from water evaporation
and biological growth, iv) is suitable for sites evlh surface water reservoirs are not
acceptable, and v) provides esthetic and psychmbdienefits. The transformation from
treated wastewater to groundwater is considerezhasnajor benefit of SAT as it breaks the
“pipe-to-pipe” or “toilet-to-tap” connection in ppte’s minds which is important to overcome
public resistance when the injected water is ingehnidr reuse (Bouwer, 2002). The fact, that
the recovered water can be considered as groundwadkes a reuse even possible for
Islamic countries, where religious taboos againastewater exist (Ishaq and Khan, 1997).
The SAT technology is regarded as a low-technolmgy cost-effective process with a low
degree of maintenance and is therefore also saifabldeveloping countries (Bouwer, 2000;
Maeng et al., 2011). The direct injection of theated wastewater into the aquifer is an
alternative, where not enough land for percolati@sins and/or no permeable soils are
available or where the aquifers are too deep offimeth However, the direct injection
requires a higher degree of pre-treatment, morenter@nce and cannot benefit from the
additional purification during the soil passage (&er, 2002; Asano and Cotruvo, 2004).

An organic-rich layer which reduces permeabilitynche formed as a result of
sedimentation, filtration, and biological growthhérefore, the groundwater recharge by SAT
is carried out by intermittent flooding and dryimg the spreading basins to avoid the
formation of such a clogging layer and to ensugh lmfiltration rates over a certain period of
time. During the drying period of several days thegging layer is drying up and cracking
and thus becomes permeable again. Sometimes ewandthanical removal of the organic
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layer or its complete destruction by ploughing dmtome necessary. Taking the drying
periods into account infiltration rates of 100 m4@0 m per year can be achieved (Bouwer,
2000; Bouwer, 2002).

1.2.1 The Shafdan reclamation project

About one quarter of Israel’s annual 500 millioficumeters of wastewater receive tertiary
treatment by SAT in the Dan Region which correspgatadthe metropolitan area of Tel Aviv
including Jaffa and several neighboring municipagdit(Icekson-Tal et al., 2003; State of
Israel, 2011). The Shafdan SAT facility comprides ¢entral municipal wastewater treatment
plant (WWTP) including the percolation basins ab®dtkm south of Tel Aviv at the Medi-
terranean coastline. The SAT site is located incthestal plain aquifer which supplies about
25 % of Israel’s drinking water (Oren et al., 20G&sser et al., 2010).

The WWTP serves about two million people livingle catchment area of Tel Aviv and
treats some 130 million Hyear of wastewater (Icekson-Tal et al., 2003; &fadl., 2008). The
treatment includes conventional mechanical treatn{preliminary bar screen and grit
removal) and biological treatment (activated sluggth zones of nitrification and denitri-
fication) (Shelef et al., 1994).

The recharge in the Shafdan site with WWTP effluenbased on a one to six days
intermittent flooding and drying regime of the sputang basins (Figurg-3), which maintains
aerobic conditions in the subsurface and renewsgpéneolation capacity. Additionally, the
basins are ploughed every two to three months €bletlal., 1994; Icekson-Tal et al., 2003;
Oren et al., 2007; Tal et al., 2010). The wastenadecolates through a variable unsaturated
zone, with a few tens of meters in thickness. eénaquifer the water flows lateral and radial in
all directions and is monitored by observation wédicated in various distances around the
recharge basins. The residence time in the agsitegtween six months and two years before
the water is pumped by recovery wells surroundiregrecharge area. This pumping regime
creates a hydraulic barrier to pristine groundwatdrich is used for drinking water
abstraction and forms a separated zone withinggmmnal aquifer for effluent storage (Oren
et al., 2007; Tal et al., 2010). Therefore, mixwigh water from the nearby naturally charged
aquifer on its way to the peripheral observatiolsvis expected to be very limited. In the
vicinity of the recovery wells (when the treatménpractically finished) some dilution with
aquifer water can be suspected. Finally, the reealvevater is pumped to the south of Israel

and used for unrestricted irrigation in the nonthegev Desert.
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The reclaimed water is monitored in terms of phaisicchemical, and biological
parameters. A good removal (>70 %) for e.g. biadaband chemical oxygen demand (BOD
and COD), dissolved organic carbon (DOC), J\absorbance and ammonium during SAT is
achieved. In the reclaimed water no coliforms, &hestreptococci, or enteroviruses were
found in the past and the removal of bacteria wa8% (Icekson-Tal et al., 2003; Tal et al.,
2010). However, little is known about the removibgyanic trace pollutants during SAT in
general and no published data at all were avail@blthe Shafdan reclamation project.

For this reason a joint Israeli-German project witsated to study the purification power
of the SAT process in terms of the removal of oigarace pollutants. This is especially
important as countries with absolute water scaltiity Israel will not only have to reduce the

water used in agriculture, they even might be forcetransfer it to other sectors like drinking

water supply, and import their food instead (Sercktel., 1999).

Figure 1-3 Aerial view of several percolation basin withiretBhafdan SAT site in different
states of flooding (left, picture kindly provided Prof. Lev, Hebrew University, Jerusalem,
Israel) and flooding of a percolation basin witkated wastewater after ploughing (right,
picture taken by the author).

1.3 Wastewater markers(tracers)

In any country the permission and acceptance tadadaimed water for other purposes than
irrigation will also depend on the removal of pdialtly harmful organic trace pollutants
during SAT. If trace pollutants present in the teelawastewater are detected in reduced
concentrations in the recovered water, the remeffaiency of the SAT process can only be
assessed if a reliable differentiation betweentidituwith pristine groundwater and removal
by microbial degradation and/or sorption is possilithis can be achieved by stable and
reliable wastewater markers (tracers). If traceesret present or have not reached a steady-
state at the study site, they can also be usedterrdine the residence time of the water in the

subsurface. This can be important as the traves torrelates with the removal of bacteria
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and viruses and is therefore used in guidelinegsgalate the reuse of water originating from
SAT or river bank filtration (RBF) (Massmann et,aP008; Fox and Makam, 2009).

Furthermore, the travel time is also consideretieé@an important aspect for the removal of
trace pollutants. As the concentrations of mosttha pollutants are too low to support
microbial growth a co-metabolic degradation dur®g4T is assumed (Drewes and Jekel,
1998; Fox and Makam, 2009). Although previous ssidiave shown that a DOC removal of
about 90 % in six months or less is possible, sorganic trace pollutants are not completely
removed even after longer residence times (Drewesd.,e2002; Yoo et al., 2006; Fox and

Makam, 2009).

1.3.1 General requirements

It is not only questionable if an ideal tracer & hydrological problems exits, but also site
and case dependent. However, there are most edsgriequisites of tracers discussed in
literature (Flury and Wai, 2003; Richardson et a004; Kahle et al., 2009; Gasser et al.,
2010) and the combination of several of the follagvaspects will consequently result in an
increased prediction power:

1. The most important differentiation to microbial dadable trace pollutants is the
conservative behavior of wastewater tracers. The compound has to befoamtory
and must not be affected by changing redox conttio the subsurface.

2. As a mobility similar to water is desired a traséould not tend to adsorb onto soil
particles to ensuretagh mobility in the aqueous phase.

3. If the main objective is to track wastewater liIRe&SAT sites, the tracer should have an
anthropogenic origin, high specifity to wastewater, and should be unaffected by the
treatment steps applied during wastewater treatn@her sources like surface runoff
or atmospheric deposition should not exist.

4. Tracers which are already present in the treatedilemeater are preferred over the ones
which have to be especially applied to the stucddadao minimize the chemical risk
and burden to the environment. In any case andcedlyewhen conducting tracing
experiments dow toxicity of the tracer is necessary to not disrupt the obiel
population maintaining the treatment efficiencytlod system.

5. High concentrations in the wastewater and
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6. asenditive analytical method enable an early detection of wasterwater plumesirgr
at points which need special protection, e.g. dinigkvater wells and the identification
of leakages in sewer systems.

7. Even if the persistence against microbial degradais known aconstant input level
of the tracer is necessary to assess the effedilutfon with pristine groundwater
correctly.

8. When calculating mixing ratios for certain point$ mterest low background
concentrations of the tracer are necessary to achieve an accepiabertainty level.

9. This is closely related to aeliable analytical method which also influences the
absolute errors associated with the prediction p@i&acers.

10.The tracer’s fate and transport as well as theopeence of the analytical method
should be characterized bgw chemical interferences such as matrix effects and

changes in pH.

1.3.2 Examplesand limitationsof applied tracers

Even if the two most important properties of tracéheir persistence and mobility, are given,
there is no compound or parameter known, whichfaliy meet all prerequisites described
above. A careful evaluation of the study area waade is essential to identify possible (case
specific) tracers and to rule out others.

In water sciences microbial indicators play onlgn@or role as wastewater tracers. They
can be useful if their growth potential in the atipianvironment is limited and if they show a
certain resistance against disinfection measuregaced to the pathogens they are intended
to indicate (Elmund et al., 1999). But most micedbindicators are time consuming in
analysis and lack specificity. This has been shbwlassmeyer et al. (2005) who detected a
bacterial burden in reference samples with minimput of human wastewater in the same
range as in wastewater influenced river water. Wis attributed to other sources like
livestock or wildlife in the study area. Furtherrapone of the most beneficial aspects of
geopurification processes during RBF or SAT is pheven potential to remove pathogens,
which is contradictory to their use as tracersuchscases.

Some inorganic tracers like chloride, bromide, orom have been reported to meet the
criteria of persistence and mobility to an almaal extent (Davis et al., 1998; Davis et al.,
2004). Boron, for example, has been successfulbyl s trace recycled water in a brackish
aquifer on a Hawaiian island and to assess nitrogamprecursors in U.S. surface waters
(Babcock et al., 2006; Schreiber and Mitch, 20@@)wever, it was noted by Rabiet et

8
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al. (2005), that wastewater borne trace elememsntd be considered as highly reliable
tracers, because of their ubiquitous presence terwhie to both natural and anthropogenic
sources. But the combined information provided ¢éytemplating several inorganic tracers or
their ratios can become a valuable tool and wad urssaumerous studies to trace influences
on aquifers (Vengosh and Pankratov, 1998; Rabiat.e2005; Alcala and Custodio, 2008).
However, a saline environment like in the coastalnpaquifer in Israel with background
concentrations of e.g. chloride of about 100 mgBagser et al., 2010) makes their use
difficult. Less uncertainty should be associatethwie use of gadolinium (Gd), a rare earth
element (REE). Gd is occurring naturally togethéhwether REEs due to similar chemical
properties. As Gd is used as a magnetic resonameging (MRI) contrast agent, an
enrichment of Gd in comparison to the other REES @l@served in urban areas, which is also
referred as Gd anomaly (Bau and Dulski, 1996; EPaualichet et al., 2002; Verplanck et al.,
2005). However, in poor countries or in the catchtraeas of small WWTPs with no MRI
equipment in medical facilities, the Gd anomalpas likely to be found.

In contrast to inorganic ions low background comcdions can be expected for most
organic trace pollutants of anthropogenic origimwéver, many of them, which have been
suggested as wastewater tracers, lack biologicahemical stability, are not source specific,
or have other drawbacks described only exemplaglgw.

One of the most prominent compound groups usedatk tsubsurface water movement
are dyes due to their visualization potential amelrteasy quantification even on site (Flury
and Wai, 2003). But most dyes are manufacturedotor mther materials, which requires
sorption interactions to the target material andgposed to the required mobility of a tracer
compound. However, the strongest point against dyethe additional introduction of a
xenobiotic into the study area. This is supportgdabtoxicological and ecotoxicological
assessment of water tracers, which classified sointbe most popular rhodamine dyes as
“not recommended” or even “ecotoxicologically uresgiBehrens et al., 2001).

A typical example for trace pollutants lacking sfigcare plant protecting agents. After
application on agricultural fields they or their taeolites might percolate into the aquifer or
the surface runoff from fields can directly leadntmnpoint emissions into rivers and streams
(e.g. Berenzen et al., 2005; Schriever et al., 2007

Studies about benzotriazoles also showed a certaiar potential, as their transformation
in WWTPs and during RBF seems to be limited. Highaentrations in comparison to most
other trace pollutants of several tens of pg/L iIWVWWP effluents have been reported (Voutsa

et al., 2006; Weiss et al., 2006; Reemtsma e@ll0). Benzotriazoles are mainly used as
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corrosion inhibitors in household products suchlish washing liquids. Consequently, it can
be assumed that these compounds are predominastijadged by WWTPs. However,
findings of benzotriazoles should be evaluatedfallye as they are also used as an additive
in aircraft deicing fluids. Therefore, a seasoraiability by punctual inputs (besides WWTP
effluents) by their application at airports in veéntime can occur (Giger et al., 2006).

Besides the lack of wastewater specificity manyaoig contaminants are prone to bio-
degradation. A prominent example is caffeine, whishprobably the most suggested
wastewater tracer, but has drawbacks in terms etifgty and persistence. It has been
reported that the application of compost and ceslgpatter in agriculture might be additional
sources for caffeine emissions (Schramm et al.6R0Burthermore, as caffeine has been
shown to be degraded with high efficiencies in WW§TPaxeus and Schroder, 1996; Buerge
et al., 2003; Martinez Bueno et al., 2011) its egaion to track the fate of more persistent
wastewater specific organic contaminants seems teehy limited. However, the detection of
readily biodegradable compounds like caffeine diname, a metabolite of nicotine, can be an
important tool to discriminate between an influenmle untreated and treated domestic
wastewater (Buerge et al., 2003; Buerge et al.8R00

To meet the criteria of specificity to domestic weagater, pharmaceuticals (including
their human metabolites) and personal care prod®E€P) gained increased attention in the
last decade. Representatives of almost every congpailass of pharmaceuticals like
antiepileptics, anti-inflammatories, antibioticgtéblockers, and X-ray contrast media have
been evaluated and proposed as chemical markedofoestic wastewater (e.g. Zwiener and
Frimmel, 2004; Nakada et al., 2008; Kasprzyk-Handetral., 2009). The two most promising
compounds among the numerous PPCPs seem to batibgilaptic carbamazepine (CBZ2)
and the antipruritic drug crotamiton (CTM). Claraat. (2004) reported about stable CBZ
concentrations after infiltrating treated wastewatéo groundwater. The persistence of CBZ
in the subsurface was successfully used to cakuls wastewater burden of groundwater
samples (Kahle et al., 2009), for evaluating leakaffom a SAT system to nearby water
wells (Gasser et al., 2010), and to detect andtduaewer exfiltration (Ruzicka et al., 2011).
In contrast to CBZ, there are only few scientifigbpcations about CTM. All but one field
studies originate from Japan, where CTM showeddichdegradation during activated sludge
treatment (Nakada et al., 2010) and was detectezbmeentrations up to several pg/L in
treated wastewater (Nakada et al., 2007; Okud&,e2G08). Due to its persistence, the mass
flow of CTM in a Japanese stream correlated wethwhe cumulative inhabitants in the river

basin (Nakada et al., 2007) and in another stueyctimpound was successfully used to track
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the source of perfluorinated surfactants in riidisirakami et al., 2008). Although previous
results for CBZ and CTM are promising, it should dmnsidered that both occur in their
neutral form at pH values expected for aqueousrenmiental matrixes and have octanol-
water partition coefficients of approximately 2& 3.1 (NLM, 2011; ChemAxon, 2011).
Therefore, sorption processes in certain envirotah@mpartments cannot completely ruled
out. In soil column experiments (27 %) and batdtstevith activated sludge (11 %) a low
removal by sorption has been reported for CTM (M&ét al., 1999; Shinohara et al., 2006).
For CBZ most studies confirmed its possible usa agmstewater tracer (see above) and no
limitations due to sorption processes occur. Howevavas also shown that in a study area,
where arable land is irrigated with treated wastewfor more than 45 years (a process very
similar to SAT) its use is limited, due to a presahtombination of sorption and degradation
in the subsurface (Ternes et al., 2007). A poss#xelanation and at the same time the
strongest drawback of CBZ is, that its pronouncéabibty is only valid for aerobic
conditions. A removal of up to 100 % has been akeskfor anoxic and anaerobic conditions
during river bank filtration at the river Ruhr ine@nany (Schmidt et al., 2007). Even though
no studies about the behavior under different reshilieus exist for CTM, it seems to be
inapplicable as a wastewater tracer for Europeoirtrast to Japan. Results from Switzerland
showed very low CTM concentrations in wastewatenaximum of only 6 ng/L in lakes, and

no positive findings in groundwater samples (Kagtlal., 2009).

1.4 Artificial sweetenersas potential tracer compounds

Nicotine and caffeine are the only ingredientsaifaicco or (luxury) foodstuffs which have
been evaluated as wastewater tracers. This is moress surprising as ingredients of
foodstuffs and beverages should be used in mudtehiguantities as e.g. pharmaceuticals. In
2008 the Swedish Environmental Research Instittaadht the artificial sweetener sucralose
into the focus of environmental scientists, wheneported high concentrations of up to
10.8 pg/L in WWTP effluents due to very low remoxaties of the compound (<10 %) during
wastewater treatment. Sucralose is a highly palarpound, it is very stable in water with a
half life of several years, and hydrolysis occundycat low rates. As a consequence an EU
wide monitoring program was initiated and the coommbwas found in concentrations up to
1 pug/L mainly in surface waters in Western Europe 8ndndinavia (Loos et al., 2009). Apart
from that only two publications from the early 189fealt with the issue of sucralose in the

environment. They reported about a rapid mineratimain soils but a slow degradation in
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lake water and aerobic wastewater (Labare and Abea 1993; Labare and Alexander,
1994).

Besides sucralose several other artificial sweesewéh similar properties are approved
in the European Union (Tabl&-1). Their application and maximum usable doses ar
regulated by theDirective 94/35/EC of the European Parliament and of the Council on
sweeteners in foodstuffs (EU, 1994). However, due to health concerns assatiwith the
consumption of some sweeteners the approval igdggeeous on a world wide scale (for
more detailed information see introduction of cleaj). Furthermore, very little is known
about the used quantities and the diversities tiomal usage patterns.

Artificial sweeteners are used in thousands of petsl all over the world. Their main
advantages are that they provide no or only littkdories and are therefore important
ingredients in dietary and diabetic products. Sosveeeteners develop characteristic
aftertastes, but by blending two or more sweetetieésscan be overcome and the sweetness
can even be enhanced. Their application requisestain stability as i) the sweetening power
has to remain stable over the storage time of thdygts, ii) they are applied in rather acidic
conditions (e. g. in carbonated soft drinks), andhey have to be heat resistant when used
for baking or cooking. Besides ingredients of fdaffs and beverages, artificial sweeteners
are also used in sanitary products like toothpastesouthwashes and in pharmaceuticals. In
any case, if excreted unchanged, a high wastewpésificity can be assumed for all artificial
sweeteners. Surprisingly no studies about artlfisveeeteners (besides the very few about
sucralose mentioned above) were published at tiggnmieg of this work, although they
appeared to be promising candidates for an idaeétrbased on their chemical properties and

their worldwide usage in a variety of products.

Table 1-1 Artificial sweeteners approved in Europe, inchglife-number, sweetness
compared to saccharose and octanol-water distoibatefficient (logkow).

Compound E-number sweetness log Kow
(x times saccharose)

Acesulfame K E 950 130-200 -1 %4@onic species)
Aspartame E 951 200 07
Cyclamate (Cyclamic acid) E 952 30-50 -1.61
Saccharin E 954 300-500 01
Sucralose E 955 600 -$,00.51 £ 0.05 0.7
Neohesperidine DC E 959 400-600 6.75
Neotame E 961 7,000-13,000 b.3

¥or chemical structures see Talflel (page 32)°(NLM, 2011) ‘(Jenner and Smithson, 1989jGrice and
Goldsmith, 2000);ChemAxon Ltd., logP calculator (ChemAxon, 2011)
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1.5 Fateof tracer compoundsin the aquatic environment

Like for other wastewater tracers used in the paseral pathways for artificial sweeteners
can be expected in the aquatic environment (Fifjt#e Their occurrence in waterworks
seems possible, if surface water or wastewatenentted river or groundwater is used as raw
water for drinking water production and when suéint persistence and mobility are given.

In developed countries with a high connection tatehe sewerage system wastewater
specific trace pollutants from households (1) andustry (2) will end up in wastewater
treatment plants after consumption or applicatidonwever, in some developing countries the

use of untreated wastewater for irrigation is stihmon practice (3) (see above).
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Figure 1-4 Possible pathways of wastewater borne organie fpatlutants (Angelakis and
Durham, 2008, modified)
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If persistent during mechanical-biological wastexateatment, the discharge in recipient
waters (4) is most likely, but the reuse of WWTRIueiht for industrial purposes (5),
irrigation (6) or groundwater recharge (7) is apsassible. The latter two might lead to an
indirect input into groundwater resources. Artdilcgroundwater recharge with river water (8)
or when surface water is used for irrigation (9 t& other pathways into groundwater but
due to dilution a lower basic load of trace polhisacan be expected. Conversely, trace
pollutants applied with irrigation water might eag in surface water again by run-off (10) or
percolate into the aquifer (11). But even the inpliuntreated wastewater into aquifers is
possible by leaking sewers (12), e.g. even in Geynshort or medium term rehabilitation
measures are needed for about 17 % of the publiersgystem (Berger et al., 2002).

Groundwater, contaminated or not, might be usedrfagation (13), for direct potable
reuse (14), which is rather unlikely, and as rawewdor drinking water production (15).
River bank filtration (16) is the most likely wayganic trace pollutants can enter drinking
water treatment plants in Germany. As this pathhay a certain travel time in a biological
active environment, only traces of pollutants, whimeet the claims of persistence and
mobility of an ideal anthropogenic marker, will peesent in the raw water. However, such
compounds pose quite a challenge for waterworkard&gg their removal, as some treatment
steps are likely to be ineffective for such smadilar, and recalcitrant molecules.

Most treatment steps nowadays applied for the ratnaivsuspended or dissolved organic
matter in drinking water treatment plants are impated for many years. Mechanical
procedures comprise sedimentation and filtratiamtier physical, chemical and biological
treatment steps can be integrated as pre- (e.@r rbank filtration, pre-ozonation,
flocculation) or as subsequent (ozonation, acttvatarbon filtration) treatment steps
(Sontheimer et al., 1980). The combination of tremit steps depends on the raw water
quality and on the associated technical demandsciieve the required water quality. If
residual organic trace pollutants can be expeaeag,when surface influenced raw water is
used, the combination of chemical and biologicatlatton in combination with adsorption is
widely applied in Germany. For this purpose ozamais usually followed by an activated
carbon filtration unit for the destruction of resad ozone, the removal of adsorbable
compounds or for the microbial degradation in lgatal active layers of the activated carbon
filter.
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1.6 Formation of ozonation products

For polar and persistent compounds, which are ptaseraw waters a chemical oxidation
with a strong oxidizing agent like ozone is onetlod most important processes for their
removal from water. Although only a few compoundsér been identified in concentrations,
which involve potential risks for the aquatic eimwviment or humans only little is known
about long term or synergistic effects of orgamaceé pollutants at low levels. Therefore,
regulators and scientists support the implementatb additional treatment technologies
already in WWTPs to protect recipient waters andkilng water resources (Dickenson et al.,
2009). Tertiary treatment becomes necessary aational WWTPs are designed to remove
dissolved organic matter and nutrients from the tewagater, but not especially for the
elimination of trace pollutants. Switzerland, fotaeple, is just about to change its Water
Pollution Control Ordinance in this sense. A fitsaft schedules that 80 % of the trace
pollutants present in the raw wstewater have tadmoved during wastewater treatment,
which can only be achieved by the installation déliaonal treatment technologies (Gotz,
2011). The chemical treatment of wastewater hasadlyf been demonstrated to be a
promising tool for the removal or transformation wastewater derived compounds like
pharmaceuticals, antibacterials, musk fragranass,eastrogens (Ternes et al., 2003; Dodd et
al., 2006; Hollender et al.,, 2009). Additional bftse like disinfection, the lack of
trihalomethane formation, and the fact that thecpss is considered as economically feasible
(Richardson et al., 1999; Ternes et al., 2003;dthalér et al., 2009; Schaefer et al., 2009) will
increase the use of ozone in wastewater treatrAsrd. consequence organic trace pollutants
might face ozone treatment at two stages of thawrenmental fate: in the WWTPs and
when surface water influenced raw water is treatitldl ozone for potable use (see above).

The ozone molecule itself is decomposing in watet @&s stability is a function of the
water characteristics. Especially the pH of theewand the content of dissolved organic
matter are important factors influencing the fonmaof a secondary oxidant, the OH radical.
According to reaction (1) the ozone decompositieraccelerated with increasing pH. OH
radicals can further react with ozone (reaction @Bpducing more radicals, which increase
the decomposition of ozone in a chain reaction gls¢dn and Hoigne, 1982). Dissolved
organic matter can strongly hinder reaction (3)t &savenges OH radicals or it can directly
react with the ozone molecule itself (von Gunt€iQ3).
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03 + OH_ — HOZ_ + OZ (1)
O;+HO;, - OH+O™ + O, )
‘OH + O; —» HO, + O, (3)

In any case when contemplating ozonation procdssitsozone and OH radicals have to be
taken into account. Measures have to be taken tableto discriminate between both, as
ozone is a very selective oxidizing agent, whet@Bbisradicals react faster and with a broad
range of water constituents (von Gunten, 2003). fifectiveness of direct oxidation of trace
pollutants by ozone is strongly related to the fiomal groups of the target molecule. High
rate constants for the reaction of ozone with thgedt compounds can be expected for
molecules with sites of high electron densities likhsaturated aromatic ring systems, olefinic
groups and deprotonated amines (von Gunten, 200@&) most prominent mechanism for an
ozone attack at double bonds is the Criegee mexinafCriegee, 1975). This ozonolysis
consists of three discrete steps. The first isftmmation of a primary ozonide by a 1,3-
dipolar cycloaddition (4). The primary ozonide depmses into a carbonyl compound and a
carbonyl oxide by the cleavage of the C-C and ox@ bond, while the stronger C-O bonds
remain intact. The carbonyl oxide stabilizes byiaoll to an aldehyde or ketone forming a
secondary ozonide (5) (Criegee, 1975). If the reactakes place in agueous solution,
hydrolysis will decompose the secondary ozonide taral carbonyl compounds are formed

(6). In this case hydrogen peroxide is formed, Wioan further oxidize the products.

c—cC + 00Ty —>» C—=C 4)

"'/.O\
N N /P\ N8

i (5)
/C i C\ / \/ /C\O/C\
o— O
//\ c \ + H,0 ——> >C:O O=C< + H0; (6)
O

According to von Gunten (2003, and references thetke reaction kinetics of hundreds
of organic trace pollutants have been measured.edery very little is known about the
oxidation products of these compounds. It has lseemwn that in general the oxidation of real
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matrices like surface and wastewater results tha)transformation of natural organic matter
into a more biodegradable form and ii) the formatmf carboxylic acids, aldehydes and
ketones as major ozonation products (Richardsah,e1999; Huang et al., 2005; Wert et al.,
2007). Often ozonation leads to the formation atlaton products with a lower molecular
weight and a higher polarity (Camel and Bermond®89which decreases the removal by
sorption in subsequent activated carbon filters.

