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ZUSAMMENFASSUNG

Arzneimittel und Pestizidgelangen tber Klaraamen und Felder idie Umweltund z&hlen zu den
am haufigsten nachgewiesenen Spurenstoffen Gewéassern Es besteht daher grof3es Interesse
herauszufinden, in welchem Ausmald und durch welche Pro&mseenstoffen der Umwelt abgebaut
werden  koénnen Allerdings ist es haufig schwierig, Abbauprozessdlein  durch
Konzentationsmessungen zu bestimmenla beispielsweiseauch Verdlinnungsprozesse zu eine
Ruckgang deKonzentratiorn filhren kdnnen Dabei wird allerdings diglenge an Spurenschadstoffen
in der Umwelt nicht reduziert, sondern nur ihre Gegenwaerschleiert AuBerdem Knnen durch die
Konzentrationsmessungon Spurenschadstoffekeine Abbauprozesse unterschieden werden. Dées
zwar durch die Analyse von Transformationsproduk{€Rs)moglich jedoch sind diese haufig nicht
vollstandig bekanntind kdnnen weiter abgebaut werdeuRerdem flihren in manchen Fallerehrere
Prozesse zu demselben Abbauproduktaher eignensich bestehende Methodennur bedingt zur

(quantitativen) Untersuchung von Abbauprozessen in realen Systemen.

Komponentenspezifische Isotopenanaly&@SIAkann Transformationprozesseunabhéngig von
Verdinnungseffekten nachweisen und sogar verschied® Transformationsmechanismen
unterscheiaen. Dabei werden die natlrlicherweise im Molekil enthaltenden Isotopenvtrisde von
Bct?C und °N/MN analysiert. Solange kein Abbau stattfindesind dese charakteristisch fiir die
Herkunft eines Stoffes. Findet Abbau statt, saléim sich die Isotopenverhaltnissen Substratin
Abhangigkeit vom zugrunde liegenden Reaktionstypurch die alleinige Analyse der
Isotopenverhéltnisse des Substratt es dannmoglich Abbauprozessezu untersuchen Bishermit
diesem Ansatz allerdings noch nie Arzneimittel untersucht und aul3esdanseine Anwendung auf
relativ tohe Konzentrationen beschranktDaher wurde erstmals eine CSIA Methode fir die
ModellsubstanDiclofenac entwickelt, welchsowohl in der Medizin, als auch in der Umwelt zu den am
weitesten verbreitetenArzneimitteln zahlt. Diese neu entwickelte Methode wurdeinerseits genutzt
um die Anwendung von CSIA in denLAdBereich vorzuspuren. Andererseitgirde sie eingesetzt um

durch CSIA von Kohlenstafind Stickstoffisotopen neue Erkenntnisse drdi Ebenen zu erhalten

(i) Da Isotopenverhaltnisse durch die Wahl der Rohstoffe und des Synthesewegs beeinflusst
werden konnten die meisten der getestetemiclofenac Produkte (Tabletten, Geldyirch C und N

Isotopenanalyseinterschieden werderDadurch kénnen eirseitspharmazeutsche Produkte mit einer




falschungssicherenrMethode verifiziert werden. Adererseits kénnen verschiedene Quellen von
Diclofenac in der Umweilterfolgt werden, wie zum BeispiElaranalagen odeGiille vonTieren, welche

mit Diclofenac behandelt wurden

(ii) CSIA konnte als neue Beweislinie fir Abbauprozesse etabliert werden, welche unabhangig von
der Detektion von TPs ist. Sechs verschiedene Transformationspfade wundersucht und alle
konnten durch CSIA nachgewiesen werddDabei zeigte sich das interas¢e Bild, dass sich
umweltrelevante Reaktionen durchdie Analyse der C und N Isotopenverhéltnisse2 Gruppen
unterteilen lassen. Wahrend Ozonierung und Photolyse invertsmotdpereffekte verursachen, zeigen
biologischer Abbau und Abbau durbfanganoxide normale Msotopeneffekte. Dies ist einerseits von
grolRem Interesse, da sowohl Photolyse als auch biologischer Abbayotdstiell wichtigste
Eliminationspfade in der Umwelt gelten und CSgide Prozessen-situ unterschieden kann.
Andererseis kann CSIA auch wertvolle Einblicke in die (Abwgsgerfbereitung liefernwenn die
Effizienzvon biologischer ReinigundvMangandioxieZugabeund/oder Ozonerung untersucht werden

soll.

(i) Dadurch, dass Isotopeneffekte Ubergangszustande von Tramsfionsreaktionen
widerspiegeln, liefern sie einzigartige Einblicke in Reaktionsmechanismen, welche durch andere
Methoden unter umweltrelevanten Bedingungen nichuganglichsind. Das damit einhergehende
Potentialvon CSlAvurde beim Vergleich der Reaktien von Diclofenac mit Mnund ABTS deutlich.
Beide Reaktionen wurden als Mocelfir EinElektrorOxidation angesehen, welche héufig bei
enzymatischen Reaktiomeauftritt. Allerdings zeigte CSIA, dass sich beide Reaktionen fundamental
unterscheiden. Walend ABTS tatsachlich durdDuter-Phere-EinElektrorOxidation regiert und
inverse Nisotopeneffekte verursacht, zeigte sich bei Mrgih ausgepragter normaler-Notopeneffekt
der zudemmit dem Fraktionierungsmuster ddsotischen Abbats Ubereinstimmt.Ferner wurde durch
CSIA deutlich, dass die ausgepragte Isotopenfraktionierung einen wichtigen, aber noch unerforschten
Transformationspfad widerspiegelt, welcher momentan nicht durdmansformationsprodukte
detektierbar ist. Als weitere wichtige ReaktiodufRerdem wurd@a mittels CSIAzum ersten Mal
Transformatiosprozesse bei deDzonierungstudiert. Dabei lieferte CSldin starkes Indiz daflidass

dasOzomnolekilnicht am NAtom von Diclofenac angreift, sondern am aromatischen.Ring

Neben Diclofenac wurth im Rahmen dieser Arbedtuch chirale Herbizide untersuctdazu wude
CSIA mitenantioselektiver Trennung kombiniert um die Transformationsprozesse von chiralen

Herbizidenmit einem noch vielféltigeren Ansatau untersuchenEs zeigte sich, dasssotopern und
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Enantiomerenverhéltniss&komplementar verhalten Wahrend in dieser Studie ein Fall untersucht
wurde, bei dem keine Isotopenfraktionierungllerdings Enantiomerenfraktionierumggmesserwerden
konnte, wurde in einer anderen Studie genau das Gegentéil ein Insektizid beobachtet.

Interessanterweise konnten in einer ersten Feldstudie beide Prozesse parallel hachgewiesen werden.

Die vorliegende Studie hat gezeigt, dass Q8ié ESIANn vielfaltiger Weise dazu beitragen
kénnen den Abbau vorSpurenschadstoffen in der Umwelt zu untersuchen und vor allem besser zu
verstehen.Fur Diclofenac wurde exemplarisch aufgezeigt, dass Isotopenanalyse einzigartige Einblicke in
das Transformationsverhalten von Arzneimitteln geben k&wkanrbesteht dahegroles Potential die
in dieser Studie vorgestelltelethodik aufeines deranderen 10,000 Arzneimittel zu Gbertragen, welche
momentan auf dem Markt sindAuch im Bereich der chiralen Isotopenanalyse (ESIA) gibt es noch
unbegrenzteMoglichkeiten Neben derAnalyse weiterer Pestizide habercint zuletzt dieErgebnisséir
Diclofenac gezeigt, dass die Analyse eizesiten Elements (Hoder N) den Erkenntnisgewinn
vervielfachen kann. AuBBerdetiegt die Mdglichkeit auf der Hand ESIA auch auf chiBddekbuster

Arzneimittel, wie z.Blbuprofen oder Metoprolol, anzuwenden.




SUMMARY

Pharmaceuticals and pesticidese among the most frequently detected micropollutants in
natural waters because thegnter the environmentvia sewage treatment plantsr by applicationto
fields. Henceit is of great interesto know if they can be degraded in the environmesihd by which
processesHowever, he complexity of aquatic systems makes it challengingseathe environmental
fate of micropolutants by concentrationmeasurements because concentrations are not only affected
by degradation, but also bgtilution processesln addition concentration analysis cannot distinguish
transformation processeand their underlying reaction mechanismi® some part this cabe adieved
by the analysis of amsformation product§TPs) but they are often not fully elucidated, can be further

degraded and in some cases different reattimechanismgield the same transformation product.

Compound specific isotope analysis (CSla) &egant alternative thats independent of dilution
and can even deliver insights into reaction mechanisfigs approach is based on tldetection of
stable isotopes of C3C/C) and N*N/*N) whichare an inherent trait of all organic substancestHe
absence of transformation processes, isotope ratios are preserved and can be used to verify the origin of
substances. If transformation takes place, isotope ratios of the substrate are shiftethe magnitude
of this shift is determined byhe reacion mechanismConsequently, transformation reactions can be
directly detected by isotope analysis of the substrated the magnitude of fractionation can deliver
insight into the underlying mechanisnBefore this thesis was initiated the dmability of CSIA was
limited to relatively high concentrations andsotope fractionation of pharmaceutica during
transformation reactions was unexplored territoridence the present thesigeveloped for the first
time compound specific isotope analysis (CStk)a pharmaceuticalusing diclofenac as a model
compound which is one of thenost frequentlyconsumedpharmaceuticals, but also among the most
frequently detected micropollutants in the environmefirst, thismethod wasused to demonstrate its
applicabiity to the ngL* range, which makes it one of the most siéive CSIA methodat all

SubsequentlyCSIAvas used to gain insights about its fate on three levels.

() Since isotope ratios are determined by the resources used in synthesis and the synthesi
pathway, the analysis of C and N isotope ratiosuld distinguishmost of the tested commercial

diclofenac productqtablets, gels). On the one hand thHisding can be used to verify commercial
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products with a fraueresistant method. On the other harttiis approactcan beextended todistinguish
sources of diclofenac in the environment, such as sewage treatment plants or manure that originates

from diclofenac treated cattle.

(ii) CSIA could be established as a new line of evidence for transformatiors timaependent of
TP analysisSix transformation pathways were investigated and all of them could be tracked by CSIA.
Moreover, the remarkable picture was obtained thall testedenvironmentally relevant transformation
reactions can be separated into awgroupsthat can be distinguished from each othey the analysis of
C and N isotope ratiosOzonation and photolysis cause inverse isotope fractionation, whereas
biotransformation and Mn@ lead to normal isotope fractionationThis is of great interestof
environmental investigations, since photolysis and biotransformation are discussed as the two most
important transformation pathways in the environment and CSIA delivers a direct measure for their
relative importanceBut CSIA can algwovideinsightsinto engineered systems, because it canused

to investigate the efficiency of biotransformation and / or ozonation during (wastater treatment.

(iif) Because isotope effects mirror transition states of transformation reactions, they deliver
unique insights in reaction mechanisms that cannot be obtained by other methods under
environmentally relevant conditionsThe big potential of this approach becanapparent when
transformation by ABTS and Mp®as compared. Both processes are supposed to mimic single electron
oxidation (SET), which soposed to be of bigmportance in enzymatic transformation reaction€SIA
revealed that ABTS is indeed a model $&T. In contrast, Mp®howed a completely different isotope
fractionation that was at the same time in perfect agreement with aerobic biotransformation.
Moreover, it was strongly indicated that the observed isotope fractionation during NMn@y
biotrandormation, points towards an overseen transformation pathway that can only be seen byaCSIA
the moment Furthermore, CSIA was applied for the first time to sttrdysformation processes during
ozonation There, itprovided evidence that ozone rather atiks at the aromatic ring of diclofenac than

at the Natom.

(iv) Besides CSIA of diclofenac, the present thesis investigated also chiral herbicides. CSIA was
combined with @antioselective separatioto yield enantioselectivean even moreversatileapproach ¢
enantioselectivestable isotope analysis (ESIBEIAvas used for the first timéo investigate the fate of
the chiral herbicidesndrevealed that isotope ratios and enantiomeric ratios behave complementarily.

In this thesis a case was studied wepeonounced enantiomer fractionation, but no isige

fractionation was detected, while the opposite was found for an insecticide in another siasn ESIA




was brought to the field results were even more fascinating, because isot@pg enantiomeric

fractionation were observedimultaneously

The present thesiscould demonstrat that CSIA and ESIA can improve our understanding of
micropollutant transformation in the environment in several ways. There is great potential wigen t
methodology of this dissertatiowill be applied to one of the othet0,000pharmaceuticalshat are on
the market But also the novel area of ESIA offers plenty of possihilitieen this approachwill be
transferredto other pesticides and processdsven more excitingsSIA of carbooan becombined with
the analysis of nitrogenrdiydrogenand this would increasthe knowledge gain dramatically as shown
for CSIA oftliclofenac.Moreover, ESIA should not be restricted to pesticides, but this approaygs wo

be extended to chirgbharmaceuticals, such as ibuprofen or metoprolol.
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AWhenever a theory appears
one, take this as a sign that you have neither understood
the theory nor the problem which it was intended to
solve. o
Karl Popper Objective Knowledge: An Evolutionary

Approach
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1.1 Global challengesrelated to pesticides & pharmaceuticals

Pesticides and pharmaceuticals increased our living standard substantially by improving crop
yields and curing diseases, respectively. However, both compound classes have in common that after
application their residas end up in the environment as micropollutants and constitute a potential

threat to human and environmental health?

1.1.1 Occurrence of Micro pollutants in the Environment

Micropollutantsenter the environment vialifferent pathways. The most obvious pathway is the
direct applicationof pesticidesto fields and it is estimated thatbetween 1 and 2.5 million tons of
pesticides areused in agriculture every year? After their application, pesticidesan be (partially)
degraded but they can also enter thevater cyclevia surfae runoff or by leaching into groundwatéf
However,micropollutantscan also indirectly enter the environmer@®ne pathway is the consumption
of pharmaceuticals by humanafter incomplete tansformation in the human bodypharmaceuticals
reach sewage treatment plantsherethey are ony incompletelyeliminatedand subsequently emitted
into receiving water§ ’ Toillustrate the importanceof this pathwayone can for example look at the
pharmaceuticalconsumptionof Germany.In total 31,00t of active pharmaceutical ingredients are
consumed per yedrand 328 human pharmaceuticals were applied at an amount higher thaa's
This number does not include pharmaceuticals like eth@sgfadiol thatare consumed at a lower level
(0.05t), but have by definition a endocrineeffect on organisms The second pathwaygoncerns
veterinary pharmaceuticalsAfter apgication they are excreied and distributed to fieldas manure,
which is used atertilizer?*® Many of theseveterinarypharmaceuticalssuch as the aninflammatory
agent diclofenacare also applied thumans Neverthelessthe veterinary pathway ispecia) because in
analogy to pesticides it bringgharmaceuticalglirectly into theenvironment without passing a sewage
treatment plant where they could be at least be partially degrad@dth classes omicropollutants,
pesticides and pharmaceuticatgave in commornhat their occurrence in the environment is abundantly

documented, but their fate (distribution / further degradation) remains incompletely understood

1.1.2 Effects & Fate of Micropollutants int he Environment

Knowledge about the setfleaning potential of ecosystems is not only of scientific value, but
affects everyone, since clean water is the basis of huraad environmental health. The necessity of
terminal elimination is not only given forepticides, which are harmful to biota by definition.

Pharmaceuticalsh®uld neither be presat in the environment. Besides the precautionary principle
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their longterm (ece) toxicity is largely unknownsome candidates were shown to have ecotoxicological
effects at their present level in the environment! For example, the paikiller and antiinflammatory

agent diclofenac was shown to cause kidney damagéstiror inhbit mussel growth** Moreover, it

caused a drastic decrease in Indian vulture populations, because the vultures preyed cattle, which was

treated with this antiinflammatory agent? *°

The fate of micropollutants can bednfluenced byvarious processes. They can be adsorbed,
diluted, transformed, finally be degraded or behamea persistant way." ** Among these processes only
degradation¢ sometimestransformationto daughter productsin the best casemineralizationto H,O
and CQ, ensures that micropollutants do not accumulate in the environmddépending on their
structure, micropollutants can be transformed byabiotic hydrolysis,(a)biotic oxidation, (a)biotic
reduction orphototransformation As a general trend, biodegradation and phototransformation often
play the dominant rold Nonetheless the efficiency of these processes has to be assessed for each
substance and each site individually. This can be illustrated at the example of dicl@ermaraktudies
could show in laboratory experiments that sunlight eficiently transformdiclofenacwithin hours. In
contrast, river water/sediment batch studies have to be conducted for days to observe pronounced
transformation.Therefore it is difficult toextrapolate such findings from lab to field scale. On the one
hand photetransformation is often less efficient in the field due to turbidity, duration and intensity of
sunlight or deep water bodies. On the other hand it was shown that biodegradationeceery efficient
in flow-through-columns (half life time = 0@) and turnover ratesstrongly depend onthe exchange
between a water body and the hyporheic zone. Consequently, robust methods are demanded to assess

the selfcleaning potential becosystems.

1.1.3 Established T echniques to Investigate the F ate of Micropollutants

In laboratory experiments, micropollutant transformation is typically studied by measuring a
decrease in concentrations over timelowever, such an approach is difficult to pursue in ndtura
systems, becauseoncentrations are not only affected by transformation, but also by other processes,
such as dilution or adsorptichThese processes do not lower the laafdnicropollutants in ecosystems,
but camouflage their presencé@o distinguish them from transformatiospncentration measurements
need to be accompanied bthe application ofconservative tracers amdr hydrological modeling®
Alternatively, transformation products(TPs)can be detectedas direct proof for transformation™®
However, TPs can only be detected if they are at least nsttdble, do not immediately adsorb to humic

substances and they must lmetectable bythe applied analysis techniqu&loreover, a quantitative
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COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND ANGESIRBANHAR OF MICROPOLLUTANTS

interpretation of TPdata is not only challenging due to théurther transformation but alsodue to a

lack of reference standards that are needed for their quantification by mass spectrometry. Hence, it is

often not possible teestimate the extent of transformation of the original micropollutdoyt the analysis

of its TR ?®?2 Consequently, additional tools are needed theircumvent the limitations of

concentration analysis and the detection of TPs to obtain a comprehensive picture of micropollutant

transformation in theenvironment

1.1.4 Product Counterfeiting of Pharmaceuticals

Innovative analytical techniqgues are not only demanded characterize tragformation of

pharmaceuticals in the environmertut also to verifytheir origin and to protecintellectual property.

The IFPMA (International Federation of Pharmaceutical Manufacturers Association) assumes that

currently 7% of all pharmaceuticals aremgenuine, and the relevance of counterfeit products is

increasing’® This is an issue of globabncernwith an estimated economic loss of 75 billion US$ per

year?* Besides products that do actually not contain the appropriate agent and are easy to detect when

subjected to analysis, there is an increasing number of fakes which contain the cheedgélsient
active agent in the appropriate dosg In such casesonventional analysis must refyn the possible
LINBEaAaSyOS 2F RAFFSNBYyU O08LINPRdAZOGA 0aOKSYAOI €
faked product.

1.2 Principles of Enantioselective & Compound Specific Isotope Analysis
(ESIA &CSIA

The analysis of stable isotope ratifsg. *C/**C) hasunique advantages andan address the
research gaps of micropollutants from a new angle. CSIA can track the origin of teraddcsources
(1.2.1), detect transformation processes (1.2.2) and investigate transformation mechaiii@@s To
this end sotope ratios are usuallgeported in the delta notation(Eq.1-1, 1-2). Isotope ratiosthat are
determined on one specific instrumeftC/ Csampie "N/ **Nsampid are referenced to an internationally
accepted standard{C/ ¥Grererence N/ **Nreferenc). This reference material \denna PeeDee Belemnite for
C andair for N. Consequently, valuean be compared eveniiistrument performance differs between
instruments odaboratories®

oFr o or o

1o 8T 6 (1)
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1.2.1 Source Tracking of Micropollutants by CSIA

Lookingfrom a broader perspectivat the natural abundance dight and heavy isotopes of C and
N, theyseem to be constanfTab.1-1). However, modertisotope ratiomassspectrometry (IRMSallows
havinga closer look onheseratios. In fact, high precisioisotopeanalysiscanrevealdifferencesin the
isotopic signature of a certain compound depending on its afffihFor example, isotope ratios were
used to distinguis original insecticide products from fakBand delivered insight if caffeine in drinks is
of natural or synthetic origif® For pharmaceutical products suels aspirin, ibuprofen or naproxen, it
has been shown that the analysié siable isotoperatios of selected elements (e.5C/*C or'*N/*N)
can be used as a fingerprint for product authentication. In one case it was even possible to determine

the location of an illegal prodtion site by isotope analys?é

All these studie were based on the fact thdifferencesin a certainproduction processare often
reflected by isotope ratiasThis is possiblebecause isotope ratios are determined by two factdree
first factor is the isotope ratio of the educt3hs ratio is passed on to thproduct, provided that
conversion is 100%he second factor ke isotope effect of the commercial synthesis, which becomes
important if conversion isot 100%.Theunderlying mechanisris calledkinetic isotope effec{KIE)and
described in 1.2.2. Briefly, KIEescribes thatmoleculeswhich carry a light isotope at the reactive
position often differ in reaction speed in comparison to moleculsith a heavy isotopg® 3! For
example, the heavier isotopologue (e.g. molecule contairii@®) could react preferentially to a by
product, while the ligter isotopologue {*C) ends up preferentially in the final product. The final product
would then show a lighter isotope ratio than its educt(s) and llggoroduct would be heavietdence,
isotope ratioscan be used to prove the authenticity of (proprietarsubstances, becausg/nthesis
pathways and isotope ratios of the educteften differ among producers and especially between
companies andlow-budget) counterfeiters.?**® Moreover, h the absence of transformation processes
isotope ratios behave conservativEhis means that processes, such as dilution do not alteopsot
ratios and as long as a compoutisl not transformed it keeps its original isotopic fingerprifit.
Consequentlythis approach is not restricted to industrial applications, but edso serve for saee

tracking of contaminants in the environme#ft*®
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COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND ANGESIRBANHAR OF MICROPOLLUTANTS

However, existing methods for isotopenalysis of pharmaceuticals have limited applicability.
Isotope ratios of several elements can be analyzed with high precision, if elemental analysis is coupled
to isotope ratio mass spectrometry (HRMS). However, it is necessary to extract large ansahthe
active pharmaceutical ingredient (API) out of a formulation, which is very laborious and time
consuming®®?’. This can be circumvented by the coupling of liquid chromatography to IRMBNISJ.
LCIRMS can separate API from other ingredients automatically, but in return it is restricted to the
analysis of carbon isotopé$.*® Gas chromatography coupled to IRMS {8®S) would allow an
automatic separation of ingredients, deliver an excellent quantificdiioit for precise isotope analysis
and offers the possibility to analyze isotope ratios of C, N, H affdHOwever, to date there is no

method available to analyze isotope ratios of pharmaceutiogl GGRMS.

Tab. 1-1. Isotope abundance of C and N and the precision of GC-IRMS (gas chromatography - isotope
ratio mass spectrometry). Adopted and modified from Elsner et al.”.

