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ZUSAMMENFASSUNG

Arzneimittel und Pestizide gelangen Uber Klaranlagen und Felder in die Umwelt und zdhlen zu den
am haufigsten nachgewiesenen Spurenstoffen in Gewdssern. Es besteht daher groRes Interesse
herauszufinden, in welchem AusmaR und durch welche Prozesse Spurenstoffe in der Umwelt abgebaut
werden  konnen. Allerdings ist es haufig schwierig, Abbauprozesse allein  durch
Konzentrationsmessungen zu bestimmen, da beispielsweise auch Verdiinnungsprozesse zu einem
Rickgang der Konzentrationen flihren kénnen. Dabei wird allerdings die Menge an Spurenschadstoffen
in der Umwelt nicht reduziert, sondern nur ihre Gegenwart verschleiert. Auerdem koénnen durch die
Konzentrationsmessung von Spurenschadstoffen keine Abbauprozesse unterschieden werden. Dies ist
zwar durch die Analyse von Transformationsprodukten (TPs) mdoglich, jedoch sind diese haufig nicht
vollstandig bekannt und kdnnen weiter abgebaut werden. AuBerdem fiihren in manchen Fallen mehrere
Prozesse zu demselben Abbauprodukt. Daher eignen sich bestehende Methoden nur bedingt zur

(quantitativen) Untersuchung von Abbauprozessen in realen Systemen.

Komponentenspezifische Isotopenanalyse (CSIA) kann Transformationsprozesse unabhangig von
Verdinnungseffekten  nachweisen und sogar verschiedene Transformationsmechanismen
unterscheiden. Dabei werden die natirlicherweise im Molekil enthaltenden Isotopenverhéltnisse von
Bc/2c und BN/MN analysiert. Solange kein Abbau stattfindet, sind diese charakteristisch flr die
Herkunft eines Stoffes. Findet Abbau statt, so dndern sich die Isotopenverhaltnisse im Substrat in
Abhdngigkeit vom zugrunde liegenden Reaktionstyp. Durch die alleinige Analyse der
Isotopenverhaltnisse des Substrats ist es dann moglich, Abbauprozesse zu untersuchen. Bisher mit
diesem Ansatz allerdings noch nie Arzneimittel untersucht und aulerdem war seine Anwendung auf
relativ _hohe Konzentrationen beschrankt. Daher wurde erstmals eine CSIA Methode fir die
Modellsubstanz Diclofenac entwickelt, welche sowohl in der Medizin, als auch in der Umwelt zu den am
weitesten verbreiteten Arzneimitteln zahlt. Diese neu entwickelte Methode wurde einerseits genutzt
um die Anwendung von CSIA in den ng L™ Bereich vorzuspuren. Andererseits wurde sie eingesetzt um

durch CSIA von Kohlenstoff- und Stickstoffisotopen neue Erkenntnisse auf drei Ebenen zu erhalten.

(i) Da Isotopenverhiltnisse durch die Wahl der Rohstoffe und des Synthesewegs beeinflusst
werden konnten die meisten der getesteten Diclofenac Produkte (Tabletten, Gele) durch C und N

Isotopenanalyse unterschieden werden. Dadurch kénnen einerseits pharmazeutische Produkte mit einer




falschungssicheren Methode verifiziert werden. Andererseits konnen verschiedene Quellen von
Diclofenac in der Umwelt verfolgt werden, wie zum Beispiel Klaranalagen oder Giille von Tieren, welche

mit Diclofenac behandelt wurden.

(ii) CSIA konnte als neue Beweislinie flir Abbauprozesse etabliert werden, welche unabhangig von
der Detektion von TPs ist. Sechs verschiedene Transformationspfade wurden untersucht und alle
konnten durch CSIA nachgewiesen werden. Dabei zeigte sich das interessante Bild, dass sich
umweltrelevante Reaktionen durch die Analyse der C und N Isotopenverhéltnisse in 2 Gruppen
unterteilen lassen. Wahrend Ozonierung und Photolyse inverse N-Isotopeneffekte verursachen, zeigen
biologischer Abbau und Abbau durch Manganoxide normale N-Isotopeneffekte. Dies ist einerseits von
grolem Interesse, da sowohl Photolyse als auch biologischer Abbau als potentiell wichtigste
Eliminationspfade in der Umwelt gelten und CSIA beide Prozesse in-situ unterschieden kann.
Andererseits kann CSIA auch wertvolle Einblicke in die (Abwasser-) Aufbereitung liefern, wenn die
Effizienz von biologischer Reinigung, Mangandioxid-Zugabe und/oder Ozonierung untersucht werden

soll.

(iii) Dadurch, dass Isotopeneffekte Ubergangszustinde von Transformationsreaktionen
widerspiegeln, liefern sie einzigartige Einblicke in Reaktionsmechanismen, welche durch andere
Methoden unter umweltrelevanten Bedingungen nicht zuganglich sind. Das damit einhergehende
Potential von CSIA wurde beim Vergleich der Reaktionen von Diclofenac mit MnO, und ABTS deutlich.
Beide Reaktionen wurden als Modelle fir Ein-Elektron-Oxidation angesehen, welche haufig bei
enzymatischen Reaktionen auftritt. Allerdings zeigte CSIA, dass sich beide Reaktionen fundamental
unterscheiden. Wahrend ABTS tatsachlich durch Outer-Sphere-Ein-Elektron-Oxidation reagiert und
inverse N-Isotopeneffekte verursacht, zeigte sich bei MnO, ein ausgepragter normaler N-Isotopeneffekt
der zudem mit dem Fraktionierungsmuster des biotischen Abbaus lbereinstimmt. Ferner wurde durch
CSIA deutlich, dass die ausgepragte Isotopenfraktionierung einen wichtigen, aber noch unerforschten
Transformationspfad widerspiegelt, welcher momentan nicht durch Transformationsprodukte
detektierbar ist. Als weitere wichtige Reaktion AuRerdem wurden mittels CSIA zum ersten Mal
Transformationsprozesse bei der Ozonierung studiert. Dabei lieferte CSIA ein starkes Indiz dafiir, dass

das Ozonmolekil nicht am N-Atom von Diclofenac angreift, sondern am aromatischen Ring.

Neben Diclofenac wurden im Rahmen dieser Arbeit auch chirale Herbizide untersucht. Dazu wude
CSIA mit enantioselektiver Trennung kombiniert um die Transformationsprozesse von chiralen

Herbiziden mit einem noch vielfaltigeren Ansatz zu untersuchen. Es zeigte sich, dass Isotopen- und
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Enantiomerenverhdltnisse komplementar verhalten. Wahrend in dieser Studie ein Fall untersucht
wurde, bei dem keine Isotopenfraktionierung, allerdings Enantiomerenfraktionierung gemessen werden
konnte, wurde in einer anderen Studie genau das Gegenteil flr ein Insektizid beobachtet.

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

Die vorliegende Studie hat gezeigt, dass CSIA und ESIA in vielfdltiger Weise dazu beitragen
kénnen, den Abbau von Spurenschadstoffen in der Umwelt zu untersuchen und vor allem besser zu
verstehen. Fir Diclofenac wurde exemplarisch aufgezeigt, dass Isotopenanalyse einzigartige Einblicke in
das Transformationsverhalten von Arzneimitteln geben kann. Es kann besteht daher groRes Potential die
in dieser Studie vorgestellte Methodik auf eines der anderen 10.000 Arzneimittel zu Gbertragen, welche
momentan auf dem Markt sind. Auch im Bereich der chiralen Isotopenanalyse (ESIA) gibt es noch
unbegrenzte Moglichkeiten. Neben der Analyse weiterer Pestizide haben nicht zuletzt die Ergebnisse fir
Diclofenac gezeigt, dass die Analyse eines zweiten Elements (H oder N) den Erkenntnisgewinn
vervielfachen kann. AulRerdem liegt die Moglichkeit auf der Hand ESIA auch auf chirale Blockbuster-

Arzneimittel, wie z.B. Ibuprofen oder Metoprolol, anzuwenden.




SUMMARY

Pharmaceuticals and pesticides are among the most frequently detected micropollutants in
natural waters because they enter the environment via sewage treatment plants or by application to
fields. Hence, it is of great interest to know if they can be degraded in the environment and by which
processes. However, the complexity of aquatic systems makes it challenging to assess the environmental
fate of micropollutants by concentration measurements, because concentrations are not only affected
by degradation, but also by dilution processes. In addition, concentration analysis cannot distinguish
transformation processes and their underlying reaction mechanisms. To some part this can be achieved
by the analysis of transformation products (TPs), but they are often not fully elucidated, can be further

degraded and in some cases different reaction mechanisms yield the same transformation product.

Compound specific isotope analysis (CSIA) is an elegant alternative that is independent of dilution
and can even deliver insights into reaction mechanisms. This approach is based on the detection of
stable isotopes of C (*C/*2C) and N (**N/**N) which are an inherent trait of all organic substances. In the
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 shifted and the magnitude
of this shift is determined by the reaction mechanism. Consequently, transformation reactions can be
directly detected by isotope analysis of the substrate and the magnitude of fractionation can deliver
insight into the underlying mechanism. Before this thesis was initiated the applicability of CSIA was
limited to relatively high concentrations and isotope fractionation of pharmaceuticals during
transformation reactions was unexplored territory. Hence, the present thesis developed for the first
time compound specific isotope analysis (CSIA) for a pharmaceutical, using diclofenac as a model
compound, which is one of the most frequently consumed pharmaceuticals, but also among the most
frequently detected micropollutants in the environment. First, this method was used to demonstrate its
applicability to the ngL™ range, which makes it one of the most sensitive CSIA methods at all.

Subsequently, CSIA was used to gain insights about its fate on three levels.

(i) Since isotope ratios are determined by the resources used in synthesis and the synthesis
pathway, the analysis of C and N isotope ratios could distinguish most of the tested commercial

diclofenac products (tablets, gels). On the one hand this finding can be used to verify commercial
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products with a fraud-resistant method. On the other hand this approach can be extended to distinguish
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 transformation that is independent of
TP analysis. Six transformation pathways were investigated and all of them could be tracked by CSIA.
Moreover, the remarkable picture was obtained that all tested environmentally relevant transformation
reactions can be separated into two groups that can be distinguished from each other by the analysis of
C and N isotope ratios. Ozonation and photolysis cause inverse isotope fractionation, whereas
biotransformation and MnO, lead to normal isotope fractionation. This is of great interest for
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 importance. But CSIA can also provide insights into engineered systems, because it can be used

to investigate the efficiency of biotransformation and / or ozonation during (waste-) water treatment.

(iii) 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 conditions. The big potential of this approach became apparent when
transformation by ABTS and MnO, was compared. Both processes are supposed to mimic single electron
oxidation (SET), which is proposed to be of big importance in enzymatic transformation reactions. CSIA
revealed that ABTS is indeed a model for SET. In contrast, MnO, showed 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 MnO, or
biotransformation, points towards an overseen transformation pathway that can only be seen by CSIA at
the moment. Furthermore, CSIA was applied for the first time to study transformation processes during
ozonation. There, it provided evidence that ozone rather attacks at the aromatic ring of diclofenac than

at the N-atom.

(iv) Besides CSIA of diclofenac, the present thesis investigated also chiral herbicides. CSIA was
combined with enantioselective separation to yield enantioselective an even more versatile approach —
enantioselective stable isotope analysis (ESIA). ESIA was used for the first time to investigate the fate of
the chiral herbicides and revealed that isotope ratios and enantiomeric ratios behave complementarily.
In this thesis a case was studied were pronounced enantiomer fractionation, but no isotope

fractionation was detected, while the opposite was found for an insecticide in another study. When ESIA




was brought to the field results were even more fascinating, because isotope- and enantiomeric

fractionation were observed simultaneously.

The present thesis could demonstrate that CSIA and ESIA can improve our understanding of
micropollutant transformation in the environment in several ways. There is great potential when the
methodology of this dissertation will be applied to one of the other 10,000 pharmaceuticals that are on
the market. But also the novel area of ESIA offers plenty of possibilities, when this approach will be
transferred to other pesticides and processes. Even more exciting, ESIA of carbon can be combined with
the analysis of nitrogen or hydrogen and this would increase the knowledge gain dramatically as shown
for CSIA of diclofenac. Moreover, ESIA should not be restricted to pesticides, but this approach urges to

be extended to chiral pharmaceuticals, such as ibuprofen or metoprolol.
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“Whenever a theory appears to you as the only possible
one, take this as a sign that you have neither understood
the theory nor the problem which it was intended to
solve.”

Karl Popper - Objective Knowledge: An Evolutionary
Approach










1

GENERAL INTRODUCTION

1/
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1.1 Global challenges related 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 residues end up in the environment as micropollutants and constitute a potential

threat to human and environmental health."?

1.1.1 Occurrence of Micropollutants in the Environment

Micropollutants enter the environment via different pathways. The most obvious pathway is the
direct application of pesticides to fields and it is estimated that between 1 and 2.5 million tons of
pesticides are used in agriculture every year.’> After their application, pesticides can be (partially)
degraded, but they can also enter the water cycle via surface runoff or by leaching into groundwater.”*
However, micropollutants can also indirectly enter the environment. One pathway is the consumption
of pharmaceuticals by humans. After incomplete transformation in the human body,” pharmaceuticals
reach sewage treatment plants where they are only incompletely eliminated and subsequently emitted
into receiving waters.®” To illustrate the importance of this pathway one can, for example, look at the
pharmaceutical consumption of Germany. In total 31,000t of active pharmaceutical ingredients are
consumed per year® and 328 human pharmaceuticals were applied at an amount higher than 5ta™?®
This number does not include pharmaceuticals like ethinyl estradiol that are consumed at a lower level
(0.05 t), but have by definition an endocrine effect on organisms.” The second pathway concerns
veterinary pharmaceuticals. After application they are excreted and distributed to fields as manure,

which is used as fertilizer.> *°

Many of these veterinary pharmaceuticals, such as the anti-inflammatory
agent diclofenac, are also applied to humans. Nevertheless, the veterinary pathway is special, because in
analogy to pesticides it brings pharmaceuticals directly into the environment without passing a sewage
treatment plant, where they could be at least be partially degraded. Both classes of micropollutants,
pesticides and pharmaceuticals, have in common that their occurrence in the environment is abundantly

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

1.1.2 Effects & Fate of Micropollutants in the Environment

Knowledge about the self-cleaning potential of ecosystems is not only of scientific value, but
affects everyone, since clean water is the basis of human- and environmental health. The necessity of
terminal elimination is not only given for pesticides, which are harmful to biota by definition.

Pharmaceuticals should neither be present in the environment. Besides the precautionary principle -
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their longterm (eco-) toxicity is largely unknown - some candidates were shown to have ecotoxicological
effects at their present level in the environment.>** For example, the pain-killer and anti-inflammatory

11-14
h.

agent diclofenac was shown to cause kidney damages in fish or inhibit mussel growt Moreover, it

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

treated with this anti-inflammatory agent.*> **

The fate of micropollutants can be influenced by various processes. They can be adsorbed,

diluted, transformed, finally be degraded or behave in a persistent way.”**

Among these processes only
degradation — sometimes transformation to daughter products, in the best case mineralization to H,O
and CO,, ensures that micropollutants do not accumulate in the environment. Depending on their
structure, micropollutants can be transformed by: abiotic hydrolysis, (a)biotic oxidation, (a)biotic
reduction or phototransformation. As a general trend, biodegradation and phototransformation often
play the dominant role.* 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 diclofenac. Several studies
could show in laboratory experiments that sunlight can efficiently transform diclofenac within hours. In
contrast, river water/sediment batch studies have to be conducted for days to observe pronounced
transformation. Therefore, it is difficult to extrapolate such findings from lab to field scale. On the one
hand photo-transformation 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 biodegradation can be very efficient
in flow-through-columns (half life time = 0.6 d) and turnover rates strongly depend on the exchange
between a water body and the hyporheic zone. Consequently, robust methods are demanded to assess

the self-cleaning potential of ecosystems.

1.1.3 Established Techniques to Investigate the Fate of Micropollutants

In laboratory experiments, micropollutant transformation is typically studied by measuring a
decrease in concentrations over time. However, such an approach is difficult to pursue in natural
systems, because concentrations are not only affected by transformation, but also by other processes,
such as dilution or adsorption.* These processes do not lower the load of micropollutants in ecosystems,
but camouflage their presence. To distinguish them from transformation, concentration measurements
need to be accompanied by the application of conservative tracers and/or hydrological modeling.*®
Alternatively, transformation products (TPs) can be detected as direct proof for transformation.”™®

However, TPs can only be detected if they are at least meta-stable, do not immediately adsorb to humic

substances and they must be detectable by the applied analysis technique. Moreover, a quantitative
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interpretation of TP data is not only challenging due to their further transformation, but also due to a
lack of reference standards that are needed for their quantification by mass spectrometry. Hence, it is
often not possible to estimate the extent of transformation of the original micropollutant by the analysis
of its TP."” ®?> Consequently, additional tools are needed that circumvent the limitations of
concentration analysis and the detection of TPs to obtain a comprehensive picture of micropollutant

transformation in the environment.

1.1.4 Product Counterfeiting of Pharmaceuticals

Innovative analytical techniques are not only demanded to characterize transformation of
pharmaceuticals in the environment, but also to verify their origin and to protect intellectual property.
The IFPMA (International Federation of Pharmaceutical Manufacturers Association) assumes that
currently 7% of all pharmaceuticals are non-genuine, and the relevance of counterfeit products is
increasing.” This is an issue of global concern with 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 chemically equivalent
active agent in the appropriate dose.”® In such cases conventional analysis must rely on the possible
presence of different byproducts (“chemical fingerprinting”), or else there is no chance to identify a

faked product.

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

The analysis of stable isotope ratios (e.g. *C/**C) has unique advantages and can address the
research gaps of micropollutants from a new angle. CSIA can track the origin of products and sources
(1.2.1), detect transformation processes (1.2.2) and investigate transformation mechanisms (1.2.2). To
this end isotope ratios are usually reported in the delta notation (Eq. 1-1, 1-2). Isotope ratios that are
determined on one specific instrument (12C/13C5¢,mp,e, 15N/14N5¢,mp,e) are referenced to an internationally
accepted standard (lzC/BCRefe,e,,ce,15N/14NRefe,e,,ce). This reference material is Vienna PeeDee Belemnite for
C and air for N. Consequently, values can be compared even if instrument performance differs between

. . 2
instruments or laboratories.”

(13C/IZCSample - 13C/12CReference)

§13¢ =
13C/12CReference

(1-1)
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(ISN/MNSample - 1SN/MNReference)

SN =
1SN/MNReferenC(—z

(1-2)

1.2.1 Source Tracking of Micropollutants by CSIA

Looking from a broader perspective at the natural abundance of light and heavy isotopes of C and
N, they seem to be constant (Tab. 1-1). However, modern isotope ratio mass spectrometry (IRMS) allows
having a closer look on these ratios. In fact, high precision isotope analysis can reveal differences in the

2627 For example, isotope ratios were

isotopic signature of a certain compound depending on its origin.
used to distinguish original insecticide products from fakes® and delivered insight if caffeine in drinks is
of natural or synthetic origin.?® For pharmaceutical products such as aspirin, ibuprofen or naproxen, it
has been shown that the analysis of stable isotope ratios of selected elements (e.g. *C/**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 production site by isotope analysis.**

All these studies were based on the fact that differences in a certain production process are often
reflected by isotope ratios. This is possible, because isotope ratios are determined by two factors. The
first factor is the isotope ratio of the educts. This ratio is passed on to the product, provided that
conversion is 100%. The second factor is the isotope effect of the commercial synthesis, which becomes
important if conversion is not 100%. The underlying mechanism is called kinetic isotope effect (KIE) and
described in 1.2.2. . Briefly, KIE describes that molecules which carry a light isotope at the reactive

30, 31

position often differ in reaction speed in comparison to molecules with a heavy isotope. For

example, the heavier isotopologue (e.g. molecule containing *C) could react preferentially to a by-
product, while the lighter isotopologue (**C) ends up preferentially in the final product. The final product
would then show a lighter isotope ratio than its educt(s) and the by-product would be heavier. Hence,
isotope ratios can be used to prove the authenticity of (proprietary) substances, because synthesis
pathways and isotope ratios of the educts often differ among producers and especially between

26-28

companies and (low-budget) counterfeiters. Moreover, in the absence of transformation processes

isotope ratios behave conservative. This means that processes, such as dilution do not alter isotope

ratios and as long as a compound is not transformed, it keeps its original isotopic fingerprint.*

Consequently this approach is not restricted to industrial applications, but can also serve for source

tracking of contaminants in the environment.*> *
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However, existing methods for isotope analysis 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 (EA-IRMS). However, it is necessary to extract large amounts of the
active pharmaceutical ingredient (APl) out of a formulation, which is very laborious and time

26,27

consuming.” ", This can be circumvented by the coupling of liquid chromatography to IRMS (LC-IRMS).