The ozone doses applied in WWTPs or in drinking ewateatment plants are not
sufficient for complete mineralization of most ongatrace pollutants and oxidation products
(OPs) are likely to be formed. The molecular stitetof the compound to be oxidized might
allow a rough estimate of the transformation extbat the structures of the formed OPs are
comparatively difficult to predict. Table-2 shows examples of elucidated oxidation products
of organic trace pollutants and the variety of @ik reactions involved. The formation of
N-nitrosodimethylamine after ozonation of N,N-diimgsulfamide demonstrates that even
harmful compounds might be generated from harmpgssursors (Schmidt and Brauch,
2008). Thus, the structural elucidation of OPs manvide first information which compounds
are formed during ozonation and are released hecatjuatic environment or end up in the
potable water. This is a prerequisite for subsegtexicity tests to clarify if the formed

ozonation products are harmful.

Table 1-2 Formation pathways of oxidation products afterrez@pplication and proposed
oxidation reactions of selected organic trace pafits

Name Oxidation product formation pathway and proposed oxidation reaction
(compound
class)

OH
o N \)\/NH\[/CHa
\)\/NH CH3 HaC = CHj

NH CHy

\._.

OH

O\)\/NH CHg
HC /\/©/
(0]
\IH NH CH3
M etoprolol* " N©/ CHQ
(beta blocker) \)w

—

Ia

l

CHsy

| Criegee mechanism (D lla hydroxylatlon of aromatic ring (mor®H than Q); Il radical
reaction at ether bond, demethylatié®H); IV dealkylation at amine, cleavage of isopropyl
moiety (Q)

Ozone attack can occur at several sites of thevadetl ring system forming constitutional
isomers. Reaction IV occured mainly at pH 80id scavenged samples.
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Propranolol?
(beta blocker)

>7CH3 Hs

ﬁmgg%gxgx

o >—CH3
b
(e o,
o= / O
(e]

| Criegee mechanism D I1b hydroxylation of amine moiety@H and Q)

OH

OH

al

Initial ozone attack occurs at several sites of thphthalene moiety forming constitution
isomers.
N,N- ﬁ ‘C”s
Dimethyl- HZN—ﬁ—N—CH3
sulfamide® o
(metabolite of HOBr
the fungizide
tolylfluanide) Br O (‘:H3 e & O (‘:Hs o st st
"\‘*Q*Nic"‘s% ’\“*ﬁ*Nic 3 H*ﬁ*’\‘fcm ——> O=N—N—=CH; + SO,
g o
Ilc hydroxylation of halogenated amine jJOFurther reactions: loss of halide and intra-
molecular rearrangement to N-nitrosodimethylamMNBIMA)
Mechanism requires bromide for oxidation to HOBeaRtion of protonated amine is slow.
NDMA is also formed in the presence of HOCI.
H (@]
LD — LK )
N o) N N
Carbam- )\ P © P
azepine’ ™ H H
(anti-
epileptic) : . . . . : .
I Criegee mechanism {Pwith subsequent ring closure to quinazoline mpobst intramolcular
attack of nitrogen on the formed aldehy®leketone formation'OH and Q)
Low rate constants for reaction V with ozone bgthhivith OH radicals.
Sulfa- Ho n°
(o] CH.
methoxazole® . N—@—OH b N NH_JJ ’
(antibiotic) ’ vm

VII
HO
CH; IIc
QLT G T Sy, T
e

[Ic hydroxylation of aniline ringV1 formation of nitro group by oxidation of amine ratyj,
VIl C-S bond cleavageYlIll substation of nitro group by hydroxyl groupX aldehyde
formation by oxidation of methyl moiety

Study identified more ozonation products than digetl. No main pathway is given here, as
tests were scavenged and products were attribatexidation by Q.

'Benner and Ternes (200943enner and Ternes (20098ypn Gunten et al., (2010)icDowell et al., (2005);

Abellan et al.,

(2008)
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1.8 Objectives

The overall objective of this thesis was to clanfyartificial sweeteners can be used as
markers for an anthropogenic contamination by wester and if they have to be considered

as drinking water relevant compounds.

As an appropriate analytical method was lackingfitisé important task within this thesis was
the development, validation, and application ahalti-residue method (chapter 2) for the
simultaneous determination of artificial sweetenerglifferent agueous matrices. The main
focus was placed on sufficient separation of thesar analytes to keep the time of analysis
as short as possible, and to achieve limits ofatiete down to the low ng/L range with
minimum sample preparation. The method was appbeidvestigate the occurrencé the
selected artificial sweeteners in WWTPs, rivers] amlls in an Israeli SAT field which has

not been addressed before.

An important point to be clarified was to prove thaitability of artificial sweeteners as
wastewater markers and to assess their prediction power comparedther goersistent
organic trace pollutants (chapter 3). Therefore,rttios of six trace pollutants were followed
in different environmental compartments. The redeatso aimed to outline the benefits and

limitations of the wastewater tracers under ingzgton.

Another aim was to clarify thérinking water relevance of artificial sweeteners (chapter 4).
The most important treatment steps applied in watdes should be researched in well
defined laboratory batch tests. At the same timexdended sampling campaign was initiated
to elucidate the efficiency of full-scale treatmdrdins in waterworks to remove artificial

sweeteners from surface water influenced raw waised for drinking water production.
The final task was t@lucidate the ozonation products of artificial sweeteners (chapter 5)

formed during ozonation in WWTPs or drinking wateratment plants which is a prerequisite

for future toxicity testing of those compounds.
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1.9 Outline

The outline of this thesis is as follows:

Chapter 2 describes the development, validatiod,agplication of an analytical method for
the analysis of artificial sweeteners in drinkingter, surface water, and wastewater. Data
about the occurrence and behavior during wastewaaiment, soil aquifer treatment, and in

German rivers are reported.

Chapter 3 studies the correlation of six anthropagemarkers including two artificial
sweeteners in different aquatic environments toidaie the prediction power and limitations

of potential wastewater markers.

Chapter 4 deals with the behavior of four artificeweeteners during drinking water
treatment. Common treatment techniques were apphieda laboratory scale and the
performance of six drinking water treatment plaimisthe removal of artificial sweeteners

was investigated.

Chapter 5 reports about the elucidation of ozongtimducts of acesulfame and cyclamate by
the application of several analytical techniqued proves the relevance for the full-scale
applications of ozone in a drinking water treatmglaint which uses surface influenced raw

water for drinking water production.

Chapter 6 discusses the main research result® aittidies mentioned above, and gives some

final conclusions. In addition, suggestions fother research are addressed.
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2

Analysis and occurrence of seven atrtificial
sweeteners in German wastewater and surface water

and in soil aquifer treatment (SAT)

A method for the simultaneous determination of sex@mmonly used artificial sweeteners in
water is presented. The analytes were extractesobg phase extraction using Bakerbond
SDB 1 cartridges at pH 3 and analyzed by liquidootatography electrospray ionization
tandem mass spectrometry in negative ionizationendshization was enhanced by post-
column addition of the alkaline modifier tris(hyagonethyl)amino methane. Except for
aspartame and neohesperidin dihydrochalcone, reaesweere higher than 75 % in potable
water with comparable results for surface wateririMeeffects due to reduced extraction
yields in undiluted waste water were neglible fepartame and neotame but considerable for
the other compounds. The widespread distributioacafsulfame, saccharin, cyclamate, and
sucralose in the aquatic environment could be pro@oncentrations in two influents of
German sewage treatment plants (STPs) were upQqudA&. for cyclamate, about 40 pg/L
for acesulfame and saccharin, and less than 1 fog/tucralose. Removal in the STPs was
limited for acesulfame and sucralose and >94 %&acharin and cyclamate. The persistence
of some artificial sweeteners during soil aquifeatment was demonstrated and confirmed
their environmental relevance. The use of sucralesd acesulfame as tracers for
anthropogenic contamination is conceivable. In Garraurface waters, acesulfame was the
predominant artificial sweetener with concentrasicexceeding 2 pg/L. Other sweeteners

were detected up to several hundred ng/L in therwdccharin: cyclamate > sucralose.
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2.1 Introduction

Artificial sweeteners (Tabl2-1) are used as sugar substitutes in remarkabdeir@s in food
and drinks, but also in drugs and sanitary prodéfeihrauch and Diehl, 2004). They
provide no or insignificant energy as they are detomposed as carbohydrates. Insulin level
is not affected by their consumption what makesntiseitable for diabetics. They can help to
reduce calorie-intake as their sweetness is mugiehithan that of table sugar. Consequently,
these “high-intensity sweeteners” are used in coaipp small amounts, making the calorie
intake insignificant, even for those sweetenerd #dra metabolized (Kroger et al., 2006).
Artificial sweeteners can prevent from potentianid caries as most of them are not
metabolized like sugars or only fermented slightlythe mouth microflora (Imfeld, 1993;
Strubig, 1988). They can develop an artificial, aflet, or licorice-like aftertaste. Therefore,
they often can be found blended in food to overctimsedisadvantage.

Since the beginning of use, there is an ongoingudsion about potential health risks of
artificial sweeteners in gray literature as well @s a scientific base. Numerous internet
forums, newspaper reports, and scientific publocegi deal with possible risks and other
safety issues (Bandyopadhyay et al., 2008; Grick@oldsmith, 2000; Kroger et al., 2006;
Magnuson et al., 2007; Weihrauch and Diehl, 2004).

Five artificial sweeteners are approved by the W8dFand Drug Administration (FDA)
and are “generally recognized as safe” (GRAS) eUls: acesulfame-K, aspartame, neotame,
saccharin, and sucralose (FDA, 2006). In the Ewop®nion, the use of neotame in
foodstuffs is not allowed, but, contrary to the W@&phesperidin dihydrochalcone (NHDC)
and cyclamate are additionally approved (EU, 1894, 2003).

Cyclamate is banned in the US since 1970. Osel. gtL@75) accused cyclamate of
causing bladder cancer in rats, which promptedt8eDepartment of Health, Education and
Welfare to remove cyclamate from the GRAS list.tRer studies, however, did not show any
relation between cyclamate and cancer. Cyclamaggllidanned in the US but waiting for its
reapproval by the FDA (CFSAN/Office of Food Adddisafety, 2009).

Acesulfame is commercially used as potassium saltadso known as acesulfame-K. It is
200 times sweeter than table sugar and providesdimmon benefits of artificial sweeteners
mentioned above but has also a bitter aftertasteséifame-K is used in about 90 countries
and, according to Kroger and co-authors (2006),health problems associated with its
consumption have been reported in scientific lite However, in 2008, a study was

published where DNA damage due to acesulfame exposas reported. The authors
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suggested restricting the use of some artificiabeteners (Bandyopadhyay et al., 2008).
Acesulfame-K, cyclamate, and saccharin are excretashly unchanged through the renal
system (Renwick, 1986).

Table 2-1 Compounds, CAS numbers, molecular weight and otenstructure of the
artifical sweeteners investigated

Compound , Compound .
CAS No Chemeal - CASNo Chermes
Molecular weight (MW) Molecular weight (MW)
(e}
Acesulfame Aspartame
CAS: 33665-90-6 AN | CAS: 22839-47-0 i
MW: 163.2 g/mol 0= oo e,  MW: 294.3 g/mol MNH Osen,
(e} 3 OH  NH, o
(o]
(Sodium) Cyclamate N |
. Neotame 0 &N
. _ _ a - (0] 3
ffv\féﬁ 2;5 P4 Q cas: 165450179 [ [ L
ol ' & A MW: 378.5 g/mol
g/mo CHs
CHj
H;C
o HO
Saccharin W\ ~° Sucralose c ) Ho,  om
CAS: 81-07-2 B CAS: 56038-13-2 ? b»
MW: 183.2 g/mol X MW: 397.6 g/mol HO™ ™\ ""0"Ng ¢
¢ OH \CI
Neohesperidin o
dihydrochalcone o N
(NHDO) Exf oot
CAS: 20702-77-6 ./ 0_° I O on

MW: 612.6 g/mol |

HO' H

HO

In the 1980s, studies showed an increasing risklamder cancer in rats when applying high
doses of saccharin in the animals’ diet (Squire519Taylor et al., 1980). Therefore,
saccharin was prohibited in Canada. In the USAdpects containing saccharin had to be
labeled with a warning that saccharin “has to beerd@ned to cause cancer in laboratory
animals.” In 2001, saccharin was removed from ifteof potential carcinogens in the USA as
the mechanism causing bladder cancer in rats iseh@tant for humans (Cohen et al., 2008).
In Canada, authorities have received a submissiaeihstate saccharin as a food additive,
and in the EU, an acceptable daily intake (ADI)0s5 mg/kg body weight is approved
(Health Canada, 2007).
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Aspartame provides, like sugar, 4 cal/g. Sinces ialbout 180 times sweeter than sugar,
only small amounts of aspartame are needed to swefeiod and drinks. Contrary to
acesulfame, aspartame is not heat-stable and aegnadiquids when stored over a longer
period of time. Aspartame is made up of phenylaleniaspartic acid, and methanol. For
people with a seldom genetic disorder, the gengrpkenylalanine does carry some risk as
their body cannot metabolize the degradation prbdAs a consequence, all products
containing aspartame have to be labeled to pointrmupresence of a phenylalanine source.
In scientific literature, aspartame is the mosttomrersially discussed artificial sweetener
regarding health aspects. Numerous publicationls eontrary results about possible adverse
effects of aspartame like neurological disturban@saywitz et al., 1994; Simintzi et al.,
2007; Tsakiris et al., 2006) or even cancer in (8tsffritti et al., 2006; Soffritti et al., 2007)
are available. Nevertheless, FDA and the EuropeaioriJconsider the compound as safe
based on toxicological and clinical studies.

One of the latest outcomes of the research for asificial sweeteners is neotame. Its
structure is closely related to aspartame on waibhanched hydrocarbon chain is attached. It
is 7,000 to 13,000 times sweeter than sucrose,ligadaspartame, it is metabolized, but
phenylalanine release is insignificant. Productet@ioing neotame are not required to be
labeled as possible phenylalanine sources (Duffiyfigman-Grant, 2004).

Neohesperidin dihydrochalcone (NHDC) is about 1,56(s sweeter than sugar but is
also used as a flavor enhancer. It is producedybyolgenation of a flavonoid found in citrus
fruits. To overcome its licorice and menthol-likiestaste, it is often found blended with
other artificial sweeteners. NHDC is metabolizeditmgstinal microflora and excreted via
urine (Varnam and Sutherland, 1994). Antioxidargparties have been proven (Choi et al.,
2007).

Sucralose has a disaccharide structure where thydeoxyl groups are replaced by
chlorine atoms. It is thermally stable and excraitadhanged with the feces (Roberts et al.,
2000). More than hundred safety studies have beeducted on sucralose and proved its
safety for human consumption (Grice and Goldsn2000), but it is also discussed as a
migraine trigger (Bigal and Krymchantowski, 200&ité et al., 2006). Due to its half-life in
water of several years and a missing environmemakew, its relevance in the aquatic
environment is discussed. The compound is repdagerhss sewage treatment plants (STPs)
and was found up to sevena/L in STP influents and effluents and up to sevaumdred
ng/L in surface waters in Sweden (Brorstrom-Lundgal., 2008). In an EU wide monitoring

program, concentrations up tqud/L sucralose were found in European surface walérs
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compound was mainly detected in samples from We&arope and Scandinavia. In samples
from Germany and Eastern Europe, minor concentratigere reported (Loos et al., 2009).
Findings of sucralose suggest its main distributioi/estern Europe, likely based on the
use of other artificial sweeteners in countries ighgicralose is not predominant. If excreted
unchanged and if artificial sweeteners should prowvebe persistent during wastewater
treatment, their ubiquitous distribution in the atic environment is likely. Robust analytical
methods for clarifying their environmental fate ameicial. To the best of our knowledge,
there is no scientific report on occurrence offiaiéil sweeteners in the aquatic environment

other than for sucralose. This paper intends teigedfirst information on that topic.

2.2 Materials and methods

2.2.1 Chemicals

All reference compounds (TabR1) were of high purity (>98 %). Acesulfame potassg
saccharin, aspartame, and sucralose were purchfrasedr. Ehrenstorfer GmbH (Augsburg,
Germany), sodium cyclamate from Supelco (BelleforiRd, USA), neotame from USP
Reference Standards (Rockville, MD, USA), neohadpedihydrochalcone from European
Pharmacopoeia Reference Standard (Strasbourg, dfraacd sucralosesdfrom Campro
Scientific GmbH (Berlin, Germany). Individual stosklutions were prepared by dissolving
the compounds in methanol. Concentrations of tleekssolutions were between 0.2 to
0.8 g/L. All stock solutions were stored at -18 Sfandard mixtures containing all analytes
were prepared by diluting the stock solutions witkthanol to concentrations of 0.1 mg/L
and 0.01 mg/L. A standard solution of sucralogeacs prepared by diluting the stock
solution with methanol to a concentration of 0.1/Img

High-performance liquid chromatography (HPLC)-grawethanol and acetone as well as
formic acid and hydrochloric acid (32 %) were sugglby Merck (Darmstadt, Germany).
Purities of all organic solvents were higher th&_8%b6. Ammonium acetate (purity >98 %)
was purchased from Sigma-Aldrich (Steinheim, Gewyhand tris(hydroxymethyl)amino-
methane (TRIS) from Carl Roth GmbH (Karlsruhe, Gamng). Ultrapure water was provided
by an Arium 611 laboratory water purification systéSartorius AG, Géttingen, Germany).

The nitrogen used for drying the solid-phase adges and for evaporation of solvents

was of 99.999 % purity and was purchased from Aquide (Disseldorf, Germany).
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2.2.2 Sampling sites and protocol

The STP in Eggenstein-Leopoldshafen (STP 1) isyapplconventional, i.e., mechanical and
biological treatment. It has a capacity of 20,0Qfpyation equivalents (PE) with about
15,000 inhabitants living in the catchment area @adts ca. 2,500 to 3,500 mer day of
domestic waste water. Hydraulic retention time li®wt 5 hours with an average sludge
retention time of 20 days. The STP of the city @frlkruhe (STP 2) treats 40 million cubic
meters (capacity 875,000 PE) per year for about,0B®0 inhabitants. It is applying
mechanical treatment with additional phosphate ipitation, followed by biological
treatment with a denitrification/nitrification upiequipped with a trickling filter. Hydraulic
retention time is about 1 day for dry weather ctads. Samples for both STPs were
corresponding 24-h composite samples.

The soil aquifer treatment (SAT) site is locatedairMediterranean country and treats
secondary effluent from a STP that processes dd@miillion cubic meters waste water per
year. Treatment includes primary mechanical treatm@gar screen and grit removal)
followed by conventional activated sludge treatmeakuding nitrification/denitrification and
a limited biological phosphorous removal. The seewp STP effluent is spread in
percolation basins, where infiltration through arsaturated zone, up to 40 m in depth, takes
place. The effluent flows lateral in the saturatmhe to observation and recovery wells
located in a circle of up to 1,000 m in the perighef percolation basins. Influence of waste
water was assessed using chloride as hydrogeoldgcar. The residence time in the aquifer
exceeds 1.5 years. The recharge operation is dastieby intermittent flooding up to 1 day
and 2 days drying. Dilution with local groundwatsrvery limited. Samples from the SAT
site were the STP effluent used for aquifer rechaagsampling point located vertically below
the percolation basin (well 1), two sampling poimtghe periphery (well 2 and well 3), and
one from a private drinking water well supposedtodte influenced by waste water.

Grab samples from major German rivers were colteatel L brown glass bottles. If no
immediate analysis was possible, samples weredstird °C in the dark for a maximum of
3 days after sampling. No preservation agents weded. Filtration proved to be unnecessary

in preliminary tests.
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2.2.3 Solid-phase extraction

For solid-phase extraction (SPE), styrol-divinylbene cartridges were used (Bakerbond
SDB 1, 200 mg / 6 mL from J.T. Baker, Deventer, Netherlands). Other cartridges tested
were Isolute ENV+ and C18 material (IST, Mid Glagem, UK), Varian Bond Elut PPL
(Varian, Lake Forest, CA, USA), Strata X and StrgtAW (Phenomenex, Aschaffenburg,
Germany) and Oasis HLB, WAX, MAX and MCX (Watersilfdrd, MA, USA). For detailed
results for all cartridges tested see Tdblein chapteR.6.

A vacuum manifold set from IST equipped with 60 méservoirs from Supelco
(Bellefonte, PA, USA) was used for SPE. Prior tcESEhe sample pH was adjusted with
hydrochloric acid. Several sample pH values weseeteto optimize the SPE procedure. For
method optimization and validation, water sampisraiL) were spiked with known amounts
of each analyte. Cartridges were conditioned wixh33mL of methanol followed by 3 x 3 mL
of ultra-pure water set to the pH of the correspogdsample. Subsequently, the water
samples were passed through the cartridges, arldatied sorbent materials were completely
dried by a gentle nitrogen stream. If the sorbext ho anion or cation exchange capacity, the
analytes were eluted with 3 x 3 mL of methanol. $trteng cation exchanger material (MCX)
and the weak anion exchanger materials (X-AW and X)VAvere eluted with
methanol/NHOH (98:2,v/v). The weak cation exchange material Strata X-CVg elated
with 2 % formic acid in methanoV/y). SPE extracts were evaporated to dryness irearstr
of nitrogen and reconstituted with 400 of solvent A and 10QL of solvent B used for
liquid chromatography.

2.2.4 Liquid chromatography electrospray tandem mass speémmetry (LC-ESI-
MS/MS) analysis

Liquid chromatography (LC) analysis was carried asing a model 1200 SL HPLC system
from Agilent Technologies (Waldbronn, Germany) ¢gad with a solvent cabinet, a micro
vacuum degasser, a binary pump, a high performaontesampler with two 54 vial plates,
and a temperature-controlled column compartment.

Several reversed phase (RP) and hydrophilic inierachromatographic columns were
tested. Chromatographic retention and separatiaashieved using a Zorbax Eclipse XDB-
C8 column (150 mm x 4.6 mm; 5 um) from Agilent Tegclogies connected to a C18 guard
column (4 x 2 mm) from Phenomenex. The extra-ddmseding (XDB) of organo-silane

ligands and the double endcapping deactivates dhenoi's silica and makes it especially
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useful for retention of highly polar compounds iR Rquid chromatography. For separation a
gradient consisting of (A) 20 mM ammonium acetatevater and (B) 20 mM ammonium
acetate in methanol was used. Acetonitrile was sist@able for chromatographic separation,
but with respect to the current worldwide shortajeacetonitrile, methanol was used for
method development. The gradient program startéd 98 % of eluent A, decreased to 25 %
A in 13 min, kept isocratic for 4 min, and thenurgied to initial conditions within 1 min.
Before each injection, the column was re-equiliédator 7 min. Separation took place at
40 °C with a flow rate of 0.8 mL/min. This flow wahtosen for optimum chromatographic
performance during method development and kepttaohshereafter. For the purpose of
independent confirmation, a Hypercarb column (120Ixmm; 5 um) from Thermo Fisher
Scientific (Waltham, MA, USA) was used as a secomwmatographic column.

Injection volume was 15 pL, and injector needle amjdction port were automatically
washed with methanol after each injection to aveadential carryover. Instrumental and
sample preparation contaminations were controliednbasuring injector and SPE blanks at
regular intervals of every ten injections.

The HPLC system was connected to an API 4000 Q-Trgge-quadrupole mass
spectrometer (Applied Biosystems/MDS Sciex InstrateeConcord, ON, Canada) with an
electrospray interface operated in negative ioilomamode. Retention time (RT) windows
were defined for every single compound in ordenge dwell times which enabled optimized
peak-to-noise ratios. All RT windows were set te flollowing mass spectrometer (MS)
parameters: ion spray voltage, —4.5 kV; heater @atpre, 550 °C; collision gas, medium;
ion source gas ¥, 60/75 psi, and curtain gas, #@paside the RT windows, solvent flow
was directed to waste to prevent the interface faopnunnecessary contamination.

The two most intensive transitions between precusoand product ions were used for
identification and quantification in multiple reewt monitoring (MRM) mode. For
cyclamate, only one transition could be obtaineok §ucralose, only the isotopic pattern
obtained two transitions adequate as qualifier quantifier. For the results presented, the
average of the concentrations calculated for the transitions (where possible) is reported.
Declustering potential, collision energy, and @it potential were optimized for each ion
transition. Results of this optimization procedare summarized in Tab@-2. Analyst 1.4

software was used to record and evaluate the @atahromatographic data.
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Table 2-2 Precursor ions, products ions, and corresponditign@ed MS parameters

Precursor ion Product ions DP CE CXP
(P1/P2) (P1/P2) (P1/P2)
m/z [M-H] " m/z (V) (eV) (V)
Acesulfame 161.8 81.8/77.9 -35 -20/-42 -11/-1
Cyclamate 177.9 79.9 -35 -38 -1
Saccharin 181.8 41.9/105.9 -75 -48/-26 -5/-3
Aspartame 293.0 260.8/199.9 -55 -16/-20 -13/-9
Neotame 377.1 199.9/345.0 -90 -26/-18 -9/-9
Sucralose 394.7 358.8 85 -16 -9
396.8 360.8 -18 -9
NHDC 611.2 303.1/125.1 -150 -50/-64 -13/-7

DP declustering potentiaCE collision energyCXP cell exit potential

2.2.5 Quantification

For the quantification of sweetener levels, bothiremmental samples and fortified tap water
samples for calibration were subjected to the endéinalytical procedure. Surface water
samples were analyzed as sampled. STP influentleamere diluted at least by a factor of
10 and STP effluent samples at least by a factd with Karlsruhe tap water to obtain a
matrix, which approximately matches the calibratiomtrix. All sweeteners, except for
sucralose, were quantified by external standanthregion of the entire analytical procedure.
The results of the external standard evaluatiorewst corrected for recoveries deviating
from 100 %. A similar approach was applied by Hadwet al. (2004) for the analysis of
beta blockers and lipid lowering agents from wasgater. These authors demonstrated that a
dilution of 1.5 (/v) and 1:10 ¥/v) resulted in a complete elimination of ion suppres. If
weak matrix effects could not have been avoided shynple dilution, the reported
environmental levels in this study represent miniwvalues. Sucralose was quantified by
internal standard calibration. For this purpose, t¢iiginal or diluted water samples were
spiked at a level of 200 ng/L of the internal stntd(IS) sucralosegdorior to SPE. By this
means, matrix effects affecting the quantificatwinsucralose were corrected. The other
analytes under investigation possess significatififierent chemical structures compared to
sucralose and elute at different retention timese(@ compositions) and, thus, under different
ionization conditions. Therefore, sucralogeags not used as an IS for other sweeteners than
sucralose.
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2.2.6 Method Validation

An external calibration with directly injected stkamds ranging from 0.1 ng/mL to 1 pg/mL
was set up to determine linearity of detection. Ahrpoint calibration curve from 1 to
1,500 ng/L was established with spiked tap waterpes (50 mL, Karlsruhe tap water, free
of any contamination with artificial sweetenersjieh were subjected to the entire analytical
protocol including SPE. For quantification in trever range of the calibration, the highest
calibration points were excluded. The limits ofed#ion (LOD) and limits of quantification
(LOQ) were calculated as three or six times thenaigp-noise ratio, respectively. If
wastewater samples or other highly contaminatedpksmwere diluted, the reduced sample
volume was taken into account when calculating 0.