Element Natural abundance of| Natural Abundance| Typical precision of GIRMS

the lighter isotope of heavier isotope | (variation in the isotope ratio)

Carbon {'C,*C) 98.9% 1.1% nop:

Nitrogen (“N,™N) 99.6% 0.4% M P E

1.2.2 Isotope Fractionation during Transformation Reactions

Isotope ratios are an inherent anghique feature of substances that can be ustdinvestigate
reactions.The underlying principle is the kinetic isotope effect (KIE). The KIE describes the phenomenon
that usually molecules carrying a lighter isotopela teactive position need less activation energy than
molecules with a heavy isotopéFig. 11a)>* * Hence,in most cases lighter isotopes are faster

transformed>°
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a) Normal Isotope Effect b) Inverse Isotope Effect
A Transition State Transition State

Energy
Energy

Transformation
Product

Transformation

Reactants at Product Reactants at

Zero Point Zero Point
Energy (ZPE) Energy (ZPE)
Reaction coordinate Reaction coordinate

Fig. 1-1. Difference in vibrational energies between light and heavy isotopes during a transformation
reaction; a) in most cases light isotopes need less activation energy (Ejgn) than heavy isotopes (Eneavy) t0
reach the transition state and the remaining reactant gets enriched in heavy isotopes; b) if bonds are
stiffer in the transition state (larger force constant in comparison to ZPE) the transformation product get
enriched in heavy isotopes

This phenomenoncan be explained by looking éhe four different types of bondenergies
electron energy, vibratioal energy, translational energy and rotational energythough electron
energyis the strongest boncenergy it does not play a role for isotope effects, because electron
movement is not influenced by the nucleiass (BorrOppenheimer Approximationf.However, here
are three massiependent types ofbond energies Amongthese, vibrational energyis much more
important than translationat or rotational energy.Molecules vibrate even at the lowest energy level,
the so called zero point energy level (ZR#)ich corresponds t6 K If energy is added to a molecule,
its vibrational energy can change in discrete stefgoking atthe vibrational energy levelsf two
isotopes it becomes apparent thahe ZPEof the heavier isotope is lower than thd®E of the lighter
isotope (Fig. 11).%® If two isotopes undergathe sametransformation reaction the heavier isotope
requiresmore activationenergy. Hence, in most cases lighter isotopes are faster transfor(regll1-1a).

2223 This leads to an enrichment of heavy isotopesthe reactant side, while transformation products

show a lighter isotope ratio (normal isotope effect). In some cases the barelstronger in the
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COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND ANGESIRBANHAR OF MICROPOLLUTANTS

transition state (larger force constanthan at ZPEFig.1-1b).*" *® This means thathe difference in
vibrational energy between two isotopess larger in the transition state in comparison to the ZPE
Consequently, the lighter isotopes need moagtivation energyand react slower This leads to
isotopically lighter reactants and heavier transformation products fiseésotope effect)Based on this
conceptisotope analysis of the reactant can deliver insight into reaction mechanisms, eNesndanot

be detected. At the same time isotope ratios give us the opportunity to catch a glimpse oHimaiteng
transition states of reactions, which is not possible by concentration measurements or TP analysis
(Fig.1-2).22%

What kind of information analytical tools provide
Isotope Analysis

Transition
State

Concentration
Analysis

;
s
5
;
b

Energy

Reactant

Transformation
Product Analysis

Transformation

Product(s)

Progress of reaction
Fig. 1-2. While concentration analysis is restricted to the observation if reactants decrease or not, isotope

ratios of the reactant reflects the transition state of a transformation reaction, even if no transformation
products can be detected

Interestingly, the kinetic isotope effect is not rasted to a qualitative interpretation, but can
also be used to quantify transformatio.ooking at two sampling event®,(t), there is a direct
correlation between the extent of transformatiori € G/ G) and the change in isotope rati¢g"G,

d°G) (Eq.1-3).%%
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The linking parameter is the enrichment factgiwhich is characteristic for specific reactions and
specific elementss 06 Sl NB (GKS AYF2NXNI A2y | 062dzi G&0Sighti NI yaa i
isotopes react fasternprmal isotopeSFFSOG UV YR AT ¢ B n KSlo@ge Aa202]
effect). Since Eql-3 consists ofour parametes ({ *GZ *GX f itsis sufficient to determinehree
parameters and calculate thieurth one. Hence ¥ can bedetermined in the lab, where concentrations
and isotope ratios can be analyzed inlased system Subsequentlyit is possible to analyze isotope
ratios in the field With knowledge of three parameters (epsilon*GE @) it is then possibleéo

determine the extent of transfanation f.>

As described in 1.2.4 isotope ratios of micropollutants need to be analyzed-tyMEECto achieve
maximum sensitivity. Unfortunatelyhis approachelieson the combustion of the target analyte to €O
and/or N,. This means thagite-specificinformation about isotope enrichmeris lost during combustion
and the intrinsic isotope effeadf the reacting positioris diluted by all the dber atoms of the same
element that were notinvolved inthe reaction.Hence, measured isotope enrichment needs to be
corrected for the overall number of atoms of one elemem{(Eq. 4)>' This calculatedsotope effect of

the reactive position is callggbsition-specifickinetic isotope effectKIB.
ov™00 ¢ - p (1-4)

The intrinsic KIEmay be masked through the presence of additional Hatéting steps such as
adsorption to reactive surfaces in abiotic reactions or transport limitations in biological reactions.
Therefore, measured isotope effects are usually stated@sarent kinetic isotope effectAKIE, which
implies that it could be smaller than the intrinsic KIE® ' The calculation of AKIES important to

recognize similarities or diffences in the reaction mechanismaimpounds that differ im.

1.2.3 Principles of Enantioselective Isotope Analysis ( ESIA

Many natural andsyntheticmolecules contain at least one chiral centéf! In a similar way as
human hands, theyccurin two modifications that behave like mirrdmages of each otheand are
calledenantiomers®? Just asisotopologues enantiomers share most chemical propertisd cannot be
separated easil§” However, the behavior of two enantiomers differs in terms of stereochemistry. This is
of special importancein enzymatic reactions where reactivity depends strongly on thece

dimensional structureof an enzyme andts substrate® Hence,if enzymes are involvedgnantiomers
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often differ in reaction kinetics, bioavailability or toxictf**® There are two important processesah
directly affect the ratio of two enantiomers. On the one hand enzyoagprefer one enantiomer over
the otherduring transformationwhich leadgo a faster depletion of this enantiomégFig. 23).** On the
other hand enzymes for active transpanto cells can also benanticsekeaive.*’ Thiscan speed up the
transport of one enantiomerinto a @Il where it is transformed by other enzymé¢Big. 13). Because
these processes cause a shifttle ratio of twoenantiomers they can betrackedby enantioselective
analysisSince enantiomer analysis detects molecular ratios in a similar way as isotapeisit is also
not influenced by dilutioreffects andmay representa similarlyrobust measure for transformatiorit
the same time enantiomer analysi€an be expected to be complementary t&€SIA.Specifically
enantiomer fractionation can occiifractive transport into cells isnantioselective and ratdetermining
(Fig. 13). This is a situation where evidence frasotope fractionatiorwould be inconclusivebecause
no bonds are broken or formed duritigansport and, hence, no isotope effeat®uld be expectedVice
versa,isotope fractionation may be detecteil enzyme transformation is ratdetermining, but not

enantiomerspecificg a case wherenantiomer analysis would be inconclusive

a) Transformation is rate-determining and enantioselective

° ] ]
". %' ’
o' e ‘.

b) Uptake is rate-determining and enantioselective

®
' . Rl
Y ®
* °

Fig. 1-3. Depending on the rate-determining step two enantiomers (blue pentagon, red hexagon) can be
discriminated during (a) enzymatic transformation or (b) active transport into cells; note that in case b) no
isotope fractionation would occur, because no bonds are cleaved in the rate determining step

To @mmunicate changes in enantiomeric ratios twqual notations have been establishegl

enantiomeric excess and enantiomeric fractf3rf® In this study enantiomeric fraction (EF) is used,
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wherethe ratio of the R(Eq.1-5) orthe S enantiomefEq.1-6) is expressed as percentage of the total
concentrdion of the racemate[Els, ER]. Nearly all commercial products have either an EF of 0.5
(racemates) or 0 (enantigpure products).

Y

o L
00 ~ (1-5)

00 ——— (1-6)

1.3 Content of the present thesis

CSIA and ESIA have the potential tackle the grand challenges of micropollutanis the
environment to distinguish their sources, to proof their transformatiaand to investigate their
transformation mechanismslo this endive majorchallenges hee to be mastered In thepresentthis
was done inChapter 2 and3, where CSIAwas used for thefirst time to investigate the fate of
pharmaceuticals using diclofenaas a model compoundandin Chapter 4where ESIA was applied for

the first time to herbicides

1.3.1 Analytical Challenges & Objectives of CSIA and ESIA of Micropollutants

(i) The most obvious challenge of analytical nature and concertise literally low concentration
range of micropollutants. Theoretically thisolds truefor all analytical techniqued=or CSIA is even
more difficult because conventional mass spectrometry usually analyzes the most abundant isotope
CSIAin contrastimust alsoanalyze theheavier isotope which isby farless abundantin case of carbon
this leads to an increase of the detiem limit by a factor of 100 (~194C in G.). For nitrogenthis limit
increasesevenby a factor of 600, because in addition to the low proportiod®sf (~0.3% of ;) two N
atoms are neededo create one molecule oénalyte gasN,).”> Because the minor isotope must be
determined with a very high precision, the real limits are even higher as descrideigriar etal >.
Hence effective preconcentration steps are needed in combination with the most sensitive analytic
To this endthe limit of precise isotope analysis wastermined Chapter 2by combininga solid phase
extraction, cleanup by preparative HPL@grivatization and on column injection, which is the most

sensitive injection technique

(ii) As stated above, the use ghs chromatography coupled to IRMS mandatomnen highest
sensitivity is needed for CSIA of micropollutafitBuring gas clumatography target analytes have to
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be combusted without decay to pass through the chromatographic column. Howeweny
micropollutants are at least sempolar, because they carry a carboxghd/or an amine group. This
causes a high boiling point, a higttention due to exchangeable hydrogen atoms and often compounds
start to decay before they arequantitatively transferred through the gas chromatograph
Consequently, sensitive derivatization techniques have to be developed for micropolluBetaus
derivatization is by definition a chemical reaction where bonds are broken, such a sample preparation
must be conducted under absolutely controlled conditfiDtherwise (irreproducible) isotope effects
during derivatization wold impede an evaluation of isotope data.Moreover, all common
derivatization agents introduce at least one carbon atom into the anafyt®Hence, isotope ratios
have to be comcted for every introduced-@tom. At the same time these additionalafbms must have

a constant isotope ratio to ensure a constanis@Gtope shift of all samples and the respective control
standards that are used for correctiofisHencetwo derivatization GIRMSmethods wereestablished

for diclofenadn Chapter Zacilitating either quick or sensitive analydis addition the sensitive method

was transferred to polar herbicides @hapter 4

(i) For enantioselective isotope analysis a fifth requirement comes into Qlaye perfect
separation of enantiomersHowever, enantiomers cannot be easily separated, because they share most
chemical properties. Hence, special separation techniques are ideda For enantiomers, the use of
gas chromatography offers the advantage to use an enantioselective column. In these columns analytes
are not (only) separated by polarity, but also by their stereochemical properties. This concept is already
known for GEMS analysis, but again, BRMS has special requiremerifs®® While in conventional
analysis a small overlap of enantiomer peaks can be tolerated, this ipasstble for GIRMS. The
reason is the chromatographic isotope effect. Within one peak heavy and ligetuies are not equally
distributed, but heavyisotopologues elute at the peak front and light isotopologues eatt¢he peak

tail.>

This is caused by van der Waals interactions betweetytnand the nonpolar column coating.
Hence it is essential that each enantiomer peak is perfectly separated (Peakwidth/ (Retention time
difference between two peaks) >1.5). This is even more challenging when several micropollutants with
similar structures are present in one sample. One example is the herbicide DCPP, which is often
detected in the field together with its TP-@PP or the herbicide MCPP. All three compounds are
chlorinated phenoxy acids, ate the same dhal center and differ only in one rigyl-group or a
chlorine atom, respectivelyConsequently a sensitive method was establishad Chapter4 that is

capable of analyzing isotope ratiosea#chsingle enantiomeof these herbicidal compounds.
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1.3.2 Challenge of large number of C-atoms in micropol lutants

The fourth challenge is the large number ofafbms in most micropollutantsThe biggest
advantage ofGGIRMS isits superior detection limitfor precise isotope ratiasHowever, the low
detection limit isachieved by burninghe target analyteto CQ and N, after separation. Thigields a
simple analyte gathat containsonly one(dominant)isotope.If only one C or N atom is present in a
molecule this procedure does not affect the intensity of measurable isotope effects. In cases where
several atoms of the same element are present in a molegsiegpe enrichment takes only place at
one position. Al other atoms from the same element dilute the measurable effeat this reactive
position. This lead tothe assumption hat Gisotope fractionation isnot detectable any more, if
molecules contain more than 14-@&foms> Be@use the magnitude of fractionation depends on the
reactant and the reaction type ifemains to banvestigated if this also applies fomicropollutants that
are in this rangeThis chllenge was tackled i@hapter 2 and 3or the painkiller diclofenac (14 C atoms
and three herbicides (9 or 10 C atoms{imapter 4

1.3.3 Challenge of process understanding

Traditionally, CSlAs applied tocontaminants,whose transformationproducts (TPshare well
investigated such as chlorinated ethenéb.n this caseCSIA is used telucidate the underlying
transformationmechanismand appliedas a robust measure faransformationin the field In contrast,
the mass balanceetween most micropollutantsand their potential TPs is not closetience even if
some TPs are known, it is unclear if they representgheantitatively most importantransformation
pathway. Hence,a mechanistic interpretation ofisotope enrichmentof micropollutants is rather
challenging because the importance of a certain pathway cdiren not be deduced from TP analysis

anddifferent pathways can yield theameTP,

ConsequentlyChapter 2investigated in dirst proof of principle study, isotope fractionatioof
aerobic biotransformation and reductive dechlorinatioln a comprehensive approaciChapter 3
studied the variability of isotope fractionationf diclofenac andt wastested which processes can be
distinguished from each other by CSIA. To this eimbtotransformation and ozonatiornwere
investigatedas environmentally relevant processeasd transformation byMnO, and ABT $adicals was
usedto gain deeper insights into the (biotic) oxidation of dielzdic.Moreover,Chapter 4explored the

potential of ESIA to obtain mechanistic insight into herbicide transformation.

13/ Ll



COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND ANGESIRBANHAR OF MICROPOLLUTANTS

1.4 References

1. Schwarzenbach, R. P.; Egli, T.; Hofstetter, T. B.; von Gunten, U.; Wehrli, B., Global Water
Pollution and Human Healtinnual Review of Environment and Resoupfd®,35, (1), 109136.

2. Kummerer, K., Pharmaceuticals in the EnvironmentAimual Reviewof Environment and
Resources, Vol 3&adgil, A.; Liverman, D. M., Eds. Annual Reviews: Palo Alto, 2016+pp 57

3. Fenner, K.; Canonica, S.; Wackett, L. P.; Elsner, M., Evaluating Pesticide Degradation in the
Environment: Blind Spots and Emerging Oppuoities. Scienc&013,341, (6147), 752/58.

4. Schwarzenbach, R. P.; Gschwend, P. M.; Imboden, DEmMironmental organic chemistry
second edition ed.; John Wiley & Sons, Inc.: New Jersey, 2003; p 1313.

5. Bort, R.; Macé, K.; Boobis, A.; GorhezhonM. a-J.; Pfeifer, A.; Castell, J., Hepatic metabolism

of diclofenac: role of human CYP in the minor oxidative pathvBigehemical Pharmacolody99,58,

(5), 78#796.

6. Ternes, T. A., Occurrence of drugs in German sewage treatment plants and Vilates.
Researci998,32, (11), 32453260.

7. Heberer, T., Tracking persistent pharmaceutical residues from municipal sewage to drinking
water. J. Hydrol2002,266, (3-4), 175189.

8. Salomon, M., Pharmazeutische Wirkstoffe und Umweltschu#/SF Z Umweltbem Okotox
2007,19, (3), 155167.

9. BLAC, B. L. f. C., Arzneimittel in der Umwelt, Auswertung der Untersuchungsergebraisse

und Hansestadt Hamburg, Behdrde fur Umwelt und Gesundheit, Institut fur Hygiene und Umwelt, im
Auftrag des Bund/Landeraussdses fur Chemikaliensicherheit (BL2GDR

10. Ternes, T.; ROmbk&jnal Report Behaviour of selected human and veterinary pharmaceuticals

in aquatic compartments and sodBA Rport2001

11. Fent, K.; Weston, A. A.; Caminada, D., Ecotoxicology of human pharmacef@ticalls. Toxicol.
2006,76, (2), 122159.

12. Schwaiger, J.; Ferling, H.; Mallow, U.; Wintermayr, H.; Negele, R. D., Toxic effects of-the non
steroidal antiinflammatory drug didfenac Part 1: histopathological alterations and bioaccumulation in
rainbow trout. Aquat. Toxicol2004,68, (2), 141150.

13. Triebskorn, R.; Casper, H.; Scheil, V.; Schwaiger, J., Ultrastructural effects of pharmaceuticals
(carbamazepine, clofibric acignetoprolol, diclofenac) in rainbow trout (Oncorhynchus mykiss) and
common carp (Cyprinus carpidnalytical and Bioanalytical Chemis#§07,387, (4), 14051416.

14. Ericson, H.; Thorsén, G.; Kumblad, L., Physiological effects of diclofenac, ibupndfen a
propranolol on Baltic Sea blue mussélguat. Toxicol2010,99, (2), 223231.

15. Oaks, J. L.; Gilbert, M.; Virani, M. Z.; Watson, R. T.; Meteyer, C. U.; Rideout, B. A.; Shivaprasad, H.
L.; Ahmed, S.; Chaudhry, M. J. I.; Arshad, M.; Mahmood, & ;;Alhan, A. A., Diclofenac residues as the
cause of vulture population decline in PakistBliature2004,427, (6975), 636633.

16. Kunkel, U.; Radke, M., Reactive Tracer Test To Evaluate the Fate of Pharmaceuticals in Rivers.
Environmental Science & Teokogy2011,45, (15), 62965302.
17. Li, Z.; Maier, M. P.; Radke, M., Screening for pharmaceutical transformation products formed in

river sediment by combining ultrahigh performance liquid chromatography/high resolution mass
spectrometry with a rapid datgrocessing methodAnalytica Chimicécta2014,810, 61-70.

18. Kern, S.; Fenner, K.; Singer, H. P.; Schwarzenbach, R. P.; Hollender, J., Identification of
transformation products of organic contaminants in natural waters by comgaitked prediction and
high-resolution mass spectrometrienviron. Sci. Techn@009,43, (18), 70397046.

19. Helbling, D. E.; Hollender, J.; Kohler, H. P. E.; Singer, H.; Fenner, Khréligput
Identification of Microbial Transformation Products of Organic Micropollutdgtsironmental Science &
Technology010,44, (17), 66216627 .

14/ LI



20. Groning, J.; Held, C.; Garten, C.; Claussnitzer, U.; Kaschabek, S. R.; Schlomann, M.,
Transformation of diclofenac by the indigenous microflora of river sediments and identification of a
major intermediate Chemospher2007,69, (4), 509516.

21. Zwiener, C.; Seeger, S.; Glauner, T.; Frimmel, F. H., Metabolites from the biodegradation of
pharmaceutical residues of ibuprofen in biofilm reactors and batch experimeitslytical and
Bioanalytical Chemistr3002,372, (4), 569575.

22. Loffler, D.; Rombke, J.; Meller, M.; Ternes, T. A., Environmental fate of pharmaceuticals in
water/sediment systemsEnvironmental Science & Technol@§¥5,39, (14), 5209%218.

23. Deisingh, A., Counterfeit drugShem. Ind2004, (6), 16+.

24, Everts, S., FAKE PHARMACEUTIChAd¢i8ical & Engineering Ne2@10,88, (1), 2729.

25. Elsner, M.; Jochmann, M. A.; Hofstetter, T. B.; Hunkeler, D.; Bernstein, A.; Schmidt, T. C.;
Schimmelmann, A., Current challenges in compesipecific stable isotope atysis of environmental
organic contaminantsinal. Bioanal. Cher2012,403, (9), 24712491.

26. Wokovich, A. M.; Spencer, J. A.; Westenberger, B. J.; Buhse, L. F.; Jasper, J. P., Stable isotopic
composition of the active pharmaceutical ingredient (ARIPrmoxen.J. Pharm. Biomed. An&l005, 38,

(4), 781784.

27. Jasper, J. P.; Weaner, L. E.; Duffy, B. J., A preliminarystabléisotopic evaluation of three
synthetic pathways of Topiramaté. Pharm. Biomed. An2005,39, (1-2), 6675.

28. Weller, B; Boner, M.; Foerstel, H.; Becker, H.; Peikert, B.; Dreher, W., Isotopic Fingerprinting for
the Authenticity Control of Crop Protection Active Compounds using the Representative Insecticide
Fipronil.Journal of Agricultural and Food Chemi&®y 1,59, (9, 43654370.

29. Zhang, L.; Kujawinski, D. M.; Federherr, E.; Schmidt, T. C.; Jochmann, M. A., Caffeine in Your
Drink: Natural or Synthetic®nalytical Chemistr012,84, (6), 28052810.

30. Elsner, M.; Zwank, L.; Hunkeler, D.; Schwarzenbach, R. Pw Aoneept linking observable

stable isotope fractionation to transformation pathways of organic pollutaiisviron. Sci. Technol.
2005,39, (18), 68965916.

31. Elsner, M., Stable isotope fractionation to investigate natural transformation mechanisms of
organic contaminants: principles, prospects and limitatiah€nviron. Moni2010,12, (11), 20082031.

32. Schmidt, T. C.; Zwank, L.; Elsner, M.; Berg, M.; Meckenstock, R. U.; Haderlein, S. B., Gompound
specific stable isotope analysis of organic contaminants in natural environments: a critical review of the
state of the art, prospects, and future challengasal. Bioanal. Chen2004,378, (2), 283300.

33. Spahr, S.; Huntscha, S.; Bolotin, J.; Maier, M. P.; Elsner, M.; Hollender, J.; Hofstetter, T. B.,
Compoundspecific isotope analysis of benzotriazole and its derivatidemlytical and Bioanalytical
Chemisty 2013,405, (9), 28422856.

34. Krummen, M.; Hilkert, A. W.; Juchelka, D.; Duhr, A.; Schluter, H. J.; Pesch, R., A new concept for
isotope ratio monitoring liquid chromatography/mass spectrometRapid Communications in Mass
Spectrometr2004,18, (19),2260-2266.

35. Kujawinski, D. M.; Zhang, L.; Schmidt, T. C.; Jochmann, M. A., When other separation techniques
fail: compoundspecific carbon isotope ratio analysis of sulfonamide containing pharmaceuticals by high
temperatureliquid chromatographysotope ratio mass spectrometryAnalytical Chemistr012, 84,

(18), 765663.

36. Aelion, C. M.; Hohener, P.; Hunkeler, D.; Araven&Rironmental Isotopes in Bioremediation

and BiodegradationCRC Press: 2009.

37. Hartenbach, A. E.; Hofstetter, T. B.; Teier, P. R.; Canonica, S.; Berg, M.; Schwarzenbach, R.
P., Carbon, hydrogen, and nitrogen isotope fractionation during -lighiced transformations of
atrazine.Environ. Sci. Techn@D08,42, (21), 77517756.

