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Summary

LC-IRMS has become a valuable tool in analytical chemistry since it was established in 2004.
With more than 70 published applications in peer reviewed journals in the past 15 years, the
main fields of application are in authenticity control, degradation of environmental
contaminants, and the measurement amino acid in the context of nutrition, archeology, or
forensics. As demonstrated in the present work by the elucidation of the plant origin of xylitol
in chewing gums, compound specific §'3C analysis by LC-IRMS is able to deliver precise carbon
isotopic information with a simple sample preparation procedure and an online combination
of analyte separation and measurement. With the developed method and sample
preparation, xylitol in chewing gum formulations based on wood material could be
discriminated from the cheaper substituent which is based on corn husks. Many applications
using 0'3C analysis could benefit from an additional determination of the 6*°N information,
which can increase the power to discriminate between analyte sources or serve as an

additional information in the monitoring of the degradation of pollutants.

To develop a LC-IRMS system based on the persulfate oxidation process in combination with
a membrane gas separation unit for >N measurements, the oxidation process in the interface
under standard 0*3C measurement conditions was thoroughly evaluated. Special focus of the
work on the oxidation efficiency was on the interaction of the interface oxidation parameters,
as these are commonly not evaluated in existing publications. The obtained results show that
accurate isotopic signatures for carbon can be obtained even though the transformation to
CO; is not 100 % complete if the principle of identical treatment of the analytes and reference
substances is applied. In addition, the common assumption that a linear correlation between
analyte concentration and signal intensity in LC-IMRS indicates complete conversion of the
analyte could be disproved. Only with the developed combination of TOC measurement and
the LC-IRMS interface or separate referencing with a carbonate standard, exact information
about the oxidation efficiency in the interface can be obtained. Based on the standard
oxidation conditions in the interface, batch experiments with nitrogen containing model
analytes were performed in a large scale reaction vessel to obtain a time resolved speciation
of the nitrogen containing reaction products formed during the mineralization. For the
analysis of the remaining organic analyte, the total bound nitrogen, ammonium, nitrate, and
nitrite, analytical methods were developed on a combined TOC/TNb instrument and two IC

systems for anion and cation chromatography. The main challenge for the method



development were the high background of sodium or potassium as well as sulfate and
persulfate that originates from the oxidation agent which is present in large excess (g L for
the oxidation agent vs. low mg L for the nitrogen containing mineralization products). The
TNb measurement was strongly affected by the presence of persulfate especially for
ammonium and organic nitrogen, whereas nitrate was not affected at the tested conditions.
Based on the TOC and the ion chromatography based measurements, nitrate and ammonium
could be identified as the main products of the mineralization. The results were evaluated
with a nitrogen mass balance approach which indicated, that for the tested model
compounds, overall nitrogen recoveries between 91 and 102 % could be obtained. Under the
standard oxidation conditions, ammonium oxidation to nitrate was not fast enough for the
application in an online-reactor setup, which could be applied for the 6*°N measurement by

LC-IMRS.

As a result of the mixed production of ammonium and nitrate under acidic conditions the
reaction conditions had to be adapted and oxidation of nitrogen containing analytes in an
alkaline medium was evaluated. Initially, ammonium and nitrate were observed as the main
reaction products, but the subsequent oxidation of ammonium to nitrate is comparably faster
at alkaline conditions. The alkaline oxidation conditions were transferred from the batch
reactor system to the LC-IMRS interface. At combined system flow rates of 275 pL min, more
than 62.5 % of the initially introduced nitrogen could be recovered with a setup using a
commercially available interface. For amino acids e.g. glycine, nitrate recovery rates of 85.5 %
could be obtained. It could be shown, that increased residence times in the oxidation reactor
(by reduction of the system flow) could lead to increased recoveries for the model
compounds. Based on the evaluation of the persulfate oxidation reaction in the LC-IRMS
interface and the results obtained for the oxidation under alkaline reaction conditions, nitrate
could be utilized as an intermediate species used for quantitative conversion of the analyte
nitrogen to an IRMS measureable gaseous form. The problem of the formation of two
intermediate species (ammonium and nitrate) as observed for the oxidation under acidic
conditions could be overcome by the new reaction conditions. The alkaline oxidation was

successfully tested for model compounds in a commercially available LC-IRMS interface.
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Zusammenfassung

Die LC-IRMS Kopplung hat sich seit der Einfliihrung des ersten kommerziell verfiigbaren
Systems im Jahr 2004 zu einer analytischen Methode mit breitem Anwendungsfeld entwickelt.
Mehr als 70 Anwendungen wurden in den letzten 15 Jahren im Bereich der
Authentizitatskontrolle, der Uberwachung des Abbaus von Umweltschadstoffen und der
Untersuchung von Aminosauren im Kontext der Erndahrungswissenschaften, der Archaologie,
sowie der Forensik veroffentlicht. Wie in dieser Arbeit am Beispiel der Untersuchung der
pflanzlichen Herkunft von Xylit aus Kaugummis gezeigt werden konnte, lassen sich mit Hilfe
der LC-IMRS Technik prazise Kohlenstoffisotopenverhdltnisse mit einer einfachen
Probenvorbereitung und kombinierter Trennung und substanzspezifischer Detektion
ermitteln. Mit der entwickelten Methode und Probenvorbereitung lasst sich zwischen dem in
Kaugummis verwendeten Xylit welches aus Holz hergestellt wurde, und dem glinstigeren
Alternativprodukt aus Nebenerzeugnissen der Maisproduktion unterscheiden. Viele der zur
Zeit genutzten Applikationen der 6*3C Messungen kdnnten von einer zusatzlichen Bestimmung
des Stickstoffisotopenverhaltnisses profitieren, wodurch zum Beispiel die Unterscheidung
zwischen der Quelle von Kontaminanten oder die Uberwachung von Abbauprozessen der

Analyten verbessert werden kdnnte.

Fur die Weiterentwicklung des LC-IRMS Systems zur komponentenspezifischen 6*°N Messung
basierend auf der Oxidation der Analyten mit Persulfat in der fliissigen Phase und einer darauf
folgenden Abtrennung der entstandenen Gase per Membran musste zundchst der
Oxidationsprozess unter Standardbedingungen fiir die J'3C Messungen genau untersucht
werden. Der Fokus der Arbeit zur Untersuchung der Oxidationseffizienz im Interface lag dabei
auf der Interaktion der einzelnen Methodenparameter, da diese in der Literatur bisher nicht
ausfiihrlich untersucht wurde. Mit den Ergebnissen konnte gezeigt werden, dass unter
Beriicksichtigung der identischen Handhabung von Analyten und Referenzmaterialien bei der
Messung fiir Kohlenstoff akkurate Ergebnisse erzielt werden kénne, auch wenn die oxidative
Umsetzung im Interface nicht komplett ist. Zusatzlich konnte gezeigt werden, dass die haufig
getatigte Annahme, dass ein linearer Zusammenhang von Analytkonzentration und Intensitat
des Messsignals ein Indiz fur eine vollstandige Umsetzung im Interface sei wiederlegt werden.
Mit der entwickelten Kombination von TOC Messungen und LC-IRMS Interface oder der
separaten Referenzierung lber einen Karbonatstandard lassen sich exakte Informationen

Uber die Oxidationseffizienz im Interface erhalten.
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Um die Entstehung der stickstoffhaltigen Oxidationsprodukte wahren der Mineralisierung
stickstoffhaltiger organischer Verbindungen unter den standardmaRigen Oxidations-
bedingungen im Interface zeitlich aufgeldst verfolgen zu kénnen, wurde die Oxidation im
groReren MaRstab in einem externen Reaktor durchgefiihrt. Zur Analyse des verbliebenen
organischen Kohlenstoffs, des gesamt Stickstoff, Ammonium, Nitrat und Nitrit wurden
analytische Methoden auf einem TOC/TNb Analysator und zwei IC Systemen zur Anionen- und
Kationenchromatographie entwickelt. Ein Hauptaugenmerk bei der Methodenentwicklung lag
auf dem groRen Hintergrund an Natrium und Kalium sowie Sulfat und Persulfat aus dem
Oxidationsmittel, der im groRen Uberschuss zu den Analyten in den Proben vorhanden ist
(gL' an Oxidationsmittel im Gegensatz zu mg L?! fir die stickstoffhaltigen Oxidations-
produkte). Die TNb Messungen wurden stark vom Uberschuss an Oxidationsmittel beeinflusst,
wobei es vor allem zu Unterbefunden bei Ammonium und organisch gebundenem Stickstoff
kam, die Nitratmessung war unter den getesteten Bedingungen nicht beeinflusst. Mithilfe von
TOC und IC Messungen konnten Nitrat und Ammonium als die Hauptreaktionsprodukte der
Mineralisierung identifiziert werden. Die Ergebnisse wurden lber eine Stickstoffmassenbilanz
ausgewertet, die zeigen konnte, dass Wiederfindungsraten von 91 - 102 % fiir Stickstoff
erreicht werden konnten. Unter den standardmaBigen Oxidationsbedingungen wurde das
gebildete Ammonium nicht schnell genug in Nitrat umgesetzt um eine Realisierung der
Oxidation in einem Durchflussreaktor zu ermoglichen, der fiir den Einsatz in einem Interface

fur die 6*°N Analytik eingesetzt werden kénnte.