LC-IRMS can separate APl from other ingredients automatically, but in return it is restricted to the

34, 35

analysis of carbon isotopes. Gas chromatography coupled to IRMS (GC-IRMS) would allow an
automatic separation of ingredients, deliver an excellent quantification limit for precise isotope analysis
and offers the possibility to analyze isotope ratios of C, N, H and O.” However, to date there is no

method available to analyze isotope ratios of pharmaceuticals by GC-IRMS.

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 GC-IRMS

the lighter isotope of heavier isotope | (variation in the isotope ratio)
Carbon (*’C, ¥*¢) 98.9% 1.1% 0.5%o0
Nitrogen (*’N, °N) 99.6% 0.4% 1.0%o

1.2.2 Isotope Fractionation during Transformation Reactions

Isotope ratios are an inherent and unique feature of substances that can be used to investigate
reactions. The underlying principle is the kinetic isotope effect (KIE). The KIE describes the phenomenon
that usually molecules carrying a lighter isotope at the reactive position need less activation energy than

30, 31

molecules with a heavy isotope (Fig. 1-1a). 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 phenomenon can be explained by looking at the four different types of bond energies:
electron energy, vibrational energy, translational energy and rotational energy. Although electron
energy is the strongest bond energy, it does not play a role for isotope effects, because electron
movement is not influenced by the nuclei-mass (Born-Oppenheimer Approximation).>* However, there
are three mass-dependent types of bond energies. Among these, vibrational energy is much more
important than translational- or rotational energy. Molecules vibrate even at the lowest energy level,
the so called zero point energy level (ZPE), which corresponds to 0 K.*® If energy is added to a molecule,
its vibrational energy can change in discrete steps. Looking at the vibrational energy levels of two
isotopes, it becomes apparent that the ZPE of the heavier isotope is lower than the ZPE of the lighter
isotope (Fig. 1-1).>° If two isotopes undergo the same transformation reaction the heavier isotope
requires more activation energy. Hence, in most cases lighter isotopes are faster transformed (Fig. 1-1a).
22,23

This leads to an enrichment of heavy isotopes on the reactant side, while transformation products

show a lighter isotope ratio (normal isotope effect). In some cases the bonds are stronger in the
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transition state (larger force constant) than at ZPE (Fig. 1-1b).%”

This means that the difference in
vibrational energy between two isotopes is larger in the transition state in comparison to the ZPE.
Consequently, the lighter isotopes need more activation energy and react slower. This leads to
isotopically lighter reactants and heavier transformation products (inverse isotope effect). Based on this
concept isotope analysis of the reactant can deliver insight into reaction mechanisms, even if TPs cannot
be detected. At the same time isotope ratios give us the opportunity to catch a glimpse on rate-limiting

transition states of reactions, which is not possible by concentration measurements or TP analysis

(Fig. 1-2).>*

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 restricted to a qualitative interpretation, but can
also be used to quantify transformation. Looking at two sampling events (0, t), there is a direct

correlation between the extent of transformation (f = C; / ) and the change in isotope ratios (65C,,

6c) (Eq. 1-3).2>%
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C
m)zg Xlnf X= & Xln(—t) (1-3)

Co

The linking parameter is the enrichment factor &, which is characteristic for specific reactions and
specific elements. € bears the information about the transition state as discussed above. If € <0 light
isotopes react faster (normal isotope effect) and if € > 0 heavy isotopes react faster (inverse isotope
effect). Since Eqg. 1-3 consists of four parameters (6%c, 6§¢c, ¢, f) it is sufficient to determine three
parameters and calculate the fourth one. Hence, € can be determined in the lab, where concentrations
and isotope ratios can be analyzed in a closed system. Subsequently, it is possible to analyze isotope
ratios in the field. With knowledge of three parameters (epsilon, §C, 6C,) it is then possible to

determine the extent of transformation f.*°

As described in 1.2.4 isotope ratios of micropollutants need to be analyzed by GC-IRMS to achieve
maximum sensitivity. Unfortunately, this approach relies on the combustion of the target analyte to CO,
and/or N,. This means that site-specific information about isotope enrichment is lost during combustion
and the intrinsic isotope effect of the reacting position is diluted by all the other atoms of the same
element that were not involved in the reaction. Hence, measured isotope enrichment needs to be
corrected for the overall number of atoms of one element (n)(Eqg. 1-4).3" This calculated isotope effect of

the reactive position is called position-specific kinetic isotope effect (KIE).
(ADKIE =(n xe+ 1)t (1-4)

The intrinsic KIE may be masked through the presence of additional rate-limiting steps, such as
adsorption to reactive surfaces in abiotic reactions or transport limitations in biological reactions.
Therefore, measured isotope effects are usually stated as apparent kinetic isotope effect (AKIE), which

30, 31

implies that it could be smaller than the intrinsic KIE. The calculation of AKIE is important to

recognize similarities or differences in the reaction mechanism of compounds that differ in n.

1.2.3 Principles of Enantioselective Isotope Analysis (ESIA)

. . . 1
Many natural and synthetic molecules contain at least one chiral center.**

In a similar way as
human hands, they occur in two modifications that behave like mirror-images of each other and are
called enantiomers.*” Just as isotopologues, enantiomers share most chemical properties and cannot be
separated easily.** However, the behavior of two enantiomers differs in terms of stereochemistry. This is
of special importance in enzymatic reactions where reactivity depends strongly on the three

dimensional structure of an enzyme and its substrate.”* Hence, if enzymes are involved, enantiomers
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often differ in reaction kinetics, bioavailability or toxicity.** ***¢

There are two important processes that
directly affect the ratio of two enantiomers. On the one hand enzymes can prefer one enantiomer over
the other during transformation, which leads to a faster depletion of this enantiomer (Fig. 1-3).** On the
other hand enzymes for active transport into cells can also be enantioselective.*” This can speed up the
transport of one enantiomer into a cell where it is transformed by other enzymes (Fig. 1-3). Because
these processes cause a shift in the ratio of two enantiomers, they can be tracked by enantioselective
analysis. Since enantiomer analysis detects molecular ratios in a similar way as isotope analysis, it is also
not influenced by dilution effects and may represent a similarly robust measure for transformation. At
the same time, enantiomer analysis can be expected to be complementary to CSIA. Specifically,
enantiomer fractionation can occur if active transport into cells is enantioselective and rate-determining
(Fig. 1-3). This is a situation where evidence from isotope fractionation would be inconclusive, because
no bonds are broken or formed during transport and, hence, no isotope effects would be expected. Vice

versa, isotope fractionation may be detected if enzyme transformation is rate-determining, but not

enantiomer-specific — a case where enantiomer 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 communicate changes in enantiomeric ratios two equal notations have been established —

40, 48

enantiomeric excess and enantiomeric fraction. In this study enantiomeric fraction (EF) is used,
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where the ratio of the R (Eq. 1-5) or the S enantiomer (Eq. 1-6) is expressed as percentage of the total
concentration of the racemate [EFg, EFs]. Nearly all commercial products have either an EF of 0.5

(racemates) or 0 (enantio- pure products).

EFR = R (1‘5)
[R] + [S]
[R] + [S]

1.3 Content of the present thesis

CSIA and ESIA have the potential to tackle the grand challenges of micropollutants in the
environment: to distinguish their sources, to proof their transformation and to investigate their
transformation mechanisms. To this end five major challenges have to be mastered. In the present this
was done in Chapter 2 and 3, where CSIA was used for the first time to investigate the fate of
pharmaceuticals - using diclofenac as a model compound - and in Chapter 4 where 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 is of analytical nature and concerns the literally low concentration
range of micropollutants. Theoretically this holds true for all analytical techniques. For CSIA it is even
more difficult, because conventional mass spectrometry usually analyzes the most abundant isotope.
CSIA, in contrast, must also analyze the heavier isotope, which is by far less abundant. In case of carbon
this leads to an increase of the detection limit by a factor of 100 (~1% BCin Cyora). For nitrogen this limit
increases even by a factor of 600, because in addition to the low proportion of N (~0.3% 0f Niora)) two N
atoms are needed to create one molecule of analyte gas (N,).”> Because the minor isotope must be
determined with a very high precision, the real limits are even higher as described in Elsner et al.”.
Hence, effective pre-concentration steps are needed in combination with the most sensitive analytics.
To this end the limit of precise isotope analysis was determined Chapter 2 by combining a solid phase

extraction, clean-up by preparative HPLC, derivatization and on column injection, which is the most

sensitive injection technique.

(ii) As stated above, the use of gas chromatography coupled to IRMS mandatory when highest

sensitivity is needed for CSIA of micropollutants.” During gas chromatography target analytes have to
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be combusted without decay to pass through the chromatographic column. However, many
micropollutants are at least semi-polar, because they carry a carboxyl- and/or an amine group. This
causes a high boiling point, a high retention due to exchangeable hydrogen atoms and often compounds
start to decay before they are quantitatively transferred through the gas chromatograph.
Consequently, sensitive derivatization techniques have to be developed for micropollutants. Because
derivatization is by definition a chemical reaction where bonds are broken, such a sample preparation
must be conducted under absolutely controlled condition.* Otherwise (irreproducible) isotope effects
during derivatization would impede an evaluation of isotope data.*® Moreover, all common

derivatization agents introduce at least one carbon atom into the analyte.” *°

Hence, isotope ratios
have to be corrected for every introduced C-atom. At the same time these additional C-atoms must have
a constant isotope ratio to ensure a constant C-isotope shift of all samples and the respective control
standards that are used for corrections.’* Hence, two derivatization GC-IRMS methods were established
for diclofenac in Chapter 2 facilitating either quick or sensitive analysis. In addition, the sensitive method

was transferred to polar herbicides in Chapter 4.

(iii) For enantioselective isotope analysis a fifth requirement comes into play — the perfect
separation of enantiomers. However, enantiomers cannot be easily separated, because they share most
chemical properties. Hence, special separation techniques are demanded. 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 GC-MS analysis, but again, GC-IRMS has special requirements.** *> While in conventional
analysis a small overlap of enantiomer peaks can be tolerated, this is not possible for GC-IRMS. The
reason is the chromatographic isotope effect. Within one peak heavy and light molecules are not equally
distributed, but heavy isotopologues elute at the peak front and light isotopologues elute at the peak
tail.>” This is caused by van der Waals interactions between analyte and 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 4-CPP or the herbicide MCPP. All three compounds are
chlorinated phenoxy acids, share the same chiral center and differ only in one methyl-group or a
chlorine atom, respectively. Consequently, a sensitive method was established in Chapter 4 that is

capable of analyzing isotope ratios of each single enantiomer of these herbicidal compounds.
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1.3.2 Challenge of large number of C-atoms in micropollutants

The fourth challenge is the large number of C-atoms in most micropollutants. The biggest
advantage of GC-IRMS is its superior detection limit for precise isotope ratios. However, the low
detection limit is achieved by burning the target analyte to CO, and N, after separation. This yields a
simple analyte gas that contains only 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 molecule, isotope enrichment takes only place at
one position. All other atoms from the same element dilute the measurable effect of this reactive
position. This lead to the assumption that C-isotope fractionation is not detectable any more, if
molecules contain more than 14 C-atoms.”® Because the magnitude of fractionation depends on the
reactant and the reaction type it remains to be investigated, if this also applies for micropollutants that
are in this range. This challenge was tackled in Chapter 2 and 3 for the painkiller diclofenac (14 C atoms)

and three herbicides (9 or 10 C atoms) in Chapter 4.

1.3.3 Challenge of process understanding

Traditionally, CSIA is applied to contaminants, whose transformation products (TPs) are well
investigated, such as chlorinated ethenes.”® In this case CSIA is used to elucidate the underlying
transformation mechanism and applied as a robust measure for transformation in the field. In contrast,
the mass balance between most micropollutants and their potential TPs is not closed. Hence, even if
some TPs are known, it is unclear if they represent the quantitatively most important transformation
pathway. Hence, a mechanistic interpretation of isotope enrichment of micropollutants is rather
challenging, because the importance of a certain pathway can often not be deduced from TP analysis

and different pathways can yield the same TP.

Consequently, Chapter 2 investigated in a first proof of principle study, isotope fractionation of
aerobic biotransformation and reductive dechlorination. In a comprehensive approach, Chapter 3
studied the variability of isotope fractionation of diclofenac and it was tested which processes can be
distinguished from each other by CSIA. To this end phototransformation and ozonation were
investigated as environmentally relevant processes and transformation by MnQO, and ABTS radicals was
used to gain deeper insights into the (biotic) oxidation of diclofenac. Moreover, Chapter 4 explored the

potential of ESIA to obtain mechanistic insight into herbicide transformation.
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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 concentration 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
developed GC-IRMS (gas chromatography - isotope-ratio mass-spectrometry) 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, respectively. In combination
with on-column injection the latter method enables determination of diclofenac isotope ratios down to
the sub-BgL™ range in environmental samples. Degradation in an aerobic sediment-water-system
showed strong nitrogen isotope fractionation (ey=-7.1%e.), whereas reductive diclofenac dechlorination
was associated with significant carbon isotope fractionation (ec=-2.0%o0). Hence dual element isotope
analysis bears potential not only to detect diclofenac degradation, but even to distinguish both
transformation pathways in the environment. In an explorative survey, analysis of commercial
diclofenac products showed significant differences in carbon and nitrogen isotope ratios demonstrating

a further potential to track, and potentially even authenticate, commercial production batches.
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2.2 Introduction

Diclofenac is one of the most popular painkillers and anti-inflammatory agents in the world with a
yearly consumption in Germany, for example, of 86 t.! On the downside, it enters the environment via
sewage treatment plants or runoff from fields as a consequence of artificial recharge.”” There, it has the
potential to bioaccumulate in mussels and inhibit their growths, to harm rainbow trout’, and it has been
linked to the eradication of whole vulture populations.® While its importance is emphasized by the fact
that the European Union recently proposed to add it to the list of priority pollutants® the assessment of

its degradability in the environment remains a major challenge.

Concentration measurements 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, ex- and 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 groundwater.™ In addition, evidence about transformation pathways is
needed, and also this information is not accessible from concentration measurements alone.
Transformation products may deliver insight'***, but in the case of pharmaceuticals many of them are

11,13,15
d.

unknown and may in addition not be detectable because they are further transforme A common

approach to assess degradation processes is the determination of degradation kinetics and the analysis

of transformation products in sediment-water tests.”>"

Although they can be used to compare the
degradation kinetics of different compounds under the same conditions, the results depend strongly on
the selected setup and sediment.”® Owing to this fact, and due to the heterogeneity of geochemical
boundary conditions at field sites it is very difficult to extrapolate results from those lab-scale 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 pollutants.**?!

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 broken during (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 reflected in *C/*C, or

>N/*N) may therefore provide an independent line of evidence of its 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 data.”® Therefore, degradation can be investigated even if the
hydrological mass balance is not closed and data interpretation does not 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 analyzed.” The reason is that different (bio-)
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 BAM**?’ has shown that isotope analysis of two elements (two-dimensional isotope
analysis) has the potential to elucidate different transformation pathways of pesticides. However, to

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

The first aim of the present study was, therefore, to establish a GC-IRMS method for diclofenac
that can serve as a tool to distinguish degradation pathways by analyzing carbon and nitrogen isotope
values. To this end a method was developed that features an online- or offline-derivatization step,
depending on whether fast or sensitive analysis is required. The second aim was to investigate isotope
fractionation in two degradation test systems. This proof of principle study was conducted (a) in an oxic
sediment-water-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 field studies, finally, we conducted two additional explorative
tests. On the one hand we examined a limited number of commercial diclofenac products, as an
indicator of the isotopic variability of diclofenac sources in the environment. On 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 material (A3-S1).

2.3.2 Purification of Commercial Pharmaceutical Products and Treatment for
Isotope Analysis

Commercial diclofenac products were directly analyzed via online-derivatization GC-IRMS (see

below) after dissolving powdered tablets or gels in methanol and subsequently filtering them through
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PTFE filters (0.2 uM, Carl Roth, Karlsruhe). For EA-IRMS analysis — conducted to obtain reference values
for comparison with the GC-IRMS results — 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 GC-method, but which would interfere in the EA-
IRMS analysis. To this end, powdered tablets and gel products were dissolved in methanol and eluted
through a glass column (300 x 10 mm, Lenz) filled with silica gel (40-63 um, Merck, Darmstadt). The
eluent was pentane:ethylacetate:acetic acid 70:30:1 (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 N, and subsequently analyzed on an elemental analyzer (EURO EA, Euro
Vector Instruments) coupled to a Finnigan MAT 253 isotope ratio mass spectrometer (Thermo Fisher

Scientific, Bremen, Germany).

2.3.3 Aerobic Biodegradation Experiment

Biodegradation of diclofenac was investigated at a concentration of 450 pg L in river water
exposed to river sediment in three 5 L replicates with one 5 L sterile control. River water and sediment
were sampled from the Isar river close to Garching (Germany), wet sieved (10 mm) and filled in 5 L glass
bottles (n=4). The background concentration of diclofenac in the natural water was below the limit of
detection (1 ng L'™"). The sediment:water ratio was 1:4 (v/v) and bottles were incubated in the dark at
12 °C on a horizontal shaker (80 rpm) and aerated with filter-sterilized air (~ 100 mL min™ per bottle).
The system was equilibrated at 12 °C and the sediment was allowed to settle for one week. Then the
supernatant was removed and Isar water from the same sampling event was spiked with diclofenac
(c= 450 ug L™) and filled into triplicate bottles each containing sediment. A sterile control was prepared
by autoclaving sediment in a fourth bottle (121 °C, 20 min. 3 bar), adding Isar water containing
diclofenac (c= 450 pg L") and supplemental NaN; (c= 1 g L). As expected™, 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 86 days 14 samples (1.5 mL) were taken out of each bottle and
filtered through PTFE filters (0.2 um) for concentration and transformation product analysis with liquid
chromatography/tandem mass spectrometry (LC/MS-MS, A3-S2). At selected time points additional
samples were withdrawn for isotope analysis. Increasing sampling volumes (0.1- 2.3 L) were taken with
decreasing residual concentrations to obtain sufficient amounts for precise CSIA. These samples were

enriched and purified using solid phase extraction (SPE). To this end, samples were brought to pH 10.5
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with NaOH (1M) and passed through Chromabond HRX-A SPE anion exchange cartridges (6 mL, 150 mg,
Macherey & Nagel, Dilren, Germany; for recovery rates see Supporting Information A3-S3).
Subsequently, cartridges were eluted with methanol (2% formic acid), samples were evaporated,

redissolved in 500 pL methanol and stored at -20 °C until GC-IRMS analysis.

2.3.4 Dechlorination Experiment

To mimic reductive dechlorination, diclofenac was transformed by H, in the presence of Au/Pd-
nanoparticles which had been coated on microorganisms as described by De Corte et al.’®. Briefly, a
culture of Shewanella oneidensis was grown in Luria Bertani medium and subsequently washed and
resuspended in M9 medium to an optical density of 1 at 610 nm. Pd(Il) and Au(lll) were added to
concentrations of 50 mg L™ and 1 mg L™, respectively, and then reduced by exposure to H, for 48 h.
Diclofenac was added, resulting in an initial concentration of 20 mg L™ and the headspace of the serum
flasks was filled with H,. Samples were withdrawn with a syringe, filtered through a 0.22 um filter, and

quantified by HPLC-UV according to De Corte et al.”.