15/ LI



COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND ANGESIRBANHAR OF MICROPOLLUTANTS

38. Meyer, A. H.; Penning, H.; Elsner, @.and N isotope fractionation suggests similar mechanisms

of microbial atrazine transformation despite involvement of different Enzymes (AtzA and ErgiNpn.

Sci. TechnoR009,43, (21), 80798085.

39. Meckenstock, R. U.; Morasch, B.; Griebler, Ghriew, H. H., Stable isotope fractionation
analysis as a tool to monitor biodegradation in contaminated acquife@ontam.HydroR004,75, (3-4),
215255.

40. Wong, C., Environmental fate processes and biochemical transformations of chiral emerging
organic pollutants Analytical and Bioanalytical Chemis2§06,386, (3), 544558.

41. Muller, T. A.; Kohler, H. P. E., Chirality of pollutaréffects on metabolism and fatépplied
Microbiology and Biotechnolo@004,64, (3), 300316.

42, Hashim, N. H.Shafie, S.; Khan, S. J., Enantiomeric fraction as an indicator of pharmaceutical
biotransformation during wastewater treatment and in the environmenta review. Environmental
Technology010,31, (12), 13491370.

43. Seffernick, J. L.; Reynolds, E.; FedpoA. A.; Fedorov, E.; Almo, S. C.; Sadowsky, M. J.; Wackett,
L. P., Xay Structure and Mutational Analysis of the Atrazine Chlorohydrolase Jozikhal of Biological
Chemistry2010,285, (40), 3060630614.

44, Buser, H. R.; Poiger, T.; Muller, M. Occurrence and environmental behavior of the chiral
pharmaceutical drug ibuprofen in surface waters and in wastewakmvironmental Science &
Technology1 999,33, (15), 2522535.

45. Muller, M. D.; Buser, H. R., Conversion reactions of various phenoxyalkanoic acid herbicides in
soil .1. Enantiomerization and enantioselective degradation of the chiatheBoxypropionic acid
herbicides Environmental Science & Technold§97,31, (7),19531959.

46. Buerge, I. J.; Poiger, T.; Muller, M. D.; Buser, H. R., Enantioselective degradation of metalaxyl in
soils: Chiral preference changes with soil BHvironmental Science & Technol@§p3,37, (12), 2668

2674.

47. Muller, R. H.; Hoffmann, D.Uptake kinetics of 2;dichlorophenoxyacetate by Delftia
acidovorans MC1 and derivative strains: Complex characteristics in response to pH and growth
substrate.Biosci. Biotechnol. Bioche@006,70, (7), 16421654.

48. Siriphongphaew, A.; Pisnupong, Wpngkongkatep, J.; Inprakhon, P.; Vangnai, A.; Honda, K.;
Ohtake, H.; Kato, J.; Ogawa, J.; Shimizu, S.; Urlacher, V.; Schmid, R.; Pongtharangkul, T., Development of
a wholecell biocatalyst c@xpressing P450 monooxygenase and glucose dehydrogenasatioesig of
epoxyhexaneAppl. Microbiol. Biot2012,95, (2), 357367.

49, Meier-Augenstein, W., Stable isotope analysis of fatty acids by gas chromatogsapiye

ratio mass spectrometnAnalytica Chimica Actz002,465, (1-2), 6379.

50. Rieley, G., @&rivatization of Organi€ompounds Prior to GaShromatographic Combustien
Isotope Ratio MasSpectrometric Analysis Identification of Isotope Fractionation Processésalyst
1994,119 (5), 915919.

51. Reinnicke, S.; Bernstein, A.; Elsner, M., Smadl Reproducible Isotope Effects during
Methylation with Trimethylsulfonium Hydroxide (TMSH): A Convenient Derivatization Method for
Isotope Analysis of Negatively Charged Moleculeslytical Chemistr2010,82, (5), 201220109.

52. Cherrah, Y.; Falconnek, B.; Desage, M.; Brazier, J. L.; Zini, R.; Tillement, J. P., Study of deuterium
isotope effects on protein binding by gas chromatography/mass spectrometry. Caffeine and deuterated
isotopomers Biomedical & environmental mass spectromédi®g7,14, (11).

53. Morasch, B.; Richnow, H. H.; Vieth, A.; Schink, B.; Meckenstock, R. U., Stable isotope
fractionation caused by glycyl radical enzymes during bacterial degradation of aromatic compounds.
Applied and Environmental Microbiolog@04,70, (5), 29352940.

16/ LIl



54. Mundle, S. O. C.; Johnson, T.; Lacra@peloume, G.; Perete-Mora, A.; Duhamel, M,
Edwards, E. A.; McMaster, M. L.; Cox, E.; Revesz, K.; Sherwood Lollar, B., Monitoring Biodegradation of
Ethene and Bioremediation of Chlorinated Ethenes at a Contted Site Using Compour&pecific

Isotope Analysis (CSlEnvironmental Science & Technol@@2,46, (3), 17311738.

17/ L1



COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND ANGESIRBANHAR OF MICROPOLLUTANTS

2

C & N ISOTOPEANALYSIS OF
DICLOFENAC TO DISTINGUISH
OXIDATIVE AND REDUCTIVE
TRANSFORMATION AND TO TRACK

COMMERCIAL PRODUCTS

Maier, M. P.; De Corte, S.; Nitsche, S.; Spaett, T.; Boon, N.; Elsner, M., C & N Isotope Analysis of

Diclofenac to Distinguish Oxidative and Reductive Transformation and to Track Commercial Products.
Environmental Science & Technology, 2014. 482@1)22320.

Reprinted withpermission Copyright (2013) American Chemical Society.

18/ LIl



2.1 Abstract

Although diclofenac is frequently found in aquatic systems, its degradability in the environment
remains imperfectly understood. On the one hand, evidence from eanation analysis alone is
inconclusive if an unknown hydrology impedes a distinction between degradation and dilution. On the
other hand, not all transformation products may be detectable. As a new approach we therefore
developedGGIRMS (gashromatography- isotoperatio massspectrometry) analysis for carbon and
nitrogen isotope measurements of diclofenac. The method uses a derivatization step that can be
conducted either online or offline, for optimized throughput or sensitivity, respelstide combination
with on-column injection the latter method enables determination of diclofenac isotope ratios down to
the subBglL™ range in environmental samples. Degradation in an aerobic sedimater-system
g K S N&idotenatNdedhidridaiidn @ S
| Sy0S Rdz ¢

showed strong nitrogen isotope fractionah Ey=-1 ®M': 0 =

was associated with significant carbon isotope fractionatigr¢(H ® :': 0 © St S

analysis bears potential not only to detect diclofenac degradation, but even to distingoith
transformation pathways in the environment. In an explorative survagalysis of commercial
diclofenac products showed significant differences in carbon and nitrogen isotope ratios demonstrating
a further potential to track, and potentially even asethticate, commercial production batches
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2.2 Introd uction

Diclofenac is one of the most popular painkillers and-aritammatory agents in the world with a
yearly consumption in Germany, for example, oft86n the downside, it enters the environment via
sewage treatment plants or runoff from fields as a consequence of artificial rechiafidere, it has the
potential to bioaccumulate in mussels and inhibit their groto harm rainbow trouf, and it has been
linked to the eradication of whole vultarpopulations® While its importance is emphasized by the fact
that the European Union recently proposed to add it to the list of priority pollutahis assessment of

its degradability in the environment remains a major challenge.

Concentration measureants alone are often inconclusive, because in rivers or groundwater it is
typically difficult to obtain a closed hydraulic mass balance. To this end the hydrology has to be very well
understood, including parameters like flow velocity,- @ad infiltration Without this data it is not
possible to distinguish between a concentration decrease along a stretch of a river due to degradation
or due to dilution by infiltrating groundwatéef.In addition, evidence about transformation pathways is
needed, and also his information is not accessible from concentration measurements alone.
Transformation products may deliver insigfif, but in the case of pharmaceuticals many of them are
unknown and may in addition not be detectable because they are further transthtné A common
approach to assess degradation processes is the determination of degradation kinetics and the analysis
of transformation products in sedimentater tests™>*’ Although they can be used to compare the
degradation kinetics of differerdtompounds under the same conditions, the results depend strongly on
the selected setup and sedimetftOwing to this fact, and due to the heterogeneity of geochemical
boundary conditions at field sites it is very difficult to extrapolate results from thalsecale tests to a

larger scale like a river stretch.

Compound specific isotope analysis (CSIA) has the potential to provide a new, complementary
handle to assess degradation of environmental pollutafits This approach relies on isotope analysis of
the original contaminant, without the need of metabolite analysis. Isotopes are contained in chemical
bonds where they are not susceptible to isotopic exchange so that isotope ratios do not change in the
absence of degradation. If these bonds are brokenmdu(bio)chemical transformation, however, bonds
with light isotopes typically react slightly faster than bonds with heavy isotopes (kinetic isotope effect,
KIE}? Consequently the remaining substrate molecules contain on average increasingly more heavy
isotopes. This enrichment of heavy isotopes in the original contaminant (as reflectég/ifC, or

3N/*N) may therefore provide an independent line of evidenéé&degradation, even if products are
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not detected.Furthermore, dilution leaves isotope ratios unaffected, while it can cause false positives in
assessments based on concentration d&tdherefore, degradation can be investigated even if the
hydrologi@l mass balance is not closed and data interpretation does depend on hydrological
investigations such as tracer tests. As additional virtue, CSIA can deliver even insight into reaction
mechanisms if isotopes of two or more elements are analyzéthe reason is that different (bid
chemical reactions involve specific bonds containing different elements so that isotope effects are
observed specifically for those elements in the bond that is reacting. Previous work on isoproturon,
atrazine, and BARI?" has shown that isotope analysis of two elements (mmensional isotope
analysis) has the potential to elucidate different transformation pathwafypesticides However, to

date there is no study available about the investigation of pharmaceutical datpacby CSIA.

The first aim othe presentstudy was, therefore, to establish a GRMS method for diclofenac
that can serve as a tool to distinguish degradation pathwaysnalyzing carbon and nitrogen isotope
values. To this end a method was develophdt features an online or offline-derivatization step,
dependingon whetherfast or sensitive analysis required. The second aim was itovestigate isotope
fractionation in two degradation test systems. This proof of principle study was conductedai@)oixic
sedimentwater-system to assess isotope fractionation under environmentally relevant conditions and
(b) for reductive dechlorination under reducing conditions. To investigate the potential for source
tracking and degradation assessments in figladies, finally, we conducted two additional explorative
tests. On the one hand wexamineda limited number ofcommercial diclofenac producgtas an
indicator of the isotopic variability oficlofenac sources in the environmer®n the other hand we
made a feasibility test to investigate the potential to analyze diclofenac in low concentrations in the

presence of matrix interferences from actual environmental samples.

2.3 Materials and Methods

2.3.1 Chemicals

A complete list of chemicals used in this study can be found in the supporting més¥al ).

2.3.2 Purification of Commercial Pharmaceutical Products and Treatment for
Isotope Analysis

Commercial diclofenaproducts were directly analyzed via onligierivatzation GARMS (see

below) after dissolving powdered tablets or gels in methanol and subsequently filtering them through
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PTFE filters (042M, Carl Roth, Karlsruhe). For-BMS analysis conducted to obtain reference values

for comparison with the GGRMS resultsg samples were also purified using column chromatography.
This procedure was necessary to eliminate any additional carbon and nitrogen sources in the gels or
tablets which are automatically separated out in the-@€&thod, but which would interfex in the EA

IRMS analysis. To this end, powdered tablets and gel products were dissolved in methanol and eluted
through a glass column (36010mm, Lenz) filled with silica gel 43 um, Merck, Darmstadt). The
eluent was pentane:ethylacetate:acetic adi6:30:1 (v/v/v). Fractions were collected and their purity
was controlled with thin layer chromatography. All fractions containing diclofenac were mixed and
evaporated to dryness under,Mind subsequently analyzed on an elemental analyzer (EURO EA, Euro
Vector Instruments) coupled to a Finnigan M233 isotope ratio mass spectrometer (Thermo Fisher

Scientific, Bremen, Germany).

2.3.3 Aerobic Biodegr adation Experiment

Biodegradation of diclofenac was investigated at a concentration ofug®din river water
exposed to river sediment in three |5 replicates with one b sterile control. River water and sediment
were sampled from the Isar river close to Garching (Germany), wet sievaohil@nd filled in & glass
bottles (n=4). The background concentration othkbfenac in the natural water was below the limit of
detection (LngL?"). The sediment:water ratio was 1:4 (v/v) and bottles were incubated in the dark at
12°Con a horizontal shaker (8@pm) and aerated with filtesterilized air (~ 10ehLmin™ per bdtle).

The system was equilibrated at 1€ and the sediment was allowed to settle for ameek Then the
supernatant was removed and Isar water from the same sampling event was spiked with diclofenac
(c=450ug LY and filled into triplicate bottles eactontaining sediment. A sterile control was prepared

by autoclaving sediment in a fourth bottle (12@, 20min. 3 bar), adding Isar water containing
diclofenac (c450pugL™") and supplemental NaNc=1gL"). As expectel, the diclofenac concentration

in this sterile control remained constant over time demonstrating that neither abiotic degradation nor
sorption processes were relevant for the dissipation of diclofenac (data not shown). No additional sterile
controls were therefore included. During 8@y$ 14 samples (1r6L) were taken out of each bottle and
filtered through PTFE filters (Ou2n) for concentration and transformation product analysis with liquid
chromatography/taném mass spectrometry (LC/MBS, A3S2). At selected time points additional
samples were withdrawn for isotope analysis. Increasing sampling volumes2(811) were taken with
decreasing residual concentrations to obtain sufficient amounts for precise CSIA. These samples were

enriched and purified using solid phase extracti®FE). To this endamples were brought to pH0.5
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with NaOH (1M) and passed through Chromabond-HRSPE anion exchange cartridgem(6 150mg,
Macherey & Nagel, Diren, Germany; for recovery rates see Supporting InformaBss3.
Subsequently, cartriges were eluted with methanol (2% formic acid), samples were evaporated,
redissolved in 50QL methanol and stored a0 °C until GEARMS analysis.

2.3.4 Dechlorination Experiment

To mimic reductive dechlorination, diclofenac was transformed pinkhe presere of Au/Pd
nanoparticleswhich had been coated on microorganisms described by De Corte et®alBriefly, a
culture of Shewanellaoneidensiswas grown in Luria Bertani medium and subsequently washed and
resuspended in M9 medium to an optical densityloat 610 nm. P¢ll) and Au(lll) were added to
concentrations of 5GngL* and 1mgL", respectively and then reducedby exposure toH,for 48h.
Diclofenac was addedesulting inan initial concentration of 20 mgtand the headspace of the serum
flaks was filled with H Samples were withdrawn with gyringe, filtered through a 0.22m filter, and
quantifiedby HPL@V according to De Corte et?l.

2.3.5 Online Derivatization GGIRMS Analysis

To make the analyte diclofenac amenable to gas chromatographic analysis, the polar carboxyl
group was converted into a methgbkter. Online derivatization with trimethylsulfonium hydroxide
(TMSH, 0.2 in methanol) was conducted as described previddsty Previous result§’ and data of
this study (see Supporting Informati@8-S4) show that the molar excess of TMSH is a crucial parameter
for isotope measurements; TMSH was, therefore, added to the samples prior to injection with a molar
excess of at leas300. Between L and 10QL of the analyte/TMSH mixture were injected into a
temperature programmable injector (OpticSC High Power Injection System, ATAS GL International
B.V., Veldhoven, Netherlands) equipped with a large volume liner containirgy fleads (PAS
Technolog, Magdala, GermanyAfter evaporation of the solvent, the split flow was set to zero for 5
minutes and the injector was heated from 40 to 300°C at 10°Cs™. This flash heating triggered the
methylation of diclofenac and transfred the formed methyldiclofenaconto the gaschromatograph
(TRACE GC Ultra gas chromatograph, Thermo Fisher Scientific, Milan, ltaly) equipped vaittotuDiR
(30m x 0.25mm or 0.32mm, 1um film thickness, J&W Scientific, Folsom, Canada). Thal ioi&n
temperature was 80C (1mif, ramped t0200°C with a rate of 17C mift and then at €Cmin™ to
300°C (held for 2nin). After chromatographic separation diclofenac was combusted in a Finnigan GC

combustion interface (Thermo Fisher Scienteemen, Germany) to G@nd N with a NiO tube / CuO
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NiO reactor operated at 103 (Thermo Fisher Scientific, Bremen, Germany). Isotope values ah€CO
N, were determined with a Finnigan MAT 253 isotope ratio mass spectrometer (Thermo Fisher Scientific
Bremen, Germany). Three monitoring gas peaks were meadweéate and after every run. These
monitoring gas peaks were used to correct isotope values to the international standards, Vienna PeeDee
Belemnite for carbon (Eq-B) and air for nitrogen isotags (Eq. 2):

o1 6 61 O

1o 8T 6 @)

Y 37 07
Pe 67 © @2

2.3.6 Offline Derivatization - Splitless Injection

An offline derivatization method was established as alternative to the online derivatization
method  lower the limit of precise isotope analysis described previously for polar herbicitfes
Briefly, samples were filtered (0.2@n) and evaporated in &L amber tass vials to dryness under a
gentle stream of Bl After adding 40QL of BE(10% in methanol), the vials were incubated fan &t
40°C. After cooling the remaining reactant was quenched with AOMilliQ water, the methylated
analytes were extractedhtee times with 50QL nhexane, transferred to a new vial and evaporated
under a gentle stream of JWithout heating The aqueous phase was disposefin a canister of
NaOH to quench the toxicity of HF. The dried hexane extract was redissolvedipLIbBexaneand
between 1puL and8puL were injected splitlesat 280°C into a split/splitless injector (Thermo Fisher
Scientific, Milan, Italy)After one minute, the split ratio was switched to 1:18s shownin the
supporting materialA3-S5) he elevated injection volume did ndbias isotope analysis. Thgector was
connected to the same GIRMS system and operational conditions, as well as data evaluation were the

same as described above.

2.3.7 Offline Derivatization -On-Column Injection

Since orcolumn injection is known to be a most sensitive injection technique, a method
established for atrazine was adapted to diclofeff@Briefly, offlinederivatized samples were injected at
40°C in gorogrammable injector (Opti8-SC High Power Injection SystemASTGL International B.V.,
Veldhoven, Netherlands) equipped withn oncolumn liner (A100129; ATAS GL International,

Eindhoven, the Netherlands) pressed directly onto a fusiédamethylsilyl retention gap
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(3mx0.53mm inner diameter, Chromatographie S8se GmbH, Langerwehe, Germany). The injector
temperature was initially at 46C 6 min) and then ramped to 286C at 2 °G". The column flow was set
to 0.3mLmin™ to gentle blow off the solvent inside the retention gap ifin) and then ramped to
1.4mLmin™ within 120s. The GC was equipped with the same®&blumn as above, but with a
modified oven program: 40C & min) to 200°C with 177Cmin.", then ramped to 270 °C at°€min™

(20 min) and finally at 10Cmin.* to 290°C 10 min). Theoperational condition®f the combustion unit

and thelRMS system weras described above.

2.3.8 Extraction and Purification from River Water Samples

Todetermine the applicability of isotope analysis of diclofenac to field samplésaf@pikediver
water wer analyzed (¢ 1pgl?). After filtration (glass fiber No.6, Schleicher & Schiill) the sample was
split into ten 1L aliquots and subjected to solid phase extraction (SPE) as described in the
biodegradation experiment (splitting of the sample was condudtedrevent a potential overloading of
the SPE cartridge). Unified SPE extracts were evaporated, redissolved iM&OH:ED 1:1 (pH2) and
purified by preparative HPLC to minimize matrix interferences (for detailsASE85). After offline
derivatization G and Nisotope ratios were analyzed by -@olumn injection GARMS as described

above.

2.3.9 Post-Measurement Correction of Carbon Isotope Ratios

A crucial factor for isotope analysis is the performance of the combustion reactor in HiRNEE
system since fevious work has shown that those reactors may produce drifts in isotope values during a
long sequence of samplé$ A diclofenac lab standard was therefore frequently measured and, when
necessary, used to correct sample values for such drift as desgpitesibusly®® ** In addition, the
methylation of diclofenac introduces an extra carbon atom into the molecule changing its bulk carbon
isotope ratio. To correct for this shift af°C, standards and samplegere derivatizedwith the same
batch of TMSH or methanolic BFespectively, and isotope values of diclofenac were subsequently
corrected using E@-3 and Eqg2-4. Specifically, EQ-3 was used to calculate the isotope ratio of the
introduced methyl groupd*CMe)). We note thatd*C(Me)needs not be true in absolute terms, but is a
necessary parameter for thimllowing correction of diclofenacaw data (see below), which adheres to
the identical treatment of sample and standard. (i) The isotope ratio of the lab stdnazs determined

on EAIRMS (14 @toms) to obtain the isotope ratio of the diclofenac moié®iclofenag.,). (ii) This
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value was subtracted from the GRMS measurement of the methylated diclofenac stand@tée-

Diclofenags 15 Gatoms).
1 60Q pul 60Q 0QOAE QPTG 6 0OQOA £ "QQE Od  (2-3)
(i) Subsequently, isotope values of samplgS( Diclofenagamy) were corrected using the'’Ce)

value of the standard measurements thiatacketed their analysisds can be deduced from Gaussian

error propagatiori’ the uncertainty ofd*C(Me) in Eq.2-3is reduced by a factor of 14 in Ex4.

e g _L.PUVT O0DQ 0QDAEQQE OGP | 60 Q (2-4)
7 0 00Qwae QQe Www
PT
2.3.10 Evaluation of Isotope Fractionation

Bulk enrichment factoré “ware calculated using the linearized Rayleigh equatitm?2-5), which

links isotope ratios at the beginning{G,) and after timet (d*3G) to the remaining substrate fractidi=
(G/&).

16 p . 6 (2-5)

CNRY s Lspetifie appdiehtkiyietic isotope effect (AKIE) can be estimated for diclofenac

degradation according to

5000 & - p (2-6)

(Eg. 21 in Elsnest al) *°. Because therés only one nitrogen atom, but there are 14 carbon atoms

in diclofenac, the expressions are

0L 00 P - p (2-7)

o000 PT - P (2-8)
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2.3.11 Evaluation of Degradation Kinetics

For the degradation experimentdissipation rate were determined with a pseudo firsbrder
kinetic approachTo this end the logarithm was taken of the fraction (G/Cp) of remaining diclofenac
and plotted against time.The resultingslope of the linear regressiorcurve represents a pseudérst
order dissipation constant & which was used to @alate a dissipation time (dt50;dE2-9). The

standard error of kswas used to estimatéhe uncertainty of the dt50.

Qomn —= (2-9)

2.4 Results & Discussion

2.4.1 Method Validation & Quantification Limit

Seven diclofenac products were purified on a silica column, analysed-tRMBo m = $72) n ®
and compared to parallel onlingerivatization GERMS measurements. Good agreement between both
approaches was observed for both elements (TaH, Fig.2-1a, 2-1b). At the cost of slightly lower
precision (see below), the onlirgerivatization GERMSmethod is much faster and can facilitate high
throughput analysis of commercial drugs compared telEMS. It saves resources because no offline
preparation is required except dissolving and filtering. FurthermoreIRBLS has a higher
chromatographic reslution than the packed silica column used for preparation prior telFAS
analysis. The greatest advantage of-IBBIS, however, is its excellent sensitivity. A singldREAS
analysis needs 80y diclofenac to analyzé™C andd"N simultaneously. Ieontrast only 60ng (33ng
Cm  nhmr:0 | NB ySSRSRIRMSa g @D@INA 2y dPE NI T2 N yAGNR IS
online-derivatization.For even better sensitivity in the analysis of environmental samples thERBIS

guantification limits ca be further lowered by two strategies.