Als Ergebnis der Bildung von Ammonium und Nitrat aus der Mineralisierung unter sauren
Bedingungen wurden die Reaktionsbedingungen angepasst und Versuche zur Oxidation unter
alkalischen Bedingungen durchgefiihrt. Auch hier wurden bei den Batch-Versuchen zunachst
Ammonium und Nitrat als Hauptprodukte identifiziert, allerdings konnte gezeigt werden, dass
die Oxidation von Ammonium zu Nitrat unter alkalischen Bedingungen deutlich schneller
ablauft. Die Oxidationsbedingungen aus den Reaktorversuchen wurden auf die Oxidation im
Durchflusssystem des LC-IRMS Interfaces tUbertragen. Bei Gesamtfliissen von 275 pL min,
konnten mehr als 62.5 % des vorhandenen Stickstoffes aus den Analyten zu Nitrat
umgewandelt werden. Flir Aminosauren wie z.B. Glycin, konnten sogar Umsatzraten von bis
zu 85.5 % erreicht werden. Es konnte gezeigt werden, dass fiir eine Verbesserung der
Oxidationseffizienz vor allem eine Erhohung der Aufenthaltszeit im Reaktor (liber einen

niedrigeren Fluss) ausschlaggebend ist.
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Auf der Grundlage der Erkenntnisse aus der Untersuchung der Oxidationseffizienz im LC-IRMS
Interface und den Ergebnissen der Versuche zur alkalischen Oxidation, hat sich gezeigt, dass
Nitrat als Zwischenstufe fir die moglichst quantitative Umsetzung des im Analyten
gebundenen Stickstoffes zu einem mittels IRMS messbaren Gas sehr gut geeignet ist. Die
Problematik der parallelen Bildung von Ammonium und Nitrat unter sauren pH Bedingungen
kann so unter den neu entwickelten Reaktionsbedingungen vermieden werden. Die Oxidation
unter alkalischem pH konnten in einem kommerziell verfigbaren LC-IMRS System mit

verschiedenen Modellsubstanzen erfolgreich getestet werden.






Chapter 1: Introduction

In contrast to classical tools in analytical chemistry, which are mainly designed for the precise
quantification or identification of substances, stable isotope analysis offers an additional
dimension of information that can be obtained from the involved molecules themselves.
Processes such as phase transfer or chemical reactions can introduce changes to the isotopic
composition of an analyte by fractionation processes. With the help of stable isotope analysis
(SIA), these small changes in the isotopic composition can be measured to get an insight into
the history of a substance which has been imprinted into the ratio of heavy to light isotopes.
In many fields of research, such as geochemistry, archeology, nutrition, doping control, and
food authenticity, SIA has become a valuable tool. Isotope ratios can be determined from bulk
samples such as hair or whole plant material, but additional information can be gained by
compound specific isotope analysis (CSIA), where individual substances are
chromatographically separated prior to analysis. Separation is mainly performed by gas
chromatography or liquid chromatography coupled to isotope ratio mass spectrometry (GC-
IRMS & LC-IRMS).! In case of GC-IRMS methods for the measurement of hydrogen, carbon and
nitrogen isotope ratios are well established. In contrast, the coupling of LC with IRMS was
developed more recently due to technical challenges and is only available for the
determination of carbon isotope ratios. For many applications LC-IRMS offers the advantage
that polar non-volatile compounds can be directly analyzed, whereas GC-IRMS measurement

would require derivatization of the analytes to perform isotope analysis.

1.1 Stable isotopes

The term isotope refers to a nuclide of a chemical element having the same atomic number
(number of protons, Z) but a different mass number (number of neutrons + number of
protons, A)? For example, the two stable isotopic forms of carbon are commonly expressed in
the form %C as ZC for the light isotope and 1ZC for the heavy isotope of carbon. From the
nearly 2500 known nuclei, 250 nuclei are considered to be stable based on their half-life being
greater than 500 x 10®years.3 Distribution of the heavy to the light isotope varies between the
elements. For hydrogen, carbon, nitrogen, and oxygen, the light isotope accounts for more
than 95 % of all isotopes, whereas the opposite is true for lithium and boron, where >80 % of
the element is represented by the heavy isotope form.* The abundance of the most relevant

elements in environmental stable isotope analysis are shown in Table 1.1.



Table 1.1: Isotopic abundance of the elements commonly used in SIA expressed as mole fractions®

Element | Analyte | m/z measured | Mass number | Stable isotope | Representative isotopic
gas composition (mole fraction)

Hydrogen H, 2,3 1 H 0.999885(70)

2 2H,D 0.000115(70)
Carbon CO; 44, 45, 46 12 2c 0.9893(8)

13 B¢ 0.0107(8)
Nitrogen N, 28,29, 30 14 14N 0.99636(20)

15 BN 0.00364(20)
Oxygen co 28,29, 30 16 150 0.99757(16)

17 70 0.00038(1)

18 180 0.00205(14)

In a molecule, the isotopic composition can either differ in the number of isotopic
substitutions or the position of the isotopic substitution. Molecules that only differ in the
number of isotopic substitutions are termed isotopologues.! Methane for example can be
present in ten isotopologue forms with different amounts of substitution of '3C and 2H
isotopes. If the overall mass of a molecule is constant, and the position of the isotopic
substitution in the molecule changes, the term isotopomer (isotopic isomer) is commonly
used.® These can occur as isotopic constitutional isomers as well as in the form of isotopic
stereoisomers. Different isotope effects during chemical reactions or phase transfer processes
lead to the enrichment of the heavy or light isotope compared to the global mean composition
of an element. Measurement of the extent of these effects are used in a variety of
applications, for example to identify the geographical, chemical, and biological origin of
substances. With these techniques, samples which would commonly be referred to as

III

“chemically identical” can be differentiated.’

Isotopic abundances are commonly expressed as isotope ratios of the heavy to the light
isotope R( hE/ lE) which represents the number of entities of the heavy isotope in a relation
to the number of entities of the light isotope in a sample.! For the comparison of isotopic data
between laboratories, the d-notation for the expression of an isotope ratio in comparison to

the ratio of an isotope reference material was introduced in the 1940s and first used in a

publication by McKinney et al. in 1950.8 The J-value of a compound R( hE/ lE)C in respect



to the substance defining the isotopic reference scale R( "E/ lE)Tef is defined by Equation

1.1.

R("E/ 'E).
R("E/ E)yer

S"Egrer = ( — 1) x 103 (1.1)

Commonly, J-values are reported in parts per thousand or per mil using the symbol %eo.
According to Equation 1.1, a positive d-values indicates that the ratio of the heavy to the light
isotope in the sample is higher, than in the reference material. Whereas negative d-values
suggest, that the sample is depleted in the heavy isotope in comparison to the reference
material.® The J-notation has the great advantage that very subtle changes in the isotopic
composition which are found in natural processes can be displayed without direct
comparisons of isotope ratios. Most elements of interest in CSIA show a significant difference
in the ratio of heavy to light isotope (Table 1.1) which leads to very small numbers for the
corresponding ratios.’ By Equation 1, a measured '3C/*2C ratio of 0.0112361 in a sample
results in a 0'3C value of +5 %o in comparison the carbon reference material VPDB (*3C/*2C =
0.0111802).! The J-scale is limited to the isotope ratios commonly observed in natural
variations for elements such as carbon, nitrogen, oxygen, and sulfur. For hydrogen, due to the
high natural variations, as well as for isotopic tracer studies, the J-scale can lead to errors. In
these cases, isotope amount fractions have to be employed. An overview of the observed
isotope ratios and 6*3C values measured against the international VPDB scale for carbon in

different parts of the global carbon pool is given in Figure 1.1.
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Figure 1.1: Comparison of the isotope ratios and J*3C values observed as the global mean value as

well as in different compartments of the global carbon cycle.*

For carbon, significant differences between ¢'3C values of the individual source material allow
a differentiation, e.g. between different photosynthetic pathways (C3 and C4 plants). Other
applications are used to measurement the 6*3C value of atmospheric CO; which enables the
connection of rising atmospheric CO, concentration to the combustion of fossil fuels such as

natural gas or petroleum.©

1.2 Isotope fractionation

Isotope effects, which are responsible for the variation of isotopic signatures of individual
subsamples from the global mean value of an element can be classified as equilibrium isotope
effects (EIE) or kinetic isotope effects (KIE). The EIE is defined as the influence of an isotopic
substitution on an equilibrium constant, for example in isotope exchange reactions or
partitioning.® In contrast, the KIE is the effect of an isotopic substitution on a rate constant
which can effect effusion, diffusion, evaporation and chemical reaction rates.! Isotope
fractionation as a result of thermodynamic processes is mainly a product of the differences in
vibrational energy between isotopically unsubstituted (light) molecules and molecules
substituted with one or more heavy isotopes. The molecule containing the heavier isotopes
vibrates at a lower frequency compared to the unsubstituted molecule, which results in a

reduced zero point vibrational energy.'**2 This process continues as multiple heavier isotopes



are added into a molecule, whereby the effect on the substitution of an additional heavy
isotope to a molecule that already contained a heavy substitution shows a non-linear trend
towards lower vibrational energies.’> The reduced vibrational energy of isotopically
substituted molecules results in a difference in bond dissociation energies, where the lighter
molecules would show lower dissociation energies than the heavier substituted molecules.!
The effect of equilibrium isotope fractionation also depends on the temperature in a defined
system. For carbonates, it was observed that at higher temperatures, the isotopic
fractionation decreases with a roughly linear relation when plotted against 7°2.12 During the
reaction of isotopologues, KIE can occur as a result of direct isotopic substitution at the site
of the reaction (primary isotope effect) as well as by indirect effects of isotopic substitution
close to the reactive site (secondary isotope effect). In many observed fractionation processes,
the kinetic isotope effect is a result of a series of reaction steps. In this case the term apparent

kinetic isotope effect is recommended to be used.*

Isotope fractionation between two substances (4 and B) is commonly expressed by the
isotope fractionation factor (a"Eass) as expressed in Equation 1.2.