Recoveries were determined for drinking water (Brathe tap water), surface water
(Rhine river at Karlsruhe), and waste water (myacS5TP effluent of STP 1) at two different
levels, one in the lower (200 ng/L) and one indlpper part (ug/L) of the linear calibration
range. The recoveries for the entire sample préparavere calculated by comparing peak
areas obtained from samples spiked prior to SRie#&k areas derived from a direct injected
standard solution. External standards were prepayegl/aporation and reconstitution of the
same amount of analytes used for SPE. If nativéacoinations of artificial sweeteners were
present in the original sample matrix, calculatestoreries were corrected for these
background contaminations.

For method validation, the quantification of mateiftects for different sample matrices is
crucial. Many publications do not differentiatevithat extend a higher matrix burden effects
the SPE vyield or ionization in the interface of Y& or both. To determine if matrix impact
on recoveries were due to signal suppression/eenagrtt or inappropriate SPE conditions,
samples were (1) spiked prior to SPE and reconstitas described above or (2) spiked after
SPE by reconstituting the dry residue in a buffelutson containing the same absolute
amount of analytes. Both final solutions for HPLIEetrospray tandem mass spectrometry
(ESI-MS/MS) measurement contained the same maitnigdem, but samples derived from (2)
did not undergo changes in analyte concentrationngusample enrichment. As a
consequence, reduced recoveries for (2) are aedito signal suppression in the interface.
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2.3 Results and discussion

2.3.1 Optimization and validation of LC-MS/MS conditions
The Zorbax Eclipse XDB-C8 (150 x 4.6 mm; 5 um) ocofuprovided excellent retention and

separation of all analytes under investigation. Famter sample analyses, the optimized
method was transferred to a rapid resolution colwith similar column characteristics. The
Zorbax Eclipse XDB-C18 RRHT (50 x 4.6 mm; 1.8 um)packed with a microparticulate
C18 material for high-speed RP-HPLC. The columnb&sthto reduce the time of analysis
more than by half to 9 min with a slightly diffetegradient (see Tabl2-5, and Table-6,
Supplementary Material, for retention times anddgmat programs and Figur24 for the
corresponding chromatogram).

Even though in MRM a definite precursor/product r@mationship exists and complete
separation is not absolutely necessary in LC-MS/M&ention time is still an important
confirmation tool. An adequate separation is stédsired as analytes like acesulfame and
cyclamate produced rather unspecific product iomsing fragmentation. For difficult
environmental matrices like wastewater, we usedHfggercarb column, which provides a
completely different retention mechanism (see FgRt5, Supplementary Material), to
confirm positive results obtained with the Zorbaotiise XDB-C18 RRHT.

For all analytes negative electrospray ionizatiomswised (Tabl®-2), but even after
optimization of the MS parameters, fragmentatiot sensitivity remained poor for sucralose,
aspartame and NHDC. As the chromatographic comditiwere already in an optimum, we
added TRIS post-column in order to increase thézation yield. TRIS, as a strong base,
facilitates deprotonation of the weakly acidic ated. Higher intensity by the addition of
TRIS buffer is explained by the high gas-phase quroaffinity and the high proton
consumption by TRIS in the buffer system (Shen.e@05). TRIS buffer was introduced in
the flux with a conventional syringe pump conneaiéth a T-piece directly to the interface
of the mass spectrometer. With a concentrationr0ah® TRIS and a flow rate of 5 pL/min,
signal enhancement ranging from 30 % for NHDC t® 20 for saccharin was achieved.
Higher buffer concentrations increased the signanethree to four times for some
compounds (see TabR7, Supplementary Material, for signal enhanceninaddition of
TRIS buffer). Gomides Freitas et al. (2004) obsgra®m improvement in sensitivity for
herbicides and their metabolites even by a factol322 when applying TRIS in ESI
negative mode. In our case, 20 mM TRIS resulteduificient signal enhancement for the
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poorly ionizable compounds. For further experimewes did not exceed this concentration to

prevent the interface of the mass spectrometer tnanecessary contamination.

2.3.2 Method performance: linearity, recoveries, limits d detection (LOD) and limits
of quantification (LOQ)

The calibration with directly injected standardsswaear up to 2.25 ng on column for all
analytes. All correlation coefficients of both ¢ahtion with directly injected standards for
the evaluation of detector linearity and calibratiocluding the entire analytical protocol,
were higher than 0.995.

For five of seven analytes under investigation roetrecoveries >75 % were obtained for
tap water (50 mL) with Bakerbond SDB 1 cartridgebkjch were eluted with methanol (see
Table 2-8, Supplementary Material, for recoveries of fieill sweeteners in different
matrices). For aspartame and NHDC, recoveries wW&ré and 59 %, respectively, which
was sufficient for screening purposes. As these darmpounds were not detected in any of
the analyzed environmental samples, no furthemuopétion of their method recoveries was
necessary. In surface water, recoveries decredigidysfor acesulfame and saccharin. For
all other compounds, the method proved to be robwssurface water. In waste water,
recoveries for acesulfame could not be determirsetha native concentration in undiluted
STP effluent was still too high to obtain meaningfalues for a spike amount of only 1 pug/L.
For cyclamate, aspartame, and sucralose, recoveres higher than 50 %, whereas
recoveries for saccharin decreased to 30 %. Neotmasevery robust against any matrix
effect.

Except for aspartame, recoveries determined byirgpike sample prior to SPE (method
recoveries) or during the reconstitution step @ation recovery, Tabl2-8) were similar for
all analytes. Thus, reduced recoveries for sixhef seven tested artificial sweeteners are
rather due to ion suppression in the ESI process tlue to losses during sample extraction.
In contrast to the other analytes, the method rexes of aspartame between 41 % and 55 %
in all three matrices tested are mainly a consezpiehlosses during the extraction step.

Contrary to Loos et al. (2009), who reported sighalpression for sucralose of 80 % for
waste water and 65% for river water extracted at3phio severe ion suppression for this
compound was observed with our method. Higher ntetlezoveries for sucralose in our
study (88% compared to 62% (Loos et al. 2009)) siking level of lug/L in tap water can
be attributed to more suitable SPE material an/@ reduced sample volume. We observed
similar method recoveries for sucralose as the almoentioned study of about 60 % for Oasis
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HLB cartridges at pH 7 but no severe decreasedatcezl pH. Furthermore, we studied the
effect of a higher sample volume on method recawatiyen increasing the sample volume by
a factor of 4 to 200 mL, acesulfame and cyclamatelyp did break through the sorbent
material. Method recoveries for saccharin and $oseadecreased with an increase of
interfering substances, if larger sample volumesevegtracted.

Based on a sample volume of 50 mL and applying RDTRIS post column with a flow
rate of 5 pL/min, limits of quantification were @/h for neotame, 2 ng/L for acesulfame and

saccharin, 5 ng/L for cyclamate, and aspartamel@ndy/L for sucralose and NHDC.

2.3.3 Occurrence and behavior in environmental samples

Behavior of sweeteners in waste water treatment

In the two German STPs investigated in this stddyr of seven artificial sweeteners were
detected (Figur@-1). Influent concentrations were comparable ithid#®TPs for each of the
compounds. Concentrations ranged from 34 pg/L @anddsL for acesulfame and saccharin,
up to 190 ug/L for cyclamate and below 1 pg/L facralose. Elimination of acesulfame and
sucralose is low. Acesulfame was removed up to 4h%TP 1 and was discharged at
concentrations higher than 20 pug/L into the recgjwvaters. Sucralose was eliminated only
by about 20 % in both STPs. Our findings suppagtrésults obtained by Brorstrom-Lundén
et al. (2007), who reported removal efficiency €a0for sucralose in corresponding waste
water samples. Saccharin and cyclamate were eliedn=B0 % in both STPs, but due to high
influent concentrations, STP effluent concentraiovere still up to 2.8 pug/L. The trickling
filter in STP 2 had no additional benefit for theoply eliminated acesulfame and sucralose
but contributed to the overall removal of sacchana cyclamate. The results found in two
STPs clearly show that, due to incomplete elimoratduring waste water treatment,
acesulfame, saccharin, cyclamate, and sucralosenaceluced via STPs into rivers and
streams used as receiving waters. Other artifsviseteners were not found in concentrations

above the LOQ as they are metabolized in the body.
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Figure 2-1 Influent and effluent concentrations of artificialveeteners in two German
municipal sewage treatment plants; samplings wefeebruary 2009 for STP 1 and in March
2009 for STP 2

Based on the average flow of the two STPs, dailljpent and effluent loads for artificial
sweeteners were calculated (TaB#8). Taking into account the influent concentnasicand
the number of inhabitants living in the catchmamtaaof the two STPs, overall annual inputs
into German STPs comprising 82 millions inhabitant@re extrapolated. Assuming no
degradation in the sewer system, the figures giveugh estimation of the consumption of

acesulfame, saccharin, cyclamate, and sucraldSerimany.
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Table 2-3 Influent and effluent data of artificial sweetemar two German municipal sewage
treatment plants

Influent Effluent Extrapolated total input Extrapolated total input
load load into German STPs into German receiving
(g/day) (g/day) (t/year) waters (t/year)

STP Eggenstein-Leopoldshafen (waste water flow)®y&/day; population served,
15,000)

Acesulfame 120 70 240 140
Saccharin 110 7.0 220 14
Cyclamate 490 1.1 970 2.1
Sucralose 2.0 1.6 4.1 3.1

STP Karlsruhe (waste water flow, 96,00&day; population served, 350,000)

Acesulfame 3,310 2,420 280 210
Saccharin 3,230 206 280 18
Cyclamate 13,540 185 1,160 16
Sucralose 80 63 6.8 5.4

Behavior of sweeteners during soil aquifer treatmein (SAT)

In order to compare conventional waste water treatmas applied in the two German STPs
and advanced waste water treatment by soil aqudatment (SAT), the behavior of artificial
sweeteners was also studied at a SAT site in atbteainean country. Like in the German
STP effluents, also in the effluent used for SAfe thighest concentrations of artificial
sweeteners were found for acesulfame (Figii&and Table-9, Supplementary Material).
However, the acesulfame/sucralose ratio in STRafts in Germany was about 40, whereas
it was only 3 for the waste water used for SAT. ksB1g similar removal efficiency in
conventional treatment in both countries, this ifigdsuggests a significantly different usage
pattern of both sweeteners. Acesulfame appeardx tmore persistent during SAT than in
conventional waste water treatment. In all threm@ang campaigns, it was still found
downgradient of the percolation basin in well 3gah residence time of about 1.5 years after
discharge at a level of more than 30 pg/L (Fig2#2). In the STP effluent used for SAT,
sucralose concentrations were remarkably higher thahe two German STP effluents. A
significant decrease of the sucralose concentratiothe aquifer occurred, but it was still
present at a level of 1.4 pg/L at well 3 after mitv@n one and a half years in the subsurface.

The results for acesulfame and sucralose are relaricompared to the results of previous
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studies dealing with the overall removal efficierafythe SAT process for other organic trace
pollutants (Drewes et al., 2002; Quanrud et alQ320roo et al., 2006). Besides acesulfame
and sucralose, which were shown here to resist 8Aa certain extent, only few other
compounds like carbamazepine and primidone are Rnowpersist during long-term SAT
(Drewes et al., 2002). At the sampled SAT sitegaltotganic carbon and most organic trace
pollutants were eliminated to abot0 % already within the variably saturated vadoseez

and are found only in traces in well 1, right belidws percolation basin.
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Figure 2-2 Occurrence of acesulfame and sucralose in sanfptes three sampling
campaigns (June 2008, December 2008, February Z689)a soil aquifer treatment site.
Detention times to wells 1, 2, and 3 are approx.months, 1 year and >1.5 yeans< 3 for
recharge effluent, well 1 and well 3= 2 for well 2 and well 4)
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The slow concentration decrease of sucralose isist@mt with the slow and incomplete
mineralization of sucralose in lake water and iwage under aerobic conditions. Under
anaerobic conditions, little or no mineralizatioasmobserved (Labare and Alexander, 1993;
Labare and Alexander, 1994). The recalcitrant adtaraf acesulfame and sucralose suggests
their use as tracers for anthropogenic contaminatib natural waters. Of the remaining
studied sweeteners, only cyclamate and sacchatie feand at levels up to 400 ng/L in the
STP effluent used for SAT but were detected onlyrates in the observation wells. As
expected, in well 4, which is known to be separdigdh hydraulic barrier from any waste

water influence, none of the artificial sweetengss detected.

Occurrence of sweeteners in German surface waters
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Figure 2-3 Concentrations of four artificial sweeteners inr@an surface waters (Rhine,
Neckar, Danube, Maim = 23)

In all German surface waters analyzed, acesulfaasgharin, cyclamate, and sucralose were
detected, which proved the observed incomplete vaina STPs (Figur-3 and Tabl&-9,
Supplementary Material). Sweetener levels in theestigated German rivers correspond to
STP effluent concentrations when taking into actaurilution approximately between a
factor of 10 and a factor of 100. Acesulfame wamtbin several samples in concentrations
higher than 2 pg/L and, in most cases, occurreabout tenfold higher concentrations than
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other sweeteners. Saccharin and cyclamate wereteetat levels between 50 and 150 ng/L
in the majority of the river water samples. Findingf sucralose in German rivers were in
excellent correlation to the values obtained forr@y in the EU wide monitoring program

(Loos et al., 2009). Most samples showed sucratoseentrations between 60 and 80 ng/L
with only one value exceeding 100 ng/L. Aspartameptame, and NHDC were again not

detected in any analyzed sample.

2.4 Conclusions

The method developed allows the simultaneous exra@nd analysis of seven artificial
sweeteners from difficult environmental matriceacls as wastewater and surface water.
Accurate quantification could be achieved by the of a deuterated standard and sample
dilution. Application of this method to wastewatwamples, samples obtained from a soil
aquifer treatment site, and surface water sampesodstrated incomplete removal of some
of these compounds during wastewater purificatidne to their use as food additives, the
occurrence of artificial sweetener traces in theaéig environment might become a primary
issue of consumer acceptance, especially as tleetaspdrinking water quality, which might
be negatively influenced by potential metabolitdstieese trace pollutants, is completely

unknown yet.
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2.6 Supplementary material

Table 2-4 Total recoveries for artificial sweeteners andiedént cartridge materials and pH values (sampleme 50 mL, spiked amount
200 ng/L, n=3)

acesulfame cyclamate saccharin aspartame neotame csalose NHDC
cartridge pH recovery recovery recovery recovery recovery recovery recovery
in % SD in % SD in % SD in % SD in % SD in % SD in % SD
IST Isolute C18 7 3 1 21 4 19 3 52 1 82 2 75 2 . na
19 5 3 1 6 2 6 2 60 2 86 3 65 16 n.a.
2 5 0 15 1 18 1 63 1 82 4 60 1 n.a.
Waters Oasis HLB 7 22 1 26 1 30 2 38 8 93 7 55 6 .a.n
(60 mg) 2 30 3 24 4 25 1 64 1 105 4 62 2 n.a.
3 13 1 13 3 32 1 63 1 101 4 71 2 53 0
Waters Oasis HLB 3 27 0 30 0 28 1 59 1 94 2 62 1 7 4 2
(200mg)
IST Isolute SDB 1 7 34 0 47 0 96 1 0 0 30 1 88 3 51 7
(200 mg) 5 8 0 12 0 49 0 15 2 94 1 81 0 41 1
[ 3 75 1 88 4 71 0 78 1 96 3 87 3 56 il
2 77 0 92 1 67 1 93 1 98 2 91 1 49 3
Phenomenex Strata X-AW 7 48 2 60 2 29 1 55 2 96 1 0 6 1 n.a.
(150 mg)
Waters Oasis MAX 7 0 0 12 11 1 1 56 2 92 4 71 8 22 2
(60mg)
Waters Oasis WAX 7 65 13 72 4 48 12 17 1 99 0 74 5 43 2
(60 mg) 5 39 2 77 6 28 5 22 0 95 3 89 1 34 1
Phenomenex Strata-X 7 20 0 23 1 27 4 36 7 91 7 52 2 n.a.
(200 mg)
Varian PPL 7 22 0 27 1 31 4 41 8 96 7 60 2 n.a.
(200 mg)
IST Isolute ENV+ 7 14 1 12 2 38 5 10 2 57 11 79 6 na.
(200 mg)
Waters Oasis MCX 7 1 0 1 0 4 0 8 1 59 6 52 6 0 0
(60 mg)
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Table 2-5 Retention times (RT) of analytes under investgatn the three different liquid
chromatography columns

Zorbax Eclipse Hypercarb

compound C18 RRHT C8

RT RT RT
acesulfame 1.9 4.5 13.7
cyclamate 3.8 7.7 6.2
saccharin 3.1 6.0 20.9
aspartame 5.5 10.6 21.4
neotame 8.0 15.7 24.8
sucralose 51 9.4 26.0
NHDC 6.7 12.7 no elution

Table 2-6 Gradient programs for the three different liguidamatography columns used for
method development and confirmation of results

Zorbax Eclipse XDB-C18 RRHT (50 mm x 4.6 mm; 1.8 pin
step time in min flow rate in pL/min buffer A%in % buffer B in %

0 2 800 98 2
1 0 800 98 2
2 6 800 25 75
3 8 800 25 75
4 9 800 98 2

Zorbax Eclipse XDB-C8 column (150 mm x 4.6 mm; 5 pijn
step timein min  flow rate in pL/min  buffer A%in % buffer B in %

0 7 800 98 2
1 0 800 98 2
2 13 800 25 75
3 17 800 25 75
4 18 800 98 2

Hypercarb (150 mm x 2.1 mm; 5 um)
step timeinmin  flow rate in pL/min  buffer A®in % buffer B in %

0 6 350 98 2
1 0 350 98 2
2 20 350 10 90
3 26 350 10 90
4 29 350 98 2

220 mM ammonium acetate
b 20 mM ammonium acetate in methanol
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Table 2-7 Signal enhancement by addition of TRIS buffer

signal enhancement in %

compound 5 mM TRIS20 mM TRIS 50 mM TRIS 100 mM TRIS

acesulfame 75
cyclamate 94
saccharin 180
aspartame 158
neotame 35
sucralose 171
NHDC 20

107

214

287
205

43
222
31

111

368

330
320

101
229
53

192
436

330
340

142
215
66
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Table 2-8 Recoveries and standard deviations (SD) of adlfisweeteners in different matrices spiked i) ptio SPE or ii) spiked during
reconstitution of dry SPE extract with HPLC eluémitial condition). In both cases the final sotris for HPLC-ESI-MS/MS measurement

contained the same theoretical amount of analgte3),

acesulfame cyclamate saccharin aspartame neotame ucralose NHDC
recovery SD recovery SD recovery SD recovery SD covery SD recovery SD recovery SD
in % in % in % in % in % in % in %
Drinking water
(Karlsruhe tap water)
200 ng/L
spiked prior to SPE 80 1 92 1 77 7 41 1 86 2 93 2 9 5 4
reconstituted with 93 1 87 8 86 1 82 2 101 2 95 5 5 7 3
spiked buffer solution
1 pug/lL
spiked prior to SPE 81 1 87 2 76 2 58 1 94 1 88 0 7 5 2
reconstituted with 90 2 92 0 83 1 81 0 101 2 92 1 77 2
spiked buffer solution
Surface water
(Rhine river at Karlsruhe)
200 ng/L
spiked prior to SPE 60 12 89 3 61 3 46 3 90 3 98 1 63 2
reconstituted with 67 5 96 3 66 2 81 2 102 3 89 2 0 7 1
spiked buffer solution
1ug/lL
spiked prior to SPE 54 4 81 1 66 2 55 2 93 2 82 2 9 4 5
reconstituted with 52 9 91 3 66 8 76 1 100 2 86 3 9 6 1
spiked buffer solution
Waste water
(Municipal STP effluent)
1 ug/L
spiked prior to SPE a. 52 11 30 1 51 1 106 5 48 6 374 31
reconstituted with - 52 3 23 0 54 7 111 3 50 5 156 19

spiked buffer solution

 Acesulfame concentrations in undiluted STP efftisamples were too high to determine recoveriedjphiar recording of the mass spectrometer reaakgger limit
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Table 2-9 Concentrations of artificial sweetenerspg/L in recharge effluent used for soll
aquifer treatment (SAT) and in observation wells

sampling date

: : acesulfame saccharin cyclamate sucralose
sampling point

June 2008
recharge effluent 53 0.32 0.22 15.4
well 1 47 0.006 <LOQ 4.1
well 2 41 <LOQ 0.018 6.3
well 3 35 0.006 0.031 1.2
well 4 <LOQ <LOQ <LOQ <LOQ
December 2008
recharge effluent 40 0.20 0.20 15
well 1 44 0.007 0.005 11
well 3 30 0.007 0.044 15
February 2009
recharge effluent 53 0.34 0.40 16
well 1 58 0.021 0.16 9.5
well 2 39 0.015 0.050 6.4
well 3 35 0.022 0.036 15
well 4 <LOQ <LOQ <LOQ <LOQ

Table 2-10 Mean concentrations of artificial sweetenerggfL in German rivers,n =1 -4

river /city

acesulfame saccharin

cyclamate  sucralose

Neckar / Deizisau
Neckar / Kochendorf
Neckar / Mannheim

Main / Frankfurt
Main / Bischofsheim

Danube / Ulm

Rhine / Ohningen
Rhine / Basel

Rhine / Weil (Rhine)
Rhine / Karlsruhe
Rhine / Mainz
Rhine / Cologne
Rhine / DUsseldorf

1.9
2.2
2.7

1.9
2.3

0.73

0.27
0.93
0.91
0.84
1.2
15
15

0.12
0.11
0.35

0.26
0.20

0.04

0.01
0.04
0.08
0.06
0.09
0.14
0.14

0.07
0.04
0.19

0.32
0.17

0.04

0.03
0.05
0.05
0.06
0.1
0.16
0.14

0.06
0.09
0.11

0.06
0.08

0.02

0.01
0.07
0.08
0.07
0.08
0.09
0.08
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Figure 2-4 Chromatogram of artificial sweeteners on a Zorlkmkipse XDB-C18 RRHT
column (50 mm x 4.6 mm; 1.8 um) obtained from a AQQ. calibration point, injection
volume was 15 pL. For gradient program and eluentposition see Tabl2-6
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Figure 2-5 Chromatogram of artificial sweeteners on a Hypdrceolumn (150 mm X
2.1 mm; 5 pm) obtained from a 100 ng/L calibratgmint, injection volume was 15 pL. For
gradient program and eluent composition see T2itle
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3

Correlation of six anthropogenic markers in waste
water, surface water, bank filtrate, and soil aquiéer

treatment

Six trace contaminants (acesulfame (ACE), sucral(S&/C), carbamazepine (CBZ),
diatrizoic acid (DTA), H-Benzotriazole (BTZ) and its 4-methyl analogue (@4)) were
traced from wastewater treatment plants (WWTPS)eteiving waters and further to river
bank filtration (RBF) wells to evaluate their prefibn power as potential wastewater
markers. Furthermore, the persistence of some congsowas investigated in advanced
wastewater treatment by soil aquifer treatment (BAJuring wastewater treatment in four
conventional activated sludge WWTPs ACE, SUC, aB& Ghowed a pronounced stability
expressed by stable concentration ratios in inflfer) and effluent (out) (ACE/CBZ: in45,
out40; SUC/CBZ: inl1.8, outl.7; ACE/SUC: in24, out24n a fifth WWTP, additional
treatment with powdered activated carbon led tér@ng elimination of CBZ, BTZ, and 4-
TTri of about 80 % and consequently to a distiretshift of their ratios with unaffected
compounds. Data from a seven month monitoring mogat seven sampling locations at the
rivers Rhine and Main in Germany revealed the bestentration correlation for ACE and
CBZ (r>=0.94) and also a good correlation of ACE and @BHAcentrations to BTZ and 4-
TTri levels 2= 0.66 to 0.82). The comparison of ratios atedéht sampling sites allowed
for the identification of a CBZ point source. Fuwtmore, in Switzerland a higher
consumption of SUC compared to Germany can be asbums a steadily increasing
ACE/SUC ratio along the river Rhine was observed.RBF wells a good correlation
(r2=0.85) was again observed for ACE and CBZ. Botlo #howed the highest stability at a
prolonged residence time in the subsurface of a 8&d. In the most peripheral wells ACE
and CBZ were still detected with mean values highan 36 pg/L and 1.3 pg/L, respectively.
Although SUC concentrations in wastewater use®&®F decreased by more than 80 % from
about 18 pg/L to 2.1 ug/L and 3.5 pg/L in theselyimg wells, the compound was still

adequate to indicate a wastewater impact in atatige way.
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3.1 Introduction

One of the main objectives of drinking water sugdiis to be aware of the influences on
their raw water sources used for drinking watedpmtion to minimize water treatment effort
and to ensure potable water of high quality. Thesof particular importance, if an
anthropogenic impact on raw water sources by diluastewater is given to a certain extent,
e.g. when river bank filtrate is used as raw water. réf@e, it is necessary to identify
markers that are able to provide an early indicatbcontamination and which can be used
for the quantification of the wastewater burdenrtir@rmore, wastewater tracers can also be
used to assess the hydrological fate of biodegtadaimpounds. The differentiation between
transformation and dilution allows for the evaloatiof purification processes during river
bank filtration (RBF) or soil aquifer treatment (BA

A conservative tracer for wastewater impact shagither tend to degrade nor to adsorb.
It must be source-specific for wastewater treatnpdant (WWTP) effluents and has to be
unaffected by the treatment steps applied in the M#WFurthermore, it should be persistent
in the receiving waters and production wells, resigely. Both, a high effluent concentration
as well as a sensitive analytical method, whicbvedl low limits of quantification (LOQ), are
also advantageous. For wells unaffected by waseswia¢ capability of an early detection of
traces of the compound can be used as an earlyngaystem of a wastewater breakthrough,
e.g. when the pumping regime is altered or a leakagledrsewer system occurs.