(a) Online derivatizatiorwith TMSHusing large volume injectioWith the use ofdrge volume
injection in combination with online derivatization the solvent is evaporated in the injector prior to
heating of the iket. For isotope analysis of benzotriazole it was shown that this makes injection volumes
of up to 100uL possiblé® While this approach is fairly easy to adapt by prolongation of the-pease
prior to the heating of the injector, it consumes a largdunoe of precious sample that would be

needed for replicate analysis or analysis of a second element.
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Table 2-1: Isotope values of direct online-derivatization GC-IRMS analysis & silica-column purified EA-
IRMS measurements; errors are given as precision of replicate measurements (n = 3-6); the total

uncertainty
analyzed.

Letter Producer

A Hexal

B Hexal

C Dolorgiet
D Betapharm
E Novartis

F Novartis

G Novartis

H ratiopharm
S

(20) of the

Product

Diclac Dispers (2004)
Diclac Dispers (2012)
DolgitDiclo

Diclo dispers
Voltaren Retard
Voltaren Dispers
Voltaren Emulgel

Diclofenaeratiopharm Gel

Sigma Aldrich Lab standard

GC | RMS

d“c

GGIRMS
6:: 0

27.1+0.1
-30.0+0.3
-30.3+0.2
-30.3+ 0.3
-30.6 + 0.3
-31.0+0.2
-29.3+0.5

-28.4+0.3

-26.4+0.3

d“c
EAIRMS
6:: 0
-27.2+0.1
-30.5+0.1
-30.2+0.1
-31.0+0.1
-30.9+0.1
NA
-29.3+0.1

NA

-26.4+0.1

and EA

d"™N
GGIRMS
6:: 0
-0.7+0.4
-3.2+0.3
2.2+0.2
-2.3+0.3
2.6+0.7
-2.8+0.5
0.0+0.1

-0.6+0.5

-1.1+0.2

Il RMS m

d™N
EAIRMS
6:1: 0
-0.7+0.1
-3.3+0.1
2.6+0.1
2.0+0.1
-3.2+0.2
NA
-0.3+0.1

NA

-1.1+0.1

(b) Offline derivatization and subsequent injectioto a hot splitlessinjector. A more efficient

strategy is the combination of offlinmethylation with splitless injectioio maximize derivatization

yield and peak lgrpness in comparison to online derivatizatidith this technique reliable isotope

measurementave been tested, and found to be possible dowd@mg (ngCm ™ n 'z 0 F2 NJ OF ND

and 600ng (30ng Nom™  I' ndm': 0

(See AowidefieNder\S pts in the Supporting

Information A3-S7 as well as the finding that injecting up tpl8splitless does not bias isotope ratios,

Supporting InformatiorA3-S5). The quantification limit can be further lowered Wflime derivatization

and subsequent ogolumn injectionas previously shown for atraziféThis technique increases the

guantification limit by a factor othree (3ng G 10ng N)in comparison to splitless injectiolhese

amounts correspond to 708g and 4ug diclofenac that are needed in tot&r one sample that is

subjected to carbon and nitrogen isotope analysis, respectively (final sample voluple #fjection

volume 2uL).
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In conclusion, the two derivatization methods complement each otfieely. If the focus is on
fast and safe analysis where no HF is formed during preparation (e.g. for product analysis in laboratory
studies) onlinemethylation is preferable. In contrast, if a low quantification limit for isotope analysis is
essential, ags the case for environmental samples, offline derivatization withcolmmn injection
delivers excellent sensitivity. Because the degradation experiments of this study were conducted in the

lab without the need for extra sensitivity they were analyzeshgshe onlinederivatizationmethod.

2.4.2 Source Variability and Potential for Source Tracking

Knowledge aboutsotope ratios of diclofenac products is important to be aware of the variability
of diclofenac sources the environment, such as sewage treatmentspliforeover, it was shown that
especially Nsotope analysis of micropollutants has the potential for sousgpointment in the
environment.* Specifically,dr pharmaceutical products such as aspirin, ibuprofen or naproxen, it has
been shown that the aalysis of stable isotope ratios can be used as a fingerprint for product
authentication and to track sourcé&® In one case it was even possible to determine the location of an

illegal production site by evidence from isotope anal§fis.

Given that ourmethod allows isotope analysis of diclofenac in complex matrices, at low
concentrations (Bfmethod) and without laborious sample preparation (TMSH method), we conducted
an explorative survey to investigate the typical variability of diclofenac sourmpiseatios. To this end,
two or three aliquots of nine products were analyzed twice by oniflegvatization GERMS. The
results are shown in TableR2and Figur@-1c as a duatlement isotope plot. Different tablets or gel
aliquots from the same prodadid not show a higher deviation than replicate analysis of one aliquot,
reflecting a homogeneous isotope distribution within the products. Consequently all aliquot
measurements were summarized and treated as one sanlpletotal range of isotope ratiog | a p::
andn:’: F2NJ OFNb2y YR YyAGNRISY>S NBaLISOGAGSteod

This relatively low source variability is similar to the study of Jasper‘ewlo analyzed a larger
data set of 53 topiramate (&4,;NQS) products with EARMS and found a range 9f 8for both carbon
and nitrogen. In terms of source appointment Fig@réc shows that the analysis of twalements
clearly enhances resolution and most of the products can be distinguished in a dual iptiitbdeotope
values of some products were quitkse, e.g. of product E and F from the same producer or of E, C and
D from different producers. This may be explained by the fact that diclofenac is often synthesized by the

same pathway and raw materials so their isotope values may coincide. The sanies d@ppivo
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companies share the same supplier. In contrast, in other cases differences were greater, and in one case
a clear shift of carbon and nitrogen isotope ratios was detected for exactly the same product (A+B) of
the same company sold in differentams. The date of expiry differed by eight years for both batches
and therefore likely reflects a change in either production pathway or materials used in synthesis. An
isotope shift due to aging is unlikely because peak amplitudes in analysis of equaitarfrom both
batches were similar. If isotope fractionation had been caused by degradation this would have been

reflected in smaller peaks.
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Figure 2-1. Comparison of six products and the lab standard (S) analyzed by EA-IRMS and GC-IRMS for

carbon (a) and nitrogen analysis (b). In total eight products (A-H) and the reference standard (S) were
measured by GC-IRMS (c) and shown as a dual isotope plot. Given are mean vales (n= 3-6) and
confidence intervals (0.95) for carbon and nitrogen isotopes and the dotted line represents the uncertainty

of the slope as N 2ua.

In conclusion, although not possible in all cases, a distinction based on isotope values was accomplished
for the majority of the pharmaceutical products. Our finding therefore shows the potenbial f
producers to track batches and even to verify their products if raw materials for production are chosen
carefully and isotope ratios of manufactured products are recorded. From an environmental perspective
the relatively narrow isotope range has two s@guences. On the one hand it limits the application of
CSIA for source appointment. The reason is that except for hospital effluents, usually several producers
are mixed and the uncertainty of field sample analysis is often higher than for relativetyasidahighly
concentrated pharmaceutical products. On the other hand this low variability is beneficial for an easier
characterisation of the initial isotope ratio in degradation studies with a variable input, such as the

outflow of a sewage treatment plén
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2.4.3 Isotope Fractionation During Degradation by Aerobic River Sediment

Kinetics. A proofof-principle biodegradation experiment was conducteditwestigateisotope
fractionation under environmentally relevant conditions. To this end diclofenac was ireaibiatan
aerobicsedimentwater-system containing an indigenous microbial community from a river. During the
experiment the diclofenac concentration in the water phase decreased by 71% within 86 days. The
dissipation of diclofenac from the water phaseuld be describedwith a pseudefirst order rate
resulting in a dissipation rateonstantof k= -0.015 ¢ 0.002) and an average dissipation time (50%;
dts) of 47d ( 4 d) (see evaluationn the Supporting Informatio3-S8). The diclofenac concentration
in the sterile control remained stable at the initial level. Thus, sorption to the sediment or abiotic
degradation was not asignificant sink in the chosen setup and dissipation can be attributed to
degradation.Compared toprevious studiethe average dissipation timétsoof 47d falls betweenthat
of a flume experiment with river sediment (g¢3 ¢ 9d)® and bioreactors with sewage sludgshere

diclofenac was not eliminatedithin 30d** or only to a minor exten(20% degadation after 122) *°

Product formation. During diclofenac degradatiora hydroxylated transformation product (TP)
was detected by LAS/MS analysishat could beidentified I & -ORdlofenacby comparison to an
authentic standard (Fig. 2-3 and supporting materialA3-3). This TP has previously been found in
sewage treatment plantd **and in riverwater-test-systems™ *> n -QHdiclofenacwas not present at
t=0 and appeaxd at low, butsteadilyincreasing concentrationsf up to 14 pgL* (A3-S§. Assumingno
further degradation this amounivould correspond t®B% of thetransformeddiclofenag the true value
may be somewhat higher because hydroxylated diclofenac has been shown to be further
biodegradable® *°

Isotope fractionation and possile mechanismsNo significantcarbon isotope fractionation was
observedduring aerobic biodegradatioifFig.2-2a). In contrastnitrogen isotopes shifted frorm ® HiG
pom: O2NNBALRYRAY I U2 bykogen V-2 MME { 0ofh BIRLDETWBR2-26)FTHeS O 2 F
same qualitative trendsg = -m /%’y was previously observedr oxidationof diphenylamineby MnQ,*®
Twomechanisticscenariogan explain the occurrence ofisbtope fractionation(Fig.2-3). (1) Enzymatic
monohydroylation of & {1 @ f F SR yAftAySa ¢2dzZ R 0S AydroxyaNBESYS)
diclofenag which isalso formed by diclofenac transformation via human CYP450 enz”?r‘ﬂl\ﬁsile the
initial SET (single electron transfestep la would be expectedo cause an inuse N isotope effect
step lla may causea normal Nisotope effect (Figg-3).”® This hypothesis idased oncalculations for

diphenylamine, which can be regarded as the molecular backbone of diclofenac, @Neoendswere
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shown to bestiffer in the radicakcation than in diphenylaminé® Taking steps la and lla together, an
observable normal Msotope effect would result if the oxidation step (lla) was rate limiting. (2) An
alternative mechanistic hypothesis could bmtix diclofenactransformation via dioxygenatigrwhich
may also lead taa normal Nisotope effect (Fig3). While the Natom is not involved in the initial
reaction step(lb), a GN bond is broken in the second stéjb). If thisbond cleavagés rate limiting it
couldexplainthe observed isotope fractionatiotndeed, dhydroxylation has alreadybeeninvestigated

for diphenylaminé®and rormal NA & 2 (i 2 LIS T NE@ dbx:2 Yimegsu@d 6 o

-10 - 159,
0 U -F.1+0. 4 a
i | R2=0.980
-15 -
T T :C;
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% £
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Figure 2-2. Isotope fractionation of carbon (a) and nitrogen (b) during aerobic biodegradation (three
replicates). Isotope values are given as mean values with 95% confidence intervals. The slope of the
regression |line is equivalent to the enrichment factor
value of diclofen a c (t = 0) N 20. The diclofenac used in thi
composition than in the dechlorination experiment.

Smples weretherefore screened withLCGMS/MS for potential cleavage products, such as
2,6-dichloronaniling 2,6dichloroptenol and dihydroxyphenyl acetic acid, but no additionat@#ld be
detected. Their absence may be explained by further transformatitie relatively high detection limit
for 2,6-dichloronaniline (50ugL?), or irreversible binding to humic substances abkown for
3,4-dichloroaniline’’ Because the exclusive detection of hydroxylated products (including corresponding
quinone structures) agrees with previous studies using natural sedimémr plant$®, in depth TP

analysis was not further pursued.
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Figure 2-3. Possible reaction pathways for diclofenac: while the Monooxygenase pathway forms
4 -diydroxy diclofenac via initial single electron transfer, concerted dioxygenation (Dioxygenase-pathway)
leads to 2,6-dichloroaniline and 2,3-dihydroxyphenyl acetic acid.*®

2.4.4 Reductive dechlorination

Isotope factionation wasfurther investigated in a model system for reductive dehalogenation,
which is an important type of environmental transformati&fi* In addition, this system served as an
indicator if carbon istope fractionation can be detected at all in diclofenainc® GARMS analyzes the
I @S NF@Aw&luelof all 15-G&toms in methylated diclofena@ny potential enrichment at the reactive
position is diluted by a factor of 15, so previous studies sugdetttat the threshold for detectable
carbon isotope fractionation would be between 11 and 14t@ns>? Diclofenac was dechlorinated
under anoxic conditions in the presence of hydrogen by Pd@ated microorganism$. This is an
abiotic reaction whictiakes place at the outer cell wall, where microorganisms are only used as a carrier
for the catalyst. After KHdissociates at the catalyst surface, diclofenac is also sorbed and sequentially
dechlorinated” Diclofenac wasthereby degraded with a db of 1.35 h (k = 0.515 Y. During
degradation carbon isotope valseshifted fromo H ®M':H nidev’s 02 NNB &¢d2-y ®RA'Y 36 GRIA D Y
4a). The magnitude of carbon fractionation (AkdE= 1.029) agrees well with previous work where an
AKIE.ponvaluesof around 1.03 were observed for the reductive dechlorination of tetrachloromethane
by several Fe(ll) bearing mineralStreitwieser Limit 1.057.°*> > In contrast to carbon isotope
fractionation, no nitrogen isotope fractionation was detect@feig. 4b) Ths is in agreement with the

reductive dechlorination mechanism, where @&\®ond is not directly involved.

The results from this model system therefore show that carbon isotope fractionation could indeed
be detected in diclofenaand serve as indicator fatrongly fractionating degradation processes such as

reductive transformation.Reductive dechlorination was shown to be the first step of diclofenac
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photodegradation® *> and is an important pathway for biodegradation of many chlorinated
contaminants®>* Such a shift in carbon isotope values could therefore indicate diclofenac
dechlorinationin field samples. In addition, the use of metaltalysts to dechlorinate contaminants is
discussed as a removal strategy for micropollutants in treated wasterveand this process could be
monitored by CSIZ.
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Figure 2-4. Isotope fractionation of carbon (a) and nitrogen (b) during the dechlorination experiment
conducted with three replicates. Carbon isotope values are given as mean values with confidence

intervals (95%). Due to the high quantification limit of nitrogen isotope analysis using online derivatization,

samples could only be measured once and until 60% degradation; error bars represent the total error of

the U15N measurement ( 2 (he regre®sioB Eng is eqlivalent t® the eneachnueift
factor U and the dotted |ine represents the value at
a different isotopic composition than in the biodegradation experiment.

2.4.5 Environmental Significa nce

This studyis the first to explore the potential of CSié assess degradation gharmaceuticals
using diclofenac as a model compound. We have found that aerobic degradation by oxic river sediment
was accompanied by strong nitrogen isotope fractiomatiwhereas reductive dechlorination showed
significant carbon, but no nitrogen isotope fractionation. Consequently, the two transformation
pathwaysmay be distinguished bylual element isotope analysis. Because CSIA neither depends on
transformation prodet analysis nor on concentration measurements, this approach delineates a new,

complementary line of evidence to evaluate environmental degradation of diclofenac.
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To put this observed magnitude of degradatiassociated isotope fractionation into perspefe)

we also conducted a complementary survey of commercial diclofenac products. Their isotope values
spanned arangeqt’s YR m': F2NJ OF ND 2y .Thi§ RdichtagiaNsBuRES igobopeNS & LIS O
ratios ¢ e.g. the outflow of a sewage treatment plan¢ need to be well constrained in order to

dzy Slj dzA @2 Ol t f &1 2RB 0 O&l yEEE @2y A a202LIS FTNIOGMm2y !l GA2y
the case of very pronounced isotope fractionation, howegeach as for nitrogen fractionation during

microbial oxidation¢ @I f dz§&4 Yl & &2 Ot SINIé& SEOSSR G(GKS &2dzNDS
identify degradationeven without definite knowledge of source ratios (elf: & K A ¥Niaftez D% !

degradation).

Finally to explore the CSIA approach not omlith respect to procesassociated isotope
FNIOQGA2ylGA2Yy 6452 ¢S aSS OKIFy3aSa Ay Aaz2G2LI It dz
I Qldzr tt& YSIFadaNBE Aa202LIS NIGA2a dzy RSNJ NBIf 62NIR
feasiblity of diclofenac CSIA at low concentrations and with a complex matrix. A spiked river water
sample (lugl") was extracted by SPE, purified by preparative HEBE (and successfully analyzed
after offline derivatization by omolumn injection GARMS.Isotope ratios were in perfect agreement
with EAIRMS datathe +°C value in river water-6.4+0.5: ) coincided with theEAIRMSvalue
of -H ¢ ®mvhereas thet N value inriver water (-1.2+ 51 @ 1) \was within error of theEAIRMSvalue
of -m ® M($D). Based orthis first test, the sensitivity of nitrogen isotope measurements aisadyin
the range of sewage treatment plants outfld **>and in the case of carbon, it was even betfEne high
13C peak of te sample (2500nV,A3-S9) indicates that peakten times lower(250mV), corresponding
to a concentration ofl0OngL”, could be analyzed as wellhich is in the rangef typical diclofenac
concentrationsin surface waters. * °> **These limits for Cand Nisotope analysis are among the lowes
reported for nonvolatile compounds” **and we demonstrated that the individual techniques are
suitable for isotope analysis of diclofenac. Future studies may therefore use this study as a basis to even
further optimize individual steps, such as ins&®y the recovery rate of the SPE or by extracting larger

sample volumes.
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3.1 Abstract

Diclofenac is one of the most frequently detected pharmaceuticals in natural waters, but its
environmental transformation reactions remain imperfectly understood. Compound specific isotope
analysis (CSIA) has been brought forward to as a new line of eeidemsed on isotope effect
measurements!®N/* NI GA23& OKIy3ISR RdzNAyd': d A BROEFCVERHIGE2 N (A
changed during dechlorination. This study targets further important transformation reactions in
environmental and engineered systenfhotolysis caused inverseiNa 2 (1 2 LIS FTNJ Ob M@l O A 2y
and can therefore be distinguished by CSIA from biotransformation. Also transformation of diclofenac by

ozone was accompanied by inverseANi 2 (G 2 LIS F NJI' O (bAvedypl :(0AT2 YK SONS & (1 KS Y
fractionation could even indicate the site of; @ttack in diclofenac. Further insight into underlying

oxidation mechanisms was obtained from reactions of diclofenac with ABTS radicaisltestablished

outer sphere single electron transfer (SEKjdant ¢ and with MnQ ¢ an oxidant with unknown

YSOKI yAaYdPd 2KAES AYOSNASI YRAORNRIASYSAAR G2 LIS{ TNI B @
SET mechanism, normal isotope fractionation with Mo -1 ®o0:: 0 AYRAOIFI GSR GKF G | |
chemistry was at work. The similarity of nitrogen isotope effects in biodegradation and with, ki

indicate a possible common pathway for which first evidence is given by CSIA.

-10 -

Photolysis
15 - Ozonation
Single electron transfer

Aerobic Biotransformation
MnO,

5'3C Diclofenac (%)
)
o

5"°N Diclofenac (%o)
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3.2 Introduction

Pharmaceuticals are used worldde in large amounts and end up wastewater treatment plants
due to incomplete metabolization in the human baod§The failure to remove diclofenac in wastewater
treatment plants leads to a continuous emission and a stesidie exposure in rivers, surface and even
ground water™® Consequently, the setfleaning potential of aquatic ecosystems is of great interest.
Even though transformation processes can be simulated in the laboratory systems including the
identification of transformation products (TPs) via (high resolution) mpsestmetry and NMR, the
natural transformation of many pharmaceuticals remains is not fully understood for the following
reasons’ ™ (i) In contrast to laboratory experiments, transformation in natural systems is difficult to
guantify due to incomplete mss balances; (ii) transformation mechanisms are typically elusive; (iii)
detectable TPs often account only for a fraction of the mass balance and the same TP can be formed by
different reaction pathways (Fi§-1).

A prominent example is the antiflammatory diclofenac, one of the most widely used
pharmaceuticals and most frequently detected ones in the environmént: In laboratory studies
diclofenac is efficiently transformed by (shtight within hours:**® However, it takes days to observe
pronounced transformation in water/sediment batch studi€s!” **In the case of limited sunlight
availability,, phototransformation may not be the dominant way of diclofenac transformatioriynhile
biotransformation rates can more than double if thexchange between the water body and the
hyporheic zone is increasédUnfortunately, the processes that govern diclofenac transformation in the
environment are still not elucidated. While TPs provide a direct evidence for transformation, their
detection ischallenging due to further transformatioh?® ?*adsorption to humic substanc&s**and by
lack of adequate analytical methodologies. Moreover, the lack of commercial standards often impedes a
quantitative determination of TP¥.For example, several studies have reported the detection of
hydroxylated diclofenac in laboratory experiments (Bid. (6, 7))> > " *Among these studies, only
one has provided quantitative data for hydroxylated diclofenac, showing that it ootyuats for a few
percent of diclofenac transformatiol.Therefore, there is need for a supplementary technique which
does not rely on the identification and the determination of TPs, but which can nonetheless provide

information on transformation processen the environment.

42/ LI



H
Nﬁij(_
|

Biodegradation \ \ Photolysis

o

Fig.3-1. Transformation pathways of diclofenac during single electron oxidation (SET) by ABTS (2-4),
photolysis™ ?* (4,5), ozonation®® # (7-10) oxidation by MnO,-*® and biotransformation® *’ (6-8); TP 4-8
were also detected in this study

Very recently compound specific isotope analysis (CSIA) has been brought forward to provide such an
independent line of evidence for the transformation of diclofedathis technique analyzes the stable
isotope ratios of C and N of diclofenac at natural abundanG€/MC, N/**N) and detects
transformation reactions by a shift in isotope ratios during transformafioh. For example,
biotransformation of diclofenacd® NA @SNJ AaSRAYSyYy(d o1 & 7F2'imthanwite oS o8&
UINO2y G F AYAY I =¥r2dv:Q0dzE £SSF RoAsy 3 (1 2 PNEINRaBHAY B dhee ke@&ring KA I K
diclofenac during transformatioH. Because this line of evidence relies on differésmtopologue
specific rates in th@arentrather than thedaughtercompound, transformation can be studied by CSIA
of diclofenac without the explicit need to detect potential TP$n a second experiment targeting
reductive dehalogenation of diclofenac,similar trend was observed fdfC/*’C ratios in diclofenac
Oc=-H DR 0T 6 KSNB I BN/ averedféuhdy Ehésa results demonstrate that CSIA delivers
information on two levels. On a descriptive level, C and N isotope analysis of dicloferae gsed to
simply detect oxidative and reductive transformatibnOn a mechanistic level, isotope fractionation
also allows exploring underlying transformation mechanisms, sinakimately ¢ isotope effects are
caused by differences in transition stafés®** While our recent study, therefore, highlighted the
potential of CSIA, it also brought up new questions. On the one hand, there is the pragmatic interest if
CSIA can track other environmentally relevant transformation pathways such as photolyis. @imer
hand, there is a mechanistic interest in the observed aerobic biotransformation. How does its

mechanism compare with oxidation reactions in other environmental and engineered systems? Is N
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isotope fractionation during biotransformation related the formation of hydroxylated diclofenac or
does it indicate an additional transformation pathway that was so far overlooked in TP analysis?