R("E/ 'B)5

h —
a EA/B =~ R("E/ B)p

(1.2)

In this equation, the term R("E/ 'E), and R("E/ 'E)grepresent the isotope ratios of the
individual substances. In combination with Equation 1.1, and after rearranging, the isotope
fractionation factor can be expressed by the J-value of the individual substances as shown in
Equation 1.3 below.

- R("E/ 'E), _@® "Ea+1) xR ("E/ 'E)rey _ §ME +1
A/B ™ Rr(hE/ TB)g — (8 MEp+1) xR ("E/ E)rer 8 MEp+1

(1.3)

Special attention has to be given as isotope fractionation factors can be defined differently for
equilibrium and kinetic isotope fractionation. In addition, the definition of the direction of a
chemical equilibrium reaction has to be taken into account as reversing the direction of the

reaction produces an inverse value of the fractionation factor. ©



1.3 Instrumentation for SIA

Besides isotope ratio mass spectrometry, several techniques have been established to
determine stable isotope ratios. For the determination of carbon isotope ratios in gaseous
CO,, cavity ring-down spectroscopy as well as mid-infrared laser spectroscopy have
successfully been applied.'>® Cavity ring-down spectroscopy has additionally been used for
the measurement of hydrogen and oxygen isotope ratios, where the results obtained were
found to be comparable in delta value and precision to routine IRMS methods.*” Spectroscopic
methods offer the advantage that they are more portable in comparison to traditional IRMS
methods and can be used in field applications. In addition, the conversion step to the IRMS
measurement gas (e.g. CO, Hz) can be avoided, which was found to be one of the limiting steps
in achieving higher precisions by IRMS.%” Nuclear magnetic resonance (NMR) in terms of site-
specific natural-isotope fractionation (SNIF-NMR) has been used for the determination of
hydrogen isotope ratios since the 1980s, but has also been shown to be applicable for the
measurement of carbon isotope ratios at natural abundance levels.'® The main advantage of
NMR techniques over IRMS is, that position-specific isotope information of complex organic
molecules can be obtained.’® By IRMS, this is only possible after labor intensive chemical
degradation of the analyte.'>?° Drawbacks of the SNIF-NMR techniques are mainly the high
costs of the instrumentation and long analysis times required for high precision results. A
major drawback of the spectroscopic methods is, that they can until now not be hyphenated
with chromatographic sample separation techniques. On-line combinations of
chromatography and isotope ratio analysis are commonly performed by IRMS coupled to
either gas chromatography or liquid chromatography. For the measurement of bulk isotope
ratios, elemental analyzer systems coupled to IRMS are commonly used. Detailed information

about the specific techniques are given in the following chapters.



1.3.1 Isotope ratio mass spectrometry

For the measurement of isotope ratios at natural abundance levels, specialized
instrumentation is necessary in order to achieve the required precision of the measurement.
Although regular MS systems like quadrupole, time of flight, or Orbitrap MS are able to resolve
isotopic information, the isotopic composition cannot be determined with a precision of
standard deviations in the range from four to six significant figures required for SIA.° For stable
isotope ratio measurements of all elements, three main types of mass spectrometers are
employed. Thermal ionization mass spectrometry (TIMS) and inductively coupled plasma mass
spectrometry (ICP-MS) are commonly used for metal analysis, whereas special static gas
instruments are designed for the determination of isotope ratios in noble gases.?'?? For the
measurement of isotope ratios in light elements, gas isotope ratio mass spectrometry
(GIRMS/IRMS) is used. The high precision of IRMS instruments is achieved by using a magnetic
sector field for the separation of the ions and subsequent continuous detection by
independent Faraday cups arranged in the focal plane of the mass spectrometer. In Figure 1.2,
a schematic overview of an IRMS system for the determination of carbon isotope ratios is

presented.

Interface

Figure 1.2: IRMS system for the measurement of carbon isotope ratios

Due to the high specialization of this type of instrument, only a limited number of gas species
(depending on the element to be analyzed) can be measured. Target analytes have to be

transformed into a measurement gas that represents the original isotopic composition of the



sample. For most applications, determination of 3C, ?H, '°N, and 0 isotope ratios is
performed from gases of CO2, Hz, N2, N2O, NO, O,, and CO.° This transformation can be
performed by various offline methods as well as in online interfaces as employed for CSIA. For
the transfer of the measurement gas into the IRMS, an open split system is commonly used
for the online conversion systems of IRMS in the combination with elemental analyzer or
chromatographic systems. Highest precision can be obtained by the use of a dual inlet system,
which can only be used in combination with an offline purification of the measurement gas
that is not applicable for hyphenation with chromatographic separation systems.® 2324 With
the open-split setup, the measurement gas as well as the reference gas are introduced into
the ion source of the IRMS (Figure 1.2 a-e) in a stream of helium carrier gas. In the ion source,
gas molecules are ionized by electron impact (El) ionization. The electrons are emitted from a
filament commonly consisting of a thin tungsten or thorium wire. On impact with the analyte
gas molecules, radical cations are formed (CO,**). In addition, fragmentation of the analyte
gas occurs, so that that for example CO** is also formed from CO; to a certain extent. Due to
the closed ion source design for IRMS systems a high ionization efficiency of roughly one ion
per 1000 molecules of analyte gas entering the IRMS source can be obtained in comparison
to ionization rates of one ion per 10® molecules produced in a conventional El ion source.’ The
produced ions are focused in an ion optic and accelerated towards the magnetic sector field
mass analyzer. In the magnetic field, the trajectory of the ion beam is influenced according to
the mass-to-charge ratio of the individual ions. Thereby the ion beam for species of distinct
masses are spatially separated so that they can be simultaneously detected by individual
faraday cup detectors. The signal from the faraday cups are amplified for each ion species and

recorded for the calculation of the isotopic composition of the measurement gas.

1.3.2 Elemental analyzer isotope ratio mass spectrometry

The hyphenation of an elemental analyzer to isotope ratio mass spectrometry (EA-IRMS) is
mainly used for the measurement of bulk isotope ratios. Complex samples such as whole hair
or tissue samples can be measured to obtain an overall mean of the isotope ratio in the
sample.?>26 The EA-IRMS system can be used for CSIA in cases where the analyte has been
isolated in an offline separation or for the measurement of pure compounds as reference
material for the use in other SIA systems. In the EA-IRMS, a high temperature catalytic

conversion is used to completely oxidize the sample. A schematic overview of the Pyrocube



EA system (Elementar Analysensysteme GmbH, Langensebold, Germany) for the
measurement of carbon and nitrogen isotope ratios is shown in Figure 1.3. Sample
preparation for the EA-IRMS system includes the drying and homogenization of the sample
and subsequent weighing of the samples into small tin cups. The tin cups are folded, so that
ambient air is displaced from the cups. The autosampler of the instrument directly injects the
tin cups into the oxidation reactor. After the introduction of the sample, an oxygen gas pulse
is delivered to the helium carrier gas of the instrument to combust the sample at 920 °C to
CO3, N2, NOy, and H20. Copper oxide in the reactor acts as an additional oxidation agent and
reservoir for oxygen. Silver wool is added to the oxidation reactor to trap sulfur and halogens
if present in the analytes. After the oxidation of the sample, the gases are transported into a
copper filled reduction reactor heated to 600 °C. Excess oxygen is removed in this step, in
addition, NOx species from the combustion of the sample are transformed to the N

measurement gas used for the 6'°N measurement.
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Figure 1.3: EA-IRMS system for the parallel bulk measurement of §*3C and 6N isotope ratios