2.3.5 Online Derivatization GC-IRMS Analysis

To make the analyte diclofenac amenable to gas chromatographic analysis, the polar carboxyl-
group was converted into a methyl-ester. Online derivatization with trimethylsulfonium hydroxide

29,30 previous results 2° and data of

(TMSH, 0.25 M in methanol) was conducted as described previously
this study (see Supporting Information A3-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 least 300. Between 1 puL and 100 pL of the analyte/TMSH mixture were injected into a
temperature programmable injector (Optic 3-SC High Power Injection System, ATAS GL International
B.V., Veldhoven, Netherlands) equipped with a large volume liner containing glass beads (PAS
Technology, Magdala, Germany). After evaporation of the solvent, the split flow was set to zero for 5
minutes and the injector was heated from 40 °C to 300 °C at 10 °C s™. This flash heating triggered the
methylation of diclofenac and transferred the formed methyl-diclofenac onto the gas chromatograph
(TRACE GC Ultra gas chromatograph, Thermo Fisher Scientific, Milan, Italy) equipped with a DB-5 column
(30m x 0.25 mm or 0.32 mm, 1 um film thickness, J&W Scientific, Folsom, Canada). The initial oven
temperature was 80 °C (1min), ramped to 200 °C with a rate of 17 °C min™" and then at 6 °C min™ to

300 °C (held for 2 min). After chromatographic separation diclofenac was combusted in a Finnigan GC

combustion interface (Thermo Fisher Scientific, Bremen, Germany) to CO, and N, with a NiO tube / CuO-
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NiO reactor operated at 1030 °C (Thermo Fisher Scientific, Bremen, Germany). Isotope values of CO, and
N, were determined with a Finnigan MAT 253 isotope ratio mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). Three monitoring gas peaks were measured before and after every run. These
monitoring gas peaks were used to correct isotope values to the international standards, Vienna PeeDee

Belemnite for carbon (Eq. 2-1) and air for nitrogen isotopes (Eq. 2-2):

(13C/IZCSample - 13C/IZCReference)

§13¢ =
13C/12CReference

(2-1)

(ISN/MNSample - 1SN/14[\]Reference)

SN =
151\//141\’Reference

(2-2)

2.3.6 Offline Derivatization - Splitless Injection

An offline derivatization method was established as alternative to the online derivatization
method to lower the limit of precise isotope analysis as described previously for polar herbicides®".
Briefly, samples were filtered (0.22 um) and evaporated in 2 mL amber glass vials to dryness under a
gentle stream of N,. After adding 400 pL of BF; (10% in methanol), the vials were incubated for 1 h at
40 °C. After cooling the remaining reactant was quenched with 400 uL MilliQ water, the methylated
analytes were extracted three times with 500 uL n-hexane, transferred to a new vial and evaporated
under a gentle stream of N, without heating. The aqueous phase was disposed of in a canister of 2 M
NaOH to quench the toxicity of HF. The dried hexane extract was redissolved in 1500 pL n-hexane and
between 1 L and 8 pL were injected splitless at 280 °C into a split/splitless injector (Thermo Fisher
Scientific, Milan, Italy). After one minute, the split ratio was switched to 1:10. As shown in the
supporting material (A3-S5) the elevated injection volume did not bias isotope analysis. The injector was
connected to the same GC-IRMS system and operational conditions, as well as data evaluation were the

same as described above.

2.3.7 Offline Derivatization-On-Column Injection

Since on-column injection is known to be a most sensitive injection technique, a method
established for atrazine was adapted to diclofenac.® Briefly, offline-derivatized samples were injected at
40 °C in a programmable injector (Optic 3-SC High Power Injection System, ATAS GL International B.V.,
Veldhoven, Netherlands) equipped with an on-column liner (A100129; ATAS GL International,

Eindhoven, the Netherlands) pressed directly onto a fused-silica-methyl-silyl retention gap
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(3 mx0.53 mm inner diameter, Chromatographie Service GmbH, Langerwehe, Germany). The injector
temperature was initially at 40 °C (5 min) and then ramped to 280 °C at 2 °C s™. The column flow was set
to 0.3 mLmin™ to gentle blow off the solvent inside the retention gap (2 min) and then ramped to
1.4 mL min™ within 120s. The GC was equipped with the same DB-5 column as above, but with a
modified oven program: 40 °C (4 min) to 200 °C with 17 °C min.”, then ramped to 270 °C at 6 °C min™
(20 min) and finally at 10 °C min.™ to 290°C (10 min). The operational conditions of the combustion unit

and the IRMS system were as described above.

2.3.8 Extraction and Purification from River Water Samples

To determine the applicability of isotope analysis of diclofenac to field samples 10 L of spiked river
water were analyzed (c = 1 pgL™). 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 conducted to prevent a potential overloading of
the SPE cartridge). Unified SPE extracts were evaporated, redissolved in 1 mL MeOH:H,0 1:1 (pH 2) and
purified by preparative HPLC to minimize matrix interferences (for details see A3-S6). After offline
derivatization, C- and N-isotope ratios were analyzed by on-column injection GC-IRMS 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 the GC-IRMS
system since previous work has shown that those reactors may produce drifts in isotope values during a
long sequence of samples **. A diclofenac lab standard was therefore frequently measured and, when

3334 1n addition, the

necessary, used to correct sample values for such drift as described previously.
methylation of diclofenac introduces an extra carbon atom into the molecule changing its bulk carbon
isotope ratio. To correct for this shift of 8°C, standards and samples were derivatized with the same
batch of TMSH or methanolic BF;, respectively, and isotope values of diclofenac were subsequently
corrected using Eq. 2-3 and Eq. 2-4. Specifically, Eq. 2-3 was used to calculate the isotope ratio of the
introduced methyl group (6°°C(Me)). We note that 5°C(Me) needs not be true in absolute terms, but is a
necessary parameter for the following correction of diclofenac raw data (see below), which adheres to

the identical treatment of sample and standard. (i) The isotope ratio of the lab standard was determined

on EA-IRMS (14 C-atoms) to obtain the isotope ratio of the diclofenac moiety (Diclofenac ¢,). (ii) This
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value was subtracted from the GC-IRMS measurement of the methylated diclofenac standard (Me-

Diclofenac ¢, 15 C-atoms).
813C(Me) = 15 x §3C(Me — Diclofenacgc) — 14 x §*3C(Diclofenacgy) (2-3)
(iii) Subsequently, isotope values of samples, 613C(Dic/ofenac50mp,e) were corrected using the §°C(Me)

value of the standard measurements that bracketed their analysis. As can be deduced from Gaussian

error propagation® the uncertainty of 5°C(Me) in Eq. 2-3 is reduced by a factor of 14 in Eq. 2-4.

15 x §'3C(Me — Diclofenac —1x83C(Me (2-4)
2.3.10 Evaluation of Isotope Fractionation

Bulk enrichment factors (&) were calculated using the linearized Rayleigh equation (Eq. 2-5), which
links isotope ratios at the beginning (8"3C,) and after time t (8*°C,) to the remaining substrate fraction f =

(C/Co).

sBc,+1 C, (2-5)
In —613C 1 =¢ xlnf><=£><ln(c—)
0 0

From € a position-specific apparent kinetic isotope effect (AKIE) can be estimated for diclofenac
degradation according to
AKIE ~nxe+1)71 (2-6)

(Eq. 21 in Elsner et al.) **. Because there is only one nitrogen atom, but there are 14 carbon atoms

in diclofenac, the expressions are

AKIEnitrogen =(1xe+D™ (2-7)

AKIE ,qrpon = (14 x £ + 1)1 (2-8)
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2.3.11 Evaluation of Degradation Kinetics

For the degradation experiments dissipation rates were determined with a pseudo first-order
kinetic approach. To this end the logarithm was taken of the fraction f = (C,/C,) of remaining diclofenac
and plotted against time. The resulting slope of the linear regression curve represents a pseudo-first
order dissipation constant (kgs) which was used to calculate a dissipation time (dt50; Eq. 2-9). The

standard error of kg, was used to estimate the uncertainty of the dt50.

In(2)

kdis

dt50 = (2-9)

2.4 Results & Discussion

2.4.1 Method Validation & Quantification Limit

Seven diclofenac products were purified on a silica column, analysed on EA-IRMS (16 = 0.1%0"")
and compared to parallel online-derivatization GC-IRMS measurements. Good agreement between both
approaches was observed for both elements (Tab. 2-1, Fig. 2-1a, 2-1b). At the cost of slightly lower
precision (see below), the online-derivatization GC-IRMS method is much faster and can facilitate high
throughput analysis of commercial drugs compared to EA-IRMS. It saves resources because no offline-
preparation is required except dissolving and filtering. Furthermore, GC-IRMS has a higher
chromatographic resolution than the packed silica column used for preparation prior to EA-IRMS
analysis. The greatest advantage of GC-IRMS, however, is its excellent sensitivity. A single EA-IRMS
analysis needs 800 pg diclofenac to analyze §"°C and §"°N simultaneously. In contrast only 60 ng (33 ng
C, 10 = 0.4%o) are needed per injection for GC-IRMS and 3.8 pg (180 ng N, 10 = 0.5%o) for nitrogen using
online-derivatization. For even better sensitivity in the analysis of environmental samples the GC-IRMS

guantification limits can be further lowered by two strategies.

(a) Online derivatization with TMSH using large volume injection. With the use of large volume
injection in combination with online derivatization the solvent is evaporated in the injector prior to
heating of the inlet. For isotope analysis of benzotriazole it was shown that this makes injection volumes
of up to 100 pL possible.** While this approach is fairly easy to adapt by prolongation of the vent-phase
prior to the heating of the injector, it consumes a large volume 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 (2o) of the GC IRMS and EA IRMS method is 0.8%0 and 0.2%., respectively; NA= not
analyzed.

§"c (e 8N 3N
Letter Producer Product GC-IRMS  EA-IRMS GC-IRMS  EA-IRMS
(%) (%) (%) (%)
A Hexal Diclac Dispers (2004) -27.1+0.1 -27.2+0.1 -07+04 -0.7%0.1
B Hexal Diclac Dispers (2012) -30.0£0.3 -30.5+0.1 -3.2%0.3 -3.3+0.1
C Dolorgiet Dolgit-Diclo -30.3+0.2 -30.2+0.1 -22+0.2 -2.6%0.1
D Betapharm Diclo dispers -30.3+0.3 -31.0+0.1 -23+03 -2.0%+0.1
E Novartis Voltaren Retard -30.6+0.3 -309+0.1 -26+0.7 -3.2+0.2
F Novartis Voltaren Dispers -31.0£0.2 NA -2.8+0.5 NA
G Novartis Voltaren Emulgel -29.3+0.5 -293+0.1 0.0%+0.1 -0.31+0.1
H ratiopharm Diclofenac-ratiopharm Gel -28.4+0.3 NA -0.6+0.5 NA
S Sigma Aldrich Lab standard -26.4+03 -26.4+01 -1.1+0.2 -1.1+01

(b) Offline derivatization and subsequent injection into a hot splitless injector. A more efficient
strategy is the combination of offline-methylation with splitless injection to maximize derivatization
yield and peak sharpness in comparison to online derivatization. With this technique reliable isotope
measurements have been tested, and found to be possible down to 10 ng (6 ng C, 10 = 0.4%o) for carbon
and 600ng (30ng N, 10 = 0.4%.) for nitrogen (see amount-dependency plots in the Supporting
Information A3-S7 as well as the finding that injecting up to 8 uL splitless does not bias isotope ratios,
Supporting Information A3-S5). The quantification limit can be further lowered by offline derivatization
and subsequent on-column injection as previously shown for atrazine.* This technique increases the
guantification limit by a factor of three (3 ng C, 10 ng N) in comparison to splitless injection. These
amounts correspond to 70 ng and 4 pg diclofenac that are needed in total for one sample that is
subjected to carbon and nitrogen isotope analysis, respectively (final sample volume 40 L, injection

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

lab without the need for extra sensitivity they were analyzed using the online-derivatization method.

2.4.2 Source Variability and Potential for Source Tracking

Knowledge about isotope ratios of diclofenac products is important to be aware of the variability
of diclofenac sources the environment, such as sewage treatment plants. Moreover, it was shown that
especially N-isotope analysis of micropollutants has the potential for source appointment in the
environment. *° Specifically, for pharmaceutical products such as aspirin, ibuprofen or naproxen, it has
been shown that the analysis of stable isotope ratios can be used as a fingerprint for product
authentication and to track sources.’”> In one case it was even possible to determine the location of an

illegal production site by evidence from isotope analysis.*

Given that our method allows isotope analysis of diclofenac in complex matrices, at low
concentrations (BF; method) and without laborious sample preparation (TMSH method), we conducted
an explorative survey to investigate the typical variability of diclofenac source isotope ratios. To this end,
two or three aliquots of nine products were analyzed twice by online-derivatization GC-IRMS. The
results are shown in Table 2-1 and Figure 2-1c as a dual-element isotope plot. Different tablets or gel-
aliquots from the same product did 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 sample. The total range of isotope ratios was 5%

and 4% for carbon and nitrogen, respectively.

This relatively low source variability is similar to the study of Jasper et al.* who analyzed a larger
data set of 53 topiramate (C;,H,;NOgS) products with EA-IRMS and found a range of 8%o. for both carbon
and nitrogen. In terms of source appointment Figure 2-1c shows that the analysis of two elements
clearly enhances resolution and most of the products can be distinguished in a dual isotope-plot. Isotope
values of some products were quite close, 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 same applies if two
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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 different years. 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 equal amounts from 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 * 20.

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 potential for
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 consequences. 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 relatively clean and highly
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 plant.
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2.4.3 Isotope Fractionation During Degradation by Aerobic River Sediment

Kinetics. A proof-of-principle biodegradation experiment was conducted to investigate isotope
fractionation under environmentally relevant conditions. To this end diclofenac was incubated in an
aerobic sediment-water-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 phase could be described with a pseudo-first order rate
resulting in a dissipation rate constant of kgs= -0.015 (* 0.002) and an average dissipation time (50%;
dtso) of 47 d (£ 4 d) (see evaluation in the Supporting Information A3-S8). The diclofenac concentration
in the sterile control remained stable at the initial level. Thus, sorption to the sediment or abiotic
degradation was not a significant sink in the chosen setup and dissipation can be attributed to
degradation. Compared to previous studies the average dissipation time dtsyof 47 d falls between that
of a flume experiment with river sediment (dts,3 — 9 d)® and bioreactors with sewage sludge, where

diclofenac was not eliminated within 30 d** or only to a minor extent (20% degradation after 122 d).*°

Product formation. During diclofenac degradation a hydroxylated transformation product (TP)
was detected by LC-MS/MS analysis that could be identified as 4’-OH-diclofenac by comparison to an

authentic standard (Fig. 2-3 and supporting material A3-S8). This TP has previously been found in

12,14 11,15 4/

sewage treatment plants and in river-water-test-systems. -OH-diclofenac was not present at
t=0 and appeared at low, but steadily increasing concentrations of up to 14 ug L™ (A3-58). Assuming no
further degradation this amount would correspond to 3% of the transformed diclofenac; the true value
may be somewhat higher, because hydroxylated diclofenac has been shown to be further
11, 15

biodegradable.

Isotope fractionation and possible mechanisms. No significant carbon isotope fractionation was
observed during aerobic biodegradation (Fig. 2-2a). In contrast, nitrogen isotopes shifted from -0.2%o. to
9.4%o corresponding to a normal isotope effect of €yjyogen = -7.1%0 (AKIEitrogen Of 1.007)(Fig. 2-2b). The
same qualitative trend (ey = -10%o) was previously observed for oxidation of diphenylamine by Mn0O,*
Two mechanistic scenarios can explain the occurrence of N-isotope fractionation (Fig. 2-3). (1) Enzymatic
monohydroxylation of alkylated anilines would be in agreement with the detection of 4’-hydroxy
diclofenac, which is also formed by diclofenac transformation via human CYP450 enzymes.** While the
initial SET (single electron transfer) step la would be expected to cause an inverse N- isotope effect,
step lla may cause a normal N-isotope effect (Fig. 2-3).* This hypothesis is based on calculations for

diphenylamine, which can be regarded as the molecular backbone of diclofenac, where C-N-bonds were
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shown to be stiffer in the radical-cation than in diphenylamine.”® Taking steps la and Ila together, an
observable normal N-isotope effect would result if the oxidation step (lla) was rate limiting. (2) An
alternative mechanistic hypothesis could be biotic diclofenac transformation via dioxygenation, which
may also lead to a normal N-isotope effect (Fig. 3). While the N-atom is not involved in the initial
reaction step (Ib), a C-N bond is broken in the second step (lIb). If this bond cleavage is rate limiting, it
could explain the observed isotope fractionation. Indeed, dihydroxylation has already been investigated

for diphenylamine®® and normal N-isotope fractionation (ey = -1.0%0) was measured. *
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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 € and the dotted line represents the initial isotope
value of diclofenac (t = 0) + 20. The diclofenac used in this experiment had a different isotopic
composition than in the dechlorination experiment.

Samples were therefore screened with LC-MS/MS for potential cleavage products, such as
2,6-dichloronaniline, 2,6-dichlorophenol and dihydroxyphenyl acetic acid, but no additional TP could be
detected. Their absence may be explained by further transformation, the relatively high detection limit
for 2,6-dichloronaniline (50 ugL™), or irreversible binding to humic substances as shown for
3,4-dichloroaniline.”’ Because the exclusive detection of hydroxylated products (including corresponding

11,15

quinone structures) agrees with previous studies using natural sediment or plants®, 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’-hydroxy 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 fractionation was further investigated in a model system for reductive dehalogenation,

4951 1 addition, this system served as an

which is an important type of environmental transformation.
indicator if carbon isotope fractionation can be detected at all in diclofenac. Since GC-IRMS analyzes the
average 6"C value of all 15 C-atoms in methylated diclofenac, any potential enrichment at the reactive
position is diluted by a factor of 15, so previous studies suggested that the threshold for detectable
carbon isotope fractionation would be between 11 and 14 C-atoms.”> Diclofenac was dechlorinated
under anoxic conditions in the presence of hydrogen by Pd/Au-coated microorganisms 2. This is an
abiotic reaction which takes place at the outer cell wall, where microorganisms are only used as a carrier
for the catalyst. After H, dissociates at the catalyst surface, diclofenac is also sorbed and sequentially
dechlorinated.”® Diclofenac was thereby degraded with a dts, of 1.35 h (k = 0.515 h™). During
degradation carbon isotope values shifted from -32.1%o to -20.1%. corresponding to an &¢ of -2.0%o (Fig.
4a). The magnitude of carbon fractionation (AKIE,pon= 1.029) agrees well with previous work where an
AKIE ,rb0n Values of around 1.03 were observed for the reductive dechlorination of tetrachloromethane

by several Fe(ll) bearing minerals (Streitwieser Limit 1.057).°* >*

In contrast to carbon isotope
fractionation, no nitrogen isotope fractionation was detected (Fig. 4b). This is in agreement with the

reductive dechlorination mechanism, where a C-N bond is not directly involved.

The results from this model system therefore show that carbon isotope fractionation could indeed
be detected in diclofenac and serve as indicator for strongly 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
dechlorination in field samples. In addition, the use of metal-catalysts to dechlorinate contaminants is

discussed as a removal strategy for micropollutants in treated waste water and this process could be

monitored by CSIA.*
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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 615N measurement (20 = 0.8%.). The slope of the regression line is equivalent to the enrichment
factor € and the dotted line represents the value att = 0 + 20. The diclofenac used in this experiment had
a different isotopic composition than in the biodegradation experiment.

2.4.5 Environmental Significance

This study is the first to explore the potential of CSIA to assess degradation of pharmaceuticals
using diclofenac as a model compound. We have found that aerobic degradation by oxic river sediment
was accompanied by strong nitrogen isotope fractionation, whereas reductive dechlorination showed
significant carbon, but no nitrogen isotope fractionation. Consequently, the two transformation
pathways may be distinguished by dual element isotope analysis. Because CSIA neither depends on
transformation product 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 degradation-associated isotope fractionation into perspective,
we also conducted a complementary survey of commercial diclofenac products. Their isotope values
spanned a range of 5%. and 4%. for carbon and nitrogen, respectively. This indicates that source isotope
ratios — e.g. the outflow of a sewage treatment plant — need to be well constrained in order to
unequivocally detect the “on-top” changes by isotope fractionation that are caused by degradation. In
the case of very pronounced isotope fractionation, however — such as for nitrogen fractionation during
microbial oxidation — values may so clearly exceed the source range of 4%. that they could allow to
identify degradation even without definite knowledge of source ratios (e.g. 10%o shift of 8N after 70%

degradation).