Microbial indicators for water contamination laclelectivity and are often time-
consuming in analysis (Glassmeyer et al., 2005k @&pproach of using trace elements
(Babcock et al., 2006; Schreiber and Mitch, 2006jheir ratios (Vengosh and Pankratov,
1998; Rabiet et al.,, 2005; Alcala and Custodio, 808s conservative tracers raises the
problem of distinguishing between their naturalkdggound concentrations and anthropogenic
origin. A high reliability is only given when backaund levels are low and differences
between their natural presence and wastewater loomeentrations are high.

Therefore, organic trace pollutants with anthropogerigin have become more and more
popular as markers for wastewater impact in thé desade. Caffeine was suggested by
several authors (Seiler et al., 1999; Buerge e2803b) due to high concentrations reported
for WWTP influents, but its good biodegradabilitydasorption behaviour seem to limit its
use as a potential marker for domestic wastew&einramm et al. (2006) reported about
compost piles and the agricultural use of cesspuatter as another source of caffeine in
addition to WWTP effluents.
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Polycyclic musks and nicotine derivates were alsesgnted as possible markers for
domestic activities. The latter showed a high bgvddability in WWTPs but a good
correlation was observed between the expected apubenic burden and the measured
concentrations of the nicotine derivates in Swak®$ (Buerge et al., 2008). Polycylic musks
showed the correlation only in winter time wheraasgnificant loss in the summer occurred
in the epilimnion due to their photochemical ldlyiliBuerge et al., 2003a).

Pharmaceuticals and personal care products (PP@R walso extensively surveyed
(Nakada et al., 2008; Kahle et al., 2009; Kaspriagkeern et al., 2009) as their occurrence in
water bodies is mostly evoked by human usage. iRaatr acid (DTA), an X-ray contrast
medium, was one of the most promising candidatesngnthese compounds as it was found
to be stable during wastewater treatment and steulilbiological sewage treatment (Ternes
and Hirsch, 2000; Haiss and Kimmerer, 2006). AnmofRCP, which already proved its
suitability as a possible wastewater marker dua fmonounced persistence in the aquatic
environment, is the antiepileptic drug carbamazep®BZ) (Clara et al., 2004). Gasser et al.
(Gasser et al., 2010) successfully used carbamazépicalculate and estimate the impact on
drinking water wells by infiltrated wastewater. Approach using benzotriazoles as tracers
for domestic wastewater also seems to be promidihgy are widely used as corrosion
inhibitors,e.g. in anti-freezing and deicing fluids as well aglishwashing liquids (Hart et al.,
2004). One of the main benzotriazole chemicalsHsb&nzotriazole (BTZ). Its elimination
during wastewater treatment is limited and highcemtrations of several tens of pg/L in
WWTP effluents were reported (Voutsa et al., 20Réemtsma et al., 2010). Consequently,
BTZ was found in the range from several hundred. ng/the Danube basin (Loos et al.,
2010) up to several pg/L in a Swiss river (Gigealet2006). BTZ shows only little sorption
onto soils (Jia et al., 2007) and biodegradatiothésubsurface is slow as the compound was
found in RBF production wells after a travel timeseveral months (Weiss et al., 2006). The
4-methyl analogue (4-methylbenzotriazole, tolylkake, 4-TTri) is even more persistent in
the aquatic environment (Weiss et al., 2006).

In recent publications artificial sweeteners (AS®lve emerged as a new class of
compounds applicable as anthropogenic markers ¢Buetr al., 2009; Scheurer et al., 2009).
Especially acesulfame (ACE) and sucralose (SUC® sweeteners, which are persistent
during wastewater treatment, were suggested asr¢ratligh concentrations of ACE of
several pug/L in surface water, groundwater, andsvalriver bank filtration sites support this

approach. SUC seems to be persistent to a similang but its usage within Europe is rather
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inhomogeneous based on concentrations measuredems and streams (Loos et al., 2009)
and generally lower than in the USA.

The aim of this study was to prove the suitabibfyartificial sweeteners as wastewater
markers and to assess their prediction power cosdptar other organic trace pollutants, in
particular to CBZ and BTZ. For this reason we fa&zlgot only on one aquatic compartment
but followed the ratio of several potential wastewaracers from their source to receiving
waters, RBF, and recovery wells of a SAT site, whesated wastewater is infiltrated.

3.2 Experimental

3.2.1 Materials

Chemical standards were purchased from the follgwumppliers: DTA (purity 100 %), CBZ,
(analytical grade) and BTZ (99 %) from Sigma Aldiri¢Steinheim, Germany), DTAsd
(98 %) from LGC (Luckenwalde, Germany); ACE potassi(99 %), SUC (>98 %) and CBZ-
dio (>99 %) from Dr. Ehrenstorfer GmbH (Augsburg, Gany), ACE-d (98 %), SUC-d
(98 %), BTZ-ds (98 %) and 4-TTri-gl (98 %) from Campro Scientific GmbH (Berlin,
Germany), 4-TTri (98 %) from Chemos (Regenstaufntzay).

3.2.2 Analytical methods

All compounds were preconcentrated using solid @hadraction (SPE) and analyzed by
high-performance liquid chromatography (HPLC) cedplith tandem mass spectrometry
(MS/MS). Samples were pH adjusted in the lab at dhg of extraction. Corresponding
internal standards for all analytes were spike@ itlie samples before SPE and used for
quantification. Limits of quantification (LOQ) wet ng/L in all cases, except for SUC (50
ng/L). The sample preparation and analysis of A8sewdescribed previously in detail by
Scheurer et al. (2009).

For DTA analysis 200 mL of a water sample (pH 3)revere-concentrated using
Bakerbond SDB 1 cartridges (200 mg / 6 mL from Baker, Deventer, The Netherlands).
After extraction the cartridges were eluted witmb methanol and 5 mL acetonitrile. The
eluate was evaporated to dryness and reconstitwidd 500 pL ultra pure water. The
compound was separated by a Finnigan Surveyor HBhCa Hypersil Gold column
(150 mm x 2.1 mm; 3 um) (both Thermo Scientific, liNam, USA). The HPLC system was
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connected to a TSQ Quantum Ultra mass spectror(iet@rmo Scientific, Waltham, USA)
operated in positive ionization mode.

For the pre-concentration of CBZ the same conditias described above were applied,
with the exception of a higher sample volume of. JAliter extraction the cartridges were
eluted with 10 mL acetone, the eluate was evapibtateryness and reconstituted with 50 pL
methanol followed by 50 uL ultra pure water. Thenpounds were separated by an Agilent
1100 HPLC (Agilent Technologies, Waldbronn, Germarmgn a Luna C18 column
(250 mm x 2 mm; 5 um) (Phenomenex, Aschaffenburgm&y). An API 2000 mass
spectrometer (AB Sciex, Foster City, USA) was usedietection and quantification of CBZ.

For BTZ and 4-TTri analyses a 10 mL water sampké {pwas extracted using Bond Elut
PPL cartridges (200 mg / 3 mL from Varian, PalocAlUSA). For elution of the analytes
6 mL methanol were used. After solvent exchang® ih00 pL ultra pure water the
compounds were separated by an Agilent 1200 HPL@iléAt Technologies, Waldbronn,
Germany) on a Kinetex PFP column (100 mm x 2.1 2&wéum) (Phenomenex,
Aschaffenburg, Germany). The HPLC system was cdede¢o an API 4000 mass
spectrometer (AB Sciex, Foster City, USA) operategdositive ionization mode.

For further details on chromatographic conditiom® supplementarynformation in
chapter3.6.

3.2.3 Sampling sites and protocol

Wastewater Five WWTPs in Southwest Germany were sampled letviday and July 2010.
Samples for all WWTPs were corresponding 24 h cai@samples. WWTP influents and
effluents were stabilized by 100 mg/L NaMstored at 4 °C and analyzed within two days
after sampling.

WWTP 1 is applying conventional,e. mechanical and biological, treatment. It has a
capacity of 20,000 population equivalents (PE) vatiout 15,000 inhabitants living in the
catchment area and treats 2,500 to 3,50@ mf domestic wastewater. Hydraulic retention
time is about 5 h with an average sludge reterttroa of 20 d. WWTP 2 treats 40 million m3
(capacity 875,000 PE) per year for about 350,06@bitants. It applies mechanical treatment
with additional phosphate precipitation, followedy bbiological treatment with a
denitrification/nitrification unit, equipped with tickling filter. Hydraulic retention time is
about one day for dry weather conditions. WWTP 8 &aather high industrial impact and is
designed for 75,000 PE with about 35,000 peoplmdivin the catchment area. The dry
weather flow is approximately 12,000 m3/d but w8520 m?/d at the day of sampling due to
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heavy rain. Serving 12,000 people, WWTP 4 was thwmllest of all WWTPs under
investigation. The residence time in WWTP 4 is abtih. Therefore, influent and effluent
24 h composite samples are non-corresponding sanpseWWTP 4 was also sampled after
a night of heavy rain this effect is even more prorced. In WWTP 5 a new approach for the
effective removal of organic trace pollutants dgriwastewater treatment is applied. The
conventional mechanical and biological treatmenfbi®wed by the addition of 5-20 mg/L
powdered activated carbon (PAC). After a contanetof >30 min a flocculant agent is dosed
and the wastewater is directed to a sedimentatard pfrom where some of the PAC is
pumped back to the reactor. After sedimentatiommalum salt is added as a second
flocculant and the remaining PAC is removed in &-tayer sand filter. WWTP 5 treats
380,000 PE with 220,000 residents living in theebatent area.

Surface water and river bank filtrate Samples from the rivers Rhine and Main were tak®n
grab samples between January and July 2010. Ther wats filled into 1 L brown glass
bottles and cooled at 4 °C until analysis. Samplogations were the cities of Basel (km
163.9), Karlsruhe (km 359.3), Mainz (km 500.6), @&ple (km 685.8), Dusseldorf (km
732.1), and Lobith (km 865) along the Rhine. Thegiéing point at the river Main was 30.1
km upstream from the confluence of Rhine and M&igyre 3-6). The sampled RBF wells
were all located at the river Rhine. They yieldlagively bank filtrate or a mixture of bank
filtrate and landside groundwater. Measurementeddx sensitive parameters by the water
suppliers confirmed aerobic conditions.

Other data used for evaluation were taken from Bsglees Landesamt fur Umwelt (LfU
Bavaria, 2010) which sampled surface and well wat&eptember 2009. Only those samples
whose values for all compounds were >LOQ were takem account. An evaluation of 4-

TTri was not possible here, as a mixture of thehylasomers was measured.

Soil aquifer treatment The SAT site is located in Israel and treats #wordary effluent from

a WWTP that processes over 100 million m3/a of exaater. Treatment includes mechanical
treatment, followed by conventional activated skidgtreatment including

nitrification/denitrification and a limited biologal phosphorous removal. The WWTP
effluent is spread intermittently in percolationsives, where it infiltrates through an
unsaturated zone, up to 40 m in depth. The effldems lateral in the saturated zone to
observation and recovery wells located in a ciaflaip to 1,000 m in the periphery of the

percolation basins. Samples from the SAT site waken in the years 2009 to 2010 and
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comprised the WWTP effluent used for aquifer reghaa sampling point located vertically
below the percolation basin (V1) and four samploognts in the periphery, two in the west
(W1 and W2) and two in the east (E1 and E2) ofgércolation basin sampling site. Right

after sampling the samples were cooled and shifgp&krmany for analysis.

3.3 Results and discussion

3.3.1 Wastewater

Six organic trace contaminants CBZ, DTA, ACE, SUBBTZ, and 4-TTri were analyzed in
the sampled wastewater to investigate their suitalas wastewater tracers (TabBl).
WWTP 1 and 2 were sampled during dry weather canditin contrast to WWTP 3 and 4
where samples were collected after a night of heaawy resulting in an almost doubled
throughput. This is reflected by the influent camations of CBZ, ACE, and SUC in
WWTP 3 and 4 which are only about 50% of the leuekhe first two WWTPs.

Our results show that the concentration ratioshesé¢ three compounds are independent
within the investigated German WWTPs. Due to camtstancentrations during wastewater
treatment, each individual ratio among two of thtts®e compounds in WWTPs 1-4 was
neither affected by the applied treatment techrie®gor by any other boundary condition
(Figure 3-1). A concentration change along the treatmaaih tresulting in lower (or even
higher) effluent concentrations is due to changinfuent concentrations, and other
uncertainties rather than to degradation.
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Table 3-1 Influent and effluent data of six potential wast&varacers in five German municipal WWTPs (concaians rounded to two
significant digits)

WWTP (population served) throughput influent concerration calculated consumption  effluent concentratbn  elimination input in receiving rivers
m’/d pg/L t/a in Germany pg/L % t/a in Germany
WWTP 1 (350,000) 70,000
acesulfame 31 190 24 25 140
sucralose 1.3 7.8 1.1 15 6.6
carbamazepine 0.71 4.3 0.60 16 3.6
diatrizoic acid 4.4 26 2.3 48 14
1H-benzotriazole 10 60 51 49 30
4-methylbenzotriazole 4.2 25 2.8 33 17
WWTP 2 (15,000) 3,300
acesulfame 37 240 39 -5 250
sucralose 15 9.9 1.53 -1 10
carbamazepine 1.2 7.9 1.0 17 6.6
diatrizoic acid 0.71 4.7 0.40 44 2.6
1H-benzotriazole 12 79 1.8 85 12
4-methylbenzotriazole 5.3 35 29 45 19
WWTP 3 (40,000) 28,500
acesulfame 18 370 19 -9 400
sucralose 0.71 15 0.77 -9 16
carbamazepine 0.35 7.5 0.42 -20 9
diatrizoic acid 4.3 92 2.8 35 60
1H-benzotriazole 4.8 103 3.7 23 80
4-methylbenzotriazole 2.2 47 2.3 -5 49
WWTP 4 (12,000) 6,250
acesulfame 17 270 19 -9 290
sucralose 0.7 11 0.77 -10 12
carbamazepine 0.32 5.0 0.50 -56 7.8
diatrizoic acid <LOQ - 0.06 - 0.9
1H-benzotriazole 45 70 2.0 56 31
4-methylbenzotriazole 18 28 22 -22 34
WWTP 5 (220,000) 151,000
acesulfame 8.2 170 11 -34 230
sucralose 0.44 9 0.44 0 9.1
carbamazepine 0.33 6.8 0.053 84 1.1
diatrizoic acid 2.2 45 29 -32 60
1H-benzotriazole 3.9 80 0.87 78 18
4-methylbenzotriazole 24 49 0.33 86 7

65



Correlation of anthropogenic markers

50 V72 mean ratio WWTP influent
A 1 mean ratio WWTP effluent

40 - I
30 -

20 Zi

ol

ACE/CBZ SUC/CBZ ACE/SUC

Figure 3-1 Mean ratios of ACE/CBZ, SUC/CBZ, and ACE/SUC basedthe influent and
effluent concentrations in WWTPs 1-4. Error badiéate standard deviations

ratio

The highest DTA influent concentrations (4.4 pgAd&.3 pg/L) were measured in WWTP 1
and WWTP 3 which serve urbanized areas with seVsgpitals in the case of WWTP 1 and
one in the case of WWTP 3 in the catchment areeayXeontrast media are expected to be
used to a much higher extent in hospitals thanHygigians in private practice which can be
an explanation for the higher values. Even if DBAsburce specific to WWTPs and only
partly degraded during wastewater treatment, iteeg@ use as a tracer seems to be limited
and it cannot be used to predict the concentratigrersistent trace pollutants. In fact, DTA is
suitable to indicate a wastewater impact but th® t® other organic trace pollutants will
vary to a great extent as the usage of DTA dependts application in the catchment area.

In WWTP 5 a significant shift of the ACE/CBZ and SICBZ ratios from the influent to
the effluent was observed. After the secondarymsediation basin CBZ was still detected
with a concentration of 0.38 ug/L (Table 3-5), rating no biological degradation but a
removal (84%) by activated carbon alone (TaBlg). The input per year of CBZ in the
receiving river, calculated by specific throughponditions at the sampling day, is reduced
from 21 kg to less than 3 kg in the case of WWTIPAC seems to be a promising tool not
only for minimizing the input of dissolved orgargarbon into rivers and streams, but in the
case of CBZ, also for organic trace contaminantghvproved to be persistent in the aquatic
environment. ASs were not affected by the PAC apfibn and the ACE/SUC effluent ratio
of 25 is in good correlation to the mean ratio WWTPs1-4 effluents (23.9£1.5). A good

SUC removal by activated carbon during drinking ewaproduction has been reported
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(Scheurer et al., 2010}. appears that in wastewater treatment a pronalnoepetition for
activated carbon sorption sites occurs and SUCstemaddsorb less strongly than many other
wastewater constituents based on its physical-atemproperties.

It has to be noted that presently the applicatibractivated carbon for wastewater
treatment is not very common but steadily increpagery. WWTP 2 decided to implement
this approach in the near future). A widespreadyeisat activated carbon in WWTPs will
consequently lead to a shift in the ratio of somganic trace pollutants which has to be
considered in data interpretation in the futurehédtireatments like ozonation discussed for
the application in WWTPs can also lead to a distiedransformation of certain compounds,
e.g. ACE was transformed to a great extend during dzeman drinking water treatment
plants (Scheurer et al., 2010).

3.3.2 Surface water and river bank filtrate

The linear regression displayed in Fig@€ is based on all sampling sites along the river
Rhine and Main (except for the one in Switzerlas®k explanatory statement below), surface
water data from LfU Bavaria and wastewater efflugamples. The data for CBZ and ACE
correlate well > = 0.977) over the whole sampling period, althowgsh measured values
within a broad concentration range from 0.61 n@/312 pg/L for ACE along the Rhine and
Main rivers (image section of Figu®2). The slope of the linear regression indicaked
about 28 times more ACE than CBZ was found on @eera rivers. The concentrations of
the data taken from LfU Bavaria are generally higtien the ones obtained for the river
Rhine, where a reasonable dilution factor of the WPAéffluent concentrations of more than
ten was observed. The small creeks in Bavaria laategher wastewater burden due to a
lower dilution in comparison to the Rhine, but thea fit to the regression is excellent. The
slope of the linear regression when including dditthe effluents of WWTPs 1-4 is about 38
which represents a higher ACE/CBZ ratio, although $ame ratio in WWTP effluents and
receiving rivers can be expected assuming a praresurstability of ACE and CBZ,
respectively. A possible explanation for this phaeaon is a higher consumption of ACE in
the summer months as it is one of the main swertanesoft drinks. All WWTPs were
sampled between May and July. However, data fagrrivater comprise the first seven
months in 2010 including rather cold periods when Ibeverages are preferred, which are
sweetened (when sweetened at all with ASs) moedylikith cyclamate and saccharin, which
are typical ASs in tabletop sweeteners. To continm assumption we used official stream
flow values for the sampling point in Basel (valdes Germany will not be published before
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2011) to calculate the loads of ACE (see suppleamgmiformation Table3-6). Comparing
the daily load of the particular days of samplimgiacrease of more than 30 % to 70 kg/d in
June and July compared to the winter months wasreéd for this sampling point. When
using the ratios of two compounds as predictio fimoone of them, it seems that a seasonal
variation has to be considered for certain compsulike ASs. The results should be
confirmed by long term statistical series or byteystic seasonal sampling of wastewater to
prove that the load of ACE is linked to the constiorp of certain products based on the
ambient temperature.

40 1 o  Rhine and Main river
o small rivers and creeks in Bavaria
A sewage treatment plants

4 1 y =58.653x - 0.131

2=
20 | r2=0.911

o
u]
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2=0.944

Rhine river (Basel)
0 small rivers and creeks in Bavaria
® Rhine and Main river

acesulfame concentration in pg/L
N
o

acesulfame concentration in pg/L
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Figure 3-2 ACE over CBZ concentrations of six surface watangling sites along the rivers

Rhine and Main (each n=7), comparative surface m@d#a obtained by LfU Bavaria and

effluent concentrations of five WWTP. Circle indiea the application of powdered activated
carbon in WWTP 5 (data point not included in lineagression (left)). Image section with

corresponding linear regression including the aaltisti sampling point in Basel, Switzerland
(right)

The sampling point in Switzerland was not includedthe linear regression displayed in
Figure3-2 because the ACE/CBZ ratio was about 59 andgstymsficantly different from the
ratio of 28 along the river Rhine (FiguBe3 A). Close upstream of the sampling point in
Basel a leading producer and supplier of vitampexsonal care products, and pharma-
ceuticals is located, which we first suspecteddalpoint source of ACE. It was noticeable
that the shifted ratio evened out completely alyeadthe next sampling point downstream
(Karlsruhe, distance about 200 km), although therease in river flow is negligible.
Therefore, we examined the shift of these potentadersversus another rather persistent
trace pollutant, BTZ (for a graphical presentatidrihe linear regression of ACE vs BTZ and
CBZ vs BTZ see Figurd-7 supporting information). The results showedadtmo change in
the ACE/BTZ ratio along the river Rhine samplingdtions, including Basel (Figu@3 C).

However, for the BTZ/CBZ ratio a sharp drop betwdbe sampling points Basel and
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Karlsruhe was evident (Figu@3 D), indicating a point source for CBZ in betwess the
only reason for the decrease of the ACE/CBZ ralibe data set for the three ratios
(ACE/CBZ, ACE/BTZ, and BTZ/CBZ) was statisticallynalyzed with the Tukey-Test
(p<0.05) and revealed also a significant differefezehe sampling point in Basel to all other
sampling sites along the river Rhine for the ACEZC&hd BTZ/CBZ ratios (Figur8-8). In
contrast, the Rhine sampling stations did not difiehe case of the ACE/BTZ ratio based on
the same test.

The area of the CBZ input could be further localizyy evaluating data from the Rhine
monitoring station near the city of Basel, whicHasated downstream of our sampling point
in Basel. At that station, CBZ was measured tweight times per month between January
and July 2010 with a mean value of 0.0281 = 0.Q082. (Basel-Stadt, 2010). This value is
very similar to the mean concentration of our nesadmpling location (Karlsruhe;
0.0287 + 0.0071 pg/L) and significantly higher ththe one in Basel (0.0157 + 0.0017 pg/L)
narrowing the point source of CBZ down to the atBasel.
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Figure 3-3 Ratios of ACE/CBZ (A), ACE/SUC (B), ACE/BTZ (C)nd BTZ/CBZ (D) of six
sampling points along the river Rhine (white bamgl at the river Main (striped bars), error
bars indicating standard deviation. All samplingnp®n=7
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Contemplating the ACE/SUC ratio (FiguBe3 B), we observed that SUC seems to have a
higher per capita consumption in Switzerland thra@ermany based on the lower ratio. This
effect was clearly leveling along the Rhine, modiviously at the sampling point
Frankfurt/Main where no Swiss influence exists. &ally speaking, values from one
sampling site to another directly downstream ottngasn did not differ significantly, but from
all others located further away (Figu8e8). The observations are supported by Loos and co
authors (2009), who found SUC in every Swiss riwater sample (n=7) with a maximum
value of 0.45 ug/L, whereas only in seven out of G8rman river water samples the
compound was detected above the LOQ with a maximuf08 pg/L. As described above,
the dilution factor of the WWTP effluent concenimatin the receiving rivers was at least ten.
For SUC this gives a concentration range betwe@s |0g/L and 0.17 pg/L, making ACE a
much better tracer regarding detectable conceotrstiA recent study about consumption
related SUC emissions in Linképing/Sweden showedt ttlaily household emissions
decreased dramatically from 225 g/d in 2007 to &Biig 2009 (Schmid-Neset et al., 2010).
This was mainly attributed to the removal of theGStbntaining Coca Cola light from the
Swedish market in 2008. A further reduction, duéhevannouncement of local producers that
the compound will also be removed from other coremupnoducts, is expected. This example
shows that a sudden pronounced ratio shift hastovestigated carefully as it can be not
only a hint for a point source, but also an indaratfor modified usage patterns or the
replacement and ban of certain compounds.