After the reduction tube, water formed during the oxidation of hydrogen containing
compounds has to be removed before entering the CO, adsorption column. This step is
performed with the help of a glass tube filled with phosphorous pentoxide on a support
material. In the next step, CO; is trapped from the carrier gas stream onto an adsorption

column, as CO; and N; cannot be measured simultaneously by the IRMS system. CO; is later
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on desorbed by heating of column from 30 to 110 °C. With the help of the exact mass of the
sample and the thermal conductivity detector (TCD) positioned directly after the adsorption
column, total amounts of nitrogen and carbon in the sample can be obtained via an external
calibration. This is especially important during the method development for bulk samples with
unknown or varying carbon and nitrogen contents, as the amount of sample introduce for the
IRMS measurement has be in the linear range of the MS system. After the TCD, the N;
measurement gas passes the dilutor and reference gas system and is transported to the IRMS
by the open-split. For CO,, the gas stream is diluted by the addition of helium into the gas
stream. As the carbon content in common organic analytes is mostly higher than the nitrogen
content, the dilutor is necessary for the simultaneous measurement of 13C and *°N isotope
ratios to obtain roughly equal signal intensities for both measurement gas species. With
modifications to the oxidation and reduction setup, EA-IRMS systems are also suitable for the
measurement of hydrogen, oxygen, and sulfur isotope ratios but these techniques were not

used in the presented work.?’-28

1.3.3 Gas chromatography coupled to isotope ratio mass spectrometry

Gas chromatography coupled to isotope ratio mass spectrometry (GC-IRMS) was the first
commercially available hyphenation of chromatographic system with IRMS. It is widely applied
in the field of geochemistry, archeology, environmental chemistry and food authenticity.?°3!
GC-IRMS is mainly applied for volatile, temperature stable analytes and current interfaces
enable the online measurement of 13C, °N, 2H, 20 isotope ratios.?? Initially unsuitable polar
or temperature sensitive compounds can be derivatized to lower their boiling point or
increase the temperature stability to be suitable for GC-IRMS analysis.3?33 Carrier gas options
are limited to helium in GC-IRMS, as hydrogen would react in the oxidation reactor of the GC
interface, and nitrogen cannot be used as a carrier gas as it would make the determination of
5N ratios impossible and would lead to problems in the ion source of the IRMS system. The
separation of the analytes is performed on a classical GC column which is attached to an
oxidation reactor at the outlet of the GC column. The oxidation reactor consists of a alumina

tube filled with platinum, copper, and nickel wires which is held at around 950 °C (Figure 4).3*
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Figure 1.4: GC-IRMS system for the component specific measurement of 3C and °N isotope ratios

The oxidation is followed by a reduction reactor filled with copper wires, which removes
excess oxygen and reduces NOy species formed during the oxidation to N,. Water is removed
from the carrier gas stream with the help of a Nafion® membrane tube that is placed in a flow
of dry helium. For >N measurements, CO; is removed from the carrier gas stream by trapping
in a capillary immersed in liquid nitrogen. Via the open split system, the measurement gas and

the reference gas are introduced into the IRMS.

1.3.4 Liquid chromatography coupled to isotope ratio mass spectrometry

In liquid chromatography coupled to isotope ratio mass spectrometry (LC-IRMS), analytes are
separated on a high performance liquid chromatography (HPLC) system and subsequently
oxidized to the CO, measurement gas used for the determination of compound specific carbon
isotope ratios. In contrast to conventional HPLC, specific restrictions apply to the LC-IRMS
system. Eluents for the HPLC separation have to be strictly carbon free, so common organic
mobile phases used in HPLC cannot be used. In addition, eluents have to be degassed using
vacuum and ultrasound to remove residual dissolved air and especially CO2 which is important
for neutral to alkaline eluents. With these restrictions, mainly pure water, carbon free buffer
solutions, or diluted inorganic acids can be used as HPLC eluents. The choice of HPLC columns
for applications in LC-IRMS is therefore also limited, as many reversed phase (RP) columns
cannot be used with pure agueous mobile phases without the addition of organic modifiers.

In addition, high temperature gradients are commonly used in LC-IRMS to modify the polarity
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of the aqueous mobile phase without addition of organic eluents, which is not tolerated by
standard HPLC columns.?* Due to the construction of the interface, it is not possible to use
higher flow rates than 700 pL min! in combination of the HPLC pump and the oxidation agent
and acid delivered by two independent pumps in the interface.3® Sodium peroxydisulfate
(NazS20s) is commonly used as an oxidation agent, whereas phosphoric acid is used to acidify
the sample. Both reagents are added to the HPLC stream before entering the oxidation reactor

in the LC-IRMS interface (Figure 1.5).
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Figure 1.5: LC-IRMS system for the compound specific determination of 13C isotope ratios

The oxidation reactor in the interface consists of a stainless steel capillary of approximately
196 mm?3 volume that is heated to 100 °C. Under these conditions, sulfate radicals are formed,
that unselectively oxidize the present carbon in the eluent stream.3® After passing the
oxidation reactor, the sample enters the membrane gas exchange unit, where the CO; is
transferred from the liquid stream into a countercurrent stream of helium by pervaporation.
The helium stream including residual H,O from the gas exchange process and the CO;
measurement gas is dried using two Nafion® membrane gas drying units, operated with a
countercurrent stream of dry helium. From the interface, the carrier gas enters the IRMS via
an open split system. CO; reference gas is introduced with the help of an individual open split

directly into the ion source of the IRMS.
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1.4. Developments in the field of LC-IRMS

The combination of gas chromatography with isotope mass spectrometry with the help of an
on-line combustion system was already realized in the late 1970s by two independent
groups.3”38 In contrast to GC-IRMS, the combination of LC-IRMS presents some additional
challenges. After the GC separation, the analytes are already present in a gaseous state and
can be oxidized in a high temperature gas reactor in the carrier gas stream eluting from the
GC. After the removal of residual moisture, the He stream can directly be delivered to the
IRMS. In contrast, in liquid chromatography, the analytes are present in a dissolved state in
the mobile phase of the LC. Oxidation of the analytes can be performed by wet chemical
oxidation (WCO) inside the mobile phase of the HPLC. A second approach is to evaporate the
water prior to the oxidation, or combust the sample in a high temperature rector (HTC) where
the mobile phase is instantaneously vaporized. In any case, the measurement gas (CO; for
compound specific carbon isotope analysis) has to be separated from the large excess of water
in the mobile phase. During these steps, the analytes should be quantitatively transformed
and separated into the gas phase without a loss of the chromatographic separation obtained

by the LC.

The first combination of LC with IRMS for measurement at natural isotope abundance levels
was described in 1993 by Caimi and Brenna.3° The transfer and oxidation of the analyte from
the HPLC eluent to the IRMS was realized by a moving wire interface. Therefore, a stainless
steel wire was coated with the eluent of the LC and the mobile phase was evaporated. The
deposited analytes were subsequently oxidized in a combustion furnace and transported to
the IRMS in a He carrier gas stream. Major drawbacks of this method were the low fraction of
analytes that could be deposited on the wire and isotopic fractionation during the solvent
removal in the drying step.%? Teffera, Kusmierz and Abramson presented a continuous-flow
LC-IRMS system based on a chemical reaction interface in 1996.#! The system was based on
an interface for the isotope selective detection of deuterated cortisol metabolites which
consists of nebulizer, a momentum separator, and the reaction chamber where the analytes
are converted to CO; by a microwave-induced helium plasma in the presence of oxygen.*? As
for the moving-wire interface, the CRI showed low sensitivity and fractionation of low
molecular weight compounds. Due to these drawbacks, neither of the two methods has been
commercially available.?® In 2004, Krummen et al. presented an LC-IRMS interface based on

WCO that was made commercially available under the name LC-IsoLink®, by Thermo Fisher
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(Bremen, Germany).3® The oxidation by sulfate radicals is widely applied in the analysis of total
organic carbon (TOC) and has already been reported for the isotopic §'>C analysis of dissolved
organic and inorganic carbon.**%* The system can be used for CSIA when connected to a
separation system as well as for BSIA without prior separation of the analytes. (FIA, flow
injection analysis or p-EA mode)3® 4> As a result of the commonly observed high O, background
obtained by the WCO-LC-IRMS interface, a copper reduction reactor similar to GC-IRMS
applications was successfully integrated into the LC-IRMS setup to improve the results and
increase filament lifetimes in the instrument.*® Since 2010, a second commercially available
LC-IRMS interface (LiquiFace®) based on WCO is available by Elementar Analysensysteme
(Langenselbold, Germany).%” In comparison to the IsoLink, only smaller changes to the setup
such as different pumping systems, membrane materials, and general dimensions of the
components were made. An LC-IRMS interface for the §'3C and J'>N measurement based on
the HTC approach was developed by Federherr and co-workers in 2016.% The instrument is
based on a HTC-EA system that has been adapted for liquid sample introduction.*>>° High
precision 0*3C and 0*°N results could be obtained by FIA and in LC-IRMS mode, but applications
including LC separation of multi component samples have not been performed so far. A major
challenge for the HTC-LC-IRMS interfaces is the high amount of water vapor and inorganic
constituents of the mobile phase which have to be separated from the measurement gas

before entering the IRMS system.