Finally to explore the CSIA approach not only with respect to process-associated isotope
fractionation (“Do we see changes in isotope values?”), but also with respect to its applicability (“Can we
actually measure isotope ratios under real world conditions?”) we extended our study to test the
feasibility of diclofenac CSIA at low concentrations and with a complex matrix. A spiked river water
sample (1 pglL™) was extracted by SPE, purified by preparative HPLC (S6)*%, and successfully analyzed
after offline derivatization by on-column injection GC-IRMS. Isotope ratios were in perfect agreement
with EA-IRMS data: the 8™C value in river water (-26.4 + 0.5%o) coincided with the EA-IRMS value
of -26.4%o, whereas the §"N value in river water (-1.2 + 0.4%o) was within error of the EA-IRMS value
of -1.1%o (S9). Based on this first test, the sensitivity of nitrogen isotope measurements was already in
the range of sewage treatment plants outflow® > and in the case of carbon, it was even better. The high
8"C peak of the sample (2500 mV, A3-S9) indicates that a peak ten times lower (250 mV), corresponding
to a concentration of 100 ng L™, could be analyzed as well, which is in the range of typical diclofenac
concentrations in surface waters.>*>>>® These limits for C- and N-isotope analysis are among the lowest

. 21, 32
reported for non-volatile 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 increasing 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 evidence based on isotope effect
measurements. °N/*N ratios changed during biotransformation (ey= -7.1%o.) whereas Bc/™C ratios
changed during dechlorination. This study targets further important transformation reactions in
environmental and engineered systems. Photolysis caused inverse N-isotope fractionation (ey= +1.9%o)
and can therefore be distinguished by CSIA from biotransformation. Also transformation of diclofenac by
ozone was accompanied by inverse N-isotope fractionation (ey= +1.5%0); here, the magnitude of
fractionation could even indicate the site of O; attack in diclofenac. Further insight into underlying
oxidation mechanisms was obtained from reactions of diclofenac with ABTS radicals — a well-established
outer sphere single electron transfer (SET) oxidant — and with MnO, — an oxidant with unknown
mechanism.. While inverse nitrogen isotope fractionation (gx= +3.8%0) with ABTS radicals confirmed the
SET mechanism, normal isotope fractionation with MnO, (ey= -7.3%o) indicated that a different reaction
chemistry was at work. The similarity of nitrogen isotope effects in biodegradation and with MnO, may

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

Pharmaceuticals are used world-wide in large amounts and end up in wastewater treatment plants
due to incomplete metabolization in the human body.l'2 The failure to remove diclofenac in wastewater
treatment plants leads to a continuous emission and a steady-state exposure in rivers, surface and even
ground water.>*® Consequently, the self-cleaning 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) mass spectrometry 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
qguantify due to incomplete mass 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 (Fig. 3-1).

A prominent example is the anti-inflammatory diclofenac, one of the most widely used

3,12

pharmaceuticals'' and most frequently detected ones in the environment. In laboratory studies

13-16

diclofenac is efficiently transformed by (sun-) light within hours. However, it takes days to observe

pronounced transformation in water/sediment batch studies.”” " *® In the case of limited sunlight

14,1 .
15 while

availability,, phototransformation may not be the dominant way of diclofenac transformation,
biotransformation rates can more than double if the exchange between the water body and the
hyporheic zone is increased.' Unfortunately, the processes that govern diclofenac transformation in the

environment are still not elucidated. While TPs provide a direct evidence for transformation, their

9,20,21 22,23

detection is challenging due to further transformation, adsorption to humic substances and by
lack of adequate analytical methodologies. Moreover, the lack of commercial standards often impedes a
quantitative determination of TPs.** For example, several studies have reported the detection of

hydroxylated diclofenac in laboratory experiments (Fig. 3-1 (6, 7)).> 1> "%

Among these studies, only
one has provided quantitative data for hydroxylated diclofenac, showing that it only accounts for a few
percent of diclofenac transformation.”” 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 processes in the environment.
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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 diclofenac.’” This technique analyzes the stable
isotope ratios of C and N of diclofenac at natural abundance (*C/C, N/*N) and detects

transformation reactions by a shift in isotope ratios during transformation.”™

For example,
biotransformation of diclofenac by river sediment was found to be by 7.1%o slower with *N- than with
“N-containing molecules (ey = -7.1%o) leading to progressively higher >N/*N ratios in the remaining
diclofenac during transformation.”” Because this line of evidence relies on different isotopologue-
specific rates in the parent rather than the daughter compound, transformation can be studied by CSIA
of diclofenac without the explicit need to detect potential TPs.>? In a second experiment targeting
reductive dehalogenation of diclofenac, a similar trend was observed for *C/**C ratios in diclofenac
(ec=-2.0%0), whereas no changes in >N/*N were found. These results demonstrate that CSIA delivers
information on two levels. On a descriptive level, C and N isotope analysis of diclofenac can be used to
simply detect oxidative and reductive transformation.”” On a mechanistic level, isotope fractionation
also allows exploring underlying transformation mechanisms, since — ultimately — isotope effects are

caused by differences in transition states.’” **

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 photolysis. On the other
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 to 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 investigated, since it is a key
technique to eliminate diclofenac in wastewater treatment plants and waterworks. Further oxidations of
diclofenac were studied with MnO, as an environmentally relevant mineral phase and with

electrochemically oxidized ABTS as an oxidative outer sphere single-electron 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 information (A4-S1).

3.3.2 Phototransformation

Quartz glass tubes (39 cm long, 4.5 cm in diameter) were filled with 700 mL Millipore water or river
water (sampled from Isar river, Germany) spiked with diclofenac (Co = 100 mg L") and were exposed to
sunlight from 9 a.m. to 8 p.m. on a sunny summer day (latitude 48.22° N). Samples were taken at
different time points and separated for concentration and isotope analysis. For concentration and TP
analysis (using LC-MS/MS) 100 pL sample aliquots were mixed with 800 uL Millipore water and 100 pL
internal standard (**Ce-diclofenac, ¢ =25 mg L™, in methanol) and filtered with a PTFE filter (0.22 um).
For GC-IRMS analysis larger sample volumes were taken (10-60 mL) and extracted three times with
dichloromethane after addition of HCl (Ci ~ 0.05 M). The dichloromethane extract was evaporated to

dryness and samples were methylated by BFs/methanol as described previously."’

3.3.3 Ozonation

Groundwater (DOC ~ 1.5 mg L") was spiked with diclofenac (Co = 30 mg L") and different amounts of
ozone to obtain Os-diclofenac ratios between 1:7.5 and 10:1. Aqueous stock solution of ozone (approx.
1 mM) was prepared by sparging ozone-containing oxygen through deionized water cooled in an ice-
bath. Ozone was generated from an Os;-geneator (Ozon generator 300, Fischer Technology, Germany).
To exclude the influence of OH-radicals, duplicate experiments were also performed in the presence of

tert-butanol (100 mM) as radical scavenger. Samples were prepared as described above for the

44 /LI



phototransformation experiment, except that those for GC-IRMS analysis (240 mL) were freeze-dried

prior to liquid-liquid extraction.

3.3.4 Oxidation by MnO:

An MnO, stock solution was synthesized according to Murray et al.*®> and oxidation of diclofenac by

1.%°. Briefly, 900 mL Millipore water were mixed with

MnO, was accomplished in analogy to Forrez et a
8 mL of NaOH (1 M) and 40 mL of NaMnQ, (0.1 M) under constant sparging with N,. 60 mL of MnCl,
(0.1 M) were added dropwise under continuous stirring. MnO, particles were allowed to settle and the
supernatant was replaced by de-ionized water until the electric conductivity of the solution was below
3 uS cm™. This stock solution (final volume 1 L) was stored at 7 °C and used within one week. Diclofenac
oxidation was initiated by adding 100 mL of MnO, stock solution to 900 mL diclofenac solution
(50 mg L*, pH 6.2, 10 mM NaH,PO, / Na,HPO,) under continuous stirring. Samples for concentration and
isotope analysis (10-60 mL) were prepared as described for the phototransformation experiment, with

the exception that MnO, particles were dissolved by addition of 20% ascorbic acid (v/v, 20 mM, pH 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
solutions as described previously.”” ABTS® was generated by direct electrochemical oxidation of ABTS*
(0.5 mM, pH 6.2, 0.1 M KH,PO,4, 0.1 M NaCl) at a potential of 0.79 V (SHE) in an electrolysis cell described
by Aeschbacher et al.*®. The working current was monitored until a stable background value was
reached. Variable amounts of ABTS® (0-245 uM) were immediately added to amber glass vials
containing buffered diclofenac solution (30 mgL™, pH6.2,0.1 M KH,PO,, 0.1 M NaCl) resulting in
different degrees of diclofenac oxidation in each of the 30 mL samples. Samples for concentration and
isotope analysis (30 mL) were taken and prepared as described for the phototransformation experiment,
except that no HCl was added during DCM extraction. This HCl addition had no influence on the

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

3.3.6 Detection methods

Concentrations of diclofenac, 4'0OH-diclofenac, and phototransformation products were determined
by LC-MS/MS (Agilent 1200 binary pump coupled to an ABSciex API 2000 Q-TRAP mass spectrometer,
see also Supporting Information A4-S2). Samples from experiments with O;, ABTS and MnO, were
monitored for TPs using a Hybrid Linear lon Trap-Orbitrap 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 (APCI) mode using a mass range of 60-600
m/z. Data-dependent acquisition was used to obtain further information of the fragment ions. For this,
full-scan experiments were followed by MS? and MS? scans for the two most intense ions. An external
calibration was performed prior to the analysis of each batch to ensure accurate mass determinations
with a resolution of (m/z)/Bl(m/z) = 60,000. A mixture of n-butylamine, caffeine, and Ultramark 1621
(mixture of fluorinated phosphazines) was used for mass calibration. The mass accuracy was always
within 0.5 ppm.**

Isotope ratios of diclofenac were analyzed by GC-IRMS as described previously.'” Briefly, 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 °C with a flow rate of 1.4 mLmin™. Separation was
achieved by a gas chromatograph (TRACE GC Ultra gas chromatograph, Thermo Fisher Scientific, Milan,
Italy) equipped with a DB-5 column (30 m x 0.25 mm, 1 um film thickness, J&W Scientific, Folsom,
Canada). The GC temperature was ramped from 80 °C (1 min) to 200 °C with a rate of 17 °C min™ and
then at 6°Cmin™ to 300°C (held for 2 min). After chromatographic separation diclofenac was
combusted in a Finnigan GC combustion interface (Thermo Fisher Scientific, Bremen, Germany) to CO,
and N, with a NiO tube / CuO-NiO reactor operated at 1000 °C (Thermo Fisher Scientific, Bremen,
Germany). Isotope values of CO, and N, were determined with a Finnigan MAT 253 isotope 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 values were corrected to international reference materials, Vienna

40 613

PeeDee Belemnite for carbon (Eq. 3-1) and air for nitrogen isotopes (Eq. 3-2). C values were

additionally corrected for the introduced methyl-group.*’

(lgc/lchample - 13C/1ZCReference)

3¢ =
13C/12CReference

(3-1)

15 14 15 14
( N/ NSample - N/ NReference)
15N/14NReference

SN = (3-2)

3.3.7 Isotope analysis to evaluate (competing) transformation mechanisms

Isotope ratios of a micropollutant (Rt, R,) are directly correlated to the extent of transformation (C,/Cy)

by the enrichment factor € (Eq. 3-3).3 If two processes compete with each other, e.g. biotransformation
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and phototransformation, the overall isotope enrichment (g,:,) depends on the first-order kinetic
constants (Kenoto, Ksio) and the enrichment factor (€pporo, €5i0) Of both transformation pathways (Eq. 3-4).**
In return, the share of one pathway (e.g. Fs;,) can be calculated if &; is determined and &g, and €ppoto

are known from separate experiments (Eq. 3-5).*
R; C;
In (R—) = &eXlIn (C—) (3-3)
0 0

kPhoto kBio

+ Epjp X —2—— (3-4)
v kPhoto + kBio

Etotal = EPhoto X
kPhoto + kBio

F _ kBio __ €total — €Bio 3.5
Bio — k k - ( - )
Photo T KBio €Bio — €Photo

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 analyzed during sunlight-induced photolysis in ultrapure and river water. The half-life
time of diclofenac was 2.4+ 0.03 h in Isar river water and 2.8+ 0.1 h in ultrapure water, which is

13-16

consistent with half-lives reported in the literature. We also detected known photolysis TPs,

including 8-chlorocarbazole-1-acetic acid, which is formed by HCI elimination (Fig. 3-1. (5), supporting
information A4-53).*"*

Isotope fractionation during photolysis of diclofenac was consistent for both types of water (ultra
pure water: gc = +1.1 £ 0.1%., gy = +2.0 £ 0.1%o; river water €¢ = +0.7 £ 0.1%o, €y = +1.9 * 0.1%o0). (Fig. 3-
2, Tab. 3-1). An inverse N-isotope effect of diclofenac qualitatively agrees with the direct photolysis of
atrazine, where an inverse effect was also observed (ey = +4.9%o0).** As discussed by Hartenbach et al.*
interpretation of isotope fractionation during photo-excitation is difficult. However, a secondary N-
isotope effect appears plausible, because photo-excitation affects the N-atom as part of the n-system of
diclofenac. Although further research is needed to investigate the underlying mechanism, Fig. 3-2 shows
that bio- and phototransformation can be distinguished by isotope analysis of diclofenac. Consequently,
CSIA can be used to investigate simultaneous bio- and phototransformation of diclofenac in rivers

independent of boundary conditions and the detection of meta-stable TPs (Fig. 3-1 (5), supporting

information A4-S3).%
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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 at ty £ 20.

3.4.2 Ozonation

An inverse N-isotope fractionation (ey = +1.5+0.2%0) was observed during diclofenac ozonation
together with the formation of diclofenac-2,5-iminoquinone (Fig. 3-1 (8)) and some hydroxylated TPs

27,45 %% The direction and magnitude of isotope

(Fig. 3-3, Tab. 1, supporting information A4-54).
fractionation can be rationalized when considering possible reaction mechanisms. Two sites have been
suggested for the initial attack of ozone in diclofenac. An attack at the N-atom would lead to a cationic
intermediate (Fig. 3-1 (9)). Alternatively, an attack at the para-position of the non-chlorinated aromatic
ring would increase the double bond character of the C-N bond as partial imine bond as shown in Fig. 3-
1 (10).* In both cases, the bond stiffness of N is increased in the transition state which usually leads to

26:27.47 However, a direct attack at the N-atom would probably cause a primary

an inverse isotope effect.
N-isotope effect of greater magnitude. Therefore, a secondary isotope effect caused by attack at the
distant para position (Fig. 3-1 (10)) appears to be more consistent with the observed, small inverse
nitrogen isotope fractionation. The second mechanistic scenario is corroborated by the pathway of

aniline ozonation which has been inferred from detected TPs.”’
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A further possibility involves the reaction with hydroxyl radicals generated from ozone. This reaction
represent the major breakdown path during ozonation for a number of persistent pollutants.* However,
reactions of hydroxyl radical with diclofenac can be excluded for two reasons. (1) A comparison of the
pseudo-first order constants of reactions with ozone and hydroxyl radical indicates that reaction with
ozone are expected to be 10° times faster: ko’ = 7.5 x 102 s* versus ko = 10° s* (supporting
Information A4-S5). 3 (2) In a second experiment hydroxyl radicals were quenched with the radical
scavenger tert-butanol.”® As shown previously, less O; was needed to transform diclofenac but isotope
fractionation showed no significant difference compared to the experiment without the radical
scavenger (Fig. 3-3). Hence, isotope fractionation is clearly attributable to the reaction of diclofenac with
ozone. 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 other contaminants, because many micropollutants

contain aniline moieties.
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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 + 20.

3.4.3 Insights into oxidation mechanisms - ABTS & MnO:

In a recent study®’ 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 biotransformation 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. 3-1 (6))."” Oxidative single electron transfer (SET) is

49-51

frequently proposed as a putative reaction mechanism in aerobic biodegradation. Therefore, we

compared isotope fractionation during aerobic biotransformation of diclofenac with two systems for
which SET was suggested previously. 23

The reaction of diclofenac with electrochemically generated ABTS radicals was studied as a well-
established outer-sphere SET reagent that has previously been used to investigate SET of amines by N-
isotope analysis.** During transformation of diclofenac by ABTS no changes in carbon isotope ratios, but
pronounced inverse N-isotope fractionation was measured (ey=+5.7 + 0.3%o0). These results agree with
literature data for p-CHs-aniline at pH 7 where also an inverse effect N-isotope effect of gy = +3.8%0 was
observed with ABTS.> In addition, we detected TPs indicative of radical coupling which typically
indicates an initial one electron abstraction (Fig. 3-1 (4), supporting information A4-56).>’

In reaction with MnO,, SET has also been proposed to occur, but in addition hydroxy-diclofenac and
its corresponding quinone derivative have been reported, in analogy to the product we observed during
biotransformation (Fig. 3-1 (7, 8)).” As observed previously, diclofenac transformation by MnO,
followed a biphasic kinetics in our experiment accompanied by the formation of hydroxylated diclofenac
and its corresponding quinone (A4-S4, A4-57).* Because 75% of diclofenac was transformed within
10 min and the solution contained only chemicals in deionised water, a biological transformation can be
ruled out. Diclofenac oxidation by MnO, showed small, but significant, C-isotope fractionation (gc=-1.5
1 0.1%0) and pronounced normal N-isotope fractionation (ey=-7.3 + 0.3%0). These enrichment factors
are in good agreement with previously published data for the MnO, catalyzed oxidation of
diphenylamine which has the same molecular backbone as diclofenac (ec = -2.3%o, €y = -10.0%0).>’
However, the normal N-isotope effect during the reaction with MnO, is in contrast to the inverse
isotope fractionation during SET with ABTS. At the same time, the MnO, data fit well with the N-isotope

enrichment of diclofenac in oxic river sediment (ey = -7.1%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 oxidation with 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 N-effect for SET.>> Thus, we conclude that oxidation with ABTS is a good model system for outer-
sphere SET, which implies that for biotransformation and oxidation by MnO, of diclofenac and
diphenylamine an outer-sphere SET mechanism can be excluded.*® Moreover, it appears unlikely that
the formation of small amounts of mono-hydroxylated diclofenac (see supporting information A4-S7)
caused the pronounced N-isotope fractionation of ey=-7%o during biotic- and MnO, transformation of
diclofenac. This is supported by recent results for benzotriazole which showed that even if an aromatic
amine is exclusively transformed via hydroxylation the maximum enrichment is €y = -3%0.”> Hence, we
conclude that diclofenac is transformed by an unknown oxidation reaction involving the nitrogen atom,

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

System £c (%o) &n (%o)
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+0.4
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 mg L) 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 isotope fractionation in four different model reactions. N-isotope fractionation was highly
reaction-specific and could, therefore, serve as a sensitive measure to identify transformation pathways
of diclofenac in the environment. Since all investigated pathways showed minor or no C-isotope
fractionation, this can be seen as a weak and non-specific indicator for transformation (Tab. 3-1). Hence,
we provide a one-dimensional scheme for N-isotope fractionation in Fig. 5, instead of the common dual
isotope plot that is plotted in the Abstract Art.

Fig. 3-5 illustrates the ability of N-CSIA to distinguish photo- and 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 CSIA is applied as only measure for
transformation, it can qualitatively distinguish photo- from biotransformation in cases where
pronounced transformation occurs. If 15N/”N ratios increase, biotransformation is more important than
phototransformation and vice versa in the case of “N/"N increase. If the overall extent of
transformation (C,C, of Equation 3) can in addition be determined by independent means (e.g., the
combination of conservative tracers and concentration measurements),”™ ** gy can even be
calculated, and the share of biotransformation can then directly be deduced from Fig. 5 and Eq. 5. This
approach can also be used to compare the efficiency of UV-treatment and biotransformation during

(waste-) water treatment.

52/



-1.6%0 < ASN < +1.6%0

S 20
c
=)
©
g 40
=
c
g 60
E
[ 4451
0 80 R
O
100 |
0
Entotal (%o)
100% 80% 60% 40% 20% Of%)
Share Bio |< |
Share Photol >
0% 20% 40% 60% 80% 100%

Fig. 3-5. Nitrogen isotope enrichment factors (enwt) reflect the share of biotic- and photolytic
transformation if both processes occur in parallel according to Eq. 3-4 (with &y gio = -7.1%0 VS. €N, photo =
+1.9%o); the blue and red area indicate the extent of transformation where isotope analysis is a stand-
alone proof for transformation (A5"°N = 1.6%. = 40)

Moreover, the ability of CSIA to detect diclofenac transformation by MnO, is not only important for
mechanistic studies with synthesized MnO,. CSIA can also be used to detect the transformation
potential of natural manganese oxides which are ubiquitously present in the environment and that were
recently shown to have able to transform diclofenac.”