We followed several tracer concentration ratioghieir to river bank filtration wells to
evaluate which compound ratio is most applicablbdaised as a prediction tool. Both, ACE
as well as CBZ concentrations, correlated well VBFZ in river water samples witHf of
around 0.8 (Figur&-7). In samples derived from the river bank ftiva wellsr? decreased
dramatically (Figure3-9), most likely due to a variable degradatioB®Z based on different
residence time and environmental conditions indhlesurface. In contrary to BTZ, 4-TTri
correlations to ACE and CBZ remained stable whenparing surface water and river bank
filtration wells (Figure3-10 and Figur@-11) with a better fit for ACEr = 0.883). For both
ratios including 4-TTri the slope of the linear regsion shifted only slightly by about 15 %.
The higher persistence of 4-TTri in comparison {6ZBn the environment, namely in a
partially closed water cycle in Berlin, is suppdriey a previous study (Weiss et al., 2006).
The authors observed a decreasing BTZ/4-TTri fatimmn a WWTP effluent containing trench
to a receiving lake and further to a transect usedank filtration. A good correlation in

both, river water sampleg?(= 0.94) and bank filtrater{ = 0.85), was achieved when
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comparing the two compounds most stable in wastawetatment, ACE and CBZ (Figure
3-4). The slope of the best fit straight line of ACand CBZ shifted slightly and
simultaneously as observed for the ratios of thesecompounds compared to BTZ and 4-
TTri. Since ACE was measured in more than 22 tilmgker concentrations than CBZ, it
seems to be a slightly better wastewater tracethesletection limits of both compounds are
comparable. However, ACE findings should be evaldatarefully as it is widely used in
sugar free soft drinks. A spill of 1 L soft drinkpntaining the maximum ACE level, valid for
the European Union, of 350 mg/L (EU, 1994), woutdritaminate” 35,000 m3 of water to the
level of our LOQ (10 ng/L).
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Figure 3-4 ACE over CBZ concentrations of RBF wells along tiver Rhine (data from this
study) and wells in Bavaria (data from LfU Bava@8,10)
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3.3.3 Soil aquifer treatment

For the SAT site it became worthwhile to evaluatiCSas a possible tracer for wastewater, as
in Israel a remarkably higher consumption than er@any of this sweetener seems to exist.
Whereas in Germany in four out of five WWTPs ACEswietected in about 25-fold higher
concentrations (WWTP 5 19-fold) than SUC the ACEISthtio was only about 3 in the
WWTP effluent in Israel. Here, average concentratiof ACE and SUC were 55 + 7.1 pg/L
and 18 + 2.4 ug/L, respectively, whereas CBZ cotmaénons were in both countries in the
same range (1-2 pg/L) (Gasser et al., 2010; Gatsalr, 2011). For the ACE/CBZ ratio a
pronounced stability in the variably saturated \wsdaone (V1) and for the first recovery
wells in the east and west (E1 and W1) was obsefivigdire3-5). The detention time to V1
is about 1.5 months and thus in the same rangavefbank filtrate retention times in
Germany where the same persistence of both compoumasl observed. Even in E1, which is
about 250 m away from the closest recharge basisignificant decrease of the ACE/CBZ
ratio within more than one year of residence timéhe subsurface occurred. In wells located
further away from the recharge area, with resideimoes of about two years, a slight
decrease of this ratio was monitored due to detrgasCE concentrations in the periphery.
However, in both peripheral wells ACE was stillet#ed with several tens of pg/L. Thus this
compound demonstrated its prediction power everpratonged residence times as a
breakthrough of wastewater in unaffected drinkirefex wells can be observed earlier with
ACE rather than with CBZ based on comparable LO®er SUC a considerable
concentration decrease of more than 50 % was aig@nwell V1, which is also displayed in
a significant change of the ACE/SUC ratio. In ladory batch experiments with three
different soils with different percentages of onganarbon (0.74 %-2.99 %) sorption was
neither observed for ACE nor for SUC when a watdrfaitio of 1 : 1 was applied (data not
shown). These results support that in the caseU&@ Biodegradation or slow hydrolysis in
the upper layer of the recharge basins is mordylitktean its removal by sorption processes.
Further elimination on the way to the first obseiwa wells (W1 and E1) was minor which
revealed the mobility of the compound in the sufas@. Average SUC concentrations in the
two outermost wells E2 and W2 were 2.1 ug/L andi@A., respectively, and therefore still
higher than the findings for CBZ (1.3 pg/L and fi@L).
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Figure 3-5 Ratios of ACE/CBZ and ACE/SUC in the recharged WRV@ffluent (RE), an
observation well below (V1), two wells east (E1 &#f) and two wells west (W1 and W2) of
the percolation basin of a SAT site in Israel

3.4 Conclusions
Compounds with a pronounced stability during wastewtreatment were ACE, SUC, and

CBZ which was consequently shown by their stabtesawithin four WWTPs. However,
already during wastewater treatment a shift of rites is possible when applying further
treatment steps like activated carbon or ozonafratios can also be affected by a country
specific usage of certain compounds, like ASs. Oplessible interferences are point sources
deriving from production or applicatioe,g. deicing fluids at nearby airports in the case of
BTZ. Even seasonal variations in consumption regéeen different ratios during summer and
winter time seem possible in the case of ACE, wlschne of the main sweeteners used in
soft drinks. All the investigated compounds canegnnts for a wastewater impact even for
SUC, where a concentration decrease at prolongaderece time in the subsurface was
found. The compound is still useful to indicate teaster impact in a qualitative way for
countries like Israel, where it is used in largeoants. The prediction power increases with
increasing concentrations and decreasing LOQ. CB¥X ACE seem to have the strongest
prediction power if the influence of point sour@exl regional differences are limited. In any
case ratios of organic trace pollutants shouldjusitbe transferred from one sampling point

to another for the calculation of predicted concaiuns as they might vary. Once
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transferability is checked concentrations of orablst and mobile organic trace pollutant can

be estimated with good accuracy based on measutemiesnother.
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3.6 Supplementary information

Table 3-2 Gradient program for the analysis of DTA

step time flowratein eluentA® eluentB® eluent C

in min uL/min in % in % in %
1 0.0 200 80 10 10
2 1.0 200 80 10 10
3 13.0 200 0 90 10
4 17.0 200 0 90 10
5 17.1 200 80 10 10
6 21.0 200 80 10 10

awater with 0.1% formic acid, methanol with 0.1% formic acid 50 mM ammonium acetate

Table 3-3 Gradient program for the analysis of CBZ

step time flowratein  eluent A* eluent B’

in min pL/min in % in %
1 0.0 200 80 20
2 20.0 200 0 100
3 28.0 200 0 100
4 29.0 200 80 20

awater with 20 mM ammonium formiate2/3 acetonitrile 1/3 methanol with 20 mM
ammonium acetate

74



Correlation of anthropogenic markers

Table 3-4 Gradient program for the analysis of BTZ and 4-Ttr

step time flowratein  eluent A* eluent B’
in min pL/min in % in %
1 0.0 100 70 30
2 2.0 100 70 30
3 4.0 100 20 80
4 10.0 100 20 80
5 11.0 100 70 30

@ water with 2 mM ammonium carbonafamethanol with 2 mM ammonium carbonate

Table 3-5 Effluent concentrations of the secondary sedint@mtdasin in WWTP 5

WWTP (population served)

throughput

effluent concentration
secondary sedimentation basin

me gt ug K

WWTP 5 (220,000)
acesulfame 9.0
sucralose 0.51
carbamazepine 0.38
diatrizoic acid 151,200 2.4
benzotriazole 3.2
4-methylbenzotriazole 2.4

Table 3-6 Daily loads of acesulfame in kg/d at the samppomt Basel/Switzerland based on
the measured stream flow and detected concentsagiodifferent sampling dates

sampling date stream flow (Q) acesulfame load
in m3/s in ug/L in kg/d
12.01.2010 781 0.80 54
11.02.2010 643 0.91 51
08.03.2010 701 0.93 56
07.05.2010 1074 0.71 66
07.04.2010 814 0.74 52
01.06.2010 1688 0.48 70
01.07.2010 1282 0.64 71
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Figure 3-6 Sampling points at the rivers Rhine and Main
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A

Performance of conventional multi-barrier drinking
water treatment plantsfor the removal of four

artificial sweeteners

Due to incomplete removal of artificial sweetengrsvastewater treatment plants some of
these compounds end up in receiving surface watdngh are used for drinking water
production. The sum of removal efficiency of singkatment steps in multi-barrier treatment
systems affects the concentrations of these congsounthe provided drinking water. This is
the first systematic study revealing the effectessn of single treatment steps in laboratory
experiments and in waterworks. Six full-scale wateks using surface water influenced raw
water were sampled up to ten times to study the détcesulfame, saccharin, cyclamate and
sucralose. For the most important treatment tecgymes$ the results were confirmed by
laboratory batch experiments. Saccharin and cydkarpeoved to play a minor role for
drinking water treatment plants as they were elatéd by nearly 100 % in all waterworks
with biologically active treatment units like rivelbank filtration (RBF) or artificial
groundwater recharge. Acesulfame and sucralose negrbiodegraded during RBF and their
suitability as wastewater tracers under aerobiditimms was confirmed. Sucralose proved to
be persistent against ozone and its transformatem <20 % in lab and field investigations.
Remaining traces were completely removed by sulesgqyranular activated carbon (GAC)
filters. Acesulfame readily reacts with ozone (jiefirst-order rate constant k = 1.3*ia/s

at 1 mg/L ozone concentration). However, the agphizone concentrations and contact times
under typical waterworks conditions only led to iasomplete removal (18-60 %) in the
ozonation step. Acesulfame was efficiently remobgdsubsequent GAC filters with a low
throughput of less than 30%kg, but removal strongly depended on the GAC preld hus,
acesulfame was detected up to 0.76 pg/L in finishatr.

83



Performance of drinking water treatment plants

Scheurer, M., Storck, F.R., Brauch, H.-J., Langd, F2010) Performance of conventional
multi-barrier drinking water treatment plants féretremoval of four artificial sweeteners.
Water Res 44(12), 3573-3584.

84



Performance of drinking water treatment plants

4.1 Introduction

Due to the spreading of the liquid chromatograpagdem mass spectrometry (LC-MS/MS)
technique in water analysis in the last decadeyangly increasing number of polar trace
pollutants and some of their transformation proslustere detected in the water cycle
(Richardson and Ternes, 2005; Richardson, 200%nmiples comprise different compound
classes, such as pharmaceuticals and persongbrcahects (PPCPSs) including X-ray contrast
media, poly- and perfluorinated chemicals (PFC)Y apolar pesticide metabolites, such as
N,N-dimethylsulfamide (DMS) (Schmidt and Brauch,08) desphenyl-chloridazone and
methyldesphenyl-chloridazone (Weber et al., 208f)anesulfonic acid (ESA) and oxamylic
acid (OSA) metabolites of chloroacetamide herbgif¢ladik et al., 2008). These findings of
polar and persistent pollutants pose a new challémgvaterworks treating raw waters, which
are directly €.g. unknown sewer leakages) or indirectlg( bank filtration or artificial
groundwater recharge, AGR) affected by wastewadflemy of these chemicals, which can
occur on the ng/L or low pg/L scale in the raw wsitare harmless to humans at these trace
levels (Snyder et al., 2008), but others are otispheoncern. The origin of concerns is either
due to the toxic properties in animal experimemis accumulation potential in humaresg(
some PFC, such as perfluorooctane sulfonate (PA@8)et al., 2007; Rumsby et al., 2009))
or because of other reasons, such as increasedribhatesistance through continuing
exposure to antibiotics, or disruption of the enmder system (Jgrgensen and Halling-
Sgrensen, 2000). Another potential risk stems frleentransformation potential of precursor
compounds into toxic products, such as the careniagN-nitrosodimethylamine (NDMA),
generated upon the reaction of non-toxic DMS wibree (Schmidt and Brauch, 2008).
Another class of compounds, recently detectedenathter cycle, are artificial sweeteners
(AS). These anthropogenic and xenobiotic compoanesigh production volume chemicals,
with supplies of saccharin, aspartame, acesulfapsuétalose, and cyclamate accounting for
4.57 million tons of sucrose equivalents in 200Thie U.S. (Haley et al., 2008). AS are used
world-wide as table-top sweeteners as well as fadditives to sweeten diet beverages,
pharmaceuticals and some personal care produaibk, asitooth pastes and mouth washes
(Weihrauch and Diehl, 2004; Zygler et al., 2009)thAugh minor direct inputs into the
aquatic environment by improper disposal cannot pietaly be excluded, the typical
entrance pathway of AS is via municipal wastewatBtgralose, the active ingredient of the
well-known sweetener Splerfijawas the first AS analyzed as trace impurity irsteavater

treatment plant (WWTP) effluents and surface waterg&urope (Brorstrom-Lundén et al.,

85



Performance of drinking water treatment plants

2008; Loos et al., 2009). Recently, three addilidi® acesulfame, cyclamate, and saccharin,
were detected in Swiss and German wastewaters Bwetral., 2009; Scheurer et al., 2009).
In the latter investigations, acesulfame and soseturned out to be the most stable of the
targeted AS. Traces of all four AS were also foundurface and groundwaters. In Germany
and Switzerland the AS measured at the highesti lsas acesulfame. Its concentrations
ranged up to 2.7 ug/L in river water (Neckar rivérheurer et al., 2009), 2.8 ug/L in lake

water (lake Greifensee) (Buerge et al., 2009), 47dug/L in groundwaters (Buerge et al.,

2009).

A first measurement of AS in a drinking water syppl Switzerland, where aeration of
groundwater for iron and manganese removal was dhly treatment step, revealed
acesulfame to be present in tap water in concémiaup to 2.6 ug/L (Buerge et al., 2009).
The toxicological properties of AS are well studiadd show that pg/L quantities are
harmless to humans (Weihrauch and Diehl, 2004). é¥@w data on ecotoxicological
properties of AS are scarce. For example, in thetligde is no obligatory environmental risk
assessment for AS according to the European Pantieend Council directive on sweeteners
for use in foodstuffs (EU, 1994), which is basedtwa framework directive for food additives
(EU, 1988). Therefore, it is yet unknown, what teeurrence of these trace pollutants means
to aquatic biocenoses. In sugarcane, sucralosevaninhibit the transport of the structurally
strongly related sugar sucrose, an important ti@msmnd signal compound (Reinders et al.,
2006). It was also speculated, that sucralose migtarfere with plant photosynthesis
(Lubick, 2008) or deteriorate functions such asmtation, food or partner localisation.

Both above-mentioned Swiss and German studies stegh@cesulfame to be an ideal
tracer to quantify the impact of wastewater deripedportions of raw waters. Besides this,
there is first evidence that during the ozonatioocpss in waterworks acesulfame readily
reacts with ozone to not yet identified producta€iye et al., 2009).

The aim of this study was to investigate in moreati¢he fate of the four mentioned AS
in conventional multi-barrier treatment plants udihg bank filtration, artificial recharge,
flocculation, ozonation, activated carbon filtratjcand disinfection by chlorine and chlorine
dioxide as treatment steps. For this purpose, tiieentration decrease of AS was studied
within six waterworks using river water, bank fite, or artificially recharged groundwater as
raw water. The focus was directed to those fourobseven AS, which were found in surface
waters in a preceding study (Scheurer et al., 200®onfirm the results obtained from field

studies, the main treatment steps were simulat&boratory experiments.
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4.2 Material and methods

4.2.1 Laboratory experiments

Analytical method

The AS were analyzed by high performance liquidontatography—electrospray tandem
mass spectrometry (HPLC-ESI-MS/MS) after solid-phastraction according to a recently
published method (Scheurer et al., 2009). In tlesgmt study acesulfamg-dias used as an

additional internal standard for the quantificatiohacesulfame. The majority of samples
were analyzed according to the described protdnchddition, some samples of laboratory
experiments with elevated concentrations >2 pg/kevamalyzed by direct injection (15 puL)
LC-ESI-MS/MS with external standard calibrationthe present study reporting limit of AS

concentrations was 10 ng/L.

Fixed-bed bioreactor

A laboratory test filter unit, established to siatel aerobic degradation processes during river
bank filtration was used to study the biodegracdabd artificial sweeteners (Karrenbrock et
al., 1999; Knepper et al., 1999a; Knepper et 899b). A glass bottle used as a reservoir was
filled with 10 L of unfiltered surface water (Rhimeer at Karlsruhe) and spiked at a level of
1 pg/L of the test compounds in aqueous solutidme Water was pumped bottom-up in
recirculation with a flow rate of 17 mL/min overfidter column filled with sintered glass
beads (SIRAN-Carrier no. 023/02/300, Schott EngingeGmbH, Mainz, Germany) used as
carrier material. The porous material is non-adsagpand provides optimum conditions for
the formation of a biofilm with similar biologicadctivity as observed in the colmation
layer/infiltration zone during river bank filtratio The system was stored in the dark at room
temperature (20 + 2 °C) and aerated with compreaseih ensure aerobic conditions during

the running period of over 90 days.

Flocculation

The removal of artificial sweeteners during flo@iidn was investigated in batch experiments
with Karlsruhe tap water and water from the Rhiverr A Stuart flocculator SW6 (Bibby
Sterlin Ltd., Stone Staffordshire, UK) was usedUatch jar tests. The system consisted of six
units with 1 L glass beakers and stirrers with inéd stirring depth. 800 mL of Karlsruhe
tap water and river water were spiked at a levdl pf/L with the test compounds in aqueous

solution. Polyaluminum chloride (Alg)l and iron chloride (Fe@) were used as flocculants
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and added in doses of 5, 10 and 15 mg/L. The bataleee stirred at a velocity of 250 rpm
for 30 s to achieve an evenly rapid distributiorthad flocculation agents. No flocculation aid
was added. The velocity was reduced to 50 rpm, fogld min and then further reduced to
25 rpm and held for 15 min for the formation and growth of flocs. After sedimentation of

the flocs for 60 min, 100 mL of supernatant wa®tator the analysis of artificial sweeteners.
The pH was controlled between 7 and 8 to ensuretbper precipitation of the Al or Fe

hydroxides and low residual concentrations of disbFe(lll) or Al(lll) (DVGW, 1998).

Ozonation

Ozonation experiments were performed as batch ewpets in 5 L glass vessels filled with

Karlsruhe tap water. This water was chosen as exvsimilar to that in waterworks. It had a

pH of 7.3, a dissolved organic carbon (DOC) contdr@.9 mg/L, and a hydrogen carbonate
concentration of 305 mg/L (5 mmol/L). The initiaksetener concentration was 1 pg/L and
four different initial ozone concentrations (0.5,21 5 mg/L) were applied. For this purpose
5 mL of a 1 pg/mL aqueous sweetener solution wssotlied in 2 L of tap water and filled up

to a total volume of 5 L with tap water and, fiyalivith the necessary volume of a ozone
stock solution (concentration between 17 and 28 jnghe test set up was slightly stirred on
a magnetic stirrer to spread the ozone evenly. 8&m@00 mL) were taken after contact
times between 1 and 60 min and residual ozone e@sced by sodium sulfite. Complete

ozone removal was confirmed by redox potential mesasent.

Activated carbon small-scalefilter test

The removability of artificial sweeteners by GAQtrition was investigated using ground
(300-400 um) and washed Filtrasorb 300 (F 300, Givem Carbon, Feluy, Belgium), a
carbon type often applied in waterworks. To testrgmovability of artificial sweeteners from
running water, a rapid small-scale filter columrsttedeveloped by Marcus (2005) and
optimized by Happel et al. (2009), was used to sss3he adsorbability of sweeteners.
Substances were tested using i) a single companlnotian with a sweetener concentration of
500 pg/L and ii) a mixture of the four sweetenashewith a concentration of 125 pg/L. To
suppress biological activity, 100 mg/L sodium azideere added. The column feed
concentrations reflect a compromise between reakstvironmental concentrations and the
applicability as a rapid laboratory test systembsances are considered to be relevant for
drinking water, if up to the point of 15,000 bedluoes treated (BVT)i.e. 30 m3kg, a
breakthrough of more than 10 % of the feed coneaé&iotr occurs. With a flow rate of
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8 mL/min the test can provide information aboutgle@eral removability of a contaminant by
GAC within one week.

Chlorination

The behavior of artificial sweeteners during chation, a method which is frequently used
for drinking water disinfection, was determinedaitaboratory batch test using drinking water
(pH 7) spiked at a level of 1 pg/L of artificial eeteners. Free chlorine was added at two
different levels of 0.2 and 1 mg/L by addition of ammmercially available aqueous
hypochlorite solution. Prior to use, the concerdreg of HOCI stock solutions were
determined photometrically after reaction with (NJMthyl-p—phenylendiamine, DPD).
Samples (100 mL) were taken after contact time8.b7, 2, 4, 8, 24, and 48 h and residual

chlorine was reduced by 50 mg sodium thiosulfate.

4.2.2 Sampling sitesand protocols

In order to clarify the behavior of artificial sweaers under waterworks (WW) conditions,
six facilities were sampled up to ten times betwéergust and December 2009. These

facilities are briefly described below (Figutel).

Waterworks A (WWA)

The facilities of WWA were mainly set up for grownater recharge with treated water of the
Main river and subsequent treatment of the recavegmundwater for drinking water
production. The river water is purified by coarsel dine screens, flocculation, and filtration
over a gravel filter and GAC. All eight GAC filtetsave a diameter of 3 m and were filled
with activated carbon to a height of 3 m. The filtelocity was about 10 m/h. Every six
months the GAC of four out of eight filters is regeated when a mean load of approximately
60 m3¥/kg is reached. The infiltrated water passsaraly soil layer zone of 500 m horizontal
distance and 20 m of vertical distance and is rex 16 to 24 months (usually about
21 months) after infiltration as a mixture of up 70 % of infiltrate and 30 % of local
groundwater. The recovered raw water is againddehy aeration, rapid sand filtration and
an activated carbon filter unit. Sampling pointSA&VA within the surface water treatment
facility were the raw water, the effluents of thengel filter and the activated carbon filter.
Within the groundwater treatment facility, an olysgion well half way to the recovery well
and the recovered raw water before and after peated treatment with activated carbon

were sampled. Samples were taken weekly over week period (n=10).
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Figure 4-1 Schemes of the investigated water treatment plants changes in artificial
sweeteners concentrations (mean values) alongdh#ntent train; "S" in circle denotes the
location of the sampling sites. Ace denotes acaswdf Sac saccharin, Cyc cyclamate, and
Suc sucralose; Standard deviations (STD) of folcAce and Suc weres0.12, and<0.11 in
WWA, WWB, and WWD (n = 10)<0.20 and<0.19 in WWE (n = 3) and0.22 and<0.27 in
WWEF (n = 6), respectively. Sac and Cyc concentnatiere low and could only be followed
along the treatment in WWA and WWB. Here, STD fac%nd Cyc werg0.23, except for
three individual sampling points, where Cyc congaidn in the raw water fluctuated by a
factor of >10, resulting in a STD of ¢/€0.55 in WWA (sampling points: filtration, GAC) or
was detected only in twice during ten samplingsl¥S®D.63 in WWB (sampling point: slow
sand filter)

Waterworks B (WWB)

Similar to WWA, WWB consists of the pre-treatmeiitsarface water from the Rhine river
prior to infiltration and the final treatment ofc@vered groundwater. First, the river water
passes a sand trap with a flow velocity of 0.3 n¥sbsequently, the water flows over a
cascade in order to increase the oxygen level amenbove volatile organic compounds. The
aerated water is stored in sedimentation and rafiitin ponds, where a part of it percolates
through the ponds’ bottom into the subsurface. Mdshe water in the sedimentation ponds
is pumped to the first treatment facility, whichneests of flocculation, sand filtration, and
GAC filters. The effluent from the GAC filters issed for the artificial recharge of
groundwater. The infiltrated water has a residaime of three months in the aquifer, where
it is mixed with local groundwater (20-30 %) andquéating water from the infiltration pond

(10-20 %). In the second treatment facility theokered groundwater is first aerated and then
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treated with powdered activated carbon (PAC, 1Z)g/mombined with a refiltration
flocculation process. A subsequent sand filter perated with a filtration velocity of 0.2-
0.3 m/h. The last treatment step is disinfectiothwehlorine dioxide (0.15 mg/L). Sampling
points were the river water, the purified surfacatew prior to infiltration, the recovered
water, the effluent of PAC-treatment, and the fied water. Samples were taken weekly
(n=10).

Waterworks C (WWC)

WWC represents a wide range of different treatmsteips applied in drinking water
production without any intermediary artificial gmdwater recharge and recovery. First,
water from the Rhine river is treated mechanicaiith different screens before pre-ozonation
is applied to improve the subsequent primary fltetbon. The next treatment steps are
sedimentation, main ozonation (residual concemna®i.3 mg/L), and secondary flocculation.
In a multi-layer filter flocks are retained and tremaining ozone is removed. GAC filters
complete the treatment before the water is used sioface irrigation and artificial
groundwater recharge. Sampling points at WWC weeeraw water and the effluents of pre-
ozonation, two lines of the main ozonation, the tmlalyer filter as well as the combined
effluent of all activated carbon filters. WWC waangpled three times, but only at the last
campaign all above mentioned sampling points weckided. Additionally, effluents of four
different activated carbon filters were sampledomer to compare the effectiveness at

different filter loadings at the last sampling cangmn.

Waterworks D (WWD)

In WWD bank filtrate of the Rhine river is usedrasv water. The investigated well is located
100 m away of the Rhine’s right bank and horizdptatreened at 18 m below ground. It
yields a mixture of Rhine bank filtrate and landsigroundwater (approximately 50 %).
Measurements of redox sensitive parameters cordismaeobic conditions. Sampling points at
WWD were surface water, bank filtrate, and theuefits (after ozonation) and corresponding
effluents of two GAC filters, sampled weekly oveperiod of ten weeks (n=10). Both GAC
filters differed in load and flux. After three adrt sampling campaigns an additional sampling
point, unaffected by landside groundwater, was @eished (n=7) to study the performance

of river bank filtration.
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Waterworks E (WWE)

WWE was sampled (n=3) in order to check the redrdts WWC and WWD with respect to
the effectivity of ozonation. Additionally, it offed the opportunity to compare different
residence times of bank filtrate at the same sliee facility consists of about 100
interconnected wells within a distance of 50 m he bank of the Rhine. Water mainly
infiltrates at the bottom of the river bed into@-12 m thick gravelly-sandy aquifer. At mean
water level of the Rhine the retention time of #erobic bank filtrate in the subsurface is
about three to four weeks. Besides the Rhine waterclusters of observation wells, situated
between Rhine and the investigated production wedle sampled in three different depths.
The approximate retention time to the particulamglang points is 60 d to the deepest
observation well (C), 30 d to the second deepektdid 12 d to the observation well closest
to the surface (A). There is no impact of landsideundwater on these sampling points. The
next sampling point was the production well, whigpically yields a mixture of 70-75 % of
mixed bank filtrate of different retention timesda@5-30 % of groundwater. Depending
strongly on the surface water level, the proportidrgroundwater is highly variable. Raw
water is treated with 0.3-0.6 mg/L ozone in a contank for six minutes. On its way to the
following aeration and subsequent GAC filters o%mia continues for more than 30 min.
Additional sampling points were the effluents ofotwO m?3 activated carbon filters and the

water after disinfection with chlorine dioxide (80-pg/L).