1.5 Chromatographic methods in LC-IRMS

As classical organic eluents cannot be employed for the HPLC separation in LC-IRMS, the
selection of stationary phases and complementary carbon free eluents is a challenge during
method development. Common eluents used for LC-IRMS separations use pure water,
phosphate buffer, diluted phosphoric or sulfuric acid, and sodium or potassium hydroxide
solutions. These eluents are combined with stationary phases, which use ion interaction, size
exclusion, mixed-mode, or reversed phase separation mechanisms. In addition, the column
geometry has to be adapted to the low flow rates tolerated by the LC-IRMS system which are

usually between 300 and 600 pL min.
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For the analysis of sugars, alcohols, sugar alcohols, and organic acids, a number of separations
based on ion interaction have been described in literature. Anion exchange columns like the
CarboPac PA20 (Thermo Fisher, Bremen, Germany) were used for the determination of
glucose and galactose in plasma as well as for the separation of eight carbohydrates.>1>3
Cation exchange columns such as the Alltech 700 CH were used for the separation of sucrose,
glucose, and fructose, as well as mannitol and sorbitol.3® Ligand exchange columns like the
Hyper REZ XP Carbohydrate Ca?* (Thermo Fisher, Bremen, Germany) were employed for
separation of sugars in honey and the measurement of ethanol in wine.>*>> These polymer
based columns offer the advantage, that they also separate based on a size exclusion
mechanism, which enables the separation of mono- and disaccharides like maltitol and
xylitol.>® The compound specific analysis of amino acids by LC-IRMS is performed on mixed
mode stationary phases. These reversed phase columns offering additional acidic ion pairing
groups, combine hydrophobic interactions with a cation exchange mechanism. The Primesep
A (Sielc, Wheeling, USA) column is used in a number of methods resolving amino acids from
protein hydrolysate of various origins.>’~>° Classical Cs or C1s columns are not commonly used
for LC-IRMS applications, as the alkyl chains on the column particles tend to collapse without
a certain amount of organic solvent in the eluent. More recently, RP materials for pure
aqueous separations have been designed, which enables the use of RP columns for LC-IRMS.
Nevertheless, the elution strength of pure aqueous mobile phases limits the applications to
more polar compounds like organic acids or alcohols.3® 861 High temperature HPLC
separation was introduced to the field of LC-IRMS in 2008 by Godin et al., by increasing the
column temperature, lower viscosities of the eluent and a lower polarity of the aqueous eluent
can be achieved.®? A variety of RP columns have been evaluated for the high temperature LC-
IRMS approach, and new methods for the measurement of steroids and pharmaceutical on

RP columns by high temperature LC-IRMS were developed.3> 4> 63
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1.6 Applications of LC-IRMS

1.6.1 Archeology

Isotopic analysis in the field of archeology mainly focuses on the use of radiocarbon dating
(*4C) and the determination of bulk isotope ratios for the reconstruction of dietary habits.4>
Compound specific stable isotope ratios for individual amino acids have been determined by
GC-IRMS for palaeodietary reconstruction.®® This requires derivatization of the amino acids
prior to the GC separation which can lead to a shift in in the 0'3C ratio because of the addition
of carbon by the derivatization agent. In addition, reactions at the amino group can lead to
fractionation and effects of the derivatization on the observed 6N ratio.®” With the
availability of the LC-IRMS interface, methods were developed to separate underivatized
amino acids from bone collagen.®® The separation of amino acids on the LC system was further
optimized and applied to determine J3C ratios for individual amino acids from hair keratin,
which was shown to be a proxy for bone collagen values and therefore usable as a tool for
dietary reconstruction.>® %70 With the help of compound specific amino acid 6*3C signatures,
distinct groups of terrestrial, omnivore, and marine diet could be distinguished using
threonine 6'3C as well as 4*3Caiycine-Phenylalanine Signatures.®® The possibility to combine the
information obtained from essential amino acids (e.g. phenylalanine) and non-essential amino
acids (e.g. glycine) is a major advantage compared to bulk methods which showed overlap
between marine and C4 carbon consumers.®® Besides amino acids, Blyth et al. demonstrated,
that LC-IRMS in flow injection mode (bulk measurement) can be used to determine §'3C
records in calcite samples from speleothems which can possibly be used as

palaeoenvironmental records.”*72

1.6.2 Physiology and nutrition

Analytes of interest for applications in the field of nutrition and physiology share the
characteristic, that they are mostly small, organic, and polar compounds which are present in
complex matrices such as blood plasma, intracellular fluids, or protein hydrolysates.”® For
these analytes, LC-IRMS offers the advantage, that sample derivatization can be avoided and
sample preparation protocols can be simplified. In 2005, Godin et al. showed, that
mucoprotein synthesis rates in a rat model could be determined using *3C labeled threonine

with comparable precision to established GC-IRMS methods.*® The fractional synthesis rate of
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glutathione was determined by LC-IRMS analysis of blood samples as a marker for oxidative
stress.”* The study was conducted on neonates that were supplied with '3C-labeled glycine.
Initially, glycine was determined after derivatization by GC-IRMS, whereas glutathione was
transferred into its oxidized dimeric form (GSSG) and measured by LC-IRMS. The LC separation
was optimized for a second study to perform both, the glycine and GSSG measurement by LC-
IRMS.”> Human glucose metabolism was studied after the administration of 3C-labeled
glucose to the same group of newborns, therefore blood glucose levels and §'3C values were
determined by LC-IRMS. The sample preparation time was reduced in comparison to existing
GC-IRMS methods and the performance of the LC-IRMS method was found to be superior to
the GC method.* Glucose could also be utilized as a marker for diabetes, therefore 13C labeled
bicarbonate was orally administered and the J'3C level of glucose in the saliva was
determined. The isotopic composition of glucose in the saliva measured by LC-IRMS was found
to be suitable to present a non-invasive approximation of blood sugar §*3C levels. A significant
increase of the 0'3C signature in glucose in the saliva could be interpreted as a sign for early
diabetes.”® Compound specific amino acid analysis was used to study the protein metabolism
in fish. Therefore, diets consisting of different mixtures of essential and non-essential amino
acids were administered to a population and shifts from the initial 5*3C level of amino acids to

those incorporated in the fish tissue were analyzed by LC-IRMS.>” 77

1.6.3 Geochemistry, hydrology, and soil science

First applications in the field of soil science were published by Heuer et al. (2006), developing
a method for the compound specific analysis of volatile fatty acids in the sediment and pore-
water system. Acetate carbon isotope ratios could be used to cluster the origin of pore water
samples and relate the obtained §'3C signatures to the different biogeochemical acetate
production and consumption processes.’® The established methods were used for a larger
study of pore-water in seafloor sediments that related acetate #'3C sighatures to sediment
DOC for the identification of production and degradation pathways of acetate.”® LC-IRMS
analysis of amino sugars extracted from the extracellular polymeric substances (EPS) of soil
bacteria communities was developed by Bodé et al. in 2009.28° The method for the analysis of
glucosamine, galactosamine, and muramic acid was used as a tool to study the microbial
carbon cycle in soil by applying '3C-labeled substrate and measuring incorporation of the label

into the EPS.81-83 Due to the high sample throughput achievable by flow injections using the
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LC-IRMS interface, it was possible to analyze the spatial distribution of §*3C signatures of DOC
in pore water.84 Analysis of DOC and DIC by flow injection has since then been used in several
studies.®>#” This technique was further improved to separate DOC classes based on molecule

size classes, which was achieved by size exclusion chromatography.-8°

1.6.4 Food quality control

In food quality control, LC-IRMS is used as a tool for the differentiation between origins of
plant based material. This could be a differentiation between different plant species, or the
distinction between synthetic or natural ingredients in a food product. The process is based
on the three main photosynthetic pathways found in plant species. C3 plants, which use the
Calvin-Benson cycle, show 6*3C bulk isotope ratios of -22 to -34 %o (-25 %o on average)
depending on the individual plant species and growth conditions.?®2 The second big family of
plants, the C4 plants are enriched in *3C and were found to have 6*3C bulk isotope ratios of -6
to -20 %o (-13 %o on average).®®92 CAM plant account for a small class of plants that show an
enrichment of 13C in comparison to C3 plants but cannot always be differentiated from C4
plants, as the 0'3C varies to a large extend between plant species and with the growth
conditions of the plants.®3 Relevant representatives of the C3 family are most cereals or grains,
sugar beet, and trees, whereas sugarcane and corn belong to the C4 family. CAM plants which
are relevant in food authenticity studies are pineapple, agaves, and orchids such as vanilla.
First applications for LC-IRMS in the field of food authenticity were the detection of
adulteration in honey. Cabafiero et al. (2006) developed a method for the simultaneous
determination of carbon isotope ratios of sucrose, fructose, and glucose.>* With the help of
the difference of the individual isotopic signatures as well as A'3Crructose-Glucose, 43 Crructose-sucrose,
and A3 Calucose-sucrose adulteration by C4 and C3 plant sugar in the honey could be detected with
the help of this method. Further studies on honey authenticity focused on the measurement
of a large variety of geographically and botanically different honeys, the measurement of §*3C
values for extracted honey protein and the additional measurement of 6°H and 6*80 values by
EA-IRMS.%+%7 Another important field is the detection of adulterations in alcoholic beverages.
Compound specific LC-IRMS techniques were used to measure ethanol, glycerol as well as
fructose and glucose to detect adulteration prior and after the fermentation.>> °8%° The LC-
IRMS was also used as a P-EA system in the bulk analysis of alcoholic beverages by flow

injection.® Zhang et al. (2011) developed a method for the compound specific analysis of
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caffeine from various types of coffees, teas, and energy drinks and was able to separate
products based on natural caffeine from products with added synthetic caffeine.'°! Additional
applications for the detection of food adulteration by LC-IRMS were developed to distinguish
synthetic and natural vanillin flavor in chocolate products as well as the addition of foreign