This study underlines that CSIA and TP analysis nicely complement to each other. TP 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 micropollutants 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 transformation of diclofenac
by oxidative SET. In return, if important transformation pathways are not detectable by TP analysis, CSIA

may jump in, as shown for MnO,- 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 concentration data. Elegant alternatives are
concentration-independent approaches like compound-specific isotope analysis (CSIA) or enantiospecific
concentration analysis. Both detect degradation-induced changes from ratios of molecular species,
either isotopologues or enantiomers. A combination of both — enatioselective stable isotope analysis
(ESIA) — provides information on **C/ *2C ratios for each enantiomer separately. Recently, Badea et al.
demonstrated for the first time ESIA for the insecticide a-hexachlorocyclohexane. The present study
enlarges the applicability of ESIA to polar herbicides such as phenoxyacids: 4-CPP (((RS)-2-(4-
chlorophenoxy)-propionic acid), mecoprop  (2-(4-Chloro-2-methylphenoxy)-propionic acid)  and
dichlorprop (2-(2,4-Dichlorophenoxy)-propionic acid). Enantioselective GC-IRMS (gas chromatography-
isotope ratio mass spectrometry) was accomplished with derivatisation prior to analysis. Precise carbon
isotope analysis (20 <0.5%o) was obtained with =7 ng C on column. Microbial degradation of DCPP by
Delftia acidovorans MC1 showed pronounced enantiomer fractionation, but no isotope fractionation. In
contrast, Badea et al. observed isotope fractionation, but no enantiomeric fractionation. Hence the two
lines of evidence appear to complement each other. 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 ecosystems.' Since 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 chiral micropollutants, where degradation behavior and toxicity often differs
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 closed hydraulic 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 analyzing ratios

that are inherent to the target molecules.
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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.g. EFg=R/[R+S]). Nearly all commercial products have
either an EF of 0.5 (racemates) or 0 (enatiopure products). During biological processes this ratio can be
shifted. The reason is that many enzymes that are involved in transformation reactions have an
enantioselective preference and favor one enantiomer over the other.? Hence, 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, metabolite analysis) 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 ratio of a compound can be used to investigate degradation
of xenobiotics *”. The underlying principle is that (bio-)chemical reactions are commonly associated with
a kinetic isotope effect, which causes a fractionation of heavy and light isotopes. Using this approach
isotope fractionation of one element can be used to quantify degradation.®°If several elements are

6,10-12
d

analyzed, even the mechanisms and pathways of transformation processes can be elucidate as

demonstrated recently for selected pesticides.>™®

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. presented a first example of enantioselective
isotope analysis (ESIA) applied to the insecticide a-hexachlorocyclohexane.” In a biodegradation
experiment they observed isotope fractionation, but no enantiomer fractionation so that the line of

evidence brought forward in this particular example was similar as for conventional 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 via GC-IRMS and for a case of
biodegradation where enantiomer fractionation is well established to occur. To this end an
enantiospecific stable isotope method was developed for three polar herbicides, 4-CPP ((RS)-2-(4-
chlorophenoxy)-propionic acid), MCPP (mecoprop, 2-(4-Chloro-2-methylphenoxy)propionic acid) and
DCPP (dichlorprop, 2-(2,4-Dichlorophenoxy)-propionic acid) to 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 precise isotope analysis. Subsequently, the method was applied to investigate microbial
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degradation, using the enantioselective strain Delftia acidovorans MC1 and the herbicide DCPP as a

model compound.
4.3 Experimental

4.3.1 Compounds and chemicals

Acetonitrile (1.25% acetic acid) and n-hexane were purchased from Carl Roth (Karlsruhe,
Germany) and had LC-MS grade (purity > 0.99). Acetic acid (1.25%) was purchased from Merck
(Darmstadt, Germany). MCPP (mecoprop, 2-(4-Chloro-2-methylphenoxy)-propionic acid, CAS RN 7085-
19-0) and BF; (10% in methanol) were purchased from Sigma Aldrich (St. Louis, U.S.A.). 4-CPP ((RS)-2-(4-
chlorophenoxy)-propionic acid, CAS RN 3307-39-9) was purchased from Aldrich Chemistry (Milwaukee,
USA) and DCPP (dichlorprop, 2-(2,4-Dichlorophenoxy) propionic acid, CAS RN 120-36-5) and R-DCPP
from Dr. Ehrenstorfer GmbH (Augsburg, Germany). MilliQ water was generated with a Millipore
Advantage A10 system (Millipore, Molsheim, France). (S)-2-(4-chlorophenoxy)-propionic acid methyl

18
I

ester (S-4-CPP) was synthesized according to the procedure by Nittoli et al.” and as described in

Milosevic et al.™.

4.3.2 Derivatisation with BF3

Prior to analysis the polar carboxy-group of the analytes was methylated in a similar way as
described by Chivall et al.®® for fatty acids. To this end sterile filtered samples or standards were
evaporated in 2 mL amber glass vials to dryness under a gentle stream of N,. 400 plL of BF; (10% in
methanol) were added, the vials were sealed with screw caps equipped with PTFE seals and incubated
for 1 h at 40°C. After cooling the remaining reactant was quenched with 400 pL MilliQ water and the
methylated analytes were extracted three times with 500 puL n-hexane and transferred to a new vial. If
necessary, the extracted phase was reduced to 200 uL under a gentle stream of N, to increase the
concentration for isotope analysis. The 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, between 1 uL and 4 uL were injected splitless at
230 °C. The gas chromatograph (TRACE GC Ultra gas chromatograph, Thermo Fisher Scientific, Milan,
Italy) was equipped with a B-6TBDM column (50m x 0.25 mm, 0.25 um film; Macherey&Nagel, Diiren,
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Germany). The column was operated with a constant flow velocity of 29 cm s™ corresponding to a He
carrier flow rate of 1.4 ml min™ (GC-IRMS) and 1.0 ml min™ (GC-TOF-MS). Initial oven temperature was
80 °C (1 min.), ramped to 140 °C with a rate of 10 °C min.”, then with 1.5 °C min.™ to 185 °C and then
with 30 °C min.™ to 230 °C (held for 4 min.). After separation the analytes were combusted online in a
Finnigan GC combustion interface (Thermo Fisher Scientific, Bremen, Germany) to CO, with a NiO tube /
CuO-NiO reactor operated at 1000°C (Thermo Fisher Scientific, Bremen, Germany). CO, isotope values
were determined with a Finnigan MAT 253 isotope ratio mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). Before and 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, Eq. 4-1).

(13C/IZCSample - 13C/12CReference )

13, /12
C/ CReference

sB3¢C = (4-1)

To validate the results of the GC-IRMS method, in addition pure in-house standards of all
compounds were characterized on an elemental analyzer (EURO EA, Euro Vector Instruments) coupled
to a Finnigan MAT 253 isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).
Calibration was performed with the following organic reference materials provided by the International
Atomic Energy Agency (IAEA, Vienna): IAEA 600, IAEA CH3 (cellulose), IAEA CH6 (sucrose) and IAEA CH7

(polyethylene).

4.3.4 Calculation of the introduced methyl-group

During methylation an additional carbon atom is introduced in each herbicide molecule and
changes its bulk carbon isotope ratio. This shift of §°C was kept constant by using the same batch of
methanolic BF; solution for the derivatisation of standards and samples. Values were corrected

according to the common procedure as described previously.”**

First, the isotope ratio of the
introduced methyl group was calculated (6°c(Me)) (Eq. 4-2). To this end the isotope ratio of the lab
standard of the respective herbicide was determined prior to methylation on EA-IRMS (6”C(Analyte);s)
and after methylation on GC-IRMS (6°C(Me-Analyte)sc). With respect to the number of C-atoms of the
analyte (n), the weighted difference was then used to calculate the theoretical isotope-ratio of the
introduced methyl-group (Table 4-1). Subsequently this value was used to correct samples (6" °C(Sample))

for the introduced methyl-group; again, with respect to the number of carbon atoms (Eq. 4-3). The

inherent uncertainty of this procedure can be calculated by gaussian error propagation (Eqg. 4-4). The
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uncertainty of the sample value (A6”C(Sample)) is strongly influenced by the uncertainty of the GC-IRMS
analysis (AGC), whereas the contribution of the methyl group calculation (AMe) is reduced by a factor of

1/9 in the case of 4-CPP and DCPP and 1/10 in the case of MCPP, respectively.

S13C(Me) = (n+ 1) X §3C(Me — Analyte)gc — n x §3C(Analyte)g, (4-2)
n+ 1) x §3C(Me — Analyte —613Cc(Me 43
5'3C(Sample) = ( ) ( - yte)sampte (Me) (4-3)

13 _ [arey) \? af(xy) \? _ (4-4)
AS>C(Sample) _\/(T) X Ax? + (T) X Ay? =

J (”T“)2 x AGC? + (%)2 x AMe2A§3C(Sample) = \[ (?)2 x Ax? + ("“‘”)2 X Ay? =

rra
\/(“T“)z X AGC? + (i)2 X AMe2

4.3.5 Peak identity

Identity of standards and samples was verified on a gas chromatograph (DANI Master-GC, Milano
Italy) coupled to a time of flight mass spectrometer (DANI Master-TOF, DANI, Italy / Switzerland). The
system was operated with same flow velocity, temperature conditions and the same column as

described above for the GC-IRMS system, but without combustion of the samples to CO,.

One enantiomer of each DCPP and 4-CPP 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 4-CPP and DCPP and they are not related to the chiral center. Hence it was assumed
that the elution order of 4-CPP and DCPP, where the R enantiomer elutes first, also applies to MCPP. In
addition, this elution order agrees with the elution order Buser and Muller* determined for 4-CPP and
MCPP with a similar stationary phase. 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 of Delftia acidovorans MC1 was used for degradation of DCPP. MC1 was first
pregrown in mineral salt solution (1 L, 30°C) with 10 mg DCPP **. When DCPP was completely consumed
by MC1, the final OD of this solution reached 0.4 at 500 nm. Using this solution, biodegradation of DCPP
(60 mg L") was conducted in duplicate non-shaken batches (200 mL each). Liquid samples (5 mL each)

were collected and sterile filtered (0.22 um). 0.5 mL sample were immediately analyzed by LC-UV as
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described below. The rest was stored frozen at -20°C for isotope analysis. DCPP samples were quantified
using a Shimadzu LC-10A series High Performance Liquid Chromatograph equipped with an Allure C18
column, 150 x 4.6 mm, 5 um particle size (Restek, USA) and a Ultra-Violet detector. The eluting solvents
were acetonitrile with 1.25% acetic acid (solvent A) and de-ionized water with 1.25% acetic acid (solvent
B). The gradient was composed of 30% solvent B (1 min) and was increased to 80% (2-10 min) and finally
decreased to 30% (11-12 min) again. The flow rate was 1 mL min™ and the oven temperature 45 °C. The

sample injection volume was 100 pL and absorbance of DCPP was measured at 280 nm.

4.4 Results

4.4.1 Chromatographic Resolution

As shown previously by Buser and Miiller," chlorinated phenoxy acid herbicides can be separated
on a chiral stationary phase after methylation (Fig. 4-1). We achieved this with a chromatographic
resolution of R>3.0 for the lowest tested concentrations and R21.4 for the highest tested
concentrations when R is defined as retention time difference/ mean peak width.” If R is calculated
using the peak width at half height” a chromatographic resolution between R>7.2 and R>6.2 was
achieved. Only the highest concentrations of 4-CPP (R> 1.4) fall slightly below the conservative definition
of baseline separation (R>1.5) (Fig. 4-1b). This did not influence the isotope values (Fig. 4-2); however,

in cases where values appear to be biased, samples can 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 Isotope Analysis

The precision of ESIA for the three tested herbicides is comparable to other non-enantioselective
studies that do not contain a derivatisation step."” Triplicate analysis delivered a standard deviation of
26 £0.5%0. Although a methyl-group is introduced in the analytes during derivatisation, the isotope
values of the GC-IRMS analysis (gas chromatography isotope ratio mass spectrometry) were
indistinguishable from the reference values derived by elemental analysis-IRMS within the typical
precision of the two methods (26 of 0.5%0 and 0.2%., respectively, Tab. 1). This applies for the single
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 to the isotopic composition
of the target compounds (Tab. 4-1), and the methyl group-values were indistinguishable within
calculated uncertainties. Because the correction scheme described above uses the isotope shift of
standards for the correction of samples, it delivers precise isotope values with respect to the introduced

carbon atom as well as for systematic fractionation effects that can appear during derivatization.? For
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the purposes of the linearity test we refrained from such corrections, because its focus was 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 position-specific isotope 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
column for precise isotope analysis for each enantiomer and the calculated 613C value of the methyl-
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 EA-IRMS GC-IRMS GC-IRMS Lowest amount Calculated §"C of
53C [%o] 8'3C [%o] 8'3C [%o] needed for precise introduced methyl-
(n=5) (n=9-13) (n=9-13) isotope analysis group [%o]
4-CPP -26.5+0.1 -26.9+0.3"° -26.7+0.3 62 pmol -28+3
-26.4+0.1° 7ngC
MCPP -28.6+0.1 -29.2+0.2% -289+0.4 58 pmol -32+4
-28.6+0.2° 7ngC
DCPP -27.310.1 -27.5+0.1"% -27.3+0.2 53 pmol -28+2
-27.2+0.2° 6ngC

The linear range of the method is illustrated in Fig. 4-2. For all four tested compounds the lower
limit of precise 8§"3C isotope analysis was around peak amplitudes of 200 mV. Hence we recommend that
for precise ESIA only peak amplitudes higher than 200 mV should be used. This corresponds to a
minimum amount of substance needed on column of >7 ng that is even below the manufacturer
specification of 10 ng C."> A critical point for isotope data evaluation is the background correction. In
most cases a 5s interval prior to each peak is used to correct its isotope value. Because enantiomer
peaks in ESIA have narrow 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 Dependency of &°C measurements 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 of DCPP was done in Delftia acidovorans MC1. Interestingly, enantioselective
degradation of DCPP was observed, but no carbon isotope fractionation occurred to either enantiomer
(Figure 4-3). Two scenarios can explain the absence of isotope fractionation: either the degrading
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 limiting-step.! One
example could be that transport into the cell is rate-limiting®® as hypothesized for MC1,** %’ but this has
to be confirmed in further studies. Our findings contrast with the observation of Badea et al. that
isotope fractionation, but no enantiomeric fractionation occurred in biodegradation of
a-hexachlorocyclohexane.” 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 Outlook

With this study we provide a tool to investigate degradation of selected chiral herbicides based on
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 nicely complement each other in the assessment of
contaminated sites. If only one kind of fractionation occurs — i.e. only enrichment of isotopes,”’ or only
of enantiomers (our study) — ESIA presently has no unique advantage compared to CSIA and enantiomer
analysis 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 of 4-CPP were observed downstream at a landfill site
under anaerobic conditions.'® There, isotope values of single 4-CPP enantiomers differed up to 3%o.
Hence, much can be expected to be learned from ESIA in the future with respect to the
complementarity of both 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 analysis (CSIA) was
already established for well-known contaminants, such as toluene’ or chlorinated solvents,? it was never
used to study pharmaceutical transformation. One reason was that existing CSIA methods for non-
volatile compounds were usually applied at concentrations in the mg L™ or high pg L™ range and even
sophisticated approached using solid-phase microextraction reached “only” 80 ugL™ and 2 mg L™ for
carbon and nitrogen, respectively.® Thus, applicability of CSIA was far away from typical concentrations
of micropollutants. In addition, it was assumed that C-isotope fractionation cannot be detected in
molecules that contain 15 C-atoms.* Moreover, before 2011 there was no publication on the coupling of
enantioselective separation techniques with isotope ratio mass spectrometry, despite the great
potential of such a method for studying transformation reactions.” It was, therefore, the aim of the
present dissertation to develop for the first time a CSIA method for a pharmaceutical and ESIA of

herbicides to obtain new insights into the fate of micropollutants:

Sources of pharmaceuticals can be traced by CSIA in the environment. In the absence of
transformation processes CSIA has the potential for source appointment as shown in Chapter 2 for
diclofenac and in Appendix Al for benzotriazole. The underlying principle is that sources can vary in
their isotopic composition for two reasons. On the one hand, Chapter 2 revealed that already
commercial gel- and tablet formulations that contain diclofenac as active pharmaceutical 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 manufactured products are recorded (Chapter 2). On 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 processes as described in chapter 3 and 4.

Hence, CSIA has the potential to investigate different sources in the environment.

CSIA can track various transformation reactions of a pharmaceutical. In parallel to Schreglmann
et al.,® Chapter 2 brought the application limits of CSIA down to the ng L™ range. Moreover, Chapter 2
and 3 could demonstrate that CSIA of diclofenac can track aerobic biotransformation, reductive
dechlorination, ozonation, photolysis, transformation by MnO, and 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 in a 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 that N-isotope 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 (Fig. 5-1). Transformation by river sediment and MnO, causes
normal N-isotope fractionation, whereas SET, photolysis and ozonation cause inverse N-isotope
fractionation (Chapter 2 & 3). Hence, CSIA of diclofenac can improve our understanding about key
processes that 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
MnO, in (waste-) water treatment. However, the full strength of CSIA comes 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 N-isotope

analysis.
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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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CSIA delivered surprising mechanistic insights into transformation reactions. On 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 years.” This was possible because CSIA has
the unique ability to shed light on 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, because CSIA elucidated that
ABTS oxidizes diclofenac by an outer sphere SET, whereas evidence from isotope fractionation indicated
a different mechanism with MnQO,. Interestingly, the same N-isotope fractionation trend as with MnO,
was observed in biotransformation by river sediment. Hence, CSIA indicates an unknown transformation
pathway which may be similar for elimination of diclofenac by river sediment or MnO, and 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 N-atom. Because many micropollutants 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 and TPs — two complementary approaches. Transformation product analysis of
Chapter 3 has shown that three different reactants — ozone, ABTS and MnO, — can transform diclofenac
into the same TP: diclofenac-2,5-iminoquinone. At the same time CSIA revealed that this was done by 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 of transformation 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 persistent® or even more toxic than their precursors.’
However, 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
depletion of light isotopes in diclofenac (ex=-7.1%o) is reflected in an enrichment of light isotopes in the
TPs (ex= +7.1%o0 ?). In other words, CSIA offers the unique ability to correlate TP formation with reactant

transformation.

ESIA combines the advantages of CSIA and enantiomer analysis and opens up new fields.

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 enzymatic 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 investigation showed that
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 fractionation. Either the
transforming enzyme shows no isotopic preference, or transport into cells limited the turnover of
dichlorprop (see also Fig. 1-3). It is currently under investigation, if dichlorprop transformation by the
isolated enzyme causes isotope fractionation (Qiu et al., submitted to Environmental Science &
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 rate-determining step in the

microbial transformation of dichlorprop.

Furthermore, the application of ESIA was not restricted to lab experiments, but was already
brought to the field (Appendix A2). There, the remarkable picture was obtained that enantiomer and
isotope ratios of 4-CPP (TP of dichlorprop) were shifted at the same time during transformation under
anaerobic conditions at a landfill site. Hence, much can be learned from ESIA in the future in field
applications, but also in terms of a better process understanding. This applies especially, because ESIA
was only applied to carbon isotopes. CSIA of diclofenac, atrazine™ or isoproturon™ has shown that the
analysis of a second element can increase the possibilities of isotope analysis fundamentally. Future
studies will show that this also applies for ESIA, when the §'°C approach of this thesis is combined with

8°H analysis.

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 when future work will transfer the approach of this thesis to one of the other 10,000
pharmaceuticals on the market,” or when the possibilities of ESIA will be used to study chiral

blockbuster drugs, such as ibuprofen or metoprolol.
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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
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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.
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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™.