Waterworks F (WWF)

WWHF also uses bank filtrate from the Rhine riveeré] the investigation focused on the
comparison of different treatment technologies. #@tpof the bank filtrate is treated by
ozonation (0.15 mg/L ozone), followed by deacidifion and finally by GAC filtration.
Alternatively, and in order to abstain from the usk ozone, in WWF an additional
synchronized pilot plant line exists, where biot@jimanganese removal and GAC filtration
are the only treatment steps after deacidificatManganese removal is achieved in a two-
layer filter filled with filter coal and filter qu&z to a height of 1.5 m and operated at a
velocity of 9 m/h. The GAC filters are 2.5 m in ¢lei and filled with reactivated GAC F 300.
Samples for both treatment options were taken eteoyweeks over a period of ten weeks
(n=5). Bank filtrate, effluents of the ozonatiordaslemanganization step, and the GAC filters

were sampled.
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4.3 Results

4.3.1 Laboratory-scale experiments

Fixed-bed bioreactor

Saccharin and cyclamate were completely microbidélgraded in the fixed-bed bioreactor
after 20 and 15 days, respectively (Figdr2). After a lag-phase of about one week, the
degradation rapidly proceeded, likely due to thapsidn of microorganisms to the source of
nutrition. In contrast, acesulfame and sucraloseewet biodegraded even after a prolonged
test time of 92 days. The results are in accordavitte the reported behavior of artificial
sweeteners in wastewater treatment plants (Buergke, 009, Scheurer et al., 2009), even if
the aerobic fixed-bed bioreactor experiment isproharily a model for biodegradation under
wastewater treatment conditions, but rather fodegrvadation during river bank filtration.
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Figure 4-2 Behavior of artificial sweeteners in a fixed-bedrbactor simulating aerobic river
bank filtration. After day 40 the mass-labeled inté standard (IS) acesulfamglas used to
guantify acesulfame. Variations of the acesulfamecentration after that date are mainly due
to variations of the test and not due to analytredrs, which were compensated by the IS
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Flocculation

Laboratory-scale jar test flocculation experimentsh river and tap water and different
concentrations of AlGl and Fed resulted in insignificant elimination of AS fronhea
aqueous phase. After flocculation, AS recoveriesevietween 79 and 117 % of the spiked
concentration. AS background levels in the rivertevaused were substracted. Although
flocculation can remove other dissolved organictaomnants, the results are not surprising,
as the removal mechanism is based on precipitatiche compounds or on sorption onto
precipitates. Due to high water solubility and Isarption tendency of artificial sweeteners
both removal mechanisms are not likely to occurg Kgw values for AS are scarce, and
comprise a range of -1.8 to 0,3 (values from (Jeramed Smithson, 1989; Grice and
Goldsmith, 2000), and calculated by ChemAxon, 20Hr comparison, the logds of
bentazone, a polar herbicidal active ingredientplant protection products with some
structural similarity to the sulfonamido type swessdrs, is -0.46 (EU, 2000b). Like the AS
investigated bentazone also has a low sorptionetanyd (Delle Site, 2000 and references
therein). For a graphical presentation of the olg@iresults see supporting material (Figure

4-5).

Ozonation
Acesulfame was the AS which was oxidized most tgadlis half life was approximately
15 min (Figure4-3) at an ozone concentration of 0.5 mg/L.

After a contact time of 30—40 min, which is typidal waterworks practice, a residual
concentration of ca. 30 % of the initial acesulfesti remained in the test solution. This is in
good correlation to the results obtained for WWI2e(4.3.2). For short contact times
cyclamate concentration decreased similar to tleswfame concentration, but the residual
concentration of cyclamate after 60 min was mosnttwice as high. Higher initial ozone
concentrations resulted in a faster removal ancefawsidual concentration of both AS, but
usually waterworks avoid ozone doses such highrag/k, the highest ozone level in these
lab experiments. For saccharin and sucralose noifisant concentration decrease was
observed at an ozone concentration of 0.5 mg/Ls Wais also true when doubling the applied
ozone concentration. Only with 5 mg/L ozone a damteof about 20 % for saccharin and
30 % for sucralose was achieved.

The results indicate that sucralose and acesul@mdikely to be found in waterworks
after ozone treatment, however, for different reassucralose, because it is quite persistent

against ozone attack and acesulfame, becaus@nesent in relatively high concentration in
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the raw waters and, in addition, is incompletelgrdeled at typical ozone doses and contact
times applied in waterworks.

The reaction of acesulfame with excess ozone fatbvpseudo first-order kinetics:
c(t) = g*e™ t: time; c(t):concentration at time t; k: ratenstant . The coefficients of
determination were £0.96 (Figured-6, Table4-2). At the highest ozone level of 5 mgile.

a molar ratio of ozone:acesulfame of approximal&ly000:1, the reaction was fastest with a
rate constant of 9.7*191/s, which decreased to 2.6510/s, 1.3*1C° 1/s and 5.5*10 1/s at
2,1 and 0.5 mg/L, respectively.

A 5mgozone /L

clc,

clc,

C 0.5mg ozone /L

clc,

0.0

0 10 20 30 40 50 60
contact time in minutes

——e—— Acesulfame ———v—- Cyclamate
o Saccharin —~—a-—- Sucralose

Figure 4-3 Degradation of artificial sweeteners in spikedklimg water treated with different

ozone doses. Error bars for acesulfame indicatedatd deviations (n=3; for 2.5, 5, and
45 min n=2)

96



Performance of drinking water treatment plants

Activated carbon small-scalefilter test

A preliminary test with a mixture of all four AS ga a first impression of the suitability of
GAC filtration in waterworks for the removal of A%or graphical presentation see
supplementary material, Figure7). Cyclamate was only little retarded in theefiland a
10 % breakthrough occurred already after one dagslifame and sucralose also crossed the
10 % line within 15,000 BVT, i.e. between day twadathree. However, whereas for
acesulfame and cyclamate a complete breakthrough oligerved after about one week,
sucralose was still retained by about 50 % aftepralonged runtime of more than
50,000 BVT. All these three sweeteners can beiflegss relevant for drinking water in this
preliminary test. Saccharin was retained slighéytdr than sucralose and, therefore, was the
only sweetener with no drinking water relevancesgobon the above definition. In batch tests
with single AS solutions (Figuré-4) the results of the preliminary test with th8 Aixture
were confirmed for every sweetener. The resultscatd a breakthrough characteristic of
cyclamate comparable to diatrizoic acid, an X-ragtcast medium, which is known to have
almost no retention in the small-scale filter testd also in full-scale GAC filters in
waterworks (Seitz et al., 2006). Saccharin coultls classified as "not relevant to drinking
water”, but after 30,000 BVT showed a higher breadkigh than in the multi-sweeteners
batch experiments. A possible explanation is thias son the activated carbon suited for
saccharin adsorption are limited but still avakalait the low saccharin concentration of
125 pg/L in the multi-sweeteners batch test. FoA8| data from full-scale plants should be
taken into consideration to clarify their behaviorder practical conditions, as kinetics and
loadings of full-scale filters can vary within adei range. This is especially true for sucralose,
which showed an early but low breakthrough combiwétl a good retention over weeks in
the batch test.

Chlorination

AS were not transformed in chlorination experimenith spiked tap water. Recoveries of the
compounds were in a narrow range from 91 to 100@alf applied contact times and excess
chlorine was still present at 1 mg/L,CTThe persistence of AS against chlorination was al
proved in waterworks (se€3.2). For a graphical presentation of the obthidelorination
results see supporting material (Figdr8).
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Figure 4-4 Breakthrough behavior of selected organic tracetasninants in an activated

carbon small scale filter. Considering treatmerthveictivated carbon filters, compounds are
classified as relevant to drinking water, if a 100%akthrough occurs within 15,000 BVT

(definition and data of diatrizoic acid, 1,1,1-tdcroethane, iopamidol, and atrazine from
Marcus (2005))

4.3.2 Fidld studies

Waterworks A

The elimination of acesulfame and sucralose irfittration unit of WWA was negligible and
might be attributed to non-corresponding sampling analytical uncertainties (Figudel,
WWA). For saccharin the first steps in WWA conttid to the overall elimination (74 %
removal), most likely due to microbial activity the gravel filter. Although the subsequent
GAC filter was preloaded at 30—60 m3/kg, it wadl sfifective for the removal of saccharin
and sucralose. Saccharin was not detected inltke dffluent and sucralose was retained by
more than 60 %. As observed in the batch experisnactesulfame and cyclamate removal by
GAC was limited. As the upper layers of the GAQefis were biological active, cyclamate
removal can be understood as the combined effebtotdgical degradation and adsorption
onto GAC. The decrease in the concentration ofudiz@se (59 %) and sucralose (61 %) from
the infiltration point to the observation well walsnost identical for both compounds. Despite
the fact that both AS proved to be persistent agaimcrobial degradation in the fixed bed

bioreactor experiments and adsorption onto soilishbe limited based on their polar nature,
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this effect cannot be attributed solely to dilutievith landside groundwater, because,
according to information of the plant operator réhis almost 100 % infiltration water at this
well. Final conclusions for this concentration @&ge cannot be drawn, yet because the
sampling period of about two months is quite skwornpared to the residence time of up to
two years. Changes in raw water concentrationsoartdéatment efficiency of the surface
water could be possible explanations. Microbialrddgtion over such a long underground
passage cannot be excluded, although no case dédradation of acesulfame has been
reported yet. Additional dilution occurred on thayato the recovery well, but a comparison
between the further behavior of these two AS wa$ paossible, because sucralose
concentrations dropped below the LOD. Acesulfame tha only sweetener detected in the
recovered ground water. The GAC in the groundwtellity had a runtime of about four
years and was not capable of retaining any acesalfan every sampling campaign even
slightly higher concentrations in the GAC filterflaént were observed. Accumulation of
acesulfame in the past and subsequent elutiongithenobservation period (chromatographic
effect), as known also from other trace pollutamgsthe most likely explanation for the

concentration increase in the filter effluent.

Waterworks B

Three artificial sweeteners were already elimindigd0-100 % on their way from the river
water to the effluent of the GAC filters (Figu#el, WWB). For saccharin and cyclamate the
elimination was probably due to microbial degraakatin the biological active parts of the
facility, i.e. the sand trap and the sedimentation pond. As provéhe small-scale filter test,
cyclamate should not have been adsorbed in theateti carbon filters to a great extent. No
conclusion can be drawn, if traces of saccharinewsiminated in the GAC filters of this
treatment train, as no sampling point at the inftuaf the filters was established. However,
sampling in other waterworks (see results for WVEGJ laboratory experiments proved that
GAC had contributed to the elimination of sacchakor the low biodegradable sucralose
adsorption to GAC seemed to be the main elimingpi@tess here. Trace concentrations of
cyclamate and sucralose were below LOD after retoyehe infiltrated water. This can be
attributed to dilution and in the case of cyclamate further microbial degradation.
Acesulfame was the most persistent sweetener aoldl dee detected at a level of 34 %
(highest value 0.46 ug/L) of the surface water eotr@tion in the finished drinking water.
After the GAC filters this compound was removed dyout 20 %. Further concentration

decrease was achieved by dilution on the way toré¢cevery well. Taking into account a
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known dilution with landside groundwater by 30 %damn impact of 10 % of the infiltration

pond a theoretical concentration of 0.69 pg/L carcalculated for the recovered water. The
measured mean value was 0.58+0.04 pg/L, whichrditser well to the expected value. The
added PAC contributed by approximately 10 % toawerall removal of acesulfame, whereas

the dosage of chlorine dioxide had almost no effect

WaterworksC

In WWC due to a short contact time of 3 min, the-peonation step had only a minor effect
on the removal of AS (Figuré-1, WWC). The AS most resistant to ozone was saath
which corresponds well with the ozonation batchegxpents. The next sampling point in
WWC summarizes the three treatment steps flocamatsedimentation, and ozonation.
Flocculation proved to have no effect on the reth@¥aAS in batch tests, and thus, can be
excluded to contribute to the overall eliminatidmerefore, the subsequent main ozonation
was the major barrier for acesulfame and cyclamaltereas the oxidation of sucralose and
saccharin was not very efficient again. Removasaxdcharin can be attributed to microbial
degradation in the multi-layer filter, while in thireatment step acesulfame and cyclamate
were eliminated to a small proportion only. Sucsalavas still detectable at a level of 71 % of
the initial concentration after the multi-layertdit, but was completely eliminated in the
subsequent GAC filter. GAC contributed by 17 to%2%f the concentration initially present
in the surface water to the removal of acesulfasyelamate and saccharin.

Acesulfame was the AS with the highest concentnatibabout 2 pg/L in the raw water.
The entire treatment process removed this compdwyndbout 90 %, but some acesulfame
traces (0.15-0.20 pg/L) were still detectable ie fimished water. When individual GAC
filters were sampled separately, it became obvithat, some adsorbers could not retain this
compound anymore due to a high filter load. In fdifferent filters tested, the removal rates
for acesulfame ranged from 100 to 43 %, correspandith filter loads between 7 m3/kg and
127 m3/kg (Figure4-9). Remaining traces of cyclamate in WWC, theyowaterworks
without any underground passage, emphasize theriamue of a prolonged residence time in

a biological active environment in order to remdivie AS.

Waterworks D
WWD represents a waterworks, which uses bank tidtceerived from the Rhine river. As the
raw water is a mixture of Rhine river bank filtraeaad landside groundwater, an additional

observation well was sampled, which delivers puaekbfiltrate (Figure4-1, WWD). Bank
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filtration proved to be very effective for the rewad of saccharin and cyclamate, which were
not detected above the LOD in any bank filtrate raw water sample in WWD.
Concentrations of these two sweeteners in the rivater were 0.05+0.03 pg/L and
0.10 £ 0.14 pg/L, respectively. High standard deswmes are due to extremely high
concentrations in the last sampling campaign. pheEnomenon results from low water levels
in the Rhine river and coincidentally heavy raiffalvhich were responsible for the discharge
of untreated wastewater in the river. Acesulfameé simcralose concentrations continuously
increased during the sampling campaign. Theref@®oval efficiencies of bank filtration
were determined from median values (in contrasfigure 4-1, where mean values are
depicted). Recoveries of 102 % and 95 % were catiedlfor these two persistent AS in the
observation well and of 40 % and 41 % in the rawtewaThese recoveries are largely
consistent with the known proportion of bank fileran the observation well (100 %) and in
the raw water (approximately 50 %), estimated baselistorical water quality data.

On its way to the two activated carbon filters tnter had different ozone contact times
(ozone concentration 0.4 mg/L). The influent ofefill had a contact time of 18 min, filter Il
of 31 min, resulting in a significantly higher rexdion of acesulfame concentration in filter II.
This effect was observed in every series of samgelsreduced the raw water concentration
of acesulfame (0.95 + 0.09 pg/L) by 44 % (0.53#0Qug/L) in the influent of filter | and by
60 % (0.38 £ 0.08 pg/L) in influent of filter Ilespectively. The results correlate well with
the results obtained in the batch experiments, evleercomparable ozone concentration
(0.5 mg/L) led to an elimination of acesulfame @f% after 15 min and 65 % after 30 min
contact time. Sucralose was more refractory agamene attack, as already found in the
batch experiments. Furthermore, the effect of wbffié ozone contact times was less
pronounced and not significant for this compound.

The subsequent granular activated carbon filteree vadéfferently loaded (56 m3/kg for
filter 1 and 10 m3/kg for filter Il, respectivelyftar 9 of 10 sampling series), but both were still
adequate to remove remaining traces of sucralossngentrations <LOD. However, for
acesulfame a decrease of the filter performance thvesampling period of ten weeks was
observed for filter I, resulting in an eliminatiasf only approximately 30 % at the last
sampling. In the effluent of filter Il only tracé®tween 0.01 and 0.03 pg/L were observed.
These findings suggest that fresh to moderatelgddaGAC is an excellent option for the
removal of remaining traces of acesulfame aftemation. However, economic aspects have

to be considered, too, before a decision on tlgufrecy of GAC exchange can be made.
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Waterworks E

Saccharin and cyclamate were present in every Rinee water sample at concentrations
between 0.03 and 0.18 pg/L. Nevertheless, thespaonds were found neither in one of the
bank filtrate samples from the observation wellgreafter the shortest retention time of
12 days at observation well A, nor in the raw wdtem the production wells (Figuré-1,
WWE).

In contrast to all other investigated waterworksWWE apparently lower recoveries than
100 % were found for acesulfame (69 %) and suceal@d %) at the observation wells,
which supply 100 % bank filtrate. However, this vehge to non-corresponding samples and
the high variability of the AS concentrations irethiver (e.g. acesulfame concentration:
2.88 = 0.56 ug/L) during the observation periodvéitheless, the recalcitrant nature of these
two AS is reflected by the nearly identical concation decrease of about 32 % for
acesulfame and 26 % for sucralose due to dilutiomfobservation well C to the raw water
wells, which parallels the observations in WWD.

As in WWC, WWD, and the batch test, acesulfame @doto react more readily with
ozone than sucralose. The elimination of both camgds in two different GAC filters was
excellent. No sucralose and only traces of acesafaould be detected in the GAC filter
effluents. A subsequent disinfection with chloridexide was not capable of removing
residual acesulfame: Therefore, at every sampliatg chicesulfame was detected in the

finished water at concentrations up to 0.05 pg/L.

Waterworks F

Cyclamate and saccharin were not detected in twewater as they were already removed
during river bank filtration. The occurrence of sgdame and sucralose in every raw water
sample emphasizes their mobility and persistence. oAserved in batch experiments,
sucralose was more resistant to ozonation tharubiae®e (Figure4-1, WWF). Due to low
ozone concentrations in WWF (0.15 mg/L) the elimiorawas incomplete (18 % elimination
for acesulfame and 9 % for sucralose). The twotl&iter in the pilot plant did not contribute
to the elimination of acesulfame and sucralose. ¢i@w, both AS were removed by the GAC
filters in both facilities. These filters were pvabled with about 13 m3/kg and this load was
similar to the load of filter Il in WWD (10 m3/kgfter 9 samplings), which also effectively
removed acesulfame and sucralose. WWF replaceSAS at a load of about 30 m3/kg,
which represents a value between the two filted$oen WWD, where the filter loaded at

56 m3/kg could not retain acesulfame completelynaore.
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4.4 Discussion

Saccharin and cyclamate were removed by 100 % ierwarks using bank filtration or
artificial groundwater recharge as one of theiatmgent steps in the multi-barrier system,
even at rather short retention times of 12 day® dlse case of observation well A at WWE.
An aerobic laboratory degradation experiment yieldenilar results, with complete removal
of cyclamate and saccharin within 13 and 22 daspectively. Biological active filters in the
waterworks were capable of retaining 12-34 % of ¢gelamate input and 74-77 % of
saccharin. The good biodegradability of these tammounds was already reported for waste-
water treatment plants (Buerge et al., 2009; Sdretral., 2009) and was thus confirmed by
the present study for biological less active cortipants like river bank filtration systems and
biological active filters in waterworks. Howevehngtbiodegradation products of saccharin and
cyclamate are still unknown. Therefore, no condasican be drawn, if those metabolites are
also removed in drinking water treatment facilities

Ozonation was applicable to a limited extend onlygmove traces of both compounds
from the raw water, but due to the effective rematawaterworks with bank filtration or
artificial groundwater recharge, ozonation hadecstudied in laboratory experiments. There,
only <10 % of saccharin and 30 to 50 % of cyclamates transformed within 30 min,
requiring ozone concentrations of 5 mg/L.

GAC filters retained 100 % of saccharine and 23 focyclamate input at WWA.
Consistently, the activated carbon small scalerfitest revealed a behavior of cyclamate
similar to diatrizoic acid and of saccharin similaratrazine, but with an earlier breakthrough.
However, in GAC filters with prolonged runtimessteven likely that especially cyclamate is
removed due to microbial degradation. As the ihit@ncentrations in the raw waters are
relatively low, only traces of both compounds akely to be found in the finished water,
even if treatment in a certain waterworks doescootprise an underground passage. For risk
assessment purposes, the identification of oxidapooducts of cyclamate is of certain
interest, as the compound occurs in higher conagomis than saccharin in the raw water and
is less recalcitrant during ozone treatment.

Ozonation proved to be very effective for the realaf acesulfame. The compound was
detected in the surface or raw waters in conceatraiione order of magnitude higher than for
all other investigated AS. Thus, the identificatminozonation products should be given high
priority to clarify their removability during drinkg water treatment and to assess potential
health risks. The degradation of acesulfame andtter AS during ozonation is a function of

the applied ozone concentration and contact tinhés Was proven in batch tests and also in
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waterworks, where the acesulfame concentrationg wery susceptive to small changes in
ozone contact times. In the waterworks investigatedhis study ozonation incompletely

removed acesulfame by 18-60 % due to insufficiezdne doses, but this treatment step
contributed to a great extend to the overall elation.

It is remarkable, that the structurally related stg@aers acesulfame and saccharin, both
with a sulfonamide moiety in the ring structureh&eed completely different during the treat-
ment with ozone. As ozonation products of AS aik whknown, it is also unclear what
moiety of the molecule would represent the poinbzdne attack. For comparison, bentazone
a widely used active ingredient of herbicides, wh@as a structure similar to both sweeteners
(phenyl ring plus sulfonamide unit in the ring sture) is very persistent against microbial
degradation (Gonzalez et al., 2006) and is remeeeg well by ozone treatment (Fobbe et al.
2006; Bozkaya-Schrotter et al., 2008). The presemncabsence of alkyl side chains play an
important role in the reaction of these sulfonamidgh ozone. For comparison, in photolysis
experiments with bentazone (Peschka et al., 2G8&)jsopropyl moiety was hydroxylated
and also oxidation and subsequent ring cleavager@zt Similar reaction could be expected
for acesulfame with a methyl side chain.

The removal of acesulfame by GAC filters was sthprdgpendent upon the filter load
(compare Figurd-4, Figure4-7, and Figuret-9). Activated carbon provided a very effective
tool, as long as the loads were below about 30gn#kich is the limit of an economic use of
activated carbon in order to remove single organimpounds in waterworks (Haist-Gulde et
al. 1998). As a result, acesulfame was detectetb {p76 pg/L in effluents of GAC filters,
where short or no ozone treatment coincided withghhfilter loadings. As subsequent
disinfection did not contribute to the acesulfaramoval, similar concentrations were found
in the finished water. Assuming a concentrationlqfg/L acesulfame (potassium salt) in
drinking water, a consumption of 2 L/d, and a bedyght of 70 kg, a person would exceed
the acceptable daily intake (ADI) of 630 mg/d (E2000a) not until 863 years.

Conclusions of recent publications (Buerge et 2009; Scheurer et al., 2009), that
acesulfame can be used as a tracer for anthroppgentaminations, are confirmed by the
present study, as its concentrations were onlyaedidy dilution during aerobic river bank
filtration. Additionally, first measurements fronmaerobic bank filtration sites at the Sawa
river indicate that acesulfame is not degradednaemobic sites as well (data not shown).
Therefore, this compound represents a new tookimkithg water production to predict the
proportion of bank filtrate and landside groundwate raw water of waterworks and to

identify unknown sewer leakages.
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The same seems to be true for sucralose, whichalgasvery persistent during bank
filtration and an aerobic degradation experimentaldo showed concentration decreases by
dilution always in the same range as acesulfam&sBim-Lundén et al., (2008) reported no
significant accumulation for sucralose in sewagelgt, but detailed sorption studies of all
AS are still missing. Even though sorption oughpley a minor role for the removal of AS in
wastewater treatment or environmental systems gegisof knowledge should be filled. Two
consecutive studies by Labare and Alexander (19@B1894) proved that sucralose is not
biologically inert, but is degraded in highly varia rates in soils and lake water. These
results also have to be confirmed in future resetryexclude that its tracer function can only
be applied under certain environmental conditiolms.waterworks sucralose was more
persistent than acesulfame during ozonation, bstwell removed in subsequent GAC filters
even on activated carbon with higher loads. Fishgarative analyses of wastewaters from
different countries €g. United States, Israel, Australia; data not premgritere) revealed
sucralose to still play a minor role among the semers used in foodstuffs, pharmaceuticals
and personal care products in Germany, yet. Highesumption volumes, like in the above-
mentioned countries, would cause higher raw watacentrations of this AS in waterworks
using bank filtrate. As sucralose proved to beiptnst during ozonation (removal of 8-15 %
in waterworks and <20 % after 30 min in the batest)t higher influent concentrations in
subsequent GAC filters would lead to an earlieed@bn in the finished drinking water.

In summary, the removal efficiency of single treair steps applied in multi-barrier
drinking water treatment plants can be classifisdligplayed in Tabld-1. The chance that
sweeteners end up in finished drinking water istnfiksly for acesulfame but also possible

for cyclamate and saccharin, when water treatnmeitdes no underground passage.

Table 4-1 Removal efficiency of single treatment steps intharrier drinking water treat-
ment plants for the elimination of artificial sweeérs. + = good, 0 = moderate (also depend-
ing on boundary conditions, such as ozone condentrdoad of GAC filters, etc.), — = poor

Acesulfame Saccharin Cyclamate Sucralose

Bank filtration - + + —
Flocculation - - — -
Ozonation 0/+ — 0 -
Activated carbon filtration -/0 + - 0/+
Chlorination - - - -
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45 Conclusons

* The multi-barrier treatment system is effective tfog removal of artificial sweeteners
from raw water sources if certain boundary conddiare established.

» Saccharin and cyclamate are effectively removettaatment steps with biological
activity.

* Acesulfame and sucralose proved to be very recahtit against microbial
degradation. Their role as possible tracers forteveater contamination is confirmed
by this study. However, detailed sorption studiessdill lacking.

* Applied ozone doses and contact times in waterwarksnot sufficient to entirely
remove acesulfame, the sweetener with the highestentrations, from the raw
water. Subsequent activated carbon filters areaellent option for its removal,
provided the load is lower than approximately 30k

* Acesulfame was the only artificial sweetener detgdh finished drinking water up to
several hundred ng/L. Cyclamate was only detectdthished water in a waterworks
without any underground passage, which uses therwaty for artificial groundwater
recharge and irrigation.

» For other countries, where the concentration ofadase in wastewater is up to two
orders of magnitude higher than in Germany, theatiffeness of single treatment
steps in waterworks should be further investigatedhe only effective treatment for
the compound seems to be GAC.

» Priority of research on the field of artificial seteners should be given to the
identification of unknown transformation productjch as microbial degradation
products of saccharin and cyclamate and, in paaticdio ozonation products of
acesulfame, as this compound occurred in the higleegentrations in the influents of

ozonation units and reacted most readily with ozone

4.6 Acknowledgments

We thank the colleagues of the involved waterwdokgproviding the samples, for the fruitful

discussion of the results and for reviewing the nsanpt.

106



Performance of drinking water treatment plants

4.7 Supplementary material
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Figure 4-5 Behavior of artificial sweeteners in flocculatibatch experiments with different
doses of the respective flocculant. A: tap watehwbn chloride (FeG), B: river water with
FeCk, C: tap water with polyaluminum chloride (AkLland D: surface water with AlE|
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Figure 4-6 Pseudo-first order fit (c(t) sste™ or transformed Inggc(t)) = k*t) for the reaction
of acesulfame with excess ozone; t: time; c(t):eot@tion at time t;« initial concentration
(1 ng/L) at t=0, k: rate constant. For number exfperiments (n), rate constants (k),
coefficient of determination (R see Tablel-2
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Table 4-2 Rate constants (k) of the oxidation of acesulfdonalifferent ozone doses applied
and coefficient of determination fRof the linear model used to fit pseudo first-arde
kinetics; n represent number of batch experiments

Initial ozone n k R?
concentration Acesulfame
(mg/L) ) (1/s) )
5.0 1 9.7*10° 0.996
2.0 2 2.6*10° 0.997
1.0 3 1.3*10° 0.990
0.5 3 5.5+1¢" 0.964
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Figure 4-7 Breakthrough curves of acesulfame and cyclamateagAvell as for sucralose and
saccharin (B) in an activated carbon small-scdterfas a function of bed volumes treated
(BVT). Spike amount in single batch experiments BQEL, in multi batch experiments

125 pg/L (four sweeteners included). Matrix: drimkiwater
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Figure 4-8 Behavior of artificial sweeteners during chlorioat at two different chlorine
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5

Structural elucidation of main ozonation products of

the artificial sweeteners cyclamate and acesulfame

Purpose The two artificial sweeteners cyclamate (CYC) amesulfame (ACE) have been
detected in wastewater and drinking water treatnpdamts. As in both facilities ozonation
might be applied, it is important to find out, ridesired oxidation products (OPs) are formed.