The present study explored whether CSIA can track and even distinguish environmentally relevant
transformation processes of diclofenac. To this end four additional processes were investigated.
Photolysis was studied, because it may be an important elimination process in surface waters and in
(waste) water treatment. Isotope fractionation during ozonation was inigeged, since it is a key
technique to eliminate diclofenac in wastewater treatment plants and waterworks. Further oxidations of
diclofenac were studied with MnOas an environmentally relevant mineral phase and with

electrochemically oxidized ABTS a®aiuative outer sphere singlelectron transfer reagent>

3.3 MATERIALS AND METHODS

3.3.1 Chemicals

A complete list of chemicals used in this study can be found in the supporting informatsiy.

3.3.2 Phototransformation

Quartz glass tubes (39n long, 4.&m in diameter) were filled with 70®L Millipore water or river
water (sampled from Isar river, Germany) spiked with diclofenge DOmgL™") and were exposed to
sunlight from 9a.m. to 8p.m. on a sunny summer dgiatitude 48.22° N). Samples were taken at
different time points and separated for concentration and isotope analysis. For concentration and TP
analysis (using EX2S/MS) 10QuL sample aliquots were mixed with 8A0 Millipore water and 10QL
internal stadard ¢*G-diclofenac, =25mgL*, in methanol) and filtered with a PTFE filter (O.28).

For GAIRMS analysis larger sample volumes were taker6QIiiL) and extracted three times with
dichloromethane after addition of HCl{& ~ 0.05M). The dicldromethane extract was evaporated to

dryness and samples were methylated by/Biethanol as described previoust.

3.3.3 Ozonation

Groundwater (DOC ~ 1rBg L") was spiked with diclofenac (€ 30mgL™") and different amounts of
ozone to obtain @diclofenacratios between 1:7.5 and 10:1. Aqueous stock solution of ozone (approx.
1 mM) was prepared by sparging ozeoentaining oxygen through deionized water cooled in an ice
bath. Ozone was generated from an-@eneator (Ozon generator 300, Fischer Technologym@ny).

To exclude the influence of Giddicals, duplicate experiments were also performed in the presence of

tert-butanol (100mM) as radical scavenger. Samples were prepared as described above for the
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phototransformation experiment, except that thoserfGCIRMS analysis (240L) were freezelried

prior to liquidliquid extraction.

3.3.4 Oxidation by MnO 2

An MnQ stock solution was synthesized according to Murray €t ahd oxidation of diclofenac by
MnO, was accomplished in analogy to Forrez et®aBriefly, 900mL Millipore water were mixed with
8 mL of NaOH (M) and 40mL of NaMn@ (0.1M) under constant sparging with,N6OmL of MnGl
(0.1M) were added dropwise under continuous stirring. Miparticles were allowed to settle and the
supernatant wagseplaced by deonized water until the electric conductivity of the solution was below
3uScm™. This stock solution (final volumel) was stored at 7C and used within one week. Diclofenac
oxidation was initiated by adding 1@0L of MnQ stock solutionto 900mL diclofenac solution
(50mgL?, pH 6.2, 10nM NaHPQ,/ Na,HPQ) under continuous stirring. Samples for concentration and
isotope analysis (2360 mL) were prepared as described for the phototransformation experiment, with
the exception that Mn@particles were dissolved by addition of 20% ascorbic acid (vimMQpH 11)

prior to filtration or extraction.

3.3.5 Single electron transfer by ABTS

Oxidation of diclofenac by ABTS was performed in an anoxic glovebox using anoxic stock and buffer
solutionsas described previousfy ABTS was generated by direct electrochemical oxidation of ABTS
(0.5mM, pH6.2, 0.1 M KHPQ, 0.1M NacCl) at a potential of 0.78 (SHE) in an electrolysis cell described
by Aeschbacher et &. The working current was monited until a stable background value was
reached. Variable amounts of ABT®0-245>a0 6SNB AYYSRAIFI(GSfteé& I RRSR
containing buffered diclofenac solution (8@gL", pH6.2,0.1M KHPQ, 0.1M NaCl) resulting in
different degrees of dicfenac oxidation in each of the 30L samples. Samples for concentration and
isotope analysis (3@L) were taken and prepared as described for the phototransformation experiment,
except that no HCl was added during DCM extraction. This HCI addition hadluemce on the

complete extraction of diclofenac from the aqueous phase (recovery rate ~100%).

3.3.6 Detection methods

Concentrations of diclofenat n-dxlofenac, and phototransformation products were determined
by LGMS/MS (Agilent 1200 binary pump coupledan ABSciex APl 2000TRAP mass spectrometer,
see also Supporting InformatioA4-S2). Samples from experiments with, @BTS and MnQOwere
monitored for TPs using a Hybrid Linear lon T@apitrap Mass Spectrometer (LTQ Orbitrap Velos,

Thermo Scientific, Bremen, Germany) coupled to a liquid chromatography system (Accela pump and
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autosampler from Thermo Scientific). Full scan experiments were performed in positive electrospray
ionization (ESI) and atmospheric pressure chemical ionization (AB@#)using a mass range of-600
m/z. Datadependent acquisition was used to obtain further information of the fragment ions. For this,
full-scan experiments were followed by Ki&nd MS scans for the two most intense ions. An external
calibration was pdormed prior to the analysis of each batch to ensure accurate mass determinations
with a resolution of (m/z)/B(m/z) = 60,000. A mixture of n-butylamine, caffeine, and Ultramark 1621
(mixture of fluorinated phosphazines) was used for mass calibration. mE®s accuracy was always
within 0.5 ppm®

Isotope ratiosof diclofenac were analyzed by GRMS as described previoushyBriefly, methylated
samples (in hexane) were either injected with a split ratio of 1:10 or splitless into a split/splitless injector
(Thermo Fisher Scientific, Milan, Italy) at 280 with a flow rate of 1.Lmin™. Separation was
achieved by a gas chromatograph (TRACE GC Ultra gas chromatograph, Thermo Fisher Scientific, Milan,
Italy) equipped with a DB column (30n x 0.25mm, 1pm film thickness, J&W Scientific, Folsom,
Canada). The GC temperature was ramped from 80 p@n)lto 200°C with a rate of 17C mint and
then at 6°Cmin™ to 300°C (held for 2 min). After chromatographic separation diclofenac was
combusted in a Fingan GC combustion interface (Thermo Fisher Scientific, Bremen, Germany) to CO
and N with a NiO tube / CuiO reactor operated at 1000 (Thermo Fisher Scientific, Bremen,
Germany). Isotope values of €ahd N were determined with a Finnigan MAT 258t@pe ratio mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). For quality control, a diclofenac lab
standard with known isotopic signature was analyzed in the same way as the samples at least every
ninth injection. All reported isotope valuagere corrected to international reference materials, Vienna
PeeDee Belemnite for carbon (E81) and air for nitrogen isotopes (E&-2).%° 1°C values were
additionally corrected for the introduced methgtoup’

o1 © o1 6

1o 8T 6 &1

) 6T 6 6T O
[ 6T 0 (32)

3.3.7 Isotope analysis to evaluate (competing) transformation mechanisms

Isotope ratios of a micropollutanR{, R) are directly correlated to the extent of transformatio@,; )

by the enrichment facto¥ (Eq.3-3).3? If two processes compete with each other, e.g. biotransformation
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and phototransformation, the overall isotope enrichmentyf) depends on the firsbrder kinetic
constants Kenoto Ksio) @and the enrichment factor fnoie2 gig)#0f both transformation pathways (Ea-.4).41
In return, the share of one pathway (efgi,) can be calculated ¥, is determined andgj, and ¥ppoto

are known from sepata experiments (E3-5).*

s el L gl 23
2y G ¢z (3-3)
Q 0
i i T T T (34)
T’Q _ _
,‘ _ _ 3-5
o) o o - - (3-5)

3.4 Results & Discussion

3.4.1 Phototransformation

Phototransformation can rapidly eliminate diclofenac. We tested if its relevance can directly be
assessed by CSIA and if it can be distinguished from biotransformation. C and N isotope ratios of
diclofenac were anaied during sunlighinduced photolysis in ultrapure and river water. The thigdf
time of diclofenac was 24 0.03h in Isar river water and 28 0.1h in ultrapure water, which is
consistent with halives reported in the literaturé*'® We also deteted known photolysis TPs,
including 8chlorocarbazolel-acetic acid, which is formed by HCI elimination (Bidy. (5), supporting
information A4-S3)*" 4

Isotope fractionation during photolysis of diclofenac was consistent for both types of Waites
pure water:sc= +1.1+1 O M W Z+2:0tn dm': T NA @SHI+a S B 19+ n © w (Fig3-

2, Tab.3-1). An inverse Nsotope effect of diclofenac qualitatively agrees with the direct photolysis of
atrazine, where an inverse effect was aB® a S NJ'S Rb nodsds:discbssed by Hartenbach ef‘al.
interpretation of isotope fractionation during photexcitation is difficult. However, a secondary N
isotope effect appears plausible, because phexgitation affects theN-atom as part of the -system &
diclofenac. Although further research is needed to investigate the underlying mechanisB2fgows

that bio- and phototransformation can be distinguished by isotope analysis of diclofenac. Consequently,
CSIA can be used to investigate diameous bie and phototransformation of diclofenac in rivers
independent of boundary conditions and the detection of mstable TPs (Fig-1 (5), supporting
information A4-S3)2*
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Fig. 3-2. Carbon (left) and nitrogen (right) isotope fractionation of diclofenac during photolysis in river
water (this study, blues circles) and biotransformation in a river water/sediment-system (adopted from
Maier et al.,*’ red diamonds) from the same river; the dashed line represents the isotope ratio of

diclofenac atty, N 2 G .

3.4.2 Ozonation

An inverse Nsotope fractionation {y = +1.5+n1 ® ¥ 'was observed during diclofenac ozonation
together with the formation of diclofena2,5iminoquinone (Fig3-1 (8)) and some hydroxylated TPs
(Fig.3-3, Tabl, supporting information A4-S4)*" % % The direction and magnitude of isotope
fractionation can be rationalized when considering possible reaction mechanisms. Two sites have been
suggested for the initial attack of ozone in diclofenac. An attack aNthéom would lead to a cationic
intermediate (Fig3-1 (9)). Alternatively, an attack at the papasition of the norchlorinated aromatic
ring would increase the double bond character of thBl Gond as partial imine bond as shown in Big.

1 (10)*" In both cases, the bond stiffness of N is increased in the transition state which usually leads to
an inverse isotope effeéf: ?**’ However, a direct attack at the-Atom would probably cause a primary
N-isotope effect of greater magnitude. Therefore, a secondary isotope effect caused by attack at the
distant para position (Fig3-1 (10)) appears to be more consistent with the observed, small inverse
nitrogen isotope fractionation. The second mechanistic scenarioorroborated by the pathway of

aniline ozonation which has been inferred from detected FPs.
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A further possibility involves the reaction with hydroxyl radicals generated from ozone. This reaction
represent the major breakdown path during ozonatiom fonumber of persistent pollutantS.However,
reactions of hydroxyl radical with diclofenac can be excluded for two reasons. (1) A comparison of the
pseudcfirst order constants of reactions with ozone and hydroxyl radiedicates that reaction with
ozone are expected to be PQimes faster:koQ= 7.5 x 10 s* versusko= 10* s (supporting
Information A4-S5).2*8 (2) In a second experiment hydroxyl radicals were quenched with the radical

126 As shown previously, less @as needed to transform diclofenac but isotope

scavenger terbutano
fractionation showed no significant difference compared to the experiment without the radical
scavenger (Fi@-3). Hence, isotope fractionation is clearly attributable to the reaction of diclofenac with
ozore. For the first time, we demonstrated that ozonation can be tracked by a small, but significant,
inverse nitrogen isotope effect. Our findings may not only be important for diclofenac but could give a
first indication on the isotope fractionation of othezontaminants, because many micropollutants

contain aniline moieties.

-10 - . 57,
OOzonation + t-BuOH W3+tBuon=+t15+x0. 2 a
* Ozonation R?=0.799
10 1 Us=+19+0. 2 &
-15 - R2=0.909
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Fig. 3-3. Carbon (left) and nitrogen (right) isotope fractionation of diclofenac during ozonation with and
without the hydroxyl radical scavenger tert-butanol (t-BuOH); the dashed line represents the initial isotope
ratio of diclofenac N 2.

3.4.3 Insights into oxidation mechanisms 7 ABTS & MnG

In a recent studyf we investigated aerobic biodegradation of diclofenac in river sediment. Observed

changes in°N/*N ratios were opposite to the trends measured during photodegradation or ozonation
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(Figure 3-1): they showed a strong, normal nitrogen isotope fractionation. Intriguingly, analysis of
transformation products was unable to elucidate the underlying biotramsétion pathway. The
products that were detected showed a ring hydroxylation distant to the N atom which cannot explain
the pronounced normal nitrogen isotope effects (Fig. (6)):’ Oxidative single electron transfer (SET) is
frequently proposed as aupative reaction mechanism in aerobic biodegradatfdr Therefore, we
compared isotope fractionation during aerobic biotransformation of diclofenac with two systems for
which SET was suggested previouSiy*

The reaction of diclofenac with electrochemically generated ABTS radicals was studied as a well
established outessphere SET reagent that has previously been used to investigatef 8&ihes by N
isotope analysié’ During transformation of diclofenac by ABTS no changes in carbon isotope ratios, but
pronouncedinverseN-A & 2 (1 2 LIS F NI Ol A 2 yI=45172 § ® ¢ These YeSultstagmeBvith o &
literature data forp-CH-aniline at pH7 where also an inverse effecteNa 2 (i 2 LIS (STFFSWH @1Fa ¢
observed with ABT3.In addition, we detected TPs indicative of radical coupling which typically
indicates an initial one electron abstraction (Rl (4), supporting infanation A4-S6)%’

In reaction with Mn@, SET has also been proposed to occur, but in addition hydticlofenac and
its corresponding quinone derivative have been reported, in analogy to the product we observed during
biotransformation (Fig3-1 (7, 8))Y As observed previously, diclofenac transformation by MnO
followed a biphasic kinetics in our experiment accompanied by the formatibgdarbxylated diclofenac
and its corresponding quinoneé4-S4, A4-S7)* Because 75% of diclofenac was transformechimit
10min and the solution contained only chemicals in deionised water, a biological transformation can be
ruled out. Diclofenac oxidation by Ma®Ghowed small, but significantZC4 2 1 2 LIS FNsEDH A2 Y | (A
+1 ® )and pronouncedhormal N-isotope fir O A 2 Y=& B 25y P 96 Fhese enrichment factors
are in good agreement with previously published data for the Mo&talyzed oxidation of
RALKSyetl YAYS 6KAOK KlFa GKS &l ¥s-w wets mdrtobNio @ O1 o
However, the namal Nisotope effect during the reaction with MnQs in contrast to the inverse
isotope fractionation during SET with ABTS. At the same time, the Nat@ fit well with the Nisotope
SYNAOKYSyYyid 2F RAOf2FQyt OMAyd2EAO NAOBSNI aSRAYSY(d o
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Fig. 3-4.Carbon (left) and nitrogen (right) isotope fractionation of diclofenac during transformation by
MnO, (red circles) and ABTS (blue diamonds); the dashed line represents the isotope ratio of diclofenac
at tox 20

These findings confirm that oxidatiavith ABTS occurs via SET which is supported by the detection of
coupling TPs in experiments with ABTS. This mechanism is backed up by calculations that predict an
inverse Neffect for SET? Thus, we conclude that oxidation with ABTS is a good modehsysteouter-
sphere SET, which implies that for biotransformation and oxidation by ,MsfQdiclofenac and
diphenylamine an outesphere SET mechanism can be excludedoreover, it appears unlikely that
the formation of small amounts of moAwydroxylated dclofenac (see supporting informatiof4-S7)
caused the pronounced-N a 2 0 2 LIS T NIwO-#:A @using bidti@ayid Nn@ transformation of
diclofenac. This is supported by recent results for benzotriazole which showed that even if an aromatic
FYAYS A& SEOfdzaA@Ste& (NI yaF2NYSR @a-b': WHercBBVE ST | (A 2
conclude that diclofenac is trarmimed by an unknown oxidation reaction involving the nitrogen atom,

which cannot be detected by TPs, but byshtope fractionation.
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Tab. 3-1 Enrichments factors for diclofenac; ‘adopted from Maier et al.'”; n.s. = not significant;

System B0 : 0 ByO:: 0
ABTS n.s. +5.7+0.3
MnO, -1.5+0.1 -7.3+0.3
Biodegradation n.s. (0.7 + 0.3) 7.1+04
Catalyzed Dechlorination 2.0+0.1 n.s.
Photodegradation in ultrapure water -1.1+0.1 +2.0+0.1
Photodegradation in river water -0.7+0.1 +1.9+0.1
Ozonation, radical scavenger added n.s. +1.5+0.2
Ozonation, low DOC (1.5 rig) n.s. +1.9+0.2

3.4.4 Environmental Significance

This study highlights the ability of CSIA to track and distinguish reaction pathways by revealing the
variability of isotopefractionation in four different model reactions.-idotopefractionation was highly
reactionspecific and could, therefore, serve as a sensitive measure to identify transformation pathways
of diclofenac in the environment. Since all investigated pathwdyswved minor or no @sotope
fractionation, this can be seen as a weak and-apacific indicator for transformation (TaB-1). Hence,
we provide a onalimensional scheme for-i8otope fractionation in Figh, instead of the common dual
isotope plot that $ plotted in the Abstract Art.

Fig.3-5 illustrates the ability of MCSIA to distinguish photaand biotransformation. Both are
supposed to be the most important sinks of diclofenac in the environment and CSIA can be used to
investigate their relative importance. In the case that CSAapplied as only measure for
transformation, it can qualitatively distinguish phetdrom biotransformation in cases where
pronounced transformation occurs.fiN/*N ratios increase, biotransformation is more important than
phototransformation and viceversa in the case of’N/*N increase. If the overall extent of
transformation GG of Equation 3) can in addition be determined by independent means (e.g., the
combination of conservative tracers and concentration measureméntsy, 6y 0w can evenbe
calculated, and the share of biotransformation can then directly be deduced from Fig. 5 andlBi$. 5.
approach can also be used to compare the efficiency otrement and biotransformation during

(waste) water treatment.
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Moreover, the ability of CSIA to detect diclofenac transformation by Ma®@ot only important for
mechanistic studies with synthesized MnCQCSIA can also be used toted# the transformation
potential of natural manganese oxides which are ubiquitously present in the environment and that were
recently shown to have able to transform dicloferfac.

This study underlines that CSIA and TP analysis nicely complement to thachTd analysis is
important to be aware of toxic or persistent TPs and if TPs are specific for a certain reaction, they can
also indicate transformation pathways. However, the mass balance between reactant and TP(s) is
usually not closed when micropotants are transformed in the environment and it is unclear if the
relevant TP(s) are detected. Here, CSIA can provide an independent line of evidence and indicate if the
detected TPs agree with the observed isotope fractionation, as shown for transfomtidiclofenac
by oxidative SET. In return, if important transformation pathways are not detectable by TP analysis, CSIA

may jump in, as shown for Mp@and biotransformation of diclofenac.
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4.1 Abstract

Assessing the environmental fate of chiral micropollutants such as herbicides is challenging. The
complexity of aquatic systems often makes it difficult to obtain hydraulic mass balances, which is a
prerequisite when assessing degradation based on conagotr data. Elegant alternatives are
concentrationrindependent approaches like compousgecific isotope analysis (CSIA) or enantiospecific
concentration analysis. Both detect degradatioduced changes from ratios of molecular species,
either isotopologes or enantiomers. A combination of bothenatioselective stable isotope analysis
(ESIA) providesinformation on*3C/**C ratios for each enantiomer separateRecently, Badea et al.
demonstrated for the first timeESIAfor the insecticide" -hexachlor@yclchexane The present study
enlarges the applicability of ESIA to polar herbicides such as phenoxyaeiRP {RSR-(4-
chlorophenoxyypropionicacid,  mecoprop (2-(4-Chloro-2-methylphenoxyjpropionicacid)  and
dichlorprop (2(2,4-Dichlorophenoxypropionicacid. Enantioselective GIRMS (gas chromatography
isotope ratio mass spectrometryyas accomplished with derivatisation prior to analy$igecise carbon
Adaz2i2 LIS bW ®h 2 Gobtaihed withx7ngC on columnMicrobial degradation of ODPPby
Delftia acidovoran$/1C1showed ponouncedenantiomer fractionationput no isotope fractionationin
contrast, Badea et al. observed isotope fractionation, but no enantiomeric fractionation. Hence the two
lines of evidence appear to complement eaother. They may provide enhanced insight when

combined as ESIA.

4.2 Introduction

Herbicides can help to increase crop yields by killing weeds and pests. However, after application
their residues end up as micropollutants in aquatic ecosyste®imce they have by definition a
biological impact, they pose a potential threat to human and environmental health. It is therefore
essential to understand how these compounds behave in complex environmental systems. This is a
particular challenge for chat micropollutants, wheredegradation behavior and toxicity often differ
between single enantiomers However, in aquatic systems such as surface or ground waters the
interpretation of measured concentrations relies on the possibility to obtain a clogddablic mass
balance. Without this hydraulic information it is otherwise not possible to distinguish degradation from
dilution processes. There are two elegant approaches that circumvent this difficulty by anahtizisg

that are inherent to the targemolecules.
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One approach is enantiospecific concentration analysis. Here the concentration of the individual
enantiomers is analyzed and the enantiomer fraction (EF) is expressed as the ratio between one
enantiomer and the sum of both enantiomers (e.gr#R/R+S]). Nearly all commercial products have
either an EF of 0.5 (racemates) or O (enatiopure products). During biological processes this ratio can be
shifted. The reason is that many enzymes that are involved in transformation reactions have an
enantiosdective preference and favor one enantiomer over the othefence, shifts in the EF can be a
very useful tool to demonstrate that chiral compounds are degraded in complex environmental systems,

particularly if other approaches (e.g. mass balances, metalahalysis) fail.