citric acid to commercial lemon juices.10%104

1.7 Referencing and normalization for LC-IRMS applications

For the comparability of isotope measurements between laboratories, results have to be
normalized against international reference standards. This relative comparison to an
international scale is necessary, as absolute isotope ratios can only be determined with
comparably high uncertainties, e.g. +2.5 %o for NBS-19 reference material for the VPDB
scale.'%> The international scale for carbon isotope ratios was initially based on cretaceous
belemnite material from the Pee Dee formation in South Carolina (PDB for Pee Dee
Belemnite). Since the PDB material is not available anymore, exact values for 6'3C and 6*20 of
the NBS-19 reference material were assessed relative to PBD. This new international scale
which is in use up to day was termed VPDB (Vienna PDB) based on the role of the IAEA
(International atomic Agency) located in Vienna.?®> Besides NBS-19, a number of certified
secondary reference material are available for the use in LC-IRMS. These are for example,
glutamic acid (USGS 40, 41a), sucrose (IAEA-CH-6), caffeine (IAEA-600), benzoic acid (IAEA-
601), and different carbonates (LiCOs (L-SVEC), CaCOs (IAEA-CO-1, NBS-18), BaCOs3 (IAEA-CO-
9)).1% Key questions for the normalization approach are the type of reference material and
the mathematical methods used for the normalization. Based on the principle of identical
treatment, the reference material should undergo the same chemical transformation during
the measurement as the analytes.?>1%7 For LC-IRMS measurements, the analyte as well as the
reference material should pass the wet chemical oxidation process and the gas separation in
the interface to compensate for possible fractionation during these steps. In addition, the
reference material should be structurally as similar as possible to the analyte to achieve equal
behavior during the oxidation step. If certified secondary standards are not available for the
analyte in question, it is common practice to measure in house standards of the analyte for
example with an EA-IRMS in relation to the international scale. EA-IRMS is more suited for the
measurement of these third level in house standards, as the high temperature combustion

process employed does not lead to significantly different results between compound classes.
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When it comes to the statistical methods for the normalization, four options are commonly
used in the literature. The simplest form of normalization is the use of certified reference gas
for the normalization of measured isotope ratios. If the true J-value of the reference gas is
known, the measured d-values of the sample can be corrected by Equation 1.4.1%8

5.ha 6"RG

hpg — h h
S"A =64 + SURG + 2ot

(1.4)

Using the measured d-value of the sample (5,%4) and the true J-value of the working gas
calibrated against an international reference scale (6"RG), o-value of the sample in
comparison to the same scale can be obtained (6’,§A). This procedure is automatically
performed by the software packages provided by the instrument manufacturers (e.g. Isodat
NT 2.0 by Thermo Fisher, Bremen, Germany). The drawbacks of this method are mainly that
slight changes in the composition of the reference gas with changing filling levels of the
reference gas storing bottle can have direct effects on the measurement result.'%? In addition,
relatively high errors are introduced during the normalization procedure if the isotopic
signature of the reference gas is not close to the isotopic composition of the analyte in
question. The second option is the use of one reference material of known isotopic
composition which is commonly termed single-point anchoring. Individual measurements are
performed against the system reference gas, but by the additional use of the reference
material, the influence of fluctuation in the gas composition can be compensated. By Equation
1.5, the true d-value of the sample (§™A) can be calculated using the certified J-value of a
reference compound (6%Std) as well as the measured o-value of a reference

compound 8§ Std on the system.108 110

(6,24+1000)x(8"std+1000)
5,a+1000

S"A = ( ) — 1000 (1.5)

20



With this approach, the individual measurements are performed relative to the reference gas,
but long term shifts in the composition of the reference gas are compensated by the
normalization as the final true value of the sample is independent of the actual d-value of the
reference gas. The most commonly used method is the two-point anchoring or linear shift
normalization. Therefore two reference substances of known isotopic composition are used
which bracket the suspected abundance range of the analytes. With the help of a linear
regression, the normalized true J-value of the sample can be obtained. It could be shown, that
the normalization with the help of a two-point approach can improve the consistency of
normalized carbon isotope ratio measurements between laboratories by 39-47 %.1%¢ The
calculation of the normalized J-value of the sample (6’;A) is performed according to Equation

1.6.108

5"std 1 - shstd 2
A = (5 . 2) x (5,14 — 5,1Std 2) + 6"Std 2 (1.6)

Multi-point linear normalization describes the procedure, where more than two certified
reference standards are used. It is rarely applied as the high number of measurements
required for the normalization does not lead to a significant improvement of the accuracy of
the normalization. As different sources publish slightly different delta values for certain
reference materials, it is always advisable to state the values assigned for the reference

materials that have been used for the normalization.11?

1.8 Determination of total nitrogen and potential applications in an LC-IRMS setup for the

compound specific °N analysis

As an alternative to the high temperature combustion approach for the measurement of
compound specific nitrogen isotope ratios by LC-IRMS presented by Federherr et al. (2016),
wet chemical approaches for the transformation of the nitrogen contained in the analyte to
an IRMS measureable form have to be evaluated.*® In environmental and food chemistry, the
sum parameter total nitrogen (TN) as well as Kjeldahl nitrogen are routinely used. The original
analytical procedure for the Kjeldahl nitrogen determination was already published in 1883.112
Although different modifications and improvements were performed since then, the essential
three step procedure remained unchanged. In a first step, the sample is mineralized by the
addition of concentrated sulfuric acid as well as different catalysts. When the mineralization

is completed, the pH of the solution is adjusted to alkaline conditions to transform ammonium
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to ammonia, which is distilled into an acidic collection medium. The trapped ammonium is
quantified by titration in the third step.!'® The main drawback of the Kjeldahl procedure is,
that the measured nitrogen content does only represent organic nitrogen and nitrogen bound
in ammonium. Nitrate, and nitrite cannot be determined by this procedure as they are not
reduced to the ammonia during the procedure which is determined as the only reaction
product.!'* For the application in an instrumental setup for the stable isotope analysis of
nitrogen containing compounds, nitrate plays an important role as it is measured in the
context of the distribution of fertilizers of different origins between plant material, soil, and
groundwater.'> First work on the determination of total nitrogen after the oxidation of
organic and inorganic nitrogen by heat activated persulfate in batch experiments was
reported in Swedish literature by Koroleff (1970, 1973) and Henrikson (1973).11618 For the
oxidation of nitrogen containing samples, no single oxidation product could be identified
under acidic conditions, where NOs, NOCI, and other intermediate species were suspected to
be formed.!® Under alkaline oxidation conditions, after a reaction time of 15 min at 120 °C,
complete oxidation of nitrogen containing substances such as nitrate, nitrite, ammonia, and
urea could be obtained.'?® The determination of the total nitrogen in the method proposed
by Koroleff is based on the oxidation of the total nitrogen to nitrate, subsequent oxidation of
nitrate to nitrite on a cadmium column and photometric determination of the nitrite as an azo
dye.'?9 As the final recovery of total nitrogen is only based on the photometric measurement
of the final reaction product, no conclusion could be drawn which byproducts were
responsible for the decreased recovery observed for some compounds. First reports of an
online determination of total nitrogen by alkaline persulfate oxidation were presented by
Rossi and Savarese in 1997.12! Recoveries for total nitrogen in sea water ranged from 94 to
107 %, but the instrumental conditions of the reactor (80 m, 2.5 mm inner diameter, 115 °C
reaction temperature) are not comparable to required dimensions for the oxidation after a
chromatographic system as in the LC-IRMS interface. Nitrate as the final oxidation product
was reduced to nitrite for the colorimetric determination after transformation in a reduction
column containing copper coated cadmium granules.'?® This procedure would not be
applicable, as modern IRMS systems require a gaseous analyte, which has to be separated
analog to the procedure for CO; in the existing J3C LC-IRMS setup. Determination of total
nitrogen in online systems by measurement of NO by chemiluminescence is routinely

performed after high temperature catalytic conversion, but quantitative online conversion of
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nitrate to NO in aqueous solution has not been reported. A comparison of several offline
techniques was published by Yang et al. (1997), temperature variations as well as different
reducing agents were evaluatued.'?> From the evaluated agents, V(Il1), Ti(lll), and a mixture of
Mo(VI) and Fe(ll) showed almost complete transformation of nitrate to NO at reaction
temperatures of 80 °C. In general, higher reaction temperatures were found to increase the
yield of NO, which is beneficially, as reaction temperatures in the LC-IRMS interface for the
oxidation are routinely around 100 °C. The presented methods for the reduction of nitrate to
NO would have to be further evaluated for the combination with a previous alkaline or acidic

oxidation by sulfate radicals.

23



24



Chapter 2: Scope of the thesis

The scope of this work is to develop new methods for the application of compound specific
carbon stable isotope analysis for food authenticity control and the elucidation of the
oxidation process taking place during the conversion of analytes into the measurement gas in
the LC-IRMS interface. In the context of the development of a system for the determination
of nitrogen isotope ratios, a special focus was on the behavior of nitrogen containing analytes
and the different nitrogen reaction products formed during the oxidation by sulfate radicals.
Different analytical strategies for the measurement of the final and intermediate species
formed during the oxidation as well as modifications to the standard reaction conditions in

the LC-IRMS interface will be presented and discussed.