Methods For the separation and detection of the OPs, akaanlytical techniques, including
nuclear magnetic resonance experiments, were aptieorder to distinguish between direct
ozone reaction and a radical mechanism, experinvegrts carried out at different pH values
with and without scavenging OH radicals. Kinetigpexments were used for confirmation
that the OPs are formed during short ozone cotitaetapplied in waterworks. Samples from
a waterworks using bank filtrate as raw water wanalyzed in order to prove that the

identified OPs are formed in real and full-scaler applications.

Results In the case of CYC, oxidation mainly occurs at werbon atom, where the

sulfonamide moiety is bound to the cyclohexyl ri@pnsequently, amidosulfonic acid and
cyclohexanone are formed as main OPs of CYC. Whene reacts at another carbon atom
of the ring, a keto moiety is introduced into th¥@molecule. Acetic acid and the product
ACE OP170, an anionic compound withiz 170 and an aldehyde hydrate moiety, were
identified as the main OPs for ACE. The observeactien products suggest an ozone
reaction according to the Criegee mechanism duingopresence of a C=C double bond.
ACE OP170 was also detected after the ozonatianofiai full-scale drinking water treatment

plant which uses surface water-influenced bankafdt as raw water.

Conclusions Acesulfame can be expected to be found in antlygepo-influenced raw water
used for drinking water production. However, wheGEAOP170 is formed during ozonation,
it is not expected to cause any problem for drigkimater suppliers, because the primary
findings suggest its removal in subsequent treatsteps, such as activated carbon filters.
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5.1 Background, aim, and scope

In recent years, concerns arose about the envinoiaindate of so-called emerging
contaminants released into the aquatic environmaat wastewater treatment plants
(WWTPs) due to incomplete removal during biologicabhstewater treatment. As a
consequence, some of these organic trace pollutaares detected in the nanograms per litre
to micrograms per liter range in WWTP effluents arete even found in raw waters used for
drinking water production or in some cases alsdinshed potable water (Loraine and
Pettigrove 2006; Benotti et al. 2009; Prasse et2800). Acute toxic effects of low
concentrations of these compounds are mostly unknbwt it should be aimed to minimize
levels of such compounds in order to prevent frateptial harmful and yet unknown risks.

Different strategies to minimize the discharge gfamic trace pollutants in the aquatic
environment and for their removal during drinkingter production are discussed in the
literature. Upgrading WWTPs with powdered activatedbon or ozonation units as tertiary
treatment seems to be a promising option. Sevardies report not only about ozonation as
an effective tool for the removal of pharmaceus¢cdragrances, X-ray contrast media,
antibiotics, estrogens, plant-protecting agentgjustrial chemicals, and food additives
(Ternes et al. 2003; Huber et al. 2005; Dodd e2@06; Hollender et al. 2009; Rosal et al.
2010), but also about superior elimination of feaatl total coliforms (Ternes et al. 2003;
Wert et al. 2007). Advanced wastewater treatmerth wizone is considered to be cost
effective and economically feasible (Joss et aD&05chaefer et al. 2009). Ternes et al.
(2003) assessed the costs for installation andeo@atment with 10 g ozone/m3 wastewater
to be<0.04 €/m3. An additional energy requirement of 12dvoupgrading a nutrient removal
WWTP with a post-ozonation unit was reported byletader et al. (2009). The application of
0.6 g ozone per g dissolved organic carbon (DOQ sudficient for the removal of the vast
majority of 220 micropollutants in that case. Doetlie benefits of micropollutant removal
and disinfection, several full- or large-scale pilgants, using ozonation as a tertiary
wastewater treatment, are already establishecaonpt for the near future.

The use of ozone in drinking water production hasesen longer tradition and was
already used for odor and color removal in the UfBAthe early 1900s (Rice 1999).
Nowadays, ozonation is widely used for raw wateattment in drinking water treatment
plants (DWTPs), in particular when indirectly swdavater-influenced water (e.g. river bank

filtrate) is used for the production of potable arat
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The oxidation of organic trace pollutants duringometion is often connected with a
decrease of their original biological activity (Harket al. 2004; Suarez et al. 2007; Dodd et al.
2009) and in most cases with the formation of mgadily biodegradable compounds
(Alvares et al. 2001). In aqueous solutions, thare two modes of attack to the trace
pollutant: either by direct reaction of the @olecule or after decomposition o ®y OH
radicals. Direct reaction is favored by lower pHues and selectively occurs at sites with
high electron density, such as double bonds or esnithe more nonselective reaction with
OH radicals is the main oxidation pathway for sammene-resistant micropollutants (Elovitz
and von Gunten 1999). Although most of the hydroeglicals are likely to be scavenged in
waters with a high matrix burden, they complicéie prediction of the nature of the oxidation
products (OPs) even more. It was shown for was&veatd drinking water that ozonation can
also lead to the formation of undesired by-prodgatsh as\N-nitrosodimethylamine (NDMA)
(Schmidt and Brauch 2008; Hollender et al. 200%usl evidence is needed that harmless
compounds are formed in ozonation units in WWTPBWTPs. The increasing use of ozone
applications in water treatment resulted in anaed number of publications dealing with the
structural elucidation of potential OPs (e.g., Raimsand von Gunten 2009; Benner and
Ternes 2009a; Benner and Ternes 2009b; Dodd 2040).

The aim of this work was to identify the main OR<he artificial sweeteners cyclamate
(CYC) and acesulfame (ACE) (Tal#el), which were only recently detected in microgra
per-liter levels in WWTP effluents and which wetscafound in surface water as well as in

raw water used for drinking water production (Bueeeg al. 2009; Scheurer et al. 2010).

Table 51 Chemical structures of CYC and ACE with CAS ragistumber and mono-
isotopic masses

@)
Na' | ,
-\ //O \- K
e L
s NH H,C” S0 ]
Sodium cyclamate Potassium acesulfame
CAS: 139-05-9 CAS: 55589-62-3
Monoisotopic mass: Monoisotopic mass:
201.04 (sodium salt), 178.05 (anion) 200.95 (potassium salt), 161.99 (anion)
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5.2 Materialsand methods

521 Chemicals

Acesulfame potassium (>99 %rtiary butyl alcoholtBuOH; 99.7 %), and cyclohexanone
(99.5 %) were purchased from Fluka (Steinheim, Gy sodium cyclamate from Supelco
(Bellefonte, PA, USA) andpara-chlorobenzoic acid (pCBA; 99 %j)om Sigma-Aldrich

(Steinheim, Germany). Acetic acid, formic acid, andglic acid dihydrate (analytical grade)
were purchased from Merck (Darmstadt, Germany). Sdieents used for this study were all

of analytical grade.

5.2.2 Experimental setup

Ozonation experiments were performed as batch empets in 1 L glass vessels filled with
ultrapure water (200 mL) containing 25 mg/L CYC 48lumol/L) and ACE (=153 umol/L),
respectively. The batch setups were prepared & phld 7.5 with phosphate buffer (25 mM)
with or withoutt-BuOH as a radical scavenger to be able to disishghetween reactions
mainly driven by ozone or OH radicals. To assessalvenging of OH radicals was sufficient,
samples were spiked with 300 pg/L pCBA. The ozotweks solution was prepared by
sparging ozone gas through a cooled reactor col@@i) filled with ultrapure water. The
ozone concentration of the stock solution (ca. ffllinwas measured by the indigo method
(Bader and Hoigne 1981) before adding it to thetbakessel. Different compound to ozone
ratios were achieved by adding defined amounth@ftjueous ozone solution and taking into
account the dilution factor for subsequent calcoet For an even spread of the ozone, the
test setup was slightly stirred on a magneticestifor about two minutes. The samples were
placed in the fume hood over night and analyzedth day.

Similar tests were performed with Karlsruhe tapangDOC = 0.9 mg/L, pH =7.3) and
with treated wastewater from the WWTP in Eggenst&apoldshafen (DOC = 8.6 mg/L,
pH = 7.6). The batch tests in these real matricexe wepeated in 100 times lower compound
concentrations (250 pg/L) and with realistic ozepnacentrations applied in water treatment
plants (0.2 mg/L to 2 mg/L) and WWTPs (0.25 mgdL1tmg/L per mg DOC) to investigate
the influence of the present DOC on a more reallssis.

Kinetic experiments for ACE (200 pg/L) with a waterks relevant ozone dose of
1 mg/L and a contact time of 25 min were perfornmedltrapure and potable water. Samples

were directly injected every 4 min for analysis fiapid-resolution liquid chromatography-
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mass spectrometry.C-MS/MS) in order to track the degradation of tpheecursor and
formation of identified OPs.

In order to perform nuclear magnetic resonance (NM&periments, higher
concentrations (5 g/L) of both sweeteners were atsahby passing the produced ozone gas
directly through a gas-washing bottle head equippiid a filter disk into a separating funnel
containing the test solution. Samples were takaar defined time intervals and stripped with

nitrogen gas in order to remove remaining ozone.

5.2.3 Chromatographic separation and detection

Samples from the batch tests were analyzed witkrdiit LC and gas chromatography (GC)
methods optimized for pCBA and the suspected ORgd®n preliminary experiments.

These separation techniques were coupled to diffef@lso high resolution) mass

spectrometers (MS) for detection and MSperiments. M&spectra were obtained by direct
injection into the electrospray interface of the M& chromatography (IC) coupled with a
conductivity detector was used to analyze carboxgkids, which were suspected to be
formed during ozonation. Furthermore, IC was alsapted with inductively coupled plasma

mass spectrometry (ICP-MS) to rule out the fornmatd sulfate during ozonation of the

sulfur containing sweeteners.

The organic carbon content of the batch samplesdetesrmined according to DIN EN
1484 (08/1997) with a total organic carbon (TOCalgper TOC-\txp equipped with an ASI-
V auto sampler (both Shimadzu, Kyoto, Japan).

For structural elucidation of the proposed OfPsNMR measurements were applied for
the highly concentrated original aqueous soluti@n®P mixtures. In a second approach, the
results were confirmed by LC-HILIC-NMR/MS.

A detailed description of the applied methods iggiin the supporting information (see
chapter5.5 and Tabl&-2).

5.3 Reaultsand discussion

The TOC balance for different CYC and ACE to ozoakos for the batch test in ultrapure
water without the addition of-BuOH revealed that no significant loss of prectgsor
unknown organic oxidation products occurred tillalgsis. The results for the TOC

measurements are displayed in Figbwe in chapteb.5.
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For the batch tests where OH radicals were scadeyethe presence dtBuOH,
scavenging was controlled by pCBA measurementshae, Tables-2). A constant pCBA

concentration was observed for all tests witdaOH was added (data not shown).

5.3.1 Ozonation of cyclamate

For the CYC molecule, no preferred sites for adizone attack could be expected. The
cyclohexyl ring is saturated and the sulfonamideusth be still protonated at pH 8 and there-
fore practically unreactive (Munoz and von Son2880). The ozonation of cyclohexane by
OH radicals in gas-phase reactions or by ozondtasnbeen reported before (Aschmann et al.
1997, Barletta et al. 1998). The second study de=tthe ozonation of cyclohexane as a pure
compound and identified cyclohexanone and cyclohelxas the main OPs.

In the case of CYC, we also identified cyclohexan@s one main ozonation product
based on GC-MS/MS art#i-NMR measurements.

Figure5-8 in chapter 5.5 shows the edited HSQC spectfaYd& and the main oxidation
product after 80 min of ozonation. While CYC exlsbone single —CH proton resonating at
3.1 ppm, two pairs of equivalent —ggroups and one —GhHaccording to the integral values
between 1.1 and 2 ppm, the oxidation product shomlg three NMR resonance signals
corresponding to two pairs of equivalent -Cétoups and one additional —¢Hetween
1.7 ppm and 2.5 ppm. The loss of the downfieldtsdiCH, the significant downfield shift
of the —CH groups and the high degree of symmetry in the autdels in agreement with the
presence of cyclohexanone as being the major aaidgdroduct of CYC. This has been
corroborated by comparison with pure reference aamg diluted in RO using NMR and
GC-MS. Besides cyclohexanone, several minor NMRagare present which are too low
for further structural elucidation.

The formation of cyclohexanone was strongly depenhds the CYC to ozone ratio
applied in the batch test (Figubel). When ozone was present at the highest eXtess),
121 to 142 pmol/L cyclohexanone was formed in thoaeof four test series indicating an
almost even mass balance on a molar scale. Thecasenged batch test at pH 7.5 showed a
lower conversion to cyclohexanone probably dueutthér oxidation by OH radicals. The
formation of cyclohexanone represents a good exartipt several analytical techniques
might be necessary for structural elucidation: framighly polar precursor, predestinated for
LC-MS, a typical GC compound is formed, which i amenable for electrospray ionization

anymore.
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Figure 5-1 Formation of the OPs cyclohexanone (top left) amddosulfonic acid (top right)
in aqueous solution at different CYC to ozone satid pH 3 and 7.5 with and without the
addition oft-BuOH as an OH radical scavengeg ¢f CYC was 140 pumol/L and is indicated
by the dashed line). Proposed main reaction pattiaratyre ozonation of CYC (bottom)

The fact that the ring of CYC yields cyclohexan@seone main OP, suggests that the
cleaved side chain can lead to the formation oftexhdl OPs. This led us to the identification
of amidosulfonic acid as the second main OP of ¢FiGure5-1). Quantification (method 2,
Table5-2) was possible with a reference standard. Amildosic acid showed a higher yield
at pH 3 compared with pH 7.5 for both the batchstegth and without the addition a@f
BuOH. No further significant increase in concentmatwas observed between the CYC to
ozone ratios of 1:5 and 1:10 in the non-scavengéchbwhich corresponds to the complete
reaction of CYC already at a ratio of 1:5. In batekts with radical scavenging the yield of
amidosulfonic acid increased with increasing CYOfoz ratio due to residual precursor
available for further conversion into amidosulforacid. The highest amidosulfonic acid
concentration of about 140 umol/L represents arosireven mass balance. Most likely an
immediate oxidation of CYC to amidosulfonic acidcors in the batch test without radical
scavenging when adding ozone stock solution. Alghotlne samples were measured the day
after the ozone treatment, this time delay canrbexplanation for lower concentrations due
to a further hydrolysis of the OPs.

The OP amidosulfonic acid is also used as a precdiging production of both artificial
sweeteners investigated in this study (Heravi .€2@0D9; Yoshikubo and Suzuki 2000). In the

case of CYC, cyclohexylamine and amidosulfonic auiel used for the synthesis (Alter and
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Formann 1968). The US National Library of Medicspecifies the acute oral toxicity values
(LDso) to be 1,312 mg/kg for mouse and 3,160 mg/kgdokWS NLM 2011).

IC-ICP/MS experiments with similar concentrationmsdaa compound to ozone ratio of
1:2.5 proved that no or insignificant sulfate isni@d during ozonation of cylamate neither
with nor without scavenging of OH radicals. Howevbesides the main OPs of CYC,
amidosulfonic acid and cyclohexanone, the formatdnOPs with the samevz= 192
(CYC OP192) was observed by high-resolution MS mesaments (Figuré-2 a, b and Figure
5-9). The molecular formula ofg8;0NO,4S indicated the introduction of a keto moiety most
likely at the cyclohexyl ring of CYC forming thrasomers of oxocylohexyl sulfamate. To
confirm this assumption, we established a RP chrognaphic separation (method 1,Table
5-2) for the three possible isomers. The elutiodeorwas assigned on the basis of the
calculated octanol-water partition coefficientsgf®) of the proposed structures (Chem Axon
2011). The three compounds revealed different feagation patterns also indicating the
formation of three isomers. For CYC OP192,cacleavage next to the nitrogen heteroatom
was observed for all three isomers. Amidosulfon@téz = 96) and the sulfite radical
(m/z=80) were generated as the main negatively chairggments. The latter is known to
be an important fragment in collision-induced deabon of aliphatic sulfonates (Schultz et
al. 2006; Fromel and Knepper 2008). Interestintilg, precursor CYC yields only the sulfite
fragment and not amidosulfonate with the abovemastl instrumentation, which gives
strong evidence that the introduced keto groupuérftes the fragmentation pathway. In
aliphatic compounds, am-cleavage directly leads to the formation of fragiméons.
However, in the case of alicyclic molecules a paidan with the same mass as the cyclic
precursor ion can be formed by ring opening andh&tion of a C=C double bond, which
might be the explanation for the high precursonaign the spectrum of isomer 1.

In the case of isomer 2 with the keto groug-{position of the amidosulfonate group, an
additional fragment ion withwz =122 was observed, indicating a ring cleavagewat
positions. For isomer 3, the sulfite radical was tmly MS fragment we observed under the
applied fragmentation conditions. This might belakped by the position of the keto group,
enabling the most stable possibility of a neutralrcyclohexanone fragment of all isomers.
Since the mass balance was almost even accorditige tquantitative results obtained from
the two main OPs of CYC, cyclohexanone and amidosid acid, the isolation of
CYC OP192 was not feasible due to its low concénima As a consequence, the
quantification of the new OPs identified was nosgble. However, we compared the peak

area of a directly injected standard of the premu€@YC, which was commercially available
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as a reference standard, with the highest peakoatba three isomers (pH 7.5, CYC to ozone
ratio of 1:5) which could be directly observed ire treaction mixtures. Although the three
isomers of CYC OP192 and CYC elute at differenemgbn times and hence at different
ionization conditions, a semi-quantitative estimatgave a maximum yield in the range of
less than 10 % for CYC OP192 in the batch tests.
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Figure 5-2 Normalized peak areas of CYC and CYC OP192 (a a&ri) acesulfame and
ACE OP170 and ACE OP168 (c +d) at two different p&lues of the reaction mixture
without (left) and with (right) scavenging of OHdiaals. The normalized peak area of the
suspected CYC OP192 refers to the most intensoreas

5.3.2 Ozonation of acesulfame

According to our previous work on artificial sweetes (Scheurer et al. 2010), ACE was
oxidized more readily by ozone compared with CY®isTcan be understood due to the
presence of a C=C double bond, which is known tedsly attacked by ozone according to
the Criegee mechanism (Criegee 1975). Thereforapoand to ozone ratios were applied in
a lower range for the batch tests in the bufferkthpure water. As displayed in Figure
5-2 ¢, d, a complete transformation of ACE was olestin three of four test setups already
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for a compound to ozone ration of 1:2 compared withtio of 1:10 necessary for comparable
conversion of CYC. In the batch tests withodBuOH, only slightly better oxidation yields
were obtained, indicating that OH radicals playyaminor role in the ozonation of ACE.
According to the LC-ESI-MS results, the ozonatioh ACE yields anionic OPs with
molecular masses of 170 and 168 Da. Based ohhB-resolution measurements and“MS
experiments, the structures, oxidation, and fragatem pathways displayed in Scheme 1
and Figureb-3 are proposed.

Following the Criegee mechanism, a ring cleavagéhefprimary ozonide at the C=C
double bond and a decomposition into a carbonyl earbonyl oxide moiety can be
suspected. At the subsequently formed aldehydeadld@ion of water is assumed leading to
the proposed aldehyde hydrate. Compounds with §wooxyl groups attached to one carbon
in general are impossible to isolate due to thenightion of water. However, chemicals are
known (e.g., chloral hydrate and ninhydrin), whst®ng electron withdrawing groups dan
position support the formation of an aldehyde htaia water. Thus, due to thecarbonyl
function in the proposed structure of ACE OP170adgueous solution, the formation of a
fairly stable aldehyde hydrate is straightforward.

ACE OP168 seems to be the direct oxidation produ&CE OP170. As it can be seen in
Figure5-2 C, after complete oxidation of ACE the maximaffACE OP170 is reached and it
decreases slightly in favor of the formation of AOB168. It has to be noted that in Figure
5-2 peak areas were normalized to the highest siiterof the corresponding transition.
Therefore, a quantitative comparison between OFcemgmations is not possible, but a
graphical presentation of relative intensities igeg in the supporting information (Figure
5-10). In all batch tests, we observed that ACE&PI only a minor product in the
ozonation of ACE. In all cases the main product w&& OP170, which remained also rather
stable when remaining ozone was present. This ppated by the fact that no sulfate
formation was observed by IC-ICP/MS even after cetepozonation of ACE when applying
an ozone to ACE ratio of 2.5:1.
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Scheme 1 Proposed reaction pathway for the oxidation of A@g&ulting in ACE OP170 and
acetic acid

If really an aldehyde hydrate moiety is formed dgriozonation, in the case of
ACE OP170 could not be clarified by these measungsn&lowever, a coelution of a reaction
product with a precursor mass of (-)151.9 Da togiethith ACE OP170 was observed for all
measurements with different MS conditions (ion seutemperature, fragmentor voltage,
etc.). The loss of 18 Da indicates a loss of watgporting the expected little stability of
ACE OP170 and that the water loss occurs partlyamsin-source fragmentation. Both
products, ACE OP170 and ACE OP168, have one andritwgp double-bond equivalents,
respectively, which supports the proposed strustimethe way that a ring structure after
ozonation cannot be expected.

For further confirmation of these two structuresut@rium exchange experiments were
run with MS high-resolution measurements. For this purpossen¢l A of LC method 2
(Table 5-2) was replaced by 20 mmol/L ammonium formatesaliged in DO. The
combination of evidence about the exchangeabledggir atoms and MSxperiments can
provide valuable information if the proposed fragia¢ion pathways and structures are valid.
For ACE OP170, the protons of the aldehyde hydnatéety and the proton bound to the
nitrogen should be most easily exchangeable anceftre result in m/z (-)172.9. For

ACE OP168 both remaining protons can be expectée &xchanged.
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Figure 5-3 MS?® fragmentation pathways for proposed ACE OP170)(toml ACE OP168
(bottom) in negative ionization mode

As suspected for ACE OP170 an increase in m/z adetliDa was observed with the

modified eluent. The fragmentation led to a loss26fDa indicating a loss of JD, and

consequently to the formation of mvz fragment ion of (-)152.9 still carrying one

nonexchangeable hydrogen from the precursor altehyde moiety. The same was true for
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the formylsulfamate fragment (m/z = 124.9), whiclsoashowed some exchange at the
aldehyde hydrogen. As expected also the massdseafytdrogen sulfate fragment and the
amidosulfonic acid fragment increased in 1 and 2 i2apectively. In the D exchange
experiments, the formation of an additional fragtrien with a mass of 73 Da was observed.
High-resolution measurement revealed the formatibm molecular ion with the formula
C,HDNO; as a consequence of the loss 0§.S0

For ACE OP168, all hydrogens were exchanged. Istiigly, the formation of the
deuterated formylsulfamte fragment was stronglylérmed in this case. It has to be mentioned
that MS (Figure5-3) and M$ fragmentation experiments were carried out orecifit MS
systems and are therefore not directly compardiile. complete suppression of the neutral
loss of CQ in favor of the formation of amidosulfonic aciddatihe sulfite radical in contrast
to experiments with BD is surprising.

The loss of two carbon atoms in the above-discu€¥esl left only minor possibilities for
further oxidation products. However, as it has b&®own that carboxylic acids are important
oxidation by-products when applying ozone to teytiavastewater (Wert et al. 2007),
screening on some of these compounds was alsorpedo In fact, we observed high
concentration of acetic acid in the batch testfed-12), which corresponds well with the
proposed structures above. Formic and oxalic aoichdtion was also observed but with
concentrations an order of magnitude lower (datashown). Both can be expected when
ACE OPs 170 and 168 are further oxidized, mostylikg OH radicals, but it was also shown
that ACE OP170 is rather persistent against furtizene attack which explains the low yield
of these two carboxylic acids. The acetic acid fation in potable water was similar to the
batch test, giving first evidence on the transfiitsgbof the oxidation mechanism to real
matrices.

In order to obtain more information about the dimoe of the proposed OPs, we
performed first NMR screening experiments with ghhconcentration of ACE (5 g/L). The
results displayed in Figurg-4 show that two main OPs (regions 4 and 6) amméd. The
chemical shifts of the NMR signals (Figus€ell) can be attributed to the formation of formic
acid (8.25 ppm, region 1) and acetic acid (2.09 ppegion 6). As signals referring to
regions 1 and 3 (5.49 ppm) correlate, they seeariggnate from the same minor compound.
The shift in intensity at 75 min ozonation time htigpe explained by the disturbance of
tautomerism possibly due to missing buffer in tleenple for NMR measurements. The

sample with an ozonation time of 180 min was aredy&vo more times b{H-NMR two and
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three weeks after the first measurement. The strovkgpown signal at a shift of 5.25 ppm

(region 4) was observed to be highly decomposéavior of formic acid.

P 0 —— o — o —— Oo—— O o
ﬂ\ﬁ d'/+ region 1
} R O region 2: acesulfame CH
1 \ // —— region 3
LN o —.—g-—-- region 4: ACE OP170
\ ./' — - — region 5: acesulfame CH3 (normalized)
N o — —O—— region 6: acetic acid (normalized)

relative intensity of ‘"H-NMR integrals

ozonation time in minutes

Figure 5-4 Integrated‘H-NMR signals over ozonation time. Signals derifiein more than
one hydrogen are normalized. See also Fi§té for correspondintH-NMR spectra

In order to clarify if the remaining signal (regidih can be assigned to ACE OP170,
HPLC-NMR/MS-TOF were carried out using chromatodpiagonditions based on method 2
(replacement of water by,D for the aqueous buffer). Based on the optimizéd@method
and previous MS experiments, a certain retentioe twindow could be used for storing the
chromatographic fraction of interest into loopsidgrthe LC-NMR/MS run. The split of 2 %
of the LC flow to the ion source of the mass smeun#ter allowed for confirmation by the
exact mass using the TOF-MS at the same time. Afdaisfer of the loop corresponding to
the peak withm/'z= 170 into the NMR probe head and acquisitionrofH:NMR spectrum, a
singlet with a chemical shift of 5.25 ppm couldaslg be observed indicating a CH group
with two hydroxyl moieties. This signal stronglyroaborates the proposed dihydroxyacetyl
sulfamate structure for ACE OP170 as shown in E&4B. However, no resonance signals
from ACE OP168 could be detected Hy-NMR. This is in agreement with the proposed
structure of this compound (Figuge3) as the two remaining protons are fully excleaide
and hence cannot be detected in solutions wit.D

The formation of ACE OP170 and acetic acid is catgplvith the total oxidation of ACE
(Figure5-4). The further decrease of ACE OP170 can mkstylibe attributed to its further

oxidation to oxalic acid and amidosulfonic acid tfbaletected by IC and LC screening).
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Another possibility is the enhanced evaporation tdueontinuous sparging of ozone gas into
the test solution which became strongly acidic BpB). Samples for NMR were also
analyzed on carboxylic acids by IC and showed @mireg oxalic acid and stable acetic and
formic acid concentrations after complete ACE ofiima (Figure5-13). The total sum dH-
NMR integrals decreased continuously over the gesibd to a finalk/cy value of about 0.8
after 3 hours corroborating the assumption of exetpm.