C) 25x10
8x1 oaj’

44
24

’N\
d) 8x10° @;ﬁk J .
6 @ ™ injected:
N

44 1H-BT
2 +TMSH

0 T 1 1 1
e)_ 8x10°H @[Ni"
RS ot injected:
2 4 1-CH,-BT
g 2 +TMSH
E 0 T T T 1
VIR A A
154 . o injected:
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

@ Springer

Vil / L



CSIA of benzotriazole and its derivatives

2849

L ]
3 :
= =1
L g
3 ©
° 5
=y
B
=
Ar, \ . . . .
0.0 0.2 0.4 0.6 0.8 1.0

1H-BT concentration [mM]

0 1 2 3 4 5 6
Injected mass [nmol C]

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,® . . . . ‘
0 1 2 3 4 5
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
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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

@ Springer

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.
Acknowledgements We acknowledge the financial support from the

Swiss Federal Office for the Environment and the German Federal
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ABSTRACT

Phenoxy acid herbicides and their potential metabolites represent industrial or agricultural
waste that impacts groundwater and surface waters through leaching from old landfills
throughout the world. Fate assessment of dichlorprop and its putative metabolite 4-CPP (2-
(4-chlorophenoxy)propionic acid) is frequently obstructed by inconclusive evidence from
redox conditions, heterogeneous geologic settings (e.g clay till) and ambiguous parent
—daughter relationships (i.e. 4-CPP may be daughter product or impurity of dichlorprop).
For the first time, a combination of four methods was tested to assess transformation of
phenoxy acids at a contaminated landfill (Risby site): analysis of (i) parent and daughter
compound concentrations, (ii) enantiomer ratios (iii) compound-specific isotope analysis
and (iv) enantiomer-specific isotope analysis. Additionally, water isotopes and chloride
were used as conservative tracers to delineate two distinct groundwater flow paths in the
clay till. Metabolite concentrations and isotope ratios of chlorinated ethenes demonstrated
dechlorination activity in the area with highest leachate concentrations (hotspot) indi-
cating favorable conditions also for dechlorination of dichlorprop to 4-CPP and further to
phenoxypropionic acid. Combined evidence from concentrations, enantiomer ratios and
isotope ratios of dichlorprop and 4-CPP confirmed their dechlorination in the hotspot and
gave evidence for further degradation of 4-CPP downgradient of the hotspot. A combination
of 4-CPP enantiomer and isotope analysis indicated different enantioselectivity and isotope
fractionation, ie. different modes of 4-CPP degradation, at different locations. This
combined information was beyond the reach of any of the methods applied alone
demonstrating the power of the new combined approach.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

impact on groundwater and surface waters (Kjeldsen et al.,
2002; Schwarzenbach et al.,, 2010). Often former landfill sites

Hundreds of thousands of landfill sites throughout the world contain substances whose use has subsequently been banned
may leach pollutants with long-term and local-to-regional or restricted, such as phenoxy acid herbicides like dichlorprop

* Corresponding author. Tel: +45 45252174, fax: +45 45932850.
E-mail address: nemm@env.dtu.dk (N. Milosevic).
0043-1354/% — see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.watres.2012.10.029
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(2-(2,4-dichlorophenoxy)propionic acid, CAS RN 120-36-5)
(Baun et al., 2004). Moreover, phenoxy acids and impurities in
their production and/or transformation products such as 4-CPP
(2-(4-chlorophenoxy)propionic acid, CAS RN 3307-39-9) (Reitzel
et al., 2004) are commonly found in groundwater (Malaguerra
et al,, 2012). Thus, a proper understanding of the fate of phe-
noxy acids is crucial for risk assessment atlandfill sites and for
groundwater quality protection and management in general.

In addition to chemical variability of landfill contaminants,
leachate indicators in groundwater samples collected beneath
landfills may reflect a complex spatial distribution of the
deposited waste at old landfill sites, including secondary
sources of the same chemical (Kjeldsen and Christophersen,
2001). In landfill leachate plumes in such complex pattern,
fate assessment of different xenobiotic organic compounds is
complicated (Baun et al., 2003; Eganhouse et al., 2001; Riigge
et al.,, 1995). Heterogeneous underlying geologic settings
such as fractured rock or clay sediments can also complicate
the spreading of contaminants. In Scandinavia and parts of
North America clay till is a common geologic setting. This is
glacially deposited clay with very low permeability and with
preferential groundwater flow paths through vertical frac-
tures and mostly horizontally interbedded sand lenses (e.g.
Gerber et al., 2001; Hendry et al., 2004; McKay et al., 1998).

In addition to spatial complexity, physiochemical proper-
ties of the contaminants, degradability of the contaminants
and redox conditions at the site may govern the attenuation of
different contaminants. Physical attenuation such as sorption/
desorption of xenobiotics in clay till settings (Stringfellow etal.,
2011) may affect their availability for microorganisms. Micro-
bial attenuation, e.g. reductive dechlorination of chlorinated
hydrocarbons such as chlorinated ethenes is primarily ex-
pected under reducing, anaerobic conditions. The depletion of
electron acceptors alone cannot be used as proof of degrada-
tion of xenobiotic compounds in a landfill leachate plume,
because it is mostly driven by the turnover of general organic
matter rather than the specific contaminants. The use of
normalization with a conservative compound such as chloride
may also fail, because of more than one chloride sourcein the
landfill or in the plume (Bjerg et al., 1995; Tuxen et al., 2003).
Thus, in avoiding the challenges of uncertainty over chloride
concentrations in the source, the fate assessment of xenobi-
otics requires information that is specific of their trans-
formation (Bjerg et al., 2011), such as parent-to-daughter
compound concentration ratios, enantiomer ratios of chiral
compounds and compound-specific isotope analysis (CSIA)
(Eganhouse et al., 2001; Reitzel et al., 2004; Richnow et al., 2003).

Phenoxy acid herbicides are generally expected to be
recalcitrant under strongly anaerobic conditions (Riigge et al.,
1999), but prone to biodegradation under nitrate reducing or
aerobic conditions (see review by Buss et al., 2006; Reitzel et al.,
2004). Presence of 4-CPP might indicate dechlorination of
dichlorprop (Fig. 1) in the same way as less chlorinated ethenes
give evidence of dechlorination of more chlorinated ethenes.
However, the presence of metabolites may be ambiguous,
since proven or suggested degradation products can be present
as an impurity in the production of the source compound,
whichis the case for dichlorprop and 4-CPP (Reitzel et al., 2004,
Tuxen et al, 2003). 4-CPP might be further dechlorinated,
transforming to a non-chlorinated compound. This pathway

was indicated by an abiotic chemical reaction under laboratory
conditions with reductive electron transfer (Azzena and
Pittalis, 2011). Reductive dechlorination of chlorobenzenes
resembling dichlorprop and 4-CPP (without the propionic acid
entity) has been proven (Liang et al., 2011; Nelson et al., 2011).

Phenoxy acids are chiral compounds consisting of two
isomeric molecules that differ only in the spatial orientation of
their atoms (Fig. 1). Their enantioselective microbial degrada-
tion has been shown in laboratory conditions (Heron and
Christensen, 1992; Reitzel, 2005) and in the field (Harrison
et al,, 1998; Reitzel, 2005, Williams et al,, 2003; Zipper et al.,
1998, 1999) and was found to be dependent on redox condi-
tions (Harrison et al., 2003; Reitzel et al., 2004). (S)-4-CPP-pref-
erential enzymes and deracemizing enzymes (i.e. enzymes
which can invert the spatial orientation of one 4-CPP enan-
tiomer in a mixture with equal quantities of each enantiomer)
havebeenidentified by Katoet al. (2010). Both processes resultin
the preferential occurrence of one enantiomer form. Compared
to metabolic analysis, where the same metabolite can derive
from different parent compounds, enantiomer analysis has the
advantage that it is compound-specific. The use of enantiose-
lective concentration measurements fails, however, if an
enzyme happens to degrade both enantiomers equally well or if
both (S)- and (R)-preferential enzymes are present.

Compound-specific isotope analysis (CSIA) is a fate
assessment tool with an increasing number of applications in
recent fate assessment studies of different contaminant
groups (Elsner, 2010; Thullner et al., 2012). CSIA measures the
stable isotope ratios of a compound (e.g. “*C/*C, *H/'H,
N/™N, etc.) at natural abundance. Isotope ratios, such as
Ryampe = °C/°C, are expressed in the delta notation relative
to that of an intemational reference Ryeference

513 C= Rsampl{: R—ml’emnce (,1)

Rreference

where a difference of, e.g., —0.028 = 287, indicates that the
sample contains 28 per mille less **C/*°C than the reference.
During a biochemical reaction, molecules with light
isotopes tend to be degraded faster than molecules possessing
a heavy isotope in the reactive position (because the bond is
slightly weaker), leading to an enrichment of heavy isotopes
in the remaining substrate (3**C becomes more positive)
(Bigeleisen and Wolfsberg, 1958, Wolfsberg et al., 2010). This
enables the detection of in situ biodegradation of organic
contaminants. Furthermore, if the isotope enrichment factor
(¢) of a specific compound is determined in laboratory experi-
ments based on the Rayleigh equation, it can be used to esti-
mate the extent of biodegradation of that compound from
changesinisotope ratios of field samples (Hunkeler et al., 2008).
The carbon-based CSIA has recently been extended to
assess microbial degradation of different pesticides (Badea
et al,, 2009; Penning et al., 2010; Reinnicke et al., 2012) and the
method was very recently optimized for phenoxy acids
(Reinnicke et al., 2010). CSIA has been widely used for degra-
dation assessment of chlorinated ethenes and monoaromatic
petroleum hydrocarbons such as benzene, toluene, ethyl-
benzene, m-,0- and p-xylene (BTEX) on different typical
contaminated sites, and the literature on their natural attenu-
ation and isotope fractionation is extensive (Thullner et al,
2012). Richnow et al. (2003) used CSIA to examine the fate of
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Fig. 1 — Structural formulas and possible anaerobic degradation (dechlorination) pathways of the phenoxy acid dichlorprop

and the putative metabolite/impurity 4-CPP.

BTEX in landfill leachate, but to date no CSIA study has been
reported on the fate of phenoxy acids using environmental
samples. Similar to enantiomer analysis, the isotope fraction-
ation process is specific for a certain compound, and may
change with redox conditions. The advantage of isotope over
enantiomer analysis is that it works for a wider range of
compounds (also for non-chiral molecules and non-
enantiomer-specific reactions). A disadvantage is that CSIA
does not work if the rate-limiting step in the degradation
reaction does not show an isotope effect, for example if the first
limiting step is the transport inside a cell (Elsner, 2010). Very
recently, a study has, therefore, brought forward enantiose-
lective stable isotope analysis as innovative approach, but only
for a single compound (alpha-hexachlorocyclohexane) and not
yet tested in the field (Badea etal., 2011).

In a previous study Milosevic et al. (2012) identified dichlor-
prop and 4-CPP as well as other xenobiotic organic compounds
at the Risby Landfill, but the actual fate of the phenoxy acids
was not investigated in the leachate-contaminated ground-
water. In the present study we elucidated the potential for
degradation of phenoxy acids (dichlorprop and 4-CPF) at the
Risby Landfill using for the first ime a combination of metab-
olite, enantiomer and compound-specific carbon isotope anal-
ysis. We investigated whether this assessment would improve
insight compared to conventional approaches. The specific
aims were (1) to infer the potential for dichlorprop degradation
to 4-CPP in the source zone of the landfill by evaluating the
degradation potential of other xenobiotics (BTEX, chlorinated
ethenes) based on metabolite and compound-specific isotope
analysis, (2) to evaluate further degradation of 4-CPP down-
stream of the source zone by a combination of enantiomer and
compound-specific isotope analysis of 4-CPP and (3) to combine
this assessment with a water isotopes-based characterization
of hydraulic flow paths to aid in the spatial interpretation of
observed reactivity patterns.

2. Materials and methods
2.1. Field site and conceptual site model

The study site was the Risby Landfill, Denmark, characterized
by heterogeneous geologic settings dominated by glacial

deposits of clay till with interbedded sand stringers and lenses
(Milosevic et al,, 2012) (Fig. 2). The initial waste deposition
(from 1959 until approximately 1970) was uncontrolled and it
is likely that chemical waste has been disposed in the
northern part of the landfill (see review of the site in Thomsen
et al,, in press). In a hotspot in the clay till setting beneath the
landfill several contaminants were found: dichlorprop and 4-
CPP, chlorinated ethenes (PCE (tetrachlorethene), TCE (tri-
chlorethene), cis-DCE (cis-dichlorethene), vinyl chloride) and
BTEX. The flow direction in the clay till during the period
2009-2011 was constant from south to north and the landfill
leachate impacted the stream immediately north of the
landfill (Milosevic et al., 2012). The measurement of ground-
water chemistry showed a significant variability in concen-
trations of the contaminants and redox parameters.
Groundwater conditions in 2010 and 2011 were anaerobic
ranging from methanogenic to nitrate reducing and dissolved
organic carbon was identified as the driver of redox processes
(Milosevic et al., 2012; selected parameters in Table 1).

2.2. Sampling

A groundwater and stream water sampling network was
developed encompassing all hydrogeologic units of the landfill
site (hotspots beneath the landfill, groundwater flow paths in
the underlying clay till, groundwater/surface water interface
and the local Risby Stream) after the sampling procedure
described by Milosevic et al. (2012). Chemical analysis
included water isotopes, major anions and cations, redox
sensitive compounds (e.g. sulfate), phenoxy acids, chlorinated
ethenes and BTEX. On-site field measurements included
electric conductivity (EC), pH and dissolved oxygen.

2.3. Chemical analysis

Concentrations of dichlorprop and 4-CPP were measured
using an Agilent 1200 LC coupled to a Q-trap mass spectrom-
eter (Applied Biosystems) through a Lux 3u Cellulose-3
column (250 mm x 4.60 mm, Phenomenex). Liquid samples
(20 pL) were injected via a Pal autosampler (CTC, Zwingen,
Switzerland). A binary element consisting of solution A
(Acetonitrile, >99.95%) and solution B (water with 1.25% acetic
acid) were applied for eluting the analytes. 60% of solution A
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Fig. 2 — General geology and hydrology at the Risby Landfill site. Plan view (up left) and geologic transects (down left) at the
site show horizontal and vertical heterogeneity of geologic settings (clay till, sand and peat) in the upper layer and
groundwater flow direction going from the landfill toward the stream. Leachate is delineated at transect B—B’ between the
landfill and the stream, and the focus sampling area (up right) includes hotspots in the south (transects D3x and D4x),

a groundwater transport flow path (wells and piezometers (P) at transects D1x and D2x), the hyporheic zone (well D10a and
seepage meter) and north of the stream with low hydraulic connectivity with the landfill (transect D5x). Driven wells with
screens in clay used only for delineation (not in sampling campaign) are marked italic.

and 40% of solution B were used with a flow rate of 1 mL/min
for 20 min. An electrospray ionization source was operated in
the negative ion mode (ESI”). The optimized parameters for
the ESI were: lon source temperature 450 °C, collision energy

18 eV, declustering potential —21V, entrance potential -5V,
collision cell exit potential —2 V, ion spray voltage —4500 V,
curtain gas 50, and ion source gas 60. MS/MS modes (Product
Ion Scan (PIS) and Multiple Reaction Monitoring (MRM)) were
applied on the mass spectrometer. MRM precursor ion-to-
product ion transitions for analysis of dichlorprop and 4-CFP
were m/z 232.8 to 160.8 and 198.9 to 140.9, respectively.
Analytical uncertainty of 4-CPP and dichlorprop concentra-
tions was estimated based on standard deviations of the
duplicate sample measurements. Detection limit for phenoxy
acids was lower than 1 pg/L.

The concentrations of BTEX and chlorinated solvents were
measured by a Gas Chromatograph coupled to a Flame Ioniza-
tion Detector (GC/FID) (Hewlett Packard, 5890 Seris II). Head-
space (1 ml) samples were injected via a Combi PAL
autosampler. A Vocol column (30 x 0.25 mm, 1.5 pm film,
SUPELCO, Bellefonte, PA) was used with the following temper-
ature program: 80 °C (hold 1 min), ramp 30 °C/min to 160°C and
ramp 60 °C/min to a final temperature of 200 °C (hold 6 min).

2.4. Isotope analysis

The water isotopes 4'°0 and 3°H, which are reported relative to
Vienna Standard Mean Ocean Water standards, were
analyzed by laser spectroscopy using a Picarro isotope
analyzer. The analytical precision and reproducibility was
0.1%, for O and 0.5%, and for H. One measurement was per-
formed per sample.

Samples for CSIA on phenoxy acids were extracted in
a 200 mg solid phase extraction column CHROMABOND®
EASY, conditioned by 2 x 2 ml acetone, then 2 x 2 ml ultra
pure water. The pH value of 1 L water samples was adjusted to
pH = 2.0 using sulfuric acid and then passed through the
extraction column at a rate of 1.5 /L. Dried columns were
eluted by 2 x 2 ml methanol—acetone (1:1, v/v) prior to anal-
ysis and eluates were used for isotope-ratio measurement.

The enantiomer-specific carbon stable isotope composi-
tions (6*°C) of dichlorprop and 4-CPP, as well as the
compound-specific isotope analysis of chlorinated ethenes
and BTEX were measured using a GC—C—IRMS, which con-
sisted of a TRACE GC Ultra gas chromatograph (GC) (Thermo
Fisher Scientific, Milan, Italy) coupled to a Finnigan MAT
253 isotope ratio mass spectrometer (IRMS) (Thermo Fisher
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Table 1 — Chemical analysis of groundwater samples at different transects at the Risby Landfill and of water samples along
the Risby Stream in July 2011. Values of basic physical parameters (pH and temperature), leachate indicators (electric

conductivity (EC) and chloride) and redox indicators (nitrate and sulfate) are shown at different transect along the
groundwater flow direction.

EC pH T[C] 0; cl- NOj; (N) S0% (S)

[mS/cm] [mg/L] [meg/L] [mg/L] [meg/L]
Hotspot 30 m upgradient of the stream (transects D3x, D4x)
D30 115 6.7 138 0.1 1771 <0.2 21
D31 4.1 6.7 163 <0.1 319 <0.2 <0.2
D32 21 6.7 16.8 0.1 158 <0.2 0.3
D40 3.1 6.8 177 0.1 218 <0.2 0.1
D41 25 6.9 157 1.9 130 <0.2 n.m.
D42 n.m. n.m. nm. nm. nm. nm. n.m.
D2x transect 15 m upgradient of the stream
P20 3.7 6.7 133 <0.1 556 <0.2 0.1
P21 4el. 6.6 117 <0.1 779 <0.2 01
P22 35 6.5 113 0.1 477 <0.2 0.3
D24 3.6 6.8 16.7 <0.1 547 <0.2 01
D26 36 6.8 116 <0.1 2711 <0.2 0.2
D1x transect 2 m upgradient of the stream
D2a 2.0 6.9 112 <0.1 335 <0.2 32
D14 3.6 7.2 12.6 01 284 <0.2 0.2
P10 4.4 6.8 11.7 0.3 869 <0.2 0.1
P11 4.3 6.7 11.6 0.1 900 <0.2 <0.2
P12 3.6 71 145 0.1 246 <0.2 0.7
P13 4.0 6.7 116 <0.1 8438 <0.2 0.2
P14 3.7 71 121 <0.1 293 <0.2 0.2
Hyporheic zone
D10a 4.0 6.7 12.6 <0.1 659 <0.2 ..
SM3 1.6 n.m. nm. nm. 2438 <0.2 n.m.
Risby Stream
St1 n.m. n.m. nm. n.m. 62 <0.2 n.m.
5t9 n.m. n.m. n.m. n.m. 85 <0.2 n.m.
St 12 n.m. n.m. nm. n.m. 88 <0.2 n.m.
St 14 n.m. n.m. n.m. n.m. 109 <0.2 n.m.
St 17 n.m. n.m. nm. n.m. 113 <0.2 n.m.
St 20 n.m. n.m. nm. nm. 90 <0.2 n.m.
DSx transect 2 m downgradient of the stream
D51 1.7 6.9 131 <0.1 282 <0.2 1.0
D52 1.0 7.0 136 0.2 141 <0.2 11.7
D54 0.9 7.0 128 <0.1 132 <0.2 8.6

n.m.: not measured.
b.d.L: below detection limit.

Scientific, Bremen, Germany) viaa Finnigan GC Combustion 111
interface. For dichlorprop and 4-CPP, samples were first dis-
solved in TMSH (trimethylsulfonium hydroxide, CAS
no.. 17287-03-5, Sigma Aldrich, Taufkirchen, Germany) for
online derivatization (Reinnicke et al., 2010). Liquid samples
(4 uL) were then injected via a GC Pal autosampler (CTC,
Zwingen, Switzerland). The analytical column was a hydro-
dex-B-6TBDM (50 m x 0.25 mm; 0.25 um film; J&W Scientific,
Folsom; CA). The GC program was as follows: 80 °C (hold
1 min), ramp 20 °C/min to 35 °C and ramp 5 "C/min to a final
temperature of 220 °C. For chlorinated ethenes and BTEX,
liquid samples (30 mL) were injected via a Velocity XPT purge
and trap (P&T) sample concentrator with an AQUATek 70
liquid autosampler (Teledyne Tekmar) connected to the
GC—IRMS. The analytical column was a DB-624
(60 m x 0.25 mm; 1.4 um film; J&W Scientific, Agilent Tech-
nologies; USA). The GC program was as follows: 40 °C (hold
3 min), ramp 5 °C/min to 95 °C (hold 1 min) and ramp 10 °C/

min to 145 °C (hold 1 min) and ramp 20 °C/min to a final
temperature of 240 °C (hold 3 min). The combustion reactor
used was a commercial ceramic tube filled with CuO/NiO/Pt-
wire (Thermo Fischer Scientific, Bremen, Germany) that was
operated at 940 °C.