In Chapter 3, a method for the differentiation of xylitol produced on the basis of wood or corn
material in bulk samples, as well as in the form of an ingredient in commercially available
chewing gum was developed. The method was applied to a set of 21 chewing gum samples of
which 18 could be assigned to one of the crop classes. As corn based material is generally sold
as a cheaper alternative to the original wood based xylitol, the presented LC-IRMS method is
able to prove the authenticity of the product and identify food fraud. Strategies for the
optimization of the oxidation efficiency in the LC-IRMS interface for the determination of
carbon isotope ratios are discussed in Chapter 4. Three different approaches for the
assessment of the oxidation efficiency will be compared in regard to their applicability for
method development and improvement of existing LC-IRMS methods. Besides the effect of
incomplete oxidation on the determination of 6*3C isotope ratios, the effect of nitrogen
containing groups on the oxidation efficiency in the LC-IRMS interface under standard carbon
measurement conditions will be discussed. In Chapter 5 methods should be developed to
monitor the behavior of nitrogen containing compounds and their oxidation products during
mineralization by heat activated persulfate in an offline system and by wet chemical oxidation
in the LC-IRMS interface. Therefore, methods for the quantitative determination of the
individual nitrogen species by ion chromatographic methods as well as with a total nitrogen
analyzer were evaluated. Mass balances for the detected reaction products should be
evaluated for different nitrogen containing analytes in order to monitor the oxidation process
in the LC-IMRS interface for nitrogen containing analytes in detail. In Chapter 6 reaction
conditions in the oxidation interface of the LC-IRMS should be adapted based on the

observations made in the previous chapters. Besides the well documented oxidation of
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analytes by heat activated persulfate under acidic conditions which is routinely employed for
the measurement of 0'3C ratios by LC-IRMS and produces multiple intermediate and stable
nitrogen containing reaction products, different reaction conditions in an alkaline
environment should be tested that could be more suitable for the measurement of J*°N ratios
and could potentially lead to a single oxidation product for further development of the
nitrogen LC-IMRS interface. A detailed graphical summary of the topics of the different

chapters of this work is given in Figure 2.1.

Batch Reactor
Acidic
conditions pH

Alkaline
conditions pH
12-13

LC-IRMS Interface

Acidic
conditions pH

Alkaline
conditions pH

1213

Figure 2.1: Overview of the main chapters presented in the thesis

The determination of compound specific nitrogen isotope ratios in addition to already well
established 0'3C analysis is of great interest in many fields of research.3® 123126 yntil now,
derivatization of nitrogen containing compounds and subsequent GC-IRMS measurement is
the only way to determine compound specific 6*°N isotope ratios for polar nitrogen containing
compounds. The behavior of these analytes and their reaction products formed during
oxidation under LC-IRMS interface conditions has not been investigated in detail so far. The
presented work will elucidate the influence of the interface reaction parameters on the
oxidation efficiency by evaluating different routes to determine nitrogen and carbon mass
balances. The development towards compound specific *°N analysis by LC-IRMS requires the
knowledge about the formation of nitrogen containing end products of the mineralization to

finally obtain a single measurable nitrogen species for IRMS analysis.
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3.1 Abstract

The sugar replacement compound xylitol has gained increasing attention due to its use in
many commercial food products, dental hygiene articles and pharmaceuticals. It can be
classified by the origin of the raw material used for the production. The traditional “birch

I”

xylitol” is considered a premium product in contrast to xylitol produced from agriculture by-
products such as corn husks or sugar cane straw. Bulk stable isotope analysis (BSIA) as well as
compound-specific stable isotope analysis (CSIA) by LC-IRMS for chewing gum extracts was
used to determine J'3C isotope signatures for xylitol. These were applied to elucidate the
original plant type the xylitol was produced from based on differences in the isotope
fractionation processes during the photosynthetic CO; fixation. For the LC-IRMS analysis, an
organic solvent free extraction protocol and HPLC method for the separation of xylitol from
different artificial sweeteners and sugar replacement compounds was successfully developed

and applied to the analysis of 21 samples of chewing gum from which 18 could be clearly

related to the raw material plant class.
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3.2 Introduction

As a result of the general trend towards a healthier and more conscious consumption of food
products in the western world, the demand for healthy sugar alternatives is constantly
increasing. Xylitol is a sugar replacement compound that is widely used in the production of
teeth friendly chewing gums and sweets.*?” Structurally it is a pentitol and belongs to the class
of the sugar alcohols. In contrast to common high power sweeteners, xylitol has similar
properties to conventional sucrose concerning the sweetening power and general taste but
also a reduced energy content of around 60 % compared to sucrose.*?® Most of the very potent
artificial sweeteners cannot be used to completely replace sugar without altering the overall
taste impression of the product.'?® In contrast, xylitol can be used in larger amounts that do

not produce unwanted changes in the texture or the taste of the product.

A common source for the xylose which is needed for the production of xylitol is the
hemicellulose compound xylan. Xylan can be extracted from a variety of plants where it is
used as a building block for plant cell walls.3° Due to their high xylan content, mostly birch
wood and corn husks are used for the commercial production of xylitol.*33-32 The conventional
production of xylitol at industrial scale is performed in a four step approach. The first step is
the cleavage of the polysaccharides present in the plant material, which is mostly performed
by acid or enzyme assisted hydrolysis. After the separation of the xylose from the hydrolysate,
it is catalytically hydrogenated followed by crystallization and purification steps to remove the

catalyst and remaining educts from the xylitol.133

The high energy demand and the difficult purification steps are responsible for the currently
high price of xylitol. New approaches using biotechnological methods combined with a variety
of new raw material sources are currently under investigation for the cost effective xylitol
production from agricultural by-products.'3* Recent studies focus on raw materials such as
sugarcane, eucalyptus, rice and wheat straw or microalgae for the xylitol production.3>-13% As
corn husks are considered to be a waste product of the agriculture industry and a connection
to genetically modified corn crops cannot be excluded, xylitol produced from birch wood is
often sold as a premium product with higher retail prices. The different types of
photosynthesis pathways in corn (C4 plant) and trees, e.g., birch, beech or oak (C3 plants) lead
to a characteristic shift of the §'3C value of the plant material compared to the CO; in the

atmosphere.?® This shift in the §'3C isotope ratio is passed on to the biomolecules in the plant
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and has been successfully employed in food authenticity studies to elucidate the origin of
plant derived products.>> % 19102 C3 plants, which utilize the Calvin cycle, normally have 6*3C
values in the range from -22 to -35 %o with average values of -26 %o, whereas C4 plants, which

use the Hatch-Slack pathway, show 6'3C values from -9 to -16 %o with an average of -13 %..%"

140-141

Isotope analysis can be divided into two classes, compound-specific isotope analysis (CSIA)
and bulk stable isotope analysis (BSIA). In BSIA, the complete sample (which can be a mixture
or a pure compound) is analyzed without separation of the compounds prior to the
combustion to low molecular weight gases. In CSIA the sample is separated prior to the
combustion, so that isotopic data is obtained specifically for the analyte of interest. In carbon
stable isotope analysis, liquid chromatography coupled to isotope ratio mass spectrometry
(LC-IRMS) and gas chromatography coupled to isotope ratio mass spectrometry (GC-IRMS) are
the most commonly used techniques. LC-IRMS has found many applications in the field of food
authenticity control and the detection of alteration of food products. Analytes in this field are
often polar and not directly suitable for GC-IRMS due to their high boiling points or low
temperature stability. These compounds would require derivatization prior to the analysis
which is labor intensive and can introduce isotope shifts that have to be corrected after the
analysis.3? LC-IRMS was first presented in 1993 by Caimi, Brenna and Thomas and made
commercially available in 2004 as described by Krummen et al..3® 142 Since then it has been
applied for the detection of adulteration of honey and alcoholic beverages®> ®* 190 s well as
in the determination of the origin of caffeine in energy drinks and teas, vanillin in chocolate

and the measurement of §'3C signatures of amino acids in fish,>’, 101-102

Until now, sugar replacement compounds have not been in the focus of CSIA studies. Xylitol
was chosen as a representative of this class as the production route is of special interest to
the customer due to financial and ethical aspects. With reduced production costs, xylitol will
find a large application in different food products, currently chewing gums offer a wide variety
of samples from different manufacturers that can be used for method development in this
specific field and for further applications in the food sector. The aim of this work was to
develop a method for the extraction of xylitol from chewing gum formulations and the
subsequent measurement of compound specific J'3C values by LC-IRMS. The LC method
development focused on the separation of xylitol from different additional sweeteners such

as sorbitol, mannitol and maltitol which are most commonly used in chewing gums and
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sweets. For the classification, a combination of statistical evaluation of the §'3C values from
CSIA of the chewing gums and a comparison to bulk isotope measurements by EA-IRMS of
samples from known origins as well as different published literature values for raw plant

material and xylitol were used.'*?