Another promising approach to investigate sources and degradation of micropollutants in
complex environmental systems is compound specific isotope analysis (CSIA). Several studies have
demonstrated that changes in the isotope ratioatompound can be used to investigate degradation
of xenobiotics™. The underlying principle is that (Bjohemical reactions are commonly associated with
a kinetic isotope effect, which causes a fractionation of heavy and light isotopes. Using thiadmppr
isotope fractionation of one element can be used to quantify degraddtidhseveral elements are
analyzed, even the mechanisms and pathways of transformation processes can be eldcitfatas

demonstrated recently for selected pesticid€s®

CSIA and EF analysis work on the same principle that degradation can be detected because one
species becomes enriched relative to the other. Despite this similarity, both approaches have been
applied together in only one study. Recently Badea et al.qoesl a first example of enantioselective
isotope analysis (ESIA) applied to the insecticideexachlorocyclbexane!’ In a biodegradation
experiment they observed isotope fractionation, but no enantiomer fractionation so that the line of

evidence broughforward in this particular example was similar asdonventional CSIA

The aim of this study was to enlarge the applicability of ESIA to a broader range of substances,
including polar compounds that are more challenging to analyze vidRMIS and for ecase of
biodegradation where enantiomer fractionation is well established to occur. To this end an
enantiospecific stable isotope method was developed for three polar herbicid€&R R (RSR-(4-
chlorophenoxyypropionic acid, MCPP (mecoprop,-@-Chlora2-methylphenoxy)propionic acid) and
DCPP (dichlorprop-@,4Dichlorophenoxypropionic acid}o provide a tool for investigating their fate
in environmental systems. For each compound the precision of the method was tested as well as the

limits of precse isotope analysis. Subsequently, the method was applied to investigate microbial
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degradation, using the enantioselective strddelftia acidovoransVC1 and the herbicide DCPP as a

model compound.
4.3 Experimental

4.3.1 Compounds and chemicals

Acetonitrile (1.25%aceticacid) and rhexane were purchased from Carl Roth (Karlsruhe,
Germany) andhad LEGMS grade (purity > 0.99)cetic acid (1.25%) was purchased from Merck
(Darmstadt, GermanyMCPP(mecoprop, 2(4-Chlora2-methylphenoxyjpropionic acid, CARN 7085
19-0) and BE(10% in methanol) were purchased from Sigma Aldrich (St. Louis, U.SCRR(RSR-(4-
chlorophenoxyypropionic acid, CARN3307-39-9) was purchased from Aldrich Chemistry (Milwaukee,
USA) and D®P (dichlorprop, 2(2,4-Dichlorophenay) propionic acid, CABN 120-36-5) and RDCPP
from Dr. Ehrenstorfer GmbH (Augsburg, Germany). MilliQ water was generated with a Millipore
Advantage A10 system (Millipore, Molsheim, France)2{(@)chlorophenoxy)propionic acid methyl
ester ($4-CPP) wa synthesized according to the procedure by Nittoli et’and as described in

Milosevic et al°.

4.3.2 Derivatisation with BF3

Prior to analysis the polar carboegyoup of the analytes was methylated in a similar way as
described by Chivall et &.for fatty acids. To this end sterile filtered samples or standards were
evaporated in 2nL amber glass vials to dryness under a gentle stream,.of00uL of BE (10% in
methanol) were added, the vials were sealed with screw caps equipped with PTFE seals laatgdncu
for 1h at 40°C. After cooling the remaining reactant was quenched withuOdilliQ water and the
methylated analytes were extracted three times with 500 nhexane and transferred to a new vial. If
necessary, the extracted phase was reduced t0 |20 under a gentle stream of,kb increase the
concentration for isotope analysi$he toxic aqueous phase containing HF was disposed in a canister of

2 M NaOH to quench its toxicity.

4.3.3 Isotope Analysis

Depending on the concentrations of extracts, betweeplland 4iL were injected splitless at
230°C. The gas chromatograph (TRACE GC Ultra gas chromatograph, Thermo Fisher Scientific, Milan,
LGFrteo g1 a S-BTRAMIaSH (5S8R % K25, 0.25um film; Macherey&Nagel, Diren,
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Germany). The column was operated with a constant flow velocity of 28" @urresponding to a He
carrier flow rate of 1.4nlmin* (GGIRMS) and 1.l min* (GGTOFMS). Initial oven temperature was
80°C (Imin.), rampedto 140°C with a rate of 16Cmin.”, thenwith 1.5°Cmin.” to 185°C and then
with 30°Cmin." to 230°C (held fo” min.). After separation the analytes were combusted online in a
Finnigan GC combustion interface (Thermo Fisher Scientific, Breraenagy) to C@with a NiO tube /
CuONiO reactor operated at 1000°C (Thermo Fisher Scientific, Bremen, GermapnjgotGe values
were determined with a Finnigan MAB3 isotope ratio mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). Beforand after every run three reference gas peaks were measured. These
reference gas peaks were used to link isotope values to the international standard for carbon isotopes
(Vienna PeeDee Belemnite, Eel}@

or o 0T 6

. 41
10 57 6 @)

To validate the results of the @RMS method, in addition pure -house standards of all
compounds were characterizazh an elemental analyzer (EURO EA, Euro Vector Instisincoupled
to a Finnigan MAZ53 iotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).
Calibration was performed witthe followingorganic reference materials provided by the International
Atomic Energy Agency (IAEA, Vient&lEA 600, IAEA CH3 (cellulose), IAEA(SLidfose) and IAEA CH7
(polyethylene).

4.3.4 Calculation of the introduced methyl -group

During methylation an additional carbon atom is introduced eéach herbicidemolecule and
changes its bulk carlgp A a2 (2 LIS NI $°G @ab kepticdnstantzbK usifiglithe 2ame baith
methanolic BE solution for the derivatisation of standards and samplégalues were corrected
according to the common procedure as describpaviously”** First, the isotope ratio of the
introduced methylgroup was calculated °C(Me) (Eq4-2). To this end the isotope ratio of the lab
standard of the respective herbicide was determined prior to methylation ofRBAS {(**C(Analyte),)
and after methylation on GERMS (**C(MeAnalyte),). With respect tathe number of Gatoms of the
analyte @), the weighted difference was then used to calculate the theoretical isetapie of the
introduced methydgroup (Tablet-1). Subsequently this value was used to correct samplés($ample)
for the introduced méhyl-group, again, with respect to the number of carbon atoms @&8&). The

inherent uncertainty of this procedure can be calculated by gaussian error propagatioft4Edrhe
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uncertainty of the sample valug *C(Samplg)is strongly influenced by thencertainty of the GERMS
analysis{GC)whereasthe contribution of the methyl groupcalculation(k Me) is reduced bya factor of
1/9 in the case of £PP and DCPP and 1/10 in the case of MCPP, respectively.

800 & p 1 600 BEOROOE 1T B0EDAGOQ (4-2)
Coveanad P 1 000 6ééd)dobb'91 800Q (4-3)
8 YhanaQ — Y6 h Ve (4-4)
Y08 - Yoo #3AiPIA  vg W
— ¥y # - YA

4.3.5 Peak identity

Identity of standards and samples was verified on a gas chromatograph (DANI Ka&stéfilano
Italy) coupled to a time of fiht mass spectrometer (DANI Mas{EOF, DANI, Italy / Switzerland). The
system was operated with same flow velocity, temperature conditions and the same column as

described above for the GBMS system, but without combustion of the samples tg. CO

One emntiomer of each DCPP andCPP was available as a pure standard, and was used to
identify the respective enantiomers. There are only small molecular differences in the structure of MCPP
in comparison to 4CPP and DCPP and they are not related to the lotgrster. Hence it was assumed
that the elution order of PP and DCPP, where the R enantiomer elutes first, also applies to MCPP. In
addition, this elution order agrees with the elution order Buser and Mutletermined for 4CPP and
MCPP witha similarstationaryphase. Ideally, this hypothesis remains to be verified with a pure MCPP

enantiomer for degradation studies with MCPP.

4.3.6 DCPP transformation study

A pure strain ofDelftia acidovorandMC1 was used for degradation of DCPP. MC1 was first
pregrownin mineral salt solution (L, 30C) with 10mg DCPP. When DCPP was completely consumed
by MC1, the final OD of this solution reached 0.4 at ®®0 Using this solution, biodegradation of DCPP
(60mgL™") was conductedn duplicate norshaken batches200mL each). Liquid samplesrtB. each)

were collected and sterile filtered (0.2@n). 0.5mL sample were immediately analyzed byU\M as
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described below. The rest was stored frozen24CC for isotope analysis. DCPP samples were quantified
using a Shimdzu LE&0A series High Performance Liquid Chromatograph equipped with an Allure C18
column, 150 x 4.6hm, 5 um patrticle size (Restek, USA) and a WMicet detector. The eluting solvents
were acetonitrile with 1.25%cetic acid (solvent A) and dlenized water with 1.25% acetic acid (solvent

B). The gradient was composed of 30% solvent B (1 min) and was increased tel80&tirfR and finally
decreased to 30% (112 min) again. The flow rate wasmLmin™ and the oven temperature 4%C. The

sample injetion volume was 10QlL and absorbance of DCPP was measured at 280 nm.

4.4 Results

4.4.1 Chromatographic Resolution

As shown previously by Buser and Miifiehlorinated phenoxy acid herbicides can be separated
on a chiral stationary phase after methylation (Hig). We achieved this with a chromatographic
resolution of 3.0 F2NJ G KS ft2g¢gSaid GSai SR fodthy Gighgsti MestddlA 2 y &
concentrations when R is defined as retention time difference/ mean peak WidfhR is calculated
using the peak widthat half height’ I OKNR Y| (2 3ANF LIKA O NS 2 fefRwas)k 0 S
achieved. Only the highesbncentrationsof 4/ t t 1@)wak slightly below theonservativedefinition
2F ol aSt Ay S15 &gd-1N)]ThishdR yiot i6flwerce thésotope valuegFig.4-2); however,

in cases where valuegppear to bebiased samplescan be diluted.
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Fig. 4-1 GC-IRMS Chromatogram (m/z 44) of a racemic mix, containing 4-CPP, MCPP and DCPP;
Shown are examples with an injection volume of 1 pL and concentrations per enantiomer of (a)
12.5mg L™ and (b) 50 mg L™

4.4.2 |sotope Analysis

The precision of ESIA for the three tested herbicides is comparable to othesnaotioselective

studies that do not contain derivatisation steg? Triplicateanalysis delivered a standadviation of

2s M1 dpit @

| & mehtgaif is introduced irthe analytes during derivatisation, the isotope

values of the GIRMS analysis &g chromatography isotope ratio mass spectrometry were

indistinguishable from the reference values derived by elemental andR8i§ within the typical

precision of the twomethods (2 2 ¥

nop::

by R

n o w1 TAERPplies Orlitte @iggfe & =

enantiomers as well as for the racemate value, calculated as the mean of both enantiomers.

Correspondingly, the isotope ratio of the introduced methyl group was close tstiepic composition

of the target compounds (Ta#:1), and the methyl groupalues were indistinguishable within

calculated uncertainties. Because the correction scheme described above uses the isotope shift of

standards for the correction of samplesdglivers precise isotope values with respect to the introduced

carbon atom as well as for systematic fractionation effects that can appear during derivatiZsfion.
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the purposes of the linearity test we refrained from such corrections, because its fwas on the

correlation of peak amplitude and isotope value and the correction term would have been the same for

all samples. For degradation studies, as shown below, the additional methyl group has to be taken into

account, because positiespecific isobpe changes are more strongly diluted by the additional carbon

atom.

Tab. 4-1 Given are Isotope values of the racemate analyzed on EA-IRMS, the enantiomers analyzed on
GC-IRMS, the theoretical value of the racemate calculated as the mean value of all values analyzed on
GC-IRMS (R- and S- enantiomers are denoted as R and S, respectively), the lowest amount needed on

col umn

for

preci se

i sotope

anal ysis

for each e-nanti ome

group (see Eq. 4-2) introduced during derivatisation; Uncertainties represent the standard deviation. Note
that the uncertainty of the calculated isotope value of the methyl-group has only minor influence on the

isotope value of samples as shown in Eq. 4-4.

Analyte

4-CPP

MCPP

DCPP

EAIRMS

e A

(n=5)
-26.5+0.1

-28.6+0.1

-27.3+0.1

GCIRMS

I a

(n=913)
-26.9+0.3R

-26.4+0.1°
-29.2+0.2%
-28.620.2°
-27.5+0.1%

-27.2+0.2°

GGIRMS
I a
(n=913)
-26.7+0.3

-28.9+0.4

-27.3£0.2

Lowest amount

I+t Odzt’C df ¢

needed for precise introduced methyt

isotope analysis
62 pmol
7ngC
58 pmol
7ngC
53 pmol
6ngC

ANR dzLJ @

-28+3

-32+4

-28+2

The linear range of the method is illustrated in Big. For all four tested compounds the lower

limit2 ¥

LINECGsbtaps analysis was around peak amplitudes of@d0Hence we recommend that

for precise ESIA only peak amplitudes higher than r@@0should be used. This corresponds to a

minimum amount of substance needed on columnxof ng that is eva below the manufacturer

specificationof 10ng C* A critical point for isotope data evaluation is the background correction. In

most cases a 8 interval prior to each peak is used to correct its isotope value. Because enantiomer

peaks in ESIA have nawr retention times, the tailing of the first eluting enantiomer could interfere

with the background used for the second eluting enantiomer. Consequently we used the background of

the first enantiomer to correct peak areas of both enantiomers.
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Fig.4-2 DependencyC meésuremients on the peak amplitude; blue diamonds indicate
S-enantiomers (<) and red squares R-enantiomers (m); the solid line represents the EA-IRMS value of
the racemate

4.4.3 Application of ESIA to phenoxy acids

Biodegradation ofDCPPwas dne in Delftia acidovorandMC1. Interestingly, enantioselective
degradation ofDCPRvas observed, but no carbon isotope fractionation occurred to either enantiomer
(Figure 43). Two scenarios can explain the absence of isotope fractionagdither the degading
enzyme has no isotopic preference, or the intrinsic kinetic isotope effect of the enzyme was masked.
Such a masking effect appears if the enzymatic bond cleavage is not the rate istefirty One
example could be that transport into the cell &e-limiting® as hypothesized for MC#,?" but this has
to be confirmed in further studiesOur findings contrast with the observation of Badea et al. that
isotope fractionation, but no enantiomeric fractionation occurred in biodegradation of
h-hexachloocycldhexane!’ Consequently, the information of both methods (CSIA and enantiomer

fractionation) appears to be complementary.
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Fig. 4-3 DCPP degradation comes along with enantiomeric fractionation (left) and no isotope fractionation
(right); blue diamonds indicate S-DCPP (<) and red squares R-DCPP (m); the experiment was made as
duplicate; the solid line represents the EA-IRMS value of the racemate

4.5 OQOutlook

With this study we provide a tool to investigate degradation of selected chiral herbicides lom
the isotope analysis of enantiomers. By widening the application of ESIA to another compound class, we
obtained the remarkable picture that CSIA and enantiomer fractionation do not seem to be strongly
related. In other words, the methods may nicedpmplement each other in the assessment of
contaminated sites. If only one kind of fractionation ocogise. only enrichment of isotopes,or only
of enantiomers (our study) ESIA presently has no unique advantage compared to CSIA and enantiomer
analyss alone. In contrast, the full potential of ESIA will unfold if both processes occur in parallel. First
evidence for such a scenario has been obtained in the study by Milosevic et al. where enantioselective
degradation and carbon isotope fractionation 4fCPP were observed downstream at a landfill site
under anaerobic conditionS. There, isotope values of singleGPP enantiomers differed up2 0:'r ®
Hence, much can be expected to be learned from ESIA in the future with respect to the
complementarity of bth lines of evidence in field applications and with respect to a better process

understanding.
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Four years ago transformation product (TP) analysis was the only way to investigate the
transformation behavior of pharmaceuticals. Although compound specific isotope an@&i8) was
already established for welinown contaminants, such as toluerar chlorinated solvent$jt was never
used to study pharmaceutical transformation. One reason was that existing CSIA methods for non
volatile compounds were usually applied atcentrations in thengL® or high ug.* range and even
sophisticated approachedsing solid-phase microextractionNB I OK S R g \ahd&ng Ly for
carbon and nitrogen, respectivelyThus, applicability of CSIA was far away from typical coretons
of micropollutants. In addition, it was assumed thaisGtope fractionation cannot be detected in
molecules that contain 15-&oms: Moreover, before 2011 there was no publication on the coupling of
enantioselective separation techniques with igpeé ratio mass spectrometry, despite the great
potential of such a method for studying transformation reactidris.was, therefore, the aim of the
present dissertation to develop for the first time a CSIA method for a pharmaceutical and ESIA of

herbicidesto obtain new insights into the fate of micropollutants:

Sourcesof pharmaceuticals can be trad by CSIA in the environmenin the absence of
transformation processes CShas the potentialfor source appointmentas shown in Chapter 2 for
diclofenac andn Appendix Al fobenzotriazole The underlying principle is that sources can vary in
their isotopic composition for two reasons. On the one harithapte2 revealed that already
commercial geland tablet formulations that contain diclofenac as actiVveapnaceutical ingredient vary
in their isotopic composition. In addition, this finding indicated the potential for producers to track
batches and to verify their products, if raw materials for production are chosen carefully and C and N
isotope ratios of mnufactured products are recorded (Chap®rOn the other hand isotope ratios of
different sources, such as sewage treatment plants or manure from diclofenac treated cattle, could be
altered to a different extend by preceding transformation processedezsribed in chapter 3 and 4.

Hence, CSIA halsd potentialto investigate differensourcesn the environment

CSlAcan track various transformation reactionsf a pharmaceutical.In parallel toSchreglmann
et al.? Chapter2 brought the application lintg of CSIA down to the g range. Moreover, Chapter 2
and 3 could demonstrate that CSIA of diclofenac can track aerobic biotransformation, reductive
dechlorination, ozonation, photolysis, transformation by Mrédd single electron oxidation (SET). The
big advantage of CSIA is that these processes can be monitored by the analysis of isotope ratios, even if
dilution effects impede an evaluation of concentration measurements. This is important, for example, if

groundwater dilutes diclofenac concentrations & river where no transformation takes place. There,
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concentration measurements alone would give a false positive indication for transformation, but isotope
ratios would keep constant and indicate the absence of transformation processes. Moreover, CSIA
cannot only track isolated reactions, but Chapter 3 revealed thagdibpe fractionation is the key to
divide all tested environmentally relevant reactions into two classes that can be distinguished by their
different N isotope fractionation trends (Figr1). Transformation by river sediment and Mn€auses
normal Nisotope fractionation, whereas SET, photolysis and ozonatianse inverse Nisotope
fractionation (Chapter 2 & 3). Hence, CSIA of diclofenac can improve our understanding about key
processes tht eliminate diclofenac in engineered and environmental systems. In knowledge can be
used in engineered systems to test the efficiency of ozonation in comparison to biotransformation or
MnG, in (waste) water treatment.However, the full strength of CSlAmes into play in environmental
investigations. There, it is of great interest to distinguish the two (potentially) most important sinks of

diclofenac in the environment photo- and biotransformation- and this can be done by-iNotope

analysis.
-10
Photolysis Aerobic Biotransformation
A5 Ozonation

Single electron transfer MnO,
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Fig. 5-1 Transformation by aerobic river sediment and MnO, causes normal N-isotope fractionation,
whereas single electron oxidation, photolysis and ozonation cause inverse N-isotope fractionation; hence,
CSIA is a valuable tool to determine dominating transformation pathways in environmental and
engineered systems
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CSlAdelivered surprisingmechanisticinsights into transformation reactionsOn a mechanistic
level, the present thesis delivered new insights into the transformation of diclofenac, even though its
environmental behavior has been under investigation for 15 yédiss was possible because CSIA has
the unique ability to shed lighdn transition states of transformation reactions that are specific for a
certain mechanism and cannot be accessed by other means under environmentally relevant conditions
(see also 1.2.2). Chapter 3 highlighted the importance of this approach, becadsel@dated that
ABTS oxidizes diclofenac by an outer sphere SET, whereas evidence from isotope fractionation indicated
a different mechanism with Mng Interestingly,the sameN-isotope fractionationtrend as withMnGO,
was observed iiotransformation ly river sediment. Hence, CSIA indicaaasunknowntransformation
pathway which may be similar for elimination of diclofenac by river sediment or Mm@ which
involves nitrogen atom to a greater extent than indicated by available TP identification (ring
hydroxylated species) Furthermore, in Chapter 3 CSIA was used for the first time to study micropollutant
transformation by ozone and delivered strong indication that ozone attacks rather the aromatic ring of
diclofenac than the Mtom. Because many microlhatants contain aniline structures, the observed N
isotope fractionation of diclofenac gives the promising outlook that CSIA could also help to understand

the transformation behavior of other micropollutants during ozonation.

Isotope ratios andTPs¢ two complementary approachesTransformation product analysis of
Chapter 3 has shown that three different reactagtezone, ABTS and Ma@ can transform diclofenac
into the same TRdiclofenae2,5iminoquinone At the same time CSIA revealed that this wasedby at
least two different reaction mechanisms. Hence, TP analysis and CSIA can be seen as complementary
approaches. On the one hand CSIA shades light on the reaction mechanism (e.g. site of attack, dominant
pathway) and improves our understanding ofrisfiormation processes. On the other hand TP analysis
shows us the result of this mechanism, which is important because the behavior of TPs is even less
investigated and in some cases they can be persi¥tenteven more toxic than their precursots.
Howeve, future work should also address isotope analysis of TPs. In chapter 3 it was discussed if
hydroxylation is the driver of isotope fractionation. CSIA of the hydroxylated products could show if the
RSLX SGAzy 27F f A3K F-TAdEvE:i6feciAEN ah ghricRrie of Aght $sgtopés indhe
¢t & OBT OM': KO® Ly 20G§KSNJI g2NRas /{L! 2FFSNE (GKS dzy

transformation.

ESIA combines the advantages of CSIA and enantiomer analysis and opens up ndsv fiel

Chapter 4 combined the advantages of CSIA and enantioselective analysis to provide a very robust tool
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that can track the fate of micropollutants, give mechanistic insight into transformation, but in addition it
has also the potential to determine enzgtic activity when no isotope fractionation can be observed.
Such a case was investigated in chapter 4, where microbial transformation of dichlorprop caused no
isotope fractionation, but shifted enantiomeric ratios. On the one hand, this investigationexhtvat

ESIA could track this reaction, but on the other hand it also provided ground for a deeper mechanistic
interpretation. There are two hypotheses for the absence of isotope fractionatither the
transforming enzyme shows no isotopic preference,t@ansport into cells limited the turnover of
dichlorprop (see also Fig-3). It is currently under investigation, if dichlorprop transformation by the
isolated enzyme causes isotope fractionatigQiu et al, submitted to HBvironmental Sience &
Technology. If this enzyme shows an isotopic preference, the absence of isotope fractionation in
Chapter 4 would deliver a direct evidence for if transport into cells as-determining step in the

microbial transformatiorof dichlorprop.

Furthermore, he application of ESIA was not restricted to lab experiments, but was already
brought to the fidd (Appendix A2). Thme, the remarkable picture was obtained that enantiomer and
isotope ratios of 4CPP (TP of dichlorprop) were shifted at the same time duriansformation under
anaerobic conditions at a landfill sitelence,much can be learned frorBESA in the future in field
applications, but also in terms of a better process understanding. This applies especially, because ESIA
was only applied to carboisotopes.CSIA of diclofenac, atrazifi®r isoproturort* has shown that the
analysis of a second element can increase the possibilities of isotope analysis fundameénitaitg
studies will show that this alsapplies for ESIA, when the*Capproach ofthis thesis is combined with

1’Hanalysis

In conclusion this thesis highlighted the potential of isotope ratios to deliver new insights into
transformation reactions by pioneering CSIA of a pharmaceutical and ESIA of herbicides. Much can be
expected wha future work will transfer the approach of this thesis to one of the other 10,000
pharmaceuticals on the markeét, or when the possibilities ofESIA will be used to study chiral

blockbuster drugs,.&h as ibuprofen ometoprolol.
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Abstract Compound-specific isotope analysis (CSIA) is
an important tool for the identification of contaminant
sources and transformation pathways, but it is rarely applied
to emerging aquatic micropollutants owing to a series of
instrumental challenges. Using four different benzotriazole
corrosion inhibitors and its derivatives as examples, we
obtained evidence that formation of organometallic com-
plexes of benzotriazoles with parts of the instrumentation
impedes isotope analysis. Therefore, we propose two strate-
gies for accurate §!3C and 3N measurements of polar
organic micropollutants by gas chromatography isotope
ratio mass spectrometry (GC/IRMS). Our first approach
avoids metallic components and uses a Ni/Pt reactor for
benzotriazole combustion while the second is based on the
coupling of online methylation to the established GC/IRMS
setup. Method detection limits for on-column injection
of benzotriazole, as well as its 1-CH3z-, 4-CHz-, and 5-
CH3-substituted species were 0.1-0.3 mM and 0.1-1.0 mM
for 813C and §'3N analysis respectively, corresponding to
injected masses of 0.7-1.8 nmol C and 0.4-3.0nmol N,
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respectively. The Ni/Pt reactor showed good precision and
was very long-lived (=1000 successful measurements).
Coupling isotopic analysis to offline solid-phase extraction
enabled benzotriazole-CSIA in tap water, wastewater treat-
ment effluent, activated sludge, and in commercial dish-
washing products. A comparison of §13C and §1°N values
from different benzotriazoles and benzotriazole derivatives,
both from commercial standards and in dishwashing deter-
gents, reveals the potential application of the proposed
method for source apportionment.