The "°C are reported relative to Vienna PeeDee Belemnite
(VPDB) standard. CO; reference gas was calibrated to V-PDB
and was introduced at the beginning and the end of each run.
Carbon isotope standards of chlorinated ethenes, BTEX and
phenoxyacids were measured regularly to ensure the accu-
racy of measured isotope values. Compound derivatization
and associated isotope value corrections were based on
(Reinnicke et al, 2010). 6"Cycee and " Caicniorprop Were
measured in duplicates and the analytical uncertainty was
estimated based on the standard deviation of 4-CPP and
dichlorprop standards measured along with the field samples.
An enantio-pure form of (S)-4CPP was synthesized from 4-
chlorophenol, (R)-methyl-2-hydroxypropanoate (98% optical
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purity, 96% enantiomeric excess purity and the final product
purity 87%) and triphenylphosphine (Nittoli et al., 2007). This
authentic standard was taken to verify the identity of peaksin
the GC—IRMS chromatogram. For information on the
synthesis, see section 4 in the Supporting Information.

The peak intensities of (R) and (S) peaks of dichlorprop and
4-CPP in GC~IRMS chromatograms were also used to calculate
the enantiomer excess (EE) where the values range between

100% and 100% (Eq. (2)) and zero is avoided as equation
denominator (Nic et al., 2006).

R-S .
EE = p—=-100% )
3. Results and discussion

3.1 Groundwater flow paths from hotspot to stream

To investigate the decrease in xenobiotic organic compound
concentrations due to dilution, the contaminant concentrations
were compared with concentrations of conservative tracers.
Chloride and water isotopes were used to identify groundwater
flow paths, the dilution factor between the hotspot and the
hyporheic zone and the groundwater origin in the highly
heterogeneous Risby Landfill site. A hotspot of inorganic and
organic xenobiotic compounds (phenoxy acids, chlorinated
ethenes and BTEX) was identified by Milosevic etal. (2012) in the
D30-D32 and D40-D42 wells (Fig. 2). Due to heterogeneity, the
exact hotspots could not be identified, and the actual hotspot
probably extended east from the main hotspot D30 toward D32,
and south from the D3x transect the D2x transect.

Chloride decreased from D30 (1771 mg/L) along the
groundwater flow (246-900 mg/L) to the hyporheic zone
(248 mg/L) (Fig. 3). The decrease in chloride concentration may
reflect the dilution and a dilution factor was calculated after
Lyngkilde and Christensen (1992). Chloride showed distinct
western and eastern groundwater flow paths, with approxi-
mately 400 mg/L of chloride as a separation value between the
flow paths. The chloride concentrations decreased from D30
to D2x transect (15 m distance) by approximately 85% in the
eastern and by approximately 60% in the western flow path,
and remained quite constant until the D1x transect. The
dilution factor between the hotspot and the hyporheic zone
was 3—6 times in the eastern flow path and 1.5-2.5 times in
the western flow path.

Water isotopes values §'%0 = ~9.0%, and 4°H = —61.4%, also
indicated groundwater flow paths, but the position of the
separation line was slightly different from the chloride
concentrations’ separation line (Figs. 3 and 4). Therefore the
exact separation line between the groundwater flow paths in
clay till could not be distinguished, and two separation lines
formed a strip with the intermediate values of conservative
tracers.

Water isotopes were used for identification of the
groundwater origin. The global meteoric water line (GMWL:
#°H = 8"3"®0+10) shows the typical isotope ratio for ground-
water. The evaporation line (EL: ¢°H — 5%'%0) (Dansgaard,
1964) shows the trend toward more H and 'O expected in
evaporated samples. The strong enrichment of both isctopes
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1001 - 2000
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218 m— Siream
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Fig. 3 — Chloride and water isotopes, measured as
conservative tracers in July 2011, are shown on the map of
the focus area at the Risby Landfill site (Fig. 1). Two
groundwater flow paths emerge in the sand lens in the
clay till, beginning approximately below the hotspot area
(D3x, D4x) and ending in the groundwater-gaining Risby
Stream. Sodium data show the same trend whereas
bromide values were below the detection limit except in
D30 (Table 1).

in the stream water confirms the more or less stagnant stream
flow conditions observed during the sampling campaign. A
considerable difference in water isotope values between the
flow paths indicated infiltration of the percolated rainwater
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through thelandfll surface and waste layers in one of the flow
paths. There was no considerable potential for stream
recharge (losing stream) into the groundwater with a high
hydraulic gradient toward the stream (Milosevic et al,, 2012)
and evaporation was unlikely to shift the water isotope values
toward more negative numbers in the wells (4-9 m below
surface). The hyporheic exchange can not be excluded (Keery
et al., 2007) but stream recharge into groundwater has never
been investigated in detail.

Chloride concentrations and water isotope values enabled
an approximate distinction between two groundwater flow
paths. Adetailed analysis of the xenobiotic organic compounds’
degradation based only on concentrations was not conclusive
due to possible undetected chloride sources in the landfill and
due to the uncertainty related to the groundwater origin.
Therefore, altermative methods (parent to daughter compound
concentrations, enantiomer ratios, compound-specific isotope
analysis and enantiomer-specific isotope analysis) were applied
as degradation indicators at the complex Risby Landfill site. For
water isotope data from the Risby Stream and the hyporheic
zone see section 3 in Supporting Information.

3.2 Fate of contaminants in the hotspot

3.21.
BTEX
In the hotspot of the Risby Landfill the redox conditions are
anaerobic, and the concentration of DOC is high (1600 mg/L)
(Milosevic et al., 2012). BTEX compounds were detected only
on D3x transect, mostly in the range 100—10,000 pg/L (Fig. 5)
and the values were in accordance with previous measure-
ments (Milosevic et al., 2012). Summed BTEX concentration in
the main hotspot D30 (400 mg/L) comprised 25% of DOC
concentration and in general toluene dominated in the molar
fractions of BTEX. These high concentrations indicate a sepa-
rate phase of gasoline compounds nearby. There was an
overall trend of more positive 6**Cgrey at low concentrations
(Fig. 5), indicating degradation-associated isotope fraction-
ation and giving evidence of microbial activity and DOC
oxidation outside the main hotspot, in D31 and D32.

Degradation of dissolved organic carbon (DOC) and

3.2.2. Chlorinated ethene dechlorination
To investigate the potential for dechlorination activity,
we investigated chlorinated ethenes. Chlorinated ethenes

(PCE and TCE) and the products from their microbially medi-
ated reductive dechlorination (cis-DCE, VC and ethene) were
also detected only within the landfill hotspot (Table 2). We
calculated their molar fractions within the dechlorination
sequence to assess the extent of the degradation. To this end,
the relative proportion of the degradation products cis-DCE
and VC was compared to that of the putative parent
compounds TCE and PCE (see section 1 in Supporting
Information). Similarly, the degree of dechlorination was
calculated from the total number of chlorine atoms that had
been cleaved off (e.g. Heimann et al., 2007) (see section 2 in
Supporting Information). Both calculations showed reductive
dechlorination with cis-DCE and VC as the predominant
compounds, which suggests that also dechlorination of
dichlorprop to 4-CPP in the hotspot is possible.

3.23. Ewidence of fresh contaminant input

In addition, we measured isotope values of chlorinated ethenes
to detect not only dechlorination, but also to infer a possible
inflow from a non-degraded source. Concentrations and
isotope values of chlorinated ethenes can be used for assess-
ment of originally deposited compounds and sequential
dechlorination kinetics. However, the modeled isotope values
of TCE could not be reconciled with reported P Cree ranges and
enrichment factors (Hunkeler et al., 2008; Meckenstock et al,
2004; Shouakar-Stash et al., 2003). Such situations - ie,
when isotope values for TCE observed in the field are more
negative than expected — this is typically attributed to the
mixing of a residual fraction of TCE that was exposed to
degradation (more positive)] with non-degraded original
contaminant TCE (Hunkeler et al, 1999; Morrill et al,, 2005,
2009; Song et al., 2002). This evidence of inflow of non-degraded
TCE indicated that contaminants in the hotspot were contin-
uously introduced from a separate phase source. The inflow
was corroborated by evidence of water isotopes which indi-
cated enhanced infiltration in the hotspot. Therefore, the
inflow of non-degraded TCE also may indicate a potential for
input of non-degraded dichlorprop in the hotspot.

3.24. Origin and fate of dichlorprop and 4-CPP

The phenoxy acids dichlorprop and 4-CPP were detected in the
hotspot at the Risby Landfll (Fig. 6a). They had the highest
concentrations in well D30, whereas only 4-CPP was found
ubiquitously throughout the site. Therefore the focus of this
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Fig. 4 — Hydrogen and oxygen isotope values measured in groundwater and stream water, grouped in transects
perpendicular to the groundwater flow (left), in groundwater flow paths (E and W) and the strip between the flow paths

(E/W) (right; Fig. 1).
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Fig. 5 — Dependence of isotope values (6*>C) [%,] on
concentrations [ug/L] of BTEX in the hotspot area (D30, D31
and D32) measured in July 2011.

study was 4-CPP and the investigation of other compounds
was a support for assessing the fate of 4-CPP. In order to
investigate whether 4-CPP was present as an impurity in
industrial production of the herbicide dichlorprop or as
a product of its dechlorination, we combined different in situ
indicators of degradation as discussed in the introduction.
The first indicator of dichlorprop degradation was the 4-
CPP/dichlorprop ratio. The maximum estimated content
(vield in weight) of 4-CPP as impurity in dichlorprop is 7%
(Reitzel et al.,, 2004), which can be regarded as the maximum 4-
CPP/dichlorprop ratio to be expected in the landfill leachate.
However, this scenario was exceeded approximately 3 times
in D30 with dichlorprop concentration of 42,000 pg/L (see
section 5 in Supporting Information) and 4-CPP 8160 pg/L
(Fig. 6a). Dichlorprop was close to, or below the limit of
detection outside the hotspot and dilution can be expected to
be the same for both compounds. This indicates either (i)
dichlorprop transformation to 4-CPP, (ii) dichlorprop trans-
formation to other compounds while 4-CPP stayed non-
degraded, or (iii) dichlorprop attenuation by sorption/diffu-
sion into the clay matrix. The latter is not plausible without
sorption/diffusion of 4-CPP as well, because dichlorprop and
4-CPP have very similar physiochemical characteristics

Table 2 — Molar concentrations [uM] and isotope values

(6*3C) [%] of chlorinated ethenes that were measured in
the hotspot of the Risby Landfill.

PCE TCE cis-DCE VC  Ethene
Molar concentrations [uM]
D30 b.d.l 0.6 0.5 369 n.a.
D31 0.7 0.01 b.dl 138 n.a.
D32 b.d.l 0.2 b.dl 0.3 n.a.
Isotope values (5'°C) [%,]
D30 b.dl —26.7 —10.9 —20.0 b.d.lL
D31 —27.4 b.dl b.dl —31.6 b.dl
D32 b.d.lL b.dl b.d.l b.dl b.dl

n.a.: not analyzed.
b.dl.: below detection limit.

(Hansch et al., 1995). Therefore, the metabolite ratio gave
evidence for dichlorprop dechlorination to 4-CPP, as sup-
ported also by the evidence of chlorinated ethene dechlori-
nation (see Section 3.2.2).

Enantiomer excess (EE) was the second indicator of dichlor-
prop degradation. EEgichiomrop 10 D30 was zero (+1%), showing
a racemic mixture with equal (S)- and (R)-dichlorprop concen-
trations (datanotshown). Dichlorprop was deposited within the
focus area before the time of industrial production of pure (S) or
(R)-forms of dichlorprop (Miiller and Buser, 1997). Therefore
zero excess could not confirm, but also did not rule out the
microbial degradation of dichlorprop in the hotspot for which
independent evidence was obtained by the 4-CPP/dichlorprop
ratio. Likewise, the very negativeisotope value of dichlorprop in
D30 (—33.1%,) (see section 5 in Supporting Information) appears
toindicate its recalcitrance in the hotspot, but also does not rule
out a situation where inflow of non-degraded dichlorprop
masks the isotope fractionation of ongoing degradation, similar
to the situation for TCE (see Section 3.2.3).

3.2.5. Further degradation of 4-CPP

Theenantiomer ratio of 4-CPPwas highest in D30 (EE, cpp =49%).
Preferential formation of (R)-4-CPP from (R)-dichlorprop is an
unlikely reason, because a corresponding enrichment of (S)-
dichlorprop was not observed in D30 (EEgihiomprop = 0 + 1%).
Therefore, the enantiomeric excess of 49% in 4-CPP indicates (S)-
4-CPP-preferential degradation in the hotspot. The same
conclusion (i.e., 4-CPP degradation in the hotspot) is obtained
from a positive difference of 41.5%, between 6*Cy_cpp (—31.6%,)
(Fig. 6¢) and 8" Caicromprop (~33.1%,): if 4-CPP is formed from
dichlorprop, and if it is not further degraded, it should have
amore negative isotope value than dichlorprop; a more positive
value, therefore, indicates further 4-CPP degradation.

Again the same conclusion is obtained from our
enantiomer-specific isotope analysis on herbicides in field
samples. 4"°C differed between 4-CPP enantiomers in D30
(Fig. 6d), supporting an (S)-4-CPP-preferential degradation. In
a plot of enantiomer-specific concentrations and isotope
values (Fig. 7a), degradation without isotope fractionation
would show a trend from right to the left — decreasing
concentrations without changes of isotope values. Isotope
fractionation, in contrast would be reflected by an ascending
slope from the right to the left — less negative isotope values
as concentrations decrease. Dilution, finally, would show the
same trend as degradation without isotope fractionation, but
itis the same for different enantiomers and therefore does not
affect the ratio between them. The general trend in the hot-
spot was that (S) enantiomers contained more C, corre-
sponding to a slope from the right to the left and confirming
the evidence of 4-CPP degradation (Fig. 7a). In conclusion, the
combined enantiomer and isotope analysis in the hotspot
indicated non-enantiospecific transformation of dichlorprop
and confirmed (S)-preferential degradation of 4-CPP under
anaerobic conditions as shown by e.g. Reitzel et al. (2004).

3.3. Fate of 4-CPP downgradient of the hotspot
3.31. Euidence from 4-CPP concentrations

After observing indications for degradation of dichlorprop and
4-CPP in the hotspot, we focused on evidence of further

XXV /Ll



COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND INVESTIGATE TRANSFORMATION OF MICROPOLLUTANTS

WATER RESEARCH 47 (2013) 637649

Dax [ ] ® Q@ D3x [ ] ] O Enantiomeric
5110 8180 223 a1 49 2 excess
[%]
concentration @31-50
Q11-30
pax O Qo-100 Déx (53 Q-2-10
@ 100- 1000 o) ©-29--10
99 @ 1000 - 10000 18 @ -49--30
c d
05 10 20 m u 05 0 20 m N
+ ‘+
262 18
! ]
1x I 1 1x ' i
e ; 2500 @ Oy, | R R @ O
§ H (6 T LLE I T
5 N 27 = i (- -
D2x i % [o] oo '7’7."5.\ D2x ] e bd "o | Q
| 297 27 i 280 Lo27 gn 08 P03
i . i ] o H
Pwo b e w4 b e !
D3x L J | J D3x o] @ [o) R-S isotope
-31.0 318 289 -0.5 -1.9 0.6 difference
Total
isotope value @-30--15
[e] O-14-05
Dax 2?3 O-279--261|pax @ O-04-05
: o) @ 29.8--28.0 o7 o Qos-15
8.7 @-31.7--28.9 07 @16-25

Fig. 6 — Maps of 4-CPP in the focus area of the Risby Landfill site: (a) Total concentration [ug/L] (summed (R) and (S)
enantiomer concentrations), (b) Enantiomeric excess of (R)-form shows (S)-preferential degradation (red) and enantiomeric
excess of (S)-form shows (R)-preferential degradation (blue), with values ranging from 100% for pure (R)-form to —100% for

pure (S)-form (Fig. 7), (c) Total isotope values [%, ] (weighted ave

rage of (R) and (S) isotope values) and (d) Difference of isotope

values between (R) and (S) enantiomers. The analytical uncertainty of isotope values was estimated according to the
standard deviations of 0.7%,. Seepage meter values are shown as a square in the stream at the end of the western
groundwater flow path. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

degradation of 4-CPP throughout the site. The average DOC
concentrations decreased by approximately 97.5% (to
approximately 40 mg/L), within 15 m downgradient from the
hotspot, and remained in this range until the hyporheic zone
in both groundwater flow paths (Fig. 8). The decrease in
concentration of biodegradable compounds reveals their
degradation if the decrease is faster than calculated by the
dilution factor. The decrease of DOC (97-98%) was 5—20 times
stronger than the dilution factor (85% in the eastern and 60%
in western flow path) supporting that DOC was degraded, and
explaining the consumption of electron acceptors. The
product of DOC degradation, bicarbonate, decreased approx-
imately 65% within 15 m from the hotspot and varied +5%
further on. The decrease was equal or smaller than the dilu-
tion factor, indicating bicarbonate production, and supporting
DOC degradation.

Although downgradient from the hotspot redox conditions
stayed anaerobic, the average indicators’ values showed

slightly less reducing conditions in the eastern groundwater
flow path. The average values of bicarbonate and dissolved
iron did not have clear trends between 15 and 30 m in one or
both groundwater flow paths. The redox environment in the
hyporheic zone was intermediate between the values from
two groundwater flow paths (Fig. 8). It indicated a mixing of
more reduced groundwater from the eastem flow path (dis-
charged upstream the seepage meter) with the less reduced
groundwater from the western flow path (discharged at the
seepage meter). Redox parameters in groundwater could
confirm anaercbic conditions as shown by Milosevic et al.
(2012), but could not provide evidence that degradation of
a specific organic xenobiotic compounds takes place.

We compared 4-CPP concentrations with the conservative
tracers. 4-CPP was detected outside the hotspot but the
concentrations decreased by approximately 90% (from
>8000 pg/L) within 15 m from the hotspot in the eastern flow
path (616 ug/L) and approximately 99% in the western flow
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Fig. 7 — Combined isotope and enantiomer approach for
dichlorprop and 4-CPP at the Risby Landfill. Isotope values
%] and the natural logarithm of concentrations [ug/L] of 4-
CPP and dichlorprop are shown for the different transects
and the seepage meter placed in the Risby Stream (Fig. 1).
Values of the two enantiomers from a given sample are
connected by a dashed line. (a) Isotope values and
enantiomer concentrations of 4-CPP and dichlorprop in the
hotspot at transects D3x and D4x, (b) Isotope values and
enantiomer concentrations of 4-CPP at transect D2x and (c)
Isotope values and enantiomer concentrations of 4-CPP at
transect D1x and seepage meter. The analytical
uncertainty of concentrations was estimated based on the
standard deviations of the duplicate sample
measurements and of isotope values was estimated
according to the standard deviations of 0.7¢, calculated
from the dichlorprop and 4-CPP standards measured along
with the field samples.

path (41-72 ug/L), and stayedin this range until the hyporheic
zone (67 pg/L). 4-CPP concentrations generally decreased more
than chloride (50-70% in the western flow path and 70-85% in
the eastern flow path), implying degradation of 4-CPP.
However, possible undetected additional sources of chloride
in the landfill ruled out the usage of chloride as a conservative

tracer for comparison of its concentration with that of the
compound of interest. Additionally, another potential product
of dichlorprop degradation (Reitzel et al, 2004), 24-
dichlorophenol (CAS RN 120-83-2) was mostly below the
detection limit of 0.12 pg/L in previous campaigns in
20092011 it was found close to the stream in concentrations
0.31-0.91 pg/L (data not shown). It may originate as an
impurity of dichlorprop or as a product of its aerobic degra-
dation, but does not provide evidence that transformation of
dichlorprop to 4-CPP takes place. Therefore we used enan-
tiomer analysis, compound-specific isotope analysis and
enantiomer-specific isotope analysis to indicate the degrada-
tion of 4-CPP along the groundwater flow.

3.3.2.
specific isotope analysis

In order to investigate whether anaerobic degradation of 4-
CPP and alterations in the degradation mechanisms along
the groundwater flow take place, we initially applied the
enantiomer and isotope methods individually.

Enantiomer excess gradually decreased from D30 along the
groundwater flow path, indicating 4-CPP degradation with
a shift from (S)- to (R)-enantioselectivity. EE stayed positive at
D2x transect, giving evidence of a still highly (S)-enantiose-
lective degradation. The excess decreased to negative values in
the eastern flow path at D1x transect, giving evidence of (R)-
enantioselective degradation close to the stream (Fig. 6b).
Redox conditions were slightly less reduced (nitrate-reducing)
in the eastern transect (Fig. 8) where seasonal infiltration of
oxygen might occur and affect the shallow groundwater (D1x
wells, 2.25 m below surface). Despite varying values, EE
remained in the samerange alongthe westem pathway: 36% at
D2x transect, 5-33% at D1x transect (3.00mb. s.)and 13%in the
seepage meter (Fig. 6b). Hence 4-CPP degradation is indicated,
but an alteration of the (S)-preferential degradation mecha-
nism in the western flow path or in the hyporheic zone can not
be claimed using enantiomer concentrations individually.

Compound-specific isotope values of 4-CPP generally
became less negative downgradient of the hotspots (Fig. 6c),
supporting the conclusion of 4-CPP degradation based on
enantiomer excess. Interestingly, this isotope fractionation
was most pronounced in the eastern flow path where the
concentrations were higher and where some wells showed
similar concentrations of (S)- and (R)-CPP so that evidence
from concentrations or EE alone would not have been
conclusive. Isotope fractionation (Fig. 6c) could, therefore,

Evidence from enantiomer ratios and from compound-

serve as a second, even stronger line of evidence to confirm
the degradation of 4-CPP (and the change in the degradation
mechanism), which was indicated by enantiomer excess
(Fig. 6b). Smaller, but still significant changes in isotope values
were observed in the western flow path where degradation
was indicated by EE and the concentrations were very low
(approximately 0.1% of D30).

Therefore, individual application of enantiomer and
isotope methods complemented each other. Enantiomer
excess gave evidence of degradation in parts of the eastern
flow path, where isotope fractionation was low. On the other
hand, a rather constant EE in the western flow path and the
hyporheic zone was a rather weak degradation indicator
compared to isotope fractionation.
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Fig. 8 — Selected redox parameters measured in 2010
(Milosevic et al., 2012) are plotted as a function of distance
along the groundwater flow from hotspot (D30, black) over
eastern (E, pink) and western (W, green) flow paths to the
hyporheic zone in the end of the western flow path (SM3
and D10a, green). Dissolved organic carbon (DOC) is plotted
as square with its oxidation product bicarbonate as circle
(upper plot). Sulfate is plotted as square and dissolved iron
as circle (lower plot). (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)

3.3.3. Evidence from enantiomer-specific isotope analysis

In addition to enantiomer analysis on the one hand, and
compound-specific isotope analysis on the other hand (i.e,
isotope values integrated over (R) and (S) forms together), we
also performed the enantiomer-specific isotope analysis (i.e.,
isotope values of (R) and (S) forms individually) in field
samples of 4-CPP. Due to the analytical uncertainty of the
isotope measurement (standard deviation +0.75%,) conclu-
sions must be drawn carefully. However, some trends can
nonetheless be discerned. (R) and (S) pairs in almost all
samples showed a trend from the lower right to the upper left
in Fig. 7 (see Section 3.2.5). This means that the enantiomer
which was less abundant and was, therefore, expected to have
reacted to a greater extent, also consistently contained more
3¢, This enrichment of ™C could thereby provide an addi-
tional, independent evidence of degradation suggesting that
the EE was not caused by, e.g.,, deracemization. In addition,
enantiomer-specific isotope values also strongly confirm the
trend of a change in the degradation mechanism throughout
the site. Whereas (S)-4-CPP preferential degradation (red
symbols toward the upper leftin Fig. 7a and b) was observed in
samples of D4x, D3x and the D2x transect, a change toward
(R)-preferential degradation (blue symbols toward the upper
left in Fig. 7¢) was observed in some samples of the transect

D1x. This change in enantiomer fractionation may be caused
by an alteration of degradation mechanism (Williams et al.,
2003; Zipper et al.,, 1998). For a combined approach using
enantiomer analysis and integrated values for isotopes over
both enantiomers see section 5 in Supporting Information.
Thecombined approachdescribed thedegradation process at
different locations, therefore providing superior insight in
degradation mechanisms. Joint usage of the methods was in
particular advantageous when the changesin redox parameters
could not be related to the substrate degradability (throughout
the site) and when the isotope fractionation, substrate concen-
trations and changes of the enantiomer excess were small
(western groundwater flow path including the hyporheic zone).

4., Conclusion

Our combined evidence of (i) parent and daughter compound
concentrations, (ii) enantiomer ratios (iii) compound-specific
isotope analysis and (iv) enantiomer-specific isotope anal-
ysis showed the following results at the Risby Landfill:

Reductive dechlorination of dichlorprop to 4-CPP, further
degradation of 4-CPP and inflow of non-degraded dichlor-
prop were indicated in the hotspot. These processes were
assessed based on isotope and concentration measure-
ments of the two phenoxy acids (enantiospecific), chlori-
nated solvents and BTEX.

Anaerobic degradation of 4-CPP was detected along two
groundwater flow paths downgradient of the hotspot. An
alteration of the degradation mechanism was indicated
close to the stream in both flow paths.

The challenge of geologic and chemical complexity at the
Risby Landfill was overcome by combination of conservative
tracers such as chloride and water isotopes. Groundwater
flow paths were revealed in clay till settings, enabling an
estimation of dilution and in particular framing the degra-
dation assessment. This approach is expected to be useful at
other sites with complex hydrogeological conditions.

From a methodological point of view the study for the first
time showed the simultaneous use of compound- and
enantiomer-specific concentration and isotope analysis for
fate assessment of phenoxy acids, let alone the use of isotope
analysis on the fate of phenoxy acids in environmental
samples. The methods complemented and supported each
other in the identification of initial contaminants, assessment
of their isotope values and their degradation in the hotspot
and along the flow paths. The combined approach could
pinpoint a change of enantioselective degradation at low 4-
CPP concentrations, at low isotope fractionation, at small
changes of the enantiomer excess and when the redox
parameters could not be related to the substrate degradability.

Finally, also the integrated use of insight gained from
different groups of contaminants (phenoxy acids, chlorinated
ethenes and BTEX) proved useful. In particular, reductive
dechlorination was shown for chlorinated ethenes in the
hotspot, supporting reductive dechlorination processes for
phenoxy acids.
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COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND INVESTIGATE TRANSFORMATION OF MICROPOLLUTANTS

A3-S1 Materials

Methanol, acetonitrile, n-hexane, water (0.1% acetic acid), pentane, formic acid and acetic acid
were purchased from Carl Roth (Karlsruhe, Germany) and had LC-MS grade (purity > 0.99). Ethyl acetate,
diclofenac sodium (CAS Nr. 15307-79-6), BF3 (10% in methanol), 2,6-dichloroaniline and TMSH (0.25 M

in methanol) were purchased from Sigma Aldrich (St. Louis, U.S.A.).
A3-S2 LC-MS/MS analysis

Filtered samples of the biodegradation experiment were quantified and screened for
transformation products without enrichment with a LC-MS/MS system consisting of an Agilent 1200
binary pump and an ABSciex APl 2000 Q-TRAP mass spectrometer. The system was equipped with a
Luna C18(2) column (100 x 2 mm, 5um particle size, Phenomenex, Aschaffenburg, Germany), and
operated at a flow rate of 300 pL min.™ . A gradient of acetic acid (0.1%, A) and acetonitrile (B) was used
for separation as following: A:B = 85:15 (0-3 min.) then to A:B = 30:70 (3-24 min.) and set back to A:B =
85:15 after 24 min. (held until 29 min.). lonization was achieved with positive and negative electrospray

ionization and the screened molecular- and fragment-masses can be found in Table A3-S2.

Tab. A3-S2. LC-MS/MS settings, Diclofenac (Dic); 4-hydroxy Diclofenac (4-OH-Dic); 5-QID (5-
benzoquinone diclofenac); dihydroxyphenly acetic acid (DHPA); 2,6-dichlorophenol (2,6-DCP); 2,6-
dichloroaniline (2,6-DCA); note that due to poor fragmentation for 2,6-DCP & 2,6-DCA the non-
fragmented molecule was detected in Q3; * 2,6-DCA was analyzed in postive electrospray ionization
mode.

Diclofenac/ | 4’-OH-

Analyte 13C6-Dic Dic 5-BQID DHPA | 2,6-DCP | 2,6-DCA’
Molecular mass [M-H] | 294 /300 310 308 167 161 162 *
Fragment mass [M-H] | 250/ 256 266 264 123 161 162 *
Declustering potential -16 -16 -16 -16 -56 26
Extraction potential -6 -7,5 -7.5 -7.5 -12 12
Cell exit potential -16 -18 -18 -18 -10 12
Collision energy -12 -12 -12 -12 -5 5
Cell exit potential -2 -4 -3 -3 -3 4

lon spray voltage -4500 V -4500V | -4500V | -4500V | -4500V | +5500V
Source temperature 350 °C 350 °C 350 °C 350 °C 350 °C 350 °C
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A3-S3 SPE extraction

Tab. A3-S3. Recovery rates of the SPE in tap water and Isar water; elevated salt concentrations had no
adverse effects on the efficiency

500mL Test solution spiked with Diclofenac (c = 666 pg L) Recovery Rate
Spiked tap water 101% + 1%
Spiked tap water + salt * 95% + 1%
Spiked Isar water 68% + 2%
Spiked Isar water + salt * 77% £ 5%

! Salt added to 500mL:

82.5 mg NaCl (corresponding to 100 mgL™ Cl); 79 mg Na,SO, (corresponding to 100 mgL™ SO,%);
40.7 mg KNOj; (corresponding to 50 mgL™ NO3)

A3-54 Influence of derivatization agent excess

8613C Diclofenac
o
(4]

0 100 200 300 400 500 600 700
Molar excess of TMSH

Fig. A3-S4. A minimum molar excess of Diclofenac:TMSH 1:150 is needed to obtain reproducible 5*°C
values. Note that values were not corrected for the introduced methyl-group.
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COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND INVESTIGATE TRANSFORMATION OF MICROPOLLUTANTS

S5 Relationship injection volume - isotope ratio
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E x X X %
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< 500 - *
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Injection Volume of a 500 mg L' standard (uL)

Fig. A3-S5. Increasing Injection volume (blue squares) of a 500 mg L™ standard does not affect 5'°N
isotope ratios (red crosses)(reference value EA-IRMS: -1.1%q). Injection volumes higher than 2 pL do not
increase the amplitude gain linearly. Given are mean values and standard deviation (n=4).

A3-S6 Preparative HPLC-UV

To purify an enriched sample after extraction by SPE preparative HPLC was conducted. The system
consisted of a Shimadzu LC-10A HPLC-UV that was equipped with an Allure C18 column (150 x 4.6 mm,
5 um particle size, Restek, Bellefonte, U.S.A.) and a fraction collector FRC-10A. It was operated at a flow
rate of 800 uL min™ and a gradient of phosphoric acid (5mM A) and acetonitrile (B) was used for
separation as following: A:B = 90:10 (0-1 min) then to A:B = 20:80 (1-25 min) hold for 3 min (25-28min)
and then set back to A:B =90:10 for 5 min (28 - 33 min). Diclofenac was detected at 220 nm. The sample

was purified by injecting 333uL aliquots manually into a 500 pL loop and a 2 mL fraction was collected as
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shown in the chromatogram below (S4). The collected fractions were unified and dried before

derivatization.

Minutes

Fig. A3-S6. HPLC-UV Chromatogram of diclofenac (220 nm, RT 23.5 min) conducted after SPE. The blue
box (22.5 - 25 min) indicates the fraction that was collected and subsequently dried and derivatized for

on-column-GC-IRMS analysis .

XXXV /LIl



COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND INVESTIGATE TRANSFORMATION OF MICROPOLLUTANTS

A3-S7 Relationship peak amplitude - isotope ratios
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Fig. A3-S7a. Carbon isotope ratios show no dependency on amplitude height; solid line stands for EA-
IRMS values and the dotted line for 20 (0.8%o)
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Fig. A3-S7b. Nitrogen isotope ratios show no dependency on amplitude height; solid line stands for EA-
IRMS value and the dotted line for 20 (0.8%)
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Fig. A3-S7c. Nitrogen isotope ratios using on column injection techniqgue show no dependency on
amplitude height; solid line stands for EA-IRMS value and the dotted line for 2o (0.8%o); lowest analyzed
standards had a diclofenac concentration of 200 mg L. This analysis was done as a first test for the
applicability of the on-column technique on an established system 1 and differed from the final GC
method by: using a RXI-5MS column (60 m x 0.25 mm, 1 um film thickness, Restek, Bad Homburg,
Germany); the GC program started at 40 °C (240 s) and was ramped at 10 °C min™ to 290 °C (600 s).
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COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND INVESTIGATE TRANSFORMATION OF MICROPOLLUTANTS

A3-S8 Dissipation kinetics and transformation products during biodegradation

- 200
0.0 | Bottle 1 +Diclofenac x4'OH-Didofenac
k =-0.0147 =
R? = 0.9849 1 150%
05 - =
O % 2
(6] %)
= -+ 1]
£ -1.0 1005
o £
x X * 2
5 15 4 +50 2
- w XX
-20 e T T T T T T T T 0.0
0 10 20 30 40 50 60 70 80 90
Time (d)
- 200
00 - Botﬂe 2 +Diclofenac
x4'0OH-Diclofenac
k=-00159
R2 = 09758 1 —
. -0.5 4 15.0 7
O 2
€ .10 1100 g
z 1.0 %
° 2
g X * 3
< 151 X 150 &
2 X )4 T
5 o]
[a} X
20 REAT X : : ‘ ‘ ‘ : 0.0
0 10 20 30 40 50 60 70 80 90
Time (d)
T 20.0
0.0 BOtﬂe 3 #Diclofenac x4'0OH-Diclofenac
'S k=-0.0133
Rz = 0.9821 1 —
. =05+ )} 15.0 3
¢ 2
Q 3]
= T 10.0
. s
Q
g 15 750§
o X X T
S Saalte °
-20 T T T T T T T T 0.0
0 10 20 30 40 50 60 70 80 90
Time (d)
Bottle 4 - Sterile
s e
:‘-; +Diclofenac
O -05 4
o R2 = 0.0008
£
o -1.0
o]
C
Q2
g 151
a
20 T T T T T T T T |
00 10 20 30 40 50 60 70 80 90

Time (d)

Fig. A3-S8a. Dissipation behavior of diclofenac and formation of 4’-OH-diclofenac during oxidative
transformation in three replicates with river water and sediment (Bottle 1-3) and in the sterile control.
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Fig. A3-S8b. LC-MS/MS Chromatogram ([m/z]” 310/266) of a 4’-hydroxy diclofenac standard (red) and
sample B3-14 at the end of the incubation (86 d); corresponding mass spectra can be found in S8b.
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Fig. A3-S8c. mass spectra of sample B3-14, top to bottom, mas: (1) full scan (background subtracted) of
TP peak at 17.8 min. and the (2) corresponding product ion scan of m/z 310 at 17.8 min.; (3) product ion
scan of m/z 310 at 17.7 min of a 4-hydroxy-diclofenac standard. All dominant fragment-ions of the
standard are present at a similar ratio in the sample: [M-H]' m/z 310, [M-H-CO2] m/z 266, [M-H-CO2-
HCI] m/z 230.
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$9. GC-IRMS analysis of spiked river water
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Fig. A3-S9. GC-IRMS Chromatogram of spiked river water (c(diclofenac) = 1 pg L™") and a methylated
diclofenac lab standard. The retention time (RT = 1668 + 2 s) agrees well between the sample (613C
(orange), 5'°N (blue)) and the lab standard (5"°N (green)). Isotope ratios were in perfect agreement with
EA-IRMS data: 513C river water -26.4 +0.5%0 (EA-IRMS: -26.4%0) &'°N river water -1.2 + 0.4%o

(EA-IRMS: -1.1%q).
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S1 Materials

Methanol, acetonitrile, n-hexane, water (0.1% acetic acid) and acetic acid were purchased from Carl
Roth (Karlsruhe, Germany) and had LC-MS grade (purity > 0.99). Diclofenac sodium (CAS Nr. 15307-79-
6), *Ce-diclofenac, 4’hydroxyl-diclofenac and BF; (10% in methanol) were purchased from Sigma Aldrich

(St. Louis, U.S.A.).
S2 LC-MS/MS analysis

Filtered samples were quantified and screened for transformation products without enrichment with a
LC-MS/MS system consisting of an Agilent 1200 binary pump and an ABSciex APl 2000 Q-TRAP mass
spectrometer. The system was equipped with a Luna C18(2) column (100 x 2 mm, 5 um particle size,
Phenomenex, Aschaffenburg, Germany), and operated at a flow rate of 300 pL min™. A gradient of acetic
acid (0.1%, A) and acetonitrile (B) was used for separation as following: A:B = 85:15 (0-3 min) then to A:B
= 30:70 (3-24 min) and set back to A:B = 85:15 after 24 min (held until 29 min). lonization was achieved
with negative electrospray ionization and the screened molecular- and fragment-masses can be found in

Table A4-S2.

Tab. S2. LC-MS/MS settings for Diclofenac (Dic), 4-hydroxy Diclofenac (4-OH-Dic), 8-chlorocarbazole
acetic acid (TP1), carbazole acetic acid (TP2a) and 8-hydroxycarbazole acetic acid (TP2b)

Analyte lee,lg:fagiic ' #-on-pic TP1 TP2a TP2b
Molecular mass [M-H]-| 294 /300 310 258 224 240
Fragment mass [M-H]- | 250/ 256 266 214 180 196
Declustering potential -16 -16 -16 -16 -16
Extraction potential -6 -7,5 -6 -6 -6
Cell exit potential -16 -18 -16 -16 -16
Collision energy -12 -12 -12 -12 -12
Cell exit potential -2 -4 -2 -2 -2
lon spray voltage -4500 V -4500 V -4500 V -4500 V -4500 V
Source temperature 350 °C 350 °C 350 °C 350 °C 350 °C
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COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND INVESTIGATE TRANSFORMATION OF MICROPOLLUTANTS

S3 Detection of TPs during Phototransformation
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Fig. S3a. Time series of diclofenac (right axis) phototransformation in river and ultra-pure water and
formation of three TPs (left axis): 8-chlorocarbazole acetic acid (TP1), carbazole acetic acid (TP2a) and
8-hydroxycarbazole acetic acid (TP2b)
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Fig. S3b. Reactions scheme of diclofenac during phototransformation*

S4. Formation of diclofenac-2,5-iminoquinone in the presence of 03, ABTS or Mn02
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Fig. S4. Formation of diclofenac-2,5-iminoquinone ([M+H]" = 310.002 + 0.005 Da) during transformation
by ABTS and MnO, and during ozonation with and without the hydroxyl-radical scavenger tert-butanol (t-
BuOH); the y-axis can be interpreted as an approximate yield of TP formation, although ionization
efficiency may be different for diclofenac and diclofenac-2,5-iminoquinone; diclofenac-2,5-iminoquinone
was also found by Forrez et al.? during MnO, transformation and by Sein et al® during ozonation

XLV / LIl



COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND INVESTIGATE TRANSFORMATION OF MICROPOLLUTANTS

S5 Calculation of pseudo-first order constants of hydroxyl radicals

A comparison of the pseudo-first order constants of reactions with ozone and hydroxyl radical indicates

that reaction with ozone are expected to be 10° times faster:

S6

Rel. Abundance (%)

kow’ = [OH(dot)]- koy =7.5x 107 s™ (A4-1)
[OH(dot)] =10 M ; *koy =7.5x10° M s,
kos” = [Os] kos =10°s™ (A4-2)

[051=10° M ; kos» = 10°M ™ s7%; °

Detection of coupling TPs during transformation by ABTS
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Fig. S5a. LC-Orbitrap Full scan of ABTS experiment (positive ESI); several coupling products with high
molecular mass appear when diclofenac is transformed by ABTS; none of these TPs is present at t=0
(data not shown)

XLVI/ LI



18,375

Selected lon Trace of m/z [589.02]*

Rel.Abundance (%)

1 A n J LA o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Time (min.)

Fig. S5b. Selected ion trace chromatogram of m/z 589.02 (positive LC-ESI-Orbitrap analysis) and the
diclofenac dimer peak at 18.38 min
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Fig. S5c. Spectrum of diclofenac-dimer peak at 18.38 min; the molecular mass fits perfectly to the
proposed molecular mass of [M+H]" (589.025) and the chlorine isotope pattern is in perfect agreement
with the presence of four Cl-atoms; note that the given molecular structure is only a suggestion, since the
coupling position was not elucidated
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COMPOUND SPECIFIC ISOTOPE ANALYSIS TO TRACK SOURCES AND INVESTIGATE TRANSFORMATION OF MICROPOLLUTANTS

S7. Detection of OH-diclofenac during MnO, transformation
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Fig. S6. Concentrations of diclofenac (left axis) and hydroxy-diclofenac (right axis) during oxidation by
MnO,; note that hydroxy-diclofenac was not present at t = 0 min, but its first data point corresponds to t =
10 min.; hydroxylated diclofenac was quantified with a 4’hydroxy-diclofenac standard
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