3.3 Material and Methods

3.3.1 Chemicals and Reagents

The water used as the mobile phase of the HPLC was ultrapure water obtained from an ELGA
Purelab Ultra (Veolia Water Technologies, Ratingen, Germany) system. The water was
degassed using 1 L screw-cap Schott bottles (Schott AG, Mainz, Germany). The water was
degassed under vacuum (Membrane pump, Vacuubrand GmbH & Co., Wertheim, Germany)
and was simultaneously treated by an ultrasonic bath (Sonorex RK 100, Bandelin Electronic,
Berlin, Germany) for 20 min. Immediately after the degassing and during the whole LC
sequence, the mobile phase as well as the reagents used in the LC-Interface were continuously
sparged using a low stream of helium (purity 5.0, Air Liquide, Oberhausen, Germany) to
prevent gases from the air from dissolving in the reservoir bottles. For the wet chemical
oxidation in the interface, sodium peroxydisulfate (99 %, Riedel-de Haén, Seelze, Germany)
and ortho-phosphoric acid (85 %, p.a., Merck KGaA, Darmstadt, Germany) were used. For the
method development of the HPLC separation, maltitol (298%), D-sorbitol (99 %) and D-
mannitol (=98 %) were purchased from Sigma-Aldrich (Steinheim, Germany). Xylitol (for
biotechnological applications) was purchased from Fluka (Buchs, Switzerland) as well as two
samples of commercially available xylitol from a local shop with declared origin of 100 % birch
wood and corn husks respectively (Xucker GmbH, Berlin, Germany). A range of 21 different
xylitol containing chewing gums and mints were purchased in various stores in Germany and
the Netherlands. A list of the different samples and declared ingredients of the chewing gums
is given in Table 3.1. The mass fraction of the individual component decreases with the order

of appearance in the ingredient list.}4*
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Table 3.1: Xylitol containing chewing gum and mint samples and their main ingredients as given by the

different manufacturers

Name Mass Ingredients
[g]

EPW 2.04 Sweetener (Sorbitol, Xylitol, Maltitol)

MRO 2.06 Sweetener (Isomalt, Mannitol, Sorbitol, Maltitol, Maltitol syrup, Xylitol, Aspartame,
Acesulfame potassium, Sucralose)

SMi 0.2 Sweetener (Xylitol 87 %, Aspartame)

MPF5 1.88 Sweetener (Xylitol, Sorbitol, Mannitol, Maltitol, Maltitol syrup, Aspartame, Acesulfame
potassium, Sucralose)

RSM 1.43 Xylitol, Sorbitol, Mannitol, Maltitol, Acesulfame potassium, Sucralose

MRE 2.05 Sweetener (Isomalt, Mannitol, Sorbitol, Maltitol, Maltitol syrup, Xylitol, Aspartame,
Acesulfame potassium, Sucralose)

SMP 1.15 Sweetener 58 % (Sorbitol, Xylitol, Maltitol molasses, Aspartame, Acesulfame potassium)

EPM 1.48 Xylitol, Sorbitol, Aspartame, Acesulfame potassium

JGW 1.43 Sweetener (Xylitol, Sorbitol, Mannitol, Maltitol, Aspartame, Acesulfame potassium)

™M 1.43 Sweetener 65% (of which Xylitol 99.8 %, Aspartame 0.1 %, Acesulfame potassium 0.1 %)

MSQ 2.07 Xylitol, Mannitol, Sorbitol, Maltitol, Aspartame, Maltitol syrup, Sucralose, Acesulfame
potassium

MPF3 2.08 Sweetener (Xylitol, Sorbitol, Mannitol, Maltitol syrup, Maltitol, Aspartame, Acesulfame
potassium, Sucralose)

JEU 1.42 Sorbitol, Isomalt, Xylitol, Maltitol

MFO 2.03 Sweetener (Isomalt, Mannitol, Sorbitol, Maltitol, Maltitol syrup, Xylitol, Aspartame,
Acesulfame potassium, Sucralose)

MWH 1.53 Sweetener (Xylitol 34 %, Sorbitol, Mannitol, Maltitol syrup, Aspartame, Acesulfame
potassium, Sucralose)

X24 1.35 Xylitol 36 %, Sorbitol, Mannitol, Maltitol syrup, Aspartame, Acesulfame potassium

SSP 1.13 Sweetener 60 % (Sorbitol, Xylitol 17 %, Maltitol molasses, Aspartame, Acesulfame
potassium)

SPE 2.46 Xylitol, Mannitol, Aspartame, Sorbitol, Acesulfame potassium

FWMm 1.42 Xylitol, Dicalciumphosphate 1.3 %, Glycerol, Dyes (Chlorophyllin, Titanium Dioxide),
Aspartame

XPM 1.05 Sweetener (Sorbitol, Xylitol 20 %, Aspartame)

JHO 1.43 Sorbitol, Isomalt, Maltitol, Xylitol, Mannitol

3.3.2 Bulk analysis of sweeteners and xylitol by EA-IRMS

013C values for the pure sweetener compounds and the different xylitol samples were
measured using a vario PYRO Cube EA system (Elementar Analysensysteme, Langenselbold,
Germany) using the C/N mode. The EA was coupled to an IsoPrime 100 isotope ratio mass
spectrometer (Elementar Analysensysteme, Langenselbold, Germany) for the isotope ratio
measurements. For the analysis, sample amounts between 0.5 mg and 1.0 mg of the pure
compound were weighed into tin capsules (4x6 mm) (IVA Analysentechnik GmbH, Meerbusch,

Germany) using a Sartorius SE 2 ultra-micro balance (Sartorius AG, Goettingen, Germany). The
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experimental 6'3C values were normalized to the international VPDB scale using a two point
normalization approach relative to the international reference standards IAEA-CH6 (Sucrose,
013C -10.45 %o) and IAEA-600 (Caffeine, 6'3C -27.77 %o) (both IAEA, Vienna, Austria) with

certified 0'3C values.?3 106

3.3.3 Preparation of the chewing gum samples for CSIA by LC-IRMS

For each sample, 1.0 - 2.5 g of chewing gum were crushed with mortar and pestle to break the
coating material of the chewing gum and facilitate the dissolution of the water soluble
components. The extraction was performed with 50 mL of water which was stirred with the
chewing gum for one hour with the help of a magnetic stir bar. The gum base which is not
water soluble was discarded and the supernatant was filtered using 0.25 um syringe filters
(polytetrafluoroethylene (PTFE), IVA Analysentechnik GmbH, Meerbusch, Germany). The
filtered samples were diluted with water by a factor of 50 and stored in the refrigerator until

the analysis was performed.

3.3.4 Instrumentation and conditions for the LC-IRMS measurements

The separation of compounds in the chewing gum extracts was performed on a Reprosil
Repromer H (9 um, 250x4.6 mm) (Dr. Maisch GmbH, Ammerbuch, Germany) column with a
flow rate of 600 puL min of pure water as the mobile phase. The mobile phase was delivered
by a Dionex UltiMate 3000 pump in combination with a Dionex UltiMate 3000 degassing unit
both by Thermo Fischer (Scientific, Bremen, Germany). Sample volumes of 5 uL were injected
using a Dionex UltiMate 3000 autosampler unit (Thermo Fisher Scientific, Bremen, Germany).
The HPLC column was heated to 30 °C using a high temperature HPLC oven (SIM GmbH,
Oberhausen, Germany). With the help of the eluent preheating zone, the temperature of the
eluent was raised to 30 °C prior to entering the analytical column. For stable isotope analysis
an IsolLink interface (Thermo Bremen, Germany) coupled to a Thermo Delta V isotope ratio

mass spectrometer (Thermo, Bremen, Germany) was used.

Within the LC-IsolLink interface, organic and inorganic carbon in the eluent stream are
converted to CO; which is separated from the liquid phase to be introduced into the mass
spectrometer in a stream of helium. For the oxidation, sodium peroxydisulfate (100 g L'!) and

phosphoric acid (1.5 M) are separately pumped at a flow rate of 50 puL min-tand added to the
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HPLC eluate with the help of a T-connector. The oxidation is performed in a heated reactor
(100 °C) consisting of a thin metal capillary. After the oxidation, the stream is cooled down to
room temperature and enters a gas separation membrane unit. The membrane unit separates
the dissolved CO, from the liquid phase and transports the CO, through two Nafion® gas
drying traps and the open split system into the isotope ratio mass spectrometer. More
detailed information about the interface can be found in the literature.3® 4% 62 The LC-IRMS
results were normalized to the international VPDB scale using IAEA CH6 sucrose (retention
time 429 s, 6'3C -10.45 %o0)%% and xylitol (6*3C -22.5 %o) which were analyzed using the same
method as for the chewing gum extracts to ensure identical conditions. The results were

normalized as described in the EA-IRMS section for the two point normalization.

3.4 Results and Discussion

3.4.1 Measurement of bulk xylitol and sweetener samples

To obtain baseline values for pure xylitol of known corn and birch wood origin three xylitol
samples as well as the three most common additional sweeteners in chewing gums were
analyzed using EA-IRMS. The xylitol of birch origin was found to have a 6*3C value of -20.3 %o,
whereas the corn xylitol sample had a 6*3C value of -10.4 %.. Similar isotopic signatures were
obtained for 28 commercially available