Keywords CSIA - Gas chromatography isotope ratio mass
spectrometry - Benzotriazole - Corrosion inhibitors -
Micropollutants - Source identification

Introduction

The increasing contamination of water resources with
organic micropollutants is a major environmental problem
[1, 2]. Many of the synthetic chemicals that are currently
introduced into the aquatic environment through human
activity are relatively polar and therefore quite mobile [2].
Assessing the exposure of humans and the environment to
aquatic micropollutants is challenging, however, because
knowledge of degradation is often elusive and estimates
on the amount of degraded contaminant can barely be
obtained. Moreover, the widespread use of anthropogenic
chemicals also leads to multiple contamination sources
that are difficult to distinguish. It has therefore been pro-
posed to use compound-specific isotope analysis (CSIA) to
assess micropollutant degradation processes in individual
micropollutants [3, 4].

As has been shown for fraditional organic contaminants
such as chlorinated solvents, fuel additives, and explosives,
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CSIA is ideally suited to contribute to the fate assess-
ment [3-7]. Conservative isotope signatures enable source
apportionment while changing isotope signatures provide
robust evidence for (bio)degradation and its pathways.
However, to carry out CSTA using the typical instrumenta-
tion (i.e., gas chromatography coupled to isotope ratio mass
spectrometry, GC/IRMS), a series of challenges have to be
addressed. (a) GC/IRMS systems exhibit rather poor sensi-
tivity requiring extensive sample enrichment, which can, in
principle, lead to isotope fractionation artifacts [5, 6, 8]. (b)
Many contaminants contain polar functional groups (alco-
hol, amino, or carboxyl groups, N-heteroatoms) that reduce
their volatility and thermal stability thus compromising their
analysis by GC/IRMS. (¢) Some compounds are suspected
to be converted incompletely to analyte gases (i.e., COz and
N3) leading to high detection limits and inaccurate isotope
ratio measurements [9]. (d) Finally, several micropollutants
have the potential to form organometallic complexes that
may hinder isotopic analysis due to the presence of metals
(e.g., stainless steel, Cu, Ni, Pt) in commercial GC/IRMS
systems.

In this study, we present an approach for CSIA of ben-
zotriazoles, representing an important class of emerging
micropollutants. Because benzotriazoles are mobile and per-
sistent, they are widely found in rivers, lakes, and ground-
water in the nanograms per liter up to the low micrograms
per liter range [10-15]. 1H-benzotriazole (1H-BT) and its
methylated derivatives 4-methyl-benzotriazole (4-CH3-BT)
and 5-methyl-benzotriazole (5-CH3-BT, which is often used
in technical tolyltriazole mixtures including 4-CH3-BT) are
high production volume chemicals with a worldwide annual
production in the range of 9000 tons/year [16]. They are
widely used as corrosion inhibitors in aircraft deicing and
anti-icing fluids, cooling liquids, and brake fluids as well
as for silver protection in dishwashing detergents [17, 18].
Benzotriazole and its derivatives also play an important role
as synthetic auxiliaries in organic chemistry [19] and are
used for UV stabilization in plastics [20].

Knowledge of the processes governing benzotriazole
transport and transformation in aquatic environments is,
despite recent advances, scarce [21, 22]. CSIA can offer
additional insight into mechanisms of transformation pro-
cesses and could enable one to identify contaminant
sources. It was therefore the goal of this study to provide
methods for accurate, that is true and precise C and N iso-
tope analysis of benzotriazoles by CSIA and to apply one
of them for environmental analysis and supplier identifi-
cation of benzotriazoles in dishwashing detergents. How-
ever, isotopic analysis of benzotriazoles by conventional
GC/IRMS is challenging. because benzotriazoles are not
only very polar but also exhibit low vapor pressures [13]
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and tend to form complexes at metal surfaces (e.g., with Cu
alloys, [23, 24]), so that interactions of benzotriazoles with
metal-containing parts present in GC/IRMS systems can
compromise isotopic analysis. We therefore evaluated two
complementary approaches including (a) the replacement of
metal parts in a typical GC/IRMS system (modified standard
setup) and (b) the derivatization of benzotriazoles to less
polar and more volatile products which do not form strong
metal complexes (online derivatization). The modified stan-
dard setup was further investigated for CSIA of 1H-BT and
three methylated benzotriazole species (1-CH3-/4-CHj3-/5-
CH3-BT) in environmental matrices and in dishwashing
detergents. To this end, we tested the benzotriazole enrich-
ment by solid-phase extraction (SPE) and its coupling to
isotopic analysis in tap water, wastewater treatment plant
effluent, and in activated sludge as well as in commercial
dishwashing products.

Experimental section

A complete list of all used chemicals including abbre-
viations, purities, and suppliers, as well as a description
of the sampling procedure at the wastewater treatment
plant, is provided in the Electronic Supplementary Material
(Table S1).

Solid-phase extraction

The performance of three commercially available SPE car-
tridges containing the three following adsorbent materials
was compared with regard to purification and enrichment of
benzotriazoles: (1) Oasis HLB (6 cm> cartridges, 200 mg;
Waters, Milford, MA, USA), a reversed-phase sorbent, was
used to retain neutral benzotriazole species (sample pH
2.0); (2) ENVI-Carb (Supelclean ENVI-Carb SPE tubes
6em, 250 and 500 mg; Supelco; Bellefonte, PA, USA), a
graphitized carbon material, was tested as an alternative sor-
bent for neutral benzotriazole species (sample pH 2.0); and
(3) Oasis MAX (6 cm’? cartridges, 150 mg; Waters, MA,
USA), a mixed-mode anion exchange sorbent, was used to
retain anionic benzotriazole species (sample pH 10.6). All
SPE materials were evaluated with three different matrices,
namely, tap water, wastewater treatment plant effluent, and
activated sludge.

Depending on the used SPE sorbent, the pH of 100-
mL sample was adjusted to 2.0+0.1 with 1 M HCI or to
10.6 £ 0.1 with 5 % NH4OH. Samples were then spiked
with benzotriazoles to obtain final concentrations of 0.5,
1.5, or 2.5uM 1-CH3-BT and 1, 3, or 5puM 1H-BT, 4-
CH3-BT, and 5-CHj3-BT, respectively. A blank was run

IV/ LII



CSIA of benzotriazole and its derivatives

2845

under identical conditions except for the addition of ben-
zotriazoles. All samples were filtered with 0.7 um GF-F
filters (glass microfiber filters, Whatman, 47 mm) after
the addition of benzotriazoles and percolated through the
conditioned cartridges with a flow rate of approximately
I mL/min. Subsequently, the cartridges were washed with
4-5mL water, dried for at least 1h at room temperature
and benzotriazoles were eluted with 10 mL of different
organic solvents. Detailed SPE protocols are provided in
Table S2. For GC/MS analysis, extracts were evaporated
at 30 °C under a gentle stream of N> to 1 mL and fur-
ther diluted with ethyl acetate to obtain benzotriazole con-
centrations within the calibrated range of the instrument
(840 uM). GC/IRMS analysis required further solvent
evaporation to achieve a final volume of 100 pL.

Domestic dishwashing detergents

Domestic dishwashing powders and tabs from 12 com-
mercial products were crushed with a pestle, and varying
amounts (10-100mg) were dissolved in 100 mL nanopure
water. Dissolution was achieved after 15min of sonica-
tion. Subsequently, the pH of each sample was adjusted to
2.04£0.1 with 1 M HCI, and samples were enriched by SPE
using Oasis HLB cartridges. For GC/MS and GC/IRMS
analysis, sample extracts were evaporated under a gentle
flow of N> to 1 mL and 100 uL, respectively.

GC/MS analysis

Modified standard setup Concentration analysis of benzo-
triazoles was conducted with a GC/MS system (TRACE GC
Ultra/TRACE DSQ EI 250, Thermo). Liquid samples (1 uL.
in ethyl acetate) were injected with a Combi PAL autosam-
pler (CTC Analytics) in a split/splitless injector operated
for 1 min in splitless and then in split mode with a split
flow of 50 mL/min at a temperature of 200 °C. Helium
was used as carrier gas at constant pressure (100kPa). The
GC was equipped with 1 m of an OV-1701-OH deactivated
fused-silica guard column (660 um OD, 530 um ID, BGB
Analytik), a 30 m x 0.32 mm RTX-5 Amine column (Cross-
bond 5 % diphenyl/95 % dimethyl polysiloxane, | um df,
Restek), and 0.4 m OV-1701-OH deactivated fused-silica
postcolumn (450 um OD, 180 um ID, BGB Analytik). Uni-
versal PressFit Connectors (0.3 to 0.75 mm OD, deactivated,
BGB Analytik) and a Universal PressFit 4-way X-splitter
(0.2 to 0.75mm OD, deactivated, BGB Analytik) were
used. The temperature program used to obtain baseline-
separated analyte peaks was 1min at 80 °C, 15 °C/min
to 180 °C (10min), and 40 °C/min to 250 °C (5min).
Benzotriazoles were quantified with external calibration

using seven standard mixtures containing the four benzotri-
azole species in concentrations ranging from 8 to 40 puM.
The mass spectrometer was operated in the full scan mode
(m/z 50-400).

Online derivatization of benzotriazoles Benzotriazole
online derivatization by trimethylsulfonium hydroxide
(TMSH) was carried out using the same GC/MS instrument,
setup, and injector (at 230 °C) described above. Each sin-
gle benzotriazole standard (1 mM in ethyl acetate) was
mixed with TMSH in 50-fold excess (25 mM ethyl acetate)
to obtain analyte concentrations of 40 uM. Benzotriazole
derivatives were identified based on GC/MS retention
times and mass spectra. Tentative derivatization efficiencies
were estimated from the lowest detectable concentration
of underivatized benzotriazole (cfﬂ]), and the theoreti-

cal concentration of benzotriazole injected with TMSH
BT ) o
(ClheorellcaJ.TMSH)‘ as follows:

BT

ool

Derivatization efficiency = (1 - %) 100 %
Ciheoretical, TMSH

(1)
GC/IRMS analysis

Modified standard sefup Analysis of §13C and 8N val-
ues of pure chemicals was carried out using a TRACE GC
coupled to an isotope ratio mass spectrometer via a GC
Combustion IIT interface (GC/IRMS 1, Thermo). C and N
isotope analysis were almost identical, except for cryogenic
trapping of CO; in liquid N> during 5N measurements.
The GC setup and the temperature program were identi-
cal to GC/MS analysis described in Section “Modified stan-
dard setup” except for the larger postcolumn inner diam-
eter (320 um). The self-made oxidation reactor consisted
of a ceramic tube (1.5 mm OD, 0.55 mm ID, 32 cm length,
Thermo) containing two nickel wires (diameter 0.1 mm,
length 30 cm, purity 99.99 %, Alfa Aesar) and one plat-
inum wire (diameter 0.1 mm, length 30 cm, purity 99.99 %,
Goodfellow). The same Ni/Ni/Pt reactor (referred to as
Ni reactor in the succeeding text) operated at 1000 °C
was used for C and N isotope analysis. One Ni reac-
tor was used throughout the study covering approximately
1200 measurements. After every measurement, the reactor
was reoxidized for 20 min with a continuous O; stream at
1000 °C after optimum reoxidation times had been evalu-
ated between 1 and 30 min (data not shown). For reduction
of nitrogen oxides, a standard reduction reactor (Thermo)
containing three wires of copper was operated at 650 °C.

@ Springer
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C and N isotope ratios are expressed in the delta nota-
tion as §'3C and §1ON, respectively, (Eq. 2), in which the
concentrations of heavy ("E) and light (E) isotopologs of
C and N (designated as element E) are reported relative to
Vienna Pee Dee Belemnite and air, respectively.

{hE /!E)sample
(hE /’E}standa.rd

To evaluate the trueness and precision of isotope mea-
surements, the C and N isotope composition of four ben-
zotriazole standards (1H-BT, 1-CH3-, 4-CH3z-, 5-CH3-BT)
was measured by an elemental analyzer (EA, Carlo Erba)
coupled to an IRMS (EA/IRMS, Fisons Optima, Table S4).
Trueness of isotope signatures, A8" E, is reported as devi-
ation of the isotope ratio measurements by GC/IRMS
(5" Egcirvs) from the reference isotope signatures of four
in-house working standards (5"‘Emc, Eq.3). If not speci-
fied otherwise, isotope signatures are reported as arithmetic
mean of triplicate measurements with 1 standard deviation
(+o) as measure for instrumental precision.

AS'E = 5"EGcpimms — 8" Erer (&)

8" E [%e] = —1 (2)

Online derivatization approach For the online derivatiza-
tion approach, a different GC/IRMS instrumentation (GC/
IRMS 2) was used that is described in detail in Reinnicke
et al. [25]. Online derivatization of benzotriazole with
TMSH was carried out using a programmable temperature
vaporizer (PTV) injector (Optic 3-SC High Power Injec-
tion System, ATAS GL International B.V.) equipped with
a large-volume glassbead liner (PAS Technology). Between
1 and 100 ul. of a premixed solution with 0.8 mM 1H-
BT (Fluka) and TMSH (250-fold excess) in methanol was
injected via a GC Pal autosampler into the glassbead liner
at 40 °C. Depending on the injected sample volume, a vent
time between 30s (for | uL) and 630s (for 100 uL) was
used with a split flow of 50 mL/min to remove the sol-
vent (methanol). Subsequently, the split flow was set to
0 mL/min for 60s (column flow 1.4 ml./min) and the injec-
tor was heated with a rate of 7 °C/s to 300 °C. The GC
setup and the temperature program were identical to the
GC/MS analysis described in Section “Modified standard
setup.” A commercially available Ni tube/NiO-CuO com-
bustion reactor with a silcosteel capillary (Thermo) operated
at 1000 °C was used for §13C and 5N analysis and was
reoxidized after approximately 40 injections. For reduction
of nitrogen oxides, a standard reduction reactor (Thermo)
was operated for N isotope measurements at 640 °C. Iso-
tope signatures for 1H-BT were calculated as follows using
the isotope values of the derivatives (1-CH3-BT and 2-CH3z-
BT) and the corresponding peak areas of mass 28 or 44
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(A% and A%, respectively. The calculation of 4§ 3¢ val-
ues for 1H-BT further required correction for the introduced
carbon atom through methylation (513CEA~TM5H).

815N upT [%]
15 28 15 28
§°NicH;BT - Afcp,pT T8 " N2cH:BT - Ascw,pT

= 78 %
ATCHBT T ACH;BT

)

8"Cupr [%0]
7 (513CICH3BT “Afdypr + 8" Cachyar - A‘%&J':HXBT)

6

EE} pE}
ATCHBT T ACH;BT

_ 1 5
r "EA.TMSH 3)

Online derivatization approach vs. modified standard setup
For method comparison, the online derivatization approach
and the modified standard setup were implemented con-
secutively on the same GC/IRMS instrument. Therefore,
GC/IRMS 2 that was used for the online derivatization
approach was equipped with the same guard, chromato-
graphic, and postcolumn as well as with the same self-made
oxidation reactor than used in the modified standard setup.
Between | and 100 uL benzotriazole standard compound in
ethyl acetate (without TMSH) was then injected onto the
GC column via the PTV injector which was heated with a
rate of 5 °C/s to 230 °C.

Method detection limits Instrument linearity and method
detection limits (MDLs) were determined from isotope ratio
measurements of four benzotriazole working standards at
different concentrations following the moving mean proce-
dure proposed by Jochmann et al. [26]. Injected concentra-
tion ranges were 0.025—1 mM and 0.125-5 mM for §'3C and
515N analysis, respectively. MDLs were determined using
two different uncertainty intervals: (a) constant §13C and
819N intervals of +0.5 and +1 %.. respectively (referred to
as MDL), and (b) variable intervals covering +2¢ of all
data points used for the calculation of the moving mean
(MDLy).

Results and discussion

Analytical strategies for CSIA of benzotriazoles
by GC/IRMS

Isotopic  analyses of |H-, 4-CH;-, and 5-CHj3-
benzotriazoles by standard GC/IRMS systems via
on-column injection did not lead to detectable peaks even
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at high analyte concentrations (up to 15 mmol/L) while that
of 1-CHz-benzotriazole was feasible (Fig. la). Because
the ability of benzotriazoles to form organometallic com-
plexes requires nitrogen lone pair electrons [23, 24], our
observation suggests that interactions of 1H-, 4-CH3-, and
5-CHj-benzotriazoles with metal parts of the GC/IRMS
system, in particular with Cu in the Cu/Ni/Pt-containing
oxidation reactor, impede isotopic analysis. As shown
in Fig. 1b, replacing stainless steel-containing parts by
silicate-based ones (PressFit Connectors, PressFit X-
Splitter, Section “Maodified standard setup™) and removing
Cu wires from the oxidation reactor enabled us to carry out

GC/IRMS
a) Cu/Ni/Pt Reactor
injected:
1-CH,-BT, 1H-BT, 4-CH,-BT, 5-CH,-BT

5 -
= 44
o /
£l o
S 2 i e
E — 45
< 4 — 45

0 T T T T 1

b) Ni/Ni/Pt Reactor

injected:
1-CH,-BT, 1H-BT, 4-CH,-BT, 5-CH,-BT

Amplitude [V]
na w =3 w
l l 1 1

-
|

o
1

0 200 700 800 900 1000
Time [s]

Fig. 1 GC/IRMS chromatograms (leff): a 1-CH3-BT was the only
compound detected from a mixture of 1H-BT, 1-CHz-, 4-CHs-, and
5-CH;3-BT by conventional isotope analysis with GC/IRMS systems
containing a Cu/Ni/Pt oxidation reactor; b all four benzotriazoles
were detected when the same mixture was analyzed using the modi-
Jfied standard setup containing a Ni/Ni/Pt oxidation reactor (GC/IRMS
1). GC/MS chromatograms (right) of ¢ four underivatized benzotri-
azole species, d derivatization products of 1H-BT methylation with

CSIA of all four benzotriazole species. This approach is
henceforth referred to as the modified standard setup which
was, unless otherwise specified, implemented on GC/IRMS
1. Alternatively, as implied by the isotopic analyses of
1-CH3-benzotriazole, N-methylation on the friazole ring
reduces interactions of the molecule with metal surfaces
[24] and thus allows one to use Cu-containing, siandard
GC/IRMS systems for benzotriazole-CSIA. An example of
such a derivatization using TMSH is shown in Fig. lc—g
and the isotope analysis of derivatized benzotriazoles is
discussed in Section “Benzotriazole-CSIA using online
derivatization™.
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8x1 oaj’

44
24

’N\
d) 8x10° @;ﬁk J .
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N

44 1H-BT
2 +TMSH

0 T 1 1 1
e)_ 8x10°H @[Ni"
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2 4 1-CH,-BT
g 2 +TMSH
E 0 T T T 1
VIR A A
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1.0 4-CH,-BT
0.5 +TMSH
00 T T T 1
g) 1.0xi074 | A, i
1.5x10%] = Uh‘r\“ injected:
1.0 5-CH,-BT
0.5 +TMSH
00 T T T 1
B 8 10 12 14

Time [min]

trimethylsulfonium hydroxide (TMSH) identified as 1-CH3-BT and
2-CH3-BT with standard compounds, e 1-CH3-BT. which was not
further methylated upon derivatization, f derivatization products of
4-CH3-BT methylation, and g derivatization products of 5-CHs-BT.
Molecular structures of derivatization products for 4-CHs- and 5-CH;-
BT methylation are suggested based on mass spectrometric analyses
without confirmation by standard compounds. Derivatization of 4-
CH3-BT led to a third unidentified peak of low intensity
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C and N isotope analysis of benzotriazoles
using the modified standard setup

Reproducibility More than 1000 C and N isotope measure-
ments of the four benzotriazole working standards were car-
ried out with the modified standard setup. C and N isotope
signatures were highly reproducible over the whole period
of analysis (Table 1, Fig. S2). Even if long-term instru-
mental variabilities are included, good precisions (expressed
as +a) of £0.6-1.0% (n = 79) for C and £0.1-0.3 %
(n = 16 — 77) for N isotope analysis were achieved. Fur-
thermore, 813C and 8'3N values were consistent with refer-
ence isotope values determined by EA/IRMS. The trueness
was within < +0.5%c for C and = —0.6 %0 for N isotope
measurements and was thus within typical uncertainties of
=£0.5 %0 and &1 %o reported for GC/IRMS analysis of C and
N isotope ratios, respectively [27-29]. §'3C signatures of
1-CH;3-BT showed lower precision and a reproducible off-
set by —2.3 + 1.8%c (n = 15) possibly due to not fully
optimized instrumental procedures at the beginning of the
study. Notice the limited number of analyses owing to the
depletion of our calibrated in-house standard for 1-CH3-BT.
Further analysis of 1-CH3-BT with non-calibrated material
nevertheless confirms the observed trends. C and N isotope

signatures of 1-CH3-BT did not deviate by more than +1.5
and £0.3 %o from the mean of all measurements, and preci-
sions were 0.5 % (n = 63) and 0.1 %0 (n = 38) for C
and N isotope measurements, respectively.

Method detection limits for accurate isotope analysis The
performance of C and N isotope ratio measurements using
the modified standard setup was determined as a function
of injected benzotriazole concentration (Figs. 2 and S3).
MDLs were then derived according to the moving mean
procedure as the smallest analyte concentration level, for
which isotope values were within predefined intervals cov-
ering the total analytical uncertainty [26]. Measures for the
total analytical uncertainty of CSIA are typically 0.5 %o
for §13C analysis of commonly measured compounds such
as (chloro)hydrocarbons, but they are poorly constrained
for micropollutants and especially for their 83N measure-
ments (=1 %) [6, 28, 30]. Therefore, we also calculated
MDLs using an uncertainty interval of +20 representing
our measurement’s precision.