For the reason of clarity, the identified OPs oftbeweeteners and the tools used for

identification are summarized in Tal8le3 in the supplementary material.

5.3.3 Ozonation of cyclamate and acesulfame in wastewater and tap water

In order to investigate ozonation of both artificsaveeteners in real matrices and at a more
realistic environmental concentration, treated ewater and tap water were spiked with
250 pg/L of the sweeteners and treated the sameawsvdgscribed above without the addition
of t-BuOH. The wastewater samples were taken from dl SM&TP described in detail in
Scheurer et al. (2009) (STP 1). Influent and efftuesamples were analyzed for both
sweeteners. ACE concentrations in the STP inflleamd effluent were 39 and 34 pg/L,
whereas for CYC, 145 and 0.58 pg/L were measurbd.ré&sults confirm the persistence of
ACE during conventional wastewater treatment anel good biodegradability for CYC
reported before (Buerge et al. 2009; Scheurer.20£19). The applied ozone concentrations
(0.2 mg/L to 5 mg/L ozone for drinking water an@®mg/L to 2 mg/L ozone per mg DOC in
wastewater) covered a range usually used in thesmonding treatment plants.

The results for ACE (Figur®-14) in drinking water are in good agreement vatlr
previous reported behavior of the compound, whemegll. ozone was sufficient to remove
1 pg/L ACE from drinking water after a contact time40 min (Scheurer et al. 2010). As the
DOC in the used drinking water is 0.9 mg/L, theutssfor drinking water and wastewater are
comparable when contemplating the applied ozones gms milligram DOC. A similar
concentration was sufficient to remove ACE almasthpletely. However, 1 mg ozone per mg
DOC in both drinking and wastewater treatment,esents a dosage rather in the upper range
of the applied concentrations. Therefore, a comallle amount of ACE can be expected even
after ozonation units.

In the case of CYC, the data for drinking water @rdine with our previous findings,
where 1 mg/L ozone led to a decrease of about Y% within one hour contact time (50 %
after complete ozone depletion in this study), etreugh the compound concentration was

lower. The formation of cyclohexanone was only obsé for the drinking water samples and
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not for the treated wastewater, which is likely doenatrix effects or further reaction with the

wastewater matrix rather than due to a completéfgrdnt oxidation pathway. The highest

yield of cyclohexanone formation was observed wapplying 0.5 mg/L and 1 mg/L ozone

indicating a further oxidation of cyclohexanoneislis supported by the finding of the non-
scavanged batch test at pH 7.5, where cyclohexam@®ealready assumed to be further
oxidized. In drinking water also, an increase ofidoaulfonic acid was measured with

decreasing CYC concentrations, supporting the figdif the batch test performed in ultra
pure water. In the treated wastewater, the backgtaoncentration of amidosulfonic acid

was too high to track the formation of this compdwvith increasing ozone dose.

A kinetic experiment was chosen as an additiongr@xh for ACE, as the compound
was found in concentrations of several microgramssliper in raw waters used for drinking
water production. For ACE, it was therefore morepamiant to prove that no other
intermediates occur during ozonation in waterwoilsis was necessary, because the ozone
contact time in DWTPs is usually not more than baer, but it was one day in the batch test.
After adding ozone stock solution in defined amsurthe samples were immediately
measured by LC-MS/MS (method 4) representing arralivezone contact time of about
25 min (see materials and method section). Theabid of the precursor ACE was much
faster in ultrapure water due to missing DOC (Fedasb). Both, ACE OPs 170 and 168, were
formed under these conditions in ultra pure andwager. OP yields in tap water were lower
and signal intensity fluctuation of the OPs was enpronounced. This might be explained
due to the fact that OPs and ACE were separatedhbuOPs eluted with the matrix peak
which might be more important for drinking watehi3 corresponds with observations during
method development for artificial sweeteners, whesgecially for ACE strongly suppressed
signals were observed when injecting samples WitBRE clean-up. A complex formation of
the OPs with present cations could also be an eaptmn for that phenomenon, but no

adducts were observed during this study.
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Figure 5-5 Degradation of ACE (200 pug/L) and formation of ACHEH’s 170 and 168 in
ultra_pure water (left) and tap water (right). Applozone concentration was 1 mg/L. Signals
are normalized to the highest peak area observeshfih compound

To confirm the relevance of ACE OP170 for real azapplications, a DWTP located at
the river Rhine was sampled. It uses a mixturavef tbank filtrate and landside groundwater
as raw water for drinking water production. Samgplpoints were the raw water, the water
after the ozonation unit and after the followingtiaated carbon filter. For detailed
information about the treatment steps, see theriggisn of waterworks D in Scheurer et al.
2010. The ozonated water was quenched with sodiulfitesin order to avoid further
oxidation. In the raw water, no CYC and 0.51 pg/CEAwere measured. Due to insufficient
ozone concentration and/or contact time, ACE wadyg partly removed and still present with
0.21 pg/L after the ozonation unit. Screening of EAGP170 (after solid-phase extraction
with a weak anion exchanger material and separatith LC method 2) confirmed the
formation of the compound also in waterworks usompnation, but also its removal by
activated carbon (Figu®6). This is most likely due to biological activin the upper part of
the activated carbon filter and not due to the nemhby adsorption. As the samples were not
stabilized, a partial biological degradation of tBBs cannot be excluded, but the results are

still adequate to prove the relevance for real magatment processes.
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Figure 5-6 Chromatograms of MRM transition 169.8/151.8 (ACE13J0) of raw water (left),
after ozonation (middle), and after subsequenvaietd carbon filtration (right) from a
waterworks using bank filtrate of the Rhine riverraw water. Note the different ordinate
scaling of the three graphs

54 Conclusions

For structural elucidation of unknown compoundsyide range of analytical techniques for
separation and detection is necessary. This woek d@wn that for polar analytes like
artificial sweeteners, LC-MS is first choice, btitshould be considered that also volatile
compounds, more suitable for GC analysis, mighydieerated during ozonation. For the final
structural elucidation, more advanced techniquesMS', high-resolution MS or even NMR
measurements are necessary if no standards foottiemation of the OPs are available.

In this study, the cleavage of the side chain & @YC molecule during ozonation
resulted in two main OPs, amidosulfonic acid andlalyexanone. Based on the CYC
concentrations found in WWTP effluents and the fation of these low to moderate toxic
OPs during ozonation, the environmental relevarfoezone application in order to remove
CYC seems little.

Based on previous studies, ACE has more envirorahantl drinking water relevance as
CYC. As easily transformed during ozonation in DVTR was important to elucidate that
mainly acetic acid and ACE OP170, dihydroxyacetylfesnate, are formed in aqueous
solution. This aldehyde hydrate might be a reaatm@mpound, but primary findings showed
its good removal in activated carbon filters dowesin of an ozonation unit in a full-scale
DWTP. Similar to the removal of other by-productenfied during ozonation, such as
NDMA, this combination of treatment steps can tfae be considered as an effective and
safe tool to remove ACE from raw waters. For thispese, ozone dose and contact time can

be optimized, if necessary.
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55 Supplementary material

Samples from the batch tests were analyzed wiflerdift liquid chromatography (LC), gas
chromatography (GC), and ion chromatography (IC}hmds coupled to different detection
systems. The methods were optimized for pCBA aedstispected oxidation products (OPs)
based on preliminary experiments.

Nuclear magnetic resonance (NMR), MS experiments O exchange experiments

were used to confirm the structure of some OPs.

LC methods
For CYC and some OPs a Synergie Hydro RP columd xZ5mm, 4 um) from Phenomenex
(Aschaffenburg, Germany) was used for separatioet{od 1). More polar OPs were
separated by a ZIC-HILIC column (150 x 2.1 mm, |3tB) from dichrom (former SeQuant,
Marl, Germany; (method 2)). Retention of pCBA (nuzil8) was achieved by using an
Eclipse Plus C18 RRHD column (50x 2.1 mm, 1.8 ufrgm Agilent Technologies
(Waldbronn, Germany). The same column was usekiffietic studies (method 4).

The optimized gradient programs and buffers usatien_LC methods are summarized in
Table5-2. The analysis of ACE and CYC is described itaidlen Scheurer et al. (2009).

The chromatographic methods were carried out oeri@ss 1200 and an Infinity 1290 high
performance (HP) LC system (both from Agilent Tedgies, Waldbronn, Germany)

equipped with a solvent cabinet, a micro vacuumadser, a binary pump, a high-
performance autosampler with two 54 vial platesg @ntemperature controlled column
compartment. The series 1200 HPLC system was ctethéc an APl 4000 tandem mass
spectrometer (Applied Biosystems / MDS Sciex Insieats, Concord, ON, Canada) with an
electrospray interface and the series 1290 systeasscoupled with a 6540 UHD Q-TOF
mass spectrometeAgilent Technologies, Waldbronn, Germany) batberated in negative

ionization mode. However, screenings for unknowns QRere also performed in positive
ionization mode. The Infinity 1290 system was adddlly connected to a diode-array
detector, which was operated at 241 nm for thectieteof pCBA.
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GC method

GC analysis for the suspected oxidation products garied out with an Auto System XL
gas chromatograph connected to a Turbo Mass Go#s sy@ectrometer (both Perkin Elmer,
Waltham, MA, USA). A ZB Multi Residue 1 column (B30x 0.25 mm from Phenomenex
(Aschaffenburg, Germany) was used for the separatioche analytes (flow rate 1.0 mL/min).
The temperature program started at 40 °C and wdddre4 min, ramped 5 °C/min to 120 °C
(held for O min), and ramped 45 °C/min to 300 °@ aeld for another 6 min.

IC methods

Detection of carboxylic acids:

Separation of carboxylic acids was achieved bygisin lon Pac AS IC column and an
ICS3000 high performance IC system coupled withoadactivity detector (both Dionex,
Sunnyvale, CA, USA). Eluents used for the gradigete ultra pure water (A), 200 mmol/L
NaOH (B), and 10 mmol/L NaOH (C). The gradient \{floate 1 mL/min) started with
8 mmol/L NaOH and held isocratic for 10 min and wasn increased over 13 min to
126 mmol/L NaOH and held isocratic for another 18 nftotal run time 35 min).

Equilibration time with the starting condition wa8 min. Injection volume was 500 pL.

Detection of sulfate and other sulfur containingpait species:

The coupling of ion chromatography with inductivelyupled plasma mass-spectrometry (IC-
ICP-MS) was used to obtain information about thealner of anionic sulphur containing OPs
and the mass balance of sulfur during ozonatiom.tkis purpose the IC system described
above, equipped with an electrochemical supprggssRS 300, 4 mm, Dionex) was coupled
to an ICP-MS 7500 ce system (Agilent) for the débecof sulfur oxide ion SO(m/z = 48).
Separation was done under isocratic conditionsr{@®l/L NaOH, flow rate: 0.5 mL/min) on

an lon Pac AS 20, 4 x 250 mm (Dionex, Sunnyvale, G8A) analytical column

NMR

For NMR measurements, the original agueous solsitiware diluted with 10 % (v/v) 1.5
mol/L KH,PQO, buffer in D,O adjusted to a pH of 3 in 5 mm NMR tubes. NMR $@ewere
acquired on a 600 MHz AVANCE Il NMR spectrometemuiggped with a 5 mm TCI cryo
probe. For the 1D NMR experiments, the noesygpmpaide program was used. For all
experiments continual water presaturation RF oH25was applied during relaxation delay

D1. Moreover, the noesygpprld sequence was acqusiad a total of 8 scans for acesulfame
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and 32 scans for cyclamate reaction solutions. Deee acquired into 64 K complex data
points, spectral width of 20 ppm, 10 ms of miximge and relaxation delay of 10 s. With all
types of experiments receiver gain was kept atteobhyvalue of 128. Free induction decays
(FID)s were multiplied by an exponential functioquevalent to that of a 0.3 Hz line-
broadening factor and then Fourier transformed. ingpkadvantage from the baseopt
digitalization mode, spectra were automatically ggth baseline corrected and referenced
using Topspin. On representative samples we algoired 2D*H-*C-HSQC (Heteronuclear
Single Quantum Coherence) and 49*°C-HMBC (Hetero Multiple Bond Correlation)
experiments. 8 to 64 FIDs were acquired for eacth®400 increments. Sweep widths were
adjusted according to the requirements obtained flre'H-NMR spectra.

For confirmation of the results HILIC-NMR/MS was ags according to method 2
described above, but eluent A was replaced b® DDeutero GmbH, Kastellaun) with
20 mmol/L NH,COOH. The system consists of an Agilent 1200 HPk&tesn including a
quaternary HPLC pump, auto sampler and diode atedgctor. The chromatography was
done after injection of 30 pL of sample. 2 % of gust chromatographic flow was split to a
MicroTOF time of flight mass spectrometer (BrukBheinstetten, Germany) equipped with
an electrospray ion source and operated in negatneation mode. Calibration was done by
infusion of 20 mmol/L lithium formate solution prido the chromatographic separation.
Peaks detected were stored in BPSU-loops (Brukak pampling unit, Bruker Biospin,
Rheinstetten, Germany) prior to the transfer inte@m temperature selective inverse NMR
flow probe connected to an AVANCE IIl 500 MHz NMPpextrometer (Bruker Biospin,
Rheinstetten Germany). NMR measurements were deimg @ WET solvent suppression
pulse program (Smallcombe et al., 1995). Up to 1&&hs were collected into 32 K complex
data points over a sweep width of 20 ppm and aaélan delay of 3 s. Prior to Fourier
transformation the free induction decay was mu#ghko an exponential function leading to a

peak broadening of 1 Hz.
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Table 5-2 Compilation of liquid chromatographic methods uedughout this study

step time flow rate eluent A
in minutes in mL/min in %
Method No.| #[2°[3°[4%] 12 | 2° | 3¢ | 42 [ 2| 2° | 3° | 4®

step 1 O 00 g @ 03 0.3504 )| 0.25100] 5 | 90| 98
step 2 5\ 5 1 3 0.3 0.350.4 | 0.25/100] 5 | 90| 98

step 3 2030| 3 0.3] 0.35 04 65| 40| 50
step 4 2332| 6 03] 0.35 04 100 40 | 50
step 5 357 0.35] 0.4 5| 10

& eluent A: water, eluent B: methanol; A and B wtethmM ammonium acetate
b eluent A: water + 20 mM ammonium formate, eluentaBetonitrile (for LC-NMR: water

substituted by BD)
¢ eluent A: water, eluent B: methanol; A and B with% formic acid

12 12
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Figure 5-7 Normalized TOC concentrations after treatment withone for different
cyclamate and acesulfame to ozone ratios and tiferelt pH values in batch tests without t-

BuOH radical scavenger
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Figure 5-13 Formation of carboxylic acids during ozonation ACE in ultra pure water,
without radical scavenger. Ozone gas was direpidyged into the aqueous test solution
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Table 5-3 Summary of the identified oxidation products o€leynate and acesulfame and the

used tools for their identification

name

chemical structure

tools used for identification

identified oxidation products of cyclamate

40 - reference standard
cyclohexanone -'H-NMR
- GC-MS and NIST database
0]
amidosulfonic acid HO\S// - reference standard
(sulfamic acid) /7N - high resolution LC-Q-TOF
0] NH,
CYC OP192 o) - high resolution LC-Q-TOF
(3-oxocyclohexyl)sulfamate* HO\ // - MS? experiments (high resolution L-Q-TOF)
S
/7 O\
O/ NH
identified oxidation products of acesulfame
HO
acetic acid - reference standard
/\/\_CHS -H-NMR
@)
o -H-NMR
OH - HILIC-LC 'H-NMR
ACE OP170 HN - MS? experiments (high resolution LC-Q-TOF)
(dihydroxyacetyl) sulfamate . | OH -Ms® experiments by direct injection
O_//S\OH - D,O MS’ experiments (high resolution LC-Q-
0] TOF)
O]
@] - MS? experiments (high resolution LC-Q-TOF)
ACE OP168 HN - MS® experiments by direct injection
(carboxycarbonyl) sulfamate | OH - D,O MS experiments with high resolution Q-
O=S_ TOF
//" ~OH
@]
. . PN - reference standard
formic acid HO” N0 - 1H-NMR
HO o)
oxalic acid Y/ - reference standard
74 - C-NMR
o) OH

* displayed is only one of three possible isomé2spxocyclohexyl)sulfamate and (4-oxocyclohexyljaniate

are also identified oxidation products

140



Structural elucidation of ozonation products

ozone in mg per mg DOC in treated waste water ozone in mg per mg DOC in treated waste water
0 0.25 0.5 0.75 1 0 0.25 0.5 1 2
1.0 A 1.0 A —O— drinking water
w drinking water o —4a— treated waste water
2 0.8 - —— treated waste water 6 0.8 -
ks ks
2 06 1 2 06 1
[%] [%]
5 5
E 044 € 04
3] 3]
= =
8 0.2 1 8 0.2 1
2 e CcyC
ACE
0.0 1 0.0 1
0 0.2 0.5 1 2 0 0.2 0.5 1 5
ozone in mg per liter drinking water ozone in mg per liter drinking water

Figure 5-14 Decrease of ACE (left) and CYC (right) concentatin drinking water and
treated waste water spiked with different ozoneceatrations. Note the different ozone doses
applied for the two sweeteners
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Final conclusions and outlook

The original search for a reliable tracer compofandhe indication of a wastewater impact in
a SAT-field in Israel identified artificial sweeters as emerging contaminants. The developed
analytical method, based on LC-MS/MS, allows far thpid and sensitive analysis of seven
artificial sweeteners in aqueous environmental icedr such as wastewater, surface water,
groundwater, and drinking water. Accurate quardtfam could be achieved by the use of
deuterated standards and appropriate sample dilufibe first application of this method
demonstrated the ubiquitary occurrence of acese@lfamcralose, saccharin, and cyclamate in
German wastewaters and surface waters. Althougfoatl sweeteners are mainly excreted
unchanged by humans, their behavior in WWTPs i®mdiht. A very good biodegradability
was observed for saccharin and cyclamate, but auegh influent concentrations they are
still released into recipient waters with concetidras up to the pg/L range. The limited use of
sucralose in consumer products in Germany constitsrelevance, although the compound
showed a pronounced stability during wastewateattnent. However, in other countries
sucralose is already the dominant sweetener wititarttrations more than one order of
magnitude higher than in Germany. Acesulfame ifabyhe most important sweetener of this
study. The compound has high concentrations inemader and is practically not removed by
secondary or even tertiary treatment by powder&dadaed carbon.

As a direct consequence of their stability and ntybonly sucralose and acesulfame are
relevant for drinking water treatment plants, wlsreemaining traces of saccharin and
cyclamate are effectively removed during river bdiikation (RBF). The multi-barrier
treatment system is essential and only effectiveife removal of sucralose and acesulfame
from raw water sources if certain boundary condgiare met. For sucralose activated carbon
filtration is very effective and no detectable acan be expected in drinking water at this
stage of usage in Germany. However, for other castwhere the concentrations of
sucralose are much higher, the effectiveness gfesineatment steps in waterworks should be
further investigated as other treatment steps dedme ineffective. Chemical treatment with
ozone is more effective for acesulfame, but theliegppzone doses and contact times in

waterworks are not sufficient for a complete oximlatof the compound. It was shown for the
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first time within this thesis that acesulfame idyoremoved by activated carbon with a low
pre-load and that it can break through into fingshdrinking water. Concerns about the
formation of undesired compounds during ozonatibracesulfame were allayed by the
structural elucidation of acetic acid and dihydrasgtyl sulfamate, a compound with an
aldehyde hydrate moiety, as major oxidation prosluct fact, the latter was detected in a full
scale waterworks after the ozonation of river béltkate, but also effectively eliminated by
activated carbon filtration, most likely by biolagi degradation in the filter.

The most important outcome of this thesis is tleniiication of acesulfame as an almost
ideal tracer for contaminations of water sourcesdoynestic wastewater. The usage of
acesulfame implicates a high specificity to wastewand its persistence and mobility
enables the evaluation of a contamination in a Gagine manner. Based on an average
concentration of about 20 pug/L in treated wastewated on a limit of quantification of
10 ng/L the detection of only 0.05 % of wastewaterved water is possible. Contemplating
all four sweeteners found in wastewater it mighelen possible to use this compound class
for the differentiation of untreated and treatedage. Saccharin and cyclamate are short-
lived when passing WWTPs and can therefore indieatempact of untreated wastewater
when they are detected in high concentrations costypa to the levels found in WWTP
influents.

Further work is worthwhile for sucralose. The commpd proved to be rather persistent
during aerobic RBF but the concentrations decredsehg extended residence time in the
subsurface of the SAT field in Israel. As sucralssased in much higher quantities in Israel
compared to Germany, it was still detected in tgéd_yrange even after a reduction of about
90 % of the initial concentrations and after almbgbd years in the subsurface. This fact
should be studied carefully in future research asradose could be one of very few
compounds providing information about the age o S#¥eated wastewater depending on the
degradation extend. By using acesulfame as a wattewacer it was possible to assess the
purification power of the Israeli SAT process refjag organic trace pollutants. A very
effective removal of a broad range of compoundsgadike pharmaceuticals, X-ray contrast
agents, aromatic sulfonates, etc. was observedg@.an al., 2011), whereas the acesulfame
concentrations remained constant even after aaesgdtime of more than one year in the
subsurface.

The publication in chapter 2 and tbentemporaneously published article of Buerge .et al
(2009) were the first putting forward the reseamchartificial sweeteners in common and on

sucralose and acesulfame in particular. They wellewed by numerous other studies on
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artificial sweeteners in the environment during thst two years. Mead and co-workers
(2009) presented the first data for sucralose forttNAmerica. Sucralose was found in two
orders of magnitude higher concentrations in waateswvcompared to Europe and was even
detected in oceanic waters. The presence of sseralas attributed to its persistence against
bacterial decomposition in coastal environmentsiamgs suggested as a potential tracer for
anthropogenic activities and for the oceanic cattah. The presence in U.S. inland surface
waters, its suitability as an anthropogenic marked the ineffectiveness of advanced
wastewater treatment techniques for the removaliofalose was demonstrated in subsequent
publications (Oppenheimer et al., 2011; Torreslet2811; Soh et al., 2011). The sucralose
emissions for the Swedish city of Linkdping weralerated by Schmidt Neset et al. (2010).
The authors proved that the removal of only oneadase-sweetened product from the market
(Coca Cola light) reduced the daily household eimissby more than 60 %. This has to be
considered when using artificial sweeteners asraptigenic markers and one should keep in
mind that the wastewater load might also be a mafttehe market launch or removal of
sweetened products. In a wastewater plume in a dimmaaquifer acesulfame correlated
positively with chloride, revealing its abundancel grediction power also for North America
(Van Stempvoort et al., 2011). In Switzerland atfaswe was used to confirm the correlation
of perfluoroalkyl acids in river water with the pdption living in the catchment area (Muller
et al., 2011).

However, further work about artificial sweetenessstill needed to fill gaps concerning
their behavior under different redox conditions #émddentify possible degradation products.
If acesulfame proves to be stable in any enviroralgmrelevant redox environment, it could
even indicate changing redox conditions, e.g. wtmrcentration ratios with other persistent
trace pollutants, which are degraded only anaeatligicare shifted. This is becoming
apparent by first own measurements at anaerolec biank filtration sites.

In the Israeli study area a pronounced decreasthefsucralose concentration was
observed, but no degradation products are idettifet. Both, aerobic as well as anaerobic
degradation, e.g. by dehalogenation, have to mtako account in future research.

Although acesulfame concentrations correlated weh the levels of other conservative
markers like CBZ and chloride, uncertainty studasout its prediction power are still
missing. The wastewater specificity of acesulfammela be slightly lower compared to other
organic trace pollutants due to its widespread eisagd possible spills. Even a seasonal
fluctuation seems possible. This should be evaluateterms of the variability of WWTP

effluent and background concentrations. For thesoe two projects financially supported by
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the German Technical and Scientific AssociationGas and Water (DVGW) and the Federal
Ministry of Education and Research (BMBF) are alseapproved or proposed to fill these
gaps of knowledge.

Apart from the fate and the tracer function of slmse and acesulfame first research
groups already addressed their work to ecotoxicotbgeffects of artificial sweeteners. As
used as food additives, sweeteners have alreadgrgmak intensive testing about potential
harmful effects on humans. However, the facts shiatalose is a chlorinated compound and
proved to be rather persistent seem to push tleanmas compared to former years, when eco-
toxicologists were always years behind after aiadytchemists identified new emerging
contaminants. In fact, there seems to be littlel@wte of acute adverse effects on the aquatic
environment so far. The chronic exposure at ecotdagically relevant concentrations led to
an increased mortality of juvenile gammarideansolfsgon-Erici et al., 2009) and sucralose
was also identified to inhibit the sucrose transporsugarcane (Reinders et al., 2006). For
acesulfame ecotoxicological studies are still migsn the scientific literature.

Consequently the question arises if merely the quoned persistence of a compound,
without a bioaccumulative or toxic potential, imgen enough to ban it or to regulate its use.
In this context artificial sweeteners are simplyther class of contaminants for which the
tenth principle of green chemistry (the breakingvdanto harmless degradation products
after usage) (Anastas and Warner, 1998) was nentakto account before their market
launch. The precautionary protection of the enviment, water resources and consequently
the human health should be strongly consideretienfuture for newly designed chemicals,
because aquatic organisms, WWTPs, and drinkingrwigatment facilities already have to

deal with countless organic trace pollutants awgitheir discovery.
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