For 8'3C analysis of benzotriazoles, MDLs of 0.1—
0.3 mM (corresponding to 0.7-1.8 nmol C) were determined
using an uncertainty interval of 20.5 %c. Except for anal-
ysis of 1-CH3;-BT, identical results were obtained if the

Table 1 Trueness and precision (£c) of C and N isotope measurements of four benzotriazole working standards as well as §°C and 5'°N values
of eight additional aromatic, N-heterocyclic compounds determined with the modified standard setup (GC/IRMS 1). Unless specified otherwise,
isotope signatures are reported as arithmetic mean (+o) of triplicate measurements

GC/IRMS
Compound §13C (%] AS3C [%ol® 85N [Y%ol ASUN [%o]®
IH-BT —26.0+ 1.0° 0.5+ 1.00 274 +0.1¢ —0.3 £+ 0.1¢
1-CH3-BT —334+ 1.8 —23+ 1.8 —33.5+0.1° —0240.1°
4-CH;-BT —28.8 +0.6" 0.0 £06" —42+0.3 —0.6 4+ 0.3°
5-CH3;-BT —27.6 + 0.6" 0.0 £06 —15.9 +0.3¢ —0.1 4+ 0.3
1-CH;0CH,-BT —32.6 +0.1 a 0.9 + 0.0 -
Benzothiazole —289+£0.1 - —2.1x01 -
1-CH,CI-BT —28.540.0 - —57+0.1 -
Skatole —252+0.0 - 1.7 +0.1 -
Quinoline —21.8+0.1 - 3.3+00 -
Indole —195+0.1 - 6.3+0.2 -
5,6-(CH3),-BT - - —23.5+03 -
1-CH,OH-BT - - —6.3+0.1 -

“Trueness is expressed as mean deviation of isotope signatures measured with GC/IRMS from the reference isotope signatures determined by

EA/IRMS
bn =79
n="77
‘n=15
‘n=16

'Hyphen (-) = not determined
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Fig. 2 Accuracies of a C and b N isotope signatures of 1H-BT deter-
mined with the modified standard setup (GC/IRMS 1) for a concen-
tration range of 0.05-1 mM and 0.25-5 mM, respectively. Amplitudes
increased linearly with higher injected concentrations. Gray bars indi-
cate MDLs determined according to the moving mean procedure [26]

MDL definition was based on the +2o interval (Figs. 2a
and S3, Table 2). MDLs for §PON analysis of benzotriazoles
were derived for uncertainty intervals of £1 %o and +2¢
(Fig. 2b). Due to very accurate N isotope measurements
of benzotriazoles, MDLs of 0.125-0.25 mM (0.4-0.8 nmol
N) coincided with the lowest measured concentrations and
peak amplitudes and were, again, independent of the uncer-
tainty definition. Only for §'N measurements of 5-CHj-
BT, a higher MDL;, of 1 mM (3.0 nmol N) was determined
(Table 2).

b T T T T T
) 4 MDL
[ ]
~ 2f 3 >
o
= - 1%a :/' =
£ s [
g OFXATTEITRT R TIN 2 §
< St r ni a.
1% N
2+ - g
=
[]
A4r,® . . . . ‘
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1H-BT concentration [mM]
0 5 10 15

Injected mass [nmol N]

with intervals of 2:0.5 Yo and £1 % for C and N isotope analysis (blue
lines), as well as with intervals of +2¢ (red lines). Moving means are
indicated by dashed lines

Conversion efficiency The accurate and highly reproducible
C and N isotope signatures as well as low MDLs suggest an
efficient conversion of benzotriazoles to analyte gases (CO»
and N»). To verify this hypothesis, we analyzed seven C-
and N-containing in-house standards (n-alkanes, substituted
aromatic amines, nitrobenzene, atrazine) with the modified
standard setup. Conversion efficiencies were operationally
defined as the slope of the linear regression between signal
area of mass 44 and 28, respectively, per theoretical injected
mass of C and N.%c Conversion efficiencies were derived

Table 2 Method detection limits (MDL) for C and N isotope analysis of benzotriazoles with the modified standard setup (GC/IRMS 1) deter-
mined according to the moving mean procedure [26] with intervals of £0.5 %o and 1 %, respectively, and £2¢. MDLs are expressed as injected
benzotriazole concentration (mM) and as corresponding mass of injected C and N (nmol). Corresponding peak amplitudes are reported in mV

513C 515N

MDL* Amp 44° MDL" Amp 28°

[mM] [nmol C] [mV] [mM] [nmol NJ [mV]
1H-BT 03 1.8 1060 £ 130 0.25 0.8 21042
1-CH3-BT 0.29/0.1¢ 1.4/0.7 1470 £ 704750 £ 25¢ 0.125 0.4 150=1
4-CHs-BT 0.1 0.7 420+ 10 0.25 0.8 22042
5-CHs-BT 0.2 14 625+ 50 1.0 3.0 7904115
*Determined with an interval of £0.5 %o or = 2o = 0.8, 1.2, 1.4, and 1.1 %o for 1H-BT, 1-CH3-, 4-CHj3-, and 5-CH3-BT, respectively
®Determined with an interval of £1 % or & 20 = 0.5, 0.6, 0.6, and 1.5 Y% for 1H-BT, 1-CH3-, 4-CH3-, and 5-CH3-BT, respectively
“Amplitude +e
“Interval £0.5 %o
“Interval 20 (=1.2%0)
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from analysis of 1.8 to 7.2nmol C and 1.5 to 15nmol N
per substance, resulting in signal areas between 1 and 50 Vs
and amplitudes ranging from 1.2 to 10V (8'3C) and 0.09
to 3.4V (§N), respectively. Figure 3 depicts the conver-
sion efficiencies of the tested compounds to CO; and Nj,
respectively, grouped by substance class.

n-Alkanes are reported to be the most readily com-
busted and most completely converted to CO; [31]. Indeed
dodecane showed the highest operational CO;-conversion
efficiency (5.9 Vs/nmol C). Decane conversion efficiency,
in contrast, only attained 82 % of the dodecane value.
The comparison of combustion efficiency ranges suggests
that benzotriazole conversion to CO; was also high. The
four benzotriazole species showed operational conversion
efficiencies between 3.7 and 5.0 Vs/nmol C, which corre-
sponded to 62-85 % of the dodecane conversion efficiency
(Fig. 3a). All benzotriazole species were converted to a sim-
ilar extent suggesting that the presence and position of a
methyl substituent did not affect oxidation. Indeed, evidence
for similar combustion properties of aliphatic and aromatic
compounds has also been reported for n-hexane and toluene
[32]. Moreover, the conversion of N-heterocycles seems
favored over that of two aromatic amines (4-chloroaniline,
diphenylamine), which only reached 35 % conversion to
CO,. Given that §13C values of all the N-containing com-
pounds analyzed here can be determined accurately [30,
33-36]. our data illustrate that a better conversion con-
tributes to lower MDLs but is not prerequisite for accurate
isotope analysis.

Nj-conversion efficiencies additionally support the con-
clusion that benzotriazoles were efficiently converted to

o
S—
T

Slope [Area m/z 44 / nmol C]

Fig. 3 Conversion of n-alkanes (striped bars), benzotriazoles (solid
bars), substituted aromatic amines (dofted bars), nitrobenzene
(squared bar), and atrazine to a CO; and b N; by the self-made

@ Springer

analyte gases by the Ni/Pt reactor used in the modified
standard setup. All benzotriazoles were most efficiently
transformed to N compared to amino and nitro groups in
aromatic amines and nitrobenzene (Fig. 3b). It is interesting
to note that atrazine, which was successfully analyzed with
a similar self-made Ni/NiO reactor operated at 1150 °C in
previous studies [34], could not be measured using the mod-
ified standard setup. We speculate that this result might be
due to the lower reactor temperature used here (1000 °C).

Our comparison of conversion efficiency further under-
scores the need of standard materials and procedural guide-
lines for developing CSIA methods for organic micropol-
lutants [6]. As illustrated here and shown previously [31.
37], conversion efficiencies strongly depend on the type and
temperature of the oxidation reactor. In addition, standard
materials are required that can be used under very differ-
ent chromatographic conditions on a wide variety of IRMS
instruments.

Benzotriazole-CSIA using online derivatization

We explored the C- and N-CSIA of benzotriazoles using an
online derivatization approach with a conventional Cuw/Ni/Pt
reactor as the alternative to the modified standard setup.
As shown in Fig. 1, derivatization with TMSH generates
methylated benzotriazoles that do not show the same affin-
ity to Cu and other metal-containing parts and thus can be
analyzed in a conventional GC/IRMS system. As outlined
in the methods section, derivatization requires one to rec-
oncile isotope signatures measured for multiple methylation
products (see tentative product identification in Fig. 1d, f, g)

O
—~

P

[%)]

N
o

Slope [Area m/z 28 / nmol N]

2
{&\&@s\&\@ &@(\ \&@
S T
W F N

Ni/Ni/Pt reactor in the modified standard setup (GC/IRMS 1). Conver-
sion efficiency is expressed as slope of the linear regression between
theoretical injected amount of C or N and corresponding peak area
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except for 1-CH3-BT, which remained unchanged (Fig. le).
Unfortunately, GC/MS analysis revealed that benzotria-
zole methylation products have similar retention times than
the other benzotriazoles investigated and co-elution would
likely have compromised their isotopic analyses (Fig. 1d-g).
Therefore, the following comparison of the derivatization-
based approach with the modified standard setup focuses
exclusively on 1H-BT. To enable a direct comparison of
the modified standard setup and the derivatization approach,
both methods were implemented on an identical instrument
(GC/IRMS 2).

Comparison of the derivatization approach with the mod-
ified standard setup Accurate and reproducible §13C and
815N values were obtained with both approaches for 1H-
BT (Fig. S4). Comparisons were made for the concentration
range of 0.8—8 mM (derivatization approach) and 1-10 mM
(modified standard setup), respectively (Fig. S5). §13C val-
ues measured with the derivatization approach were of sim-
ilar trueness (£0.5 %o of reference value) than data acquired
with the maodified standard setup except for concentrations
below 2 mM, which, on that instrument (GC/IRMS 2), only
yielded satisfactory results with the derivatization approach.
Both approaches performed equally well for N isotope anal-
ysis for IH-BT concentrations between 3.5 and 10 mM but
515N values were slightly offset by —1 %o. Notice that in
contrast to typical sample injection techniques (e.g., on col-
umn, split/splitless), the derivatization approach using the
PTV injector enables one to inject variable sample sizes (1—
10 uL) with constant excess of TMSH. This feature might
be beneficial for benzotriazole analysis in environmental
samples but was not explored further in this study. Data
presented in the following sections were acquired with the
modified standard setup implemented on GC/IRMS 1.

Solid-phase extraction of benzotriazoles coupled to
GC/IRMS (modified standard setup)

We tested three different SPE sorbents and protocols to
carry out C- and N-CSIA of benzotriazoles in different
aqueous martrices, that is tap water, sewage treatment plant
effluent, and activated sludge as well as in consumer prod-
ucts. The performance of different SPE sorbents was eval-
uated based on isotope fractionation. analyte recovery, and
interferences from the sample matrix. Regardless of the
materials and protocols chosen, no influence of the sam-
ple matrix on the analyte recovery was observed as reported
earlier [38].

(1) Bestresults were obtained using Oasis HLB cartridges
that were preconditioned with hexane, ethyl acetate,
methanol and water, and with sample pH values
adjusted to pH 2. Using this optimized protocol (see

Table S2), benzotriazole recoveries varied between
80+4 % and 93 =5 % (Table S3) and no co-eluting
substances interfered with the analytes. Notice that the
latter was not the case if Oasis HLB cartridges had
not been preconditioned with hexane so that interfer-
ences from the cartridge material compromised CSIA
of 1-CH3-BT and 5-CH3-BT. Method-induced iso-
tope fractionation, denoted as deviation AS3C and
AN, was negligible regardless of the sample matri-
ces used and was within the uncertainty of analysis
(Table 3). Generally, AS13C and ASN values were
slightly more negative than the reference value sug-
gesting a preferential adsorption of heavy isotopologs.
AS3C and A§N values of 1H-BT, 4-CH3-BT, and
5-CH3-BT were within —0.3 4+ 0.8 and —1.5 +0.5 %c.
The deviation of the §'*C value of 1-CH3-BT (up to
—2.64 1.7 %) was almost identical to the offset from
the reference value measured without SPE (Table 1)
suggesting that this deviation did not originate from
the enrichment procedure.

(2) Using ENVI-Carb cartridges, benzotriazole recover-
ies were high (80+1 % to 121 +11 %) (Table S3).
However, co-eluting peaks impeded C isotope anal-
ysis of 1-CH3-BT and 1H-BT after enrichment from
the sludge matrix (Fig. S1). ENVI-Carb cartridges are
thus only suited for N-CSIA and C-CSIA of 4-CH3-
BT and 5-CH3-BT. A8'3C values of 4-CH3-BT and
5-CH3-BT and AS!SN values of all four benzotria-
zoles, determined after enrichment of benzotriazoles
from activated sludge, showed that isotope fraction-
ation was again negligible and within the analytical
uncertainty (Table 3).

(3) SPE with Oasis MAX cartridges, which was based on
anion exchange at pH 10.6, led to only low benzo-
triazole recoveries between 47+ 10% and 90+ 1 %
in particular for 1-CH3-BT due to the lack of ionic
interactions with the sorbent material. This option
was therefore not considered as a viable strategy for
benzotriazole enrichment.

Oasis HLB cartridges were chosen for benzotriazole
enrichment prior to C- and N-CSIA, because analyte
recoveries were high and neither isotope fractionation
nor co-eluting substances were observed after solid-phase
extraction.

Source apportionment of benzotriazoles

Isotope signatures of benzoiriazoles from different suppli-
ers We analyzed the §13C and 8N values of various
commercially available benzotriazoles from six different
suppliers with the modified standard setup. The correspond-
ing values for six 1H-BTs, one 4-CH3-BT, one 5-CH3-BT,
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Table 3 §'°C and 8"°N values of four benzotriazole working standards determined with the modified standard setup (GC/IRMS 1) after solid-
phase extraction from three different aqueous matrices using Oasis HLB or ENVI-Carb cartridges

Oasis HLB® ENVI-Carb*
Tap water Effluent Sludge Sludge
ASEC %ol
1H-BT —0.3£08 —03£06 —-0.7£09 -
1-CH;-BT —26£17 —1.9+09 —22£1.7 -
4-CH;-BT —0.8£0.35 —0.8£0.1 —-06£1.2 1.3+0.5
5-CH3-BT —1.4£05 —1.3£03 —1.5£05 09+0.7
AGN [ Y]
1H-BT —0.5+0.1 —05+02 —-03+£0.2 04408
1-CH5-BT —1.1£0.6 —0.44+02 —-04£0.1 —0.6+04
4-CH;-BT —0.5+04 —05+04 —1.2+05 0.04+0.2
5-CH3-BT —04+£03 —-03+04 —-0.7£08 —05+12

*All uncertainties correspond to o (n = 3)

"Qasis HLB pH 2 hexane (ethyl acetate clution)

250 mg, MeOH elution

“Co-eluting peaks from the sludge matrix impeded B¢ analysis

and one tolyltriazole (mixture of 4-CHz- and 5-CH3-BT)
are reported in Fig. 4a, b and Table S5. While §'°C of
all compounds were confined to the range of —24.8 %
to —30.6 %o, 55N values varied considerably more from
—4.2 %0 to —27.5 Y. This observation is consistent with the
reported synthetic routes of benzotriazoles, which involve
multistep reactions at N-functional groups of various N-
containing precursor materials whereas the carbon skeleton
of benzene remains unchanged (see detailed discussion
below). In fact, the observed §13C values of 1H-, 4-CH3-,
and 5-CH3-BT correspond to the typical carbon signatures
for benzene from petrochemical sources [39]. In contrast,
815N values of 1H-BT clustered around —10%e (Ciba
and Bayer), —15 %o (Ehrenstorfer), —20 %o (Aldrich), and
—27 % (Fluka) (Fig. 4a). Notice that uncertainties of §'°N
measurements were due to not fully optimized analytical
procedures at the very beginning of this study and addi-
tional measurements would result in typical variations by
+2Y%. The observed variability of 8'°N values can arise, in
principle, from different precursor materials and/or isotope
fractionation during benzotriazole production [40].

Figure 5 depicts reported benzotriazole production path-
ways. 2-Chloronitrobenzene (compound 1) is reacted with
ammonia to 2-nitroaniline (2), which is then reduced to
the benzotriazole precursor o-phenylenediamine (3) [41]. A
ring closing diazotization reaction of o-phenylenediamine
with nitrous acid in dilute sulfuric acid or with sodium
nitrite and acetic acid leads to the formation of 1H-BT
[41, 42]. The N content of all N-containing precur-
sor substances, especially of the direct reactants (o-
phenylenediamine and NO;') contributes to the measurable

@ Springer

N isotope signature of 1H-BT. Besides, the §'°N value
of benzotriazole might be significantly affected by poten-
tial N isotope fractionation associated with bond breaking
reactions during the production process or incomplete reac-
tant conversion. No specific enrichment factors are reported
for the amination reaction, o-phenylenediamine synthesis,
and subsequent diazotization. Bulk 15N enrichment factors
between —30 %e and —46 %o reported for the reduction of
nitrobenzene to aniline [43—45], however, indicate single-
reaction steps during 1H-BT production to be strongly
fractionating. The same reason is valid for 4-CH3-BT and
5-CH3-BT that are produced via the same pathway as
1H-BT (Fig. 5). Indeed C isotope signatures were in the
typical range of —24.8 % to —30.6 %o, whereas N isotope
signatures showed higher variations (Fig. 4b).

The variations of 39N values imply that an identi-
fication of benzotriazole suppliers might be possible by
N-CSIA, while 813C data are less indicative. A comparison
of two 1H-benzotriazoles from Aldrich also suggests that
there may be variabilities between different production lots
through the use of different raw materials or modifications
in the production process (Fig. 4a). Consequently, analy-
sis of additional specimen from the same supplier will be
necessary to confirm our interpretation.

Isotope signatures of benzotriazoles in domestic dishwash-
ing detergents The §13C and 69N values of benzotriazoles
were determined in 12 domestic dishwashing tabs and pow-
ders by SPE-GC/IRMS, and their concentrations were quan-
tified by GC/MS. Seven of the 12 dishwashing detergents
analyzed contained between 0.3 £ 0.1 and 1.5 £ 0.2 mg/g of
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Fig. 4 §'3C and 8'°N values of a 1H-benzotriazole and b 4-CHj-
BT and 5-CH3-BT from different suppliers. Clusters with similar
C and N isotope ratios are indicated by dashed circles. §'3C and
85N values of ¢ IH-BT, 4-CH3-BT, and 5-CH3-BT in domestic
dishwashing detergents from different retailers (A-F) and d further

1H-BT, while 4-CH3-BT and 5-CH3-BT were detected in
only one dishwashing tab (0.8 = 0.2 mg/g, see Table S6).
Four specimens did not contain measurable concentrations
of benzotriazoles (<0.01 mg/g from 100 mg of detergent).

aromatic, N-heterocyclic compounds (numbers 1-6 indicate structural
formulas). All measurements were conducted with the modified stan-
dard setup (GC/IRMS 1). Standard deviations of triplicate C isotope
measurements are usually <0.5 %o and smaller than marker size

513C of the detected benzotriazole species was confined
to values between —25.6 and —27.5 % (Fig. 4c), that is
in the typical range for 813C values reported for different
benzotriazole suppliers (Fig. 4a, b). Six out of seven 1H-BT-

cl
Amination NHz  Reduction NH; 4R N
+ NH, ———= — + NO; —» \:N
NO, NO3 NH; -2H0 E
1 2 3 1H-BT
CHy CHy
NHz  HC NHg o N HAC N
+ @[ + 2NO, \/N + \/N
-4HO : ~
NHa NH; 2 H E
4 5 4-CH,-BT 5.CH-BT

Fig. 5 Synthetic routes to benzotriazole by reaction of o-
phenylenediamine (3) with nitrous acid in dilute sulfuric acid or
acetic acid [41, 42]. Synthesis of o-phenylenediamine is reported from
reduction of 2-nitroaniline (2), which is produced by amination of

2-chloronitrobenzene (1) [41]. Lower panel: Synthesis of tolyltriazole
(4-CHj3- and 5-CH5-BT) by reaction of o-toluylenediamine (a mixture
of 2,3-diaminotoluene (4) and 3,4-diaminotoluene (5)) with nitrite in
acidic solution [46]
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containing dishwashing detergents exhibited similar §'5N
values between —3.0 %o and —7.1 %o. Only one tab (A3) had
a distinctly different N isotope signature of —24.6 %o.

Even though this sampling campaign was not based on
a representative selection of dishwashing detergent man-
ufacturers and retailers, a tentative source apportionment
of benzotriazole supplies can be made from CSIA data.
The §'3N data obtained for different dishwashing deter-
gents cluster around —5 = 2 % suggesting a common origin.
Based on the 815N of 1H-BT in dishwashing detergents,
their |H-BT seems closely related to that produced by Ciba
(—9.9 %) and Bayer (—8.8 %c), while the 813N of one dish-
washing tab (A3) agrees with data for 1H-BT from Aldrich
and Fluka (Fig. 4a, ¢). The §'3C and §'5N values of tolyl-
triazole in dishwashing detergent F can also be tentatively
related to 4-CH3-BT and 5-CH3-BT from Ciba (Fig. 4b, c).
We detected slightly more positive §1°N of benzotriazoles
in dishwashing detergents compared to the pure chemicals.
Based on our limited data set, it is currently unclear whether
these differences arise from isotope fractionation during
dishwashing detergent production or are an indication of
benzotriazoles produced by other suppliers.

Isotope analysis of further aromafic, heterocvelic com-
pounds The applicability of our instrumental approach for
the CSIA of benzotriazoles was tested with the analysis of
additional, substituted aromatic N-heterocycles of similar
molecular structures. Isotope signatures of chloromethyl-
and methoxymethyl-benzotriazole as well as benzothia-
zole, indole, skatole, and quinoline are shown in Fig. 4d
and corresponding isotope values are listed in Table 1. 2-
Aminobenzimidazole could not be analyzed while measure-
ments of 1-hydroxymethyl- and 5,6-dimethyl-benzotriazole
were successful for N isotopes only. In contrast to benzotri-
azoles, 813C values of six aromatic N-heterocycles spanned
over a larger range (—19.5 £ 0.1 to —32.6 £ 0.1 %o) suggest-
ing that in addition to benzene, alternative C-based precur-
sor materials may have been used in synthesis. 8N values
partly matched the values of benzotriazoles from dishwash-
ing detergents (+6.340.2 and —5.7 £ 0.1 %, Fig. 4d) but
were generally more enriched in N than the pure benzotri-
azoles (Fig. 4a). Note, however, that the range of chemicals
investigated was rather limited and a more comprehensive
study is needed to establish isotopic fingerprinting of these
chemicals.

Environmental significance

Our study shows that the applicability of CSIA can
be expanded towards more polar organic micropollutants
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through modifications of standard approaches to GC/IRMS.
Because of the excellent long-term performance and good
precision of Ni-based combustion reactors, this approach
is likely to work equally well with other polar organic
compounds such as nitro- and aminoaromatic compounds,
whose isotopic composition is presently analyzed by con-
ventional means [30, 47].

The coupling of solid-phase extraction to the modified
standard setup used here for the source apportionment of
benzotriazoles in dishwashing detergents is an important
first step towards analyzing this emerging class of microp-
ollutants in aquatic systems. Given the limited knowledge
of benzotriazole (bio)degradation pathways, our work pro-
vides the foundations for accurate measurements of isotope
fractionation trends in laboratory experiments, which will
enable the identification of transformation mechanisms [4,
7]. In addition, this study offers new avenues for further
method development for benzotriazole-CSIA in environ-
mental samples. Typical 1H-benzotriazole concentrations in
groundwater, rivers, and sewage treatment plant effluents
(0.2-2 pg/L [14, 48-50]), however, illustrate that substan-
tial preconcentration of up to 103-fold will be necessary
to reach MDLs proposed here. Optimizing SPE procedures
for a selective benzotriazole enrichment from environmental
samples is one of the major challenges of CSIA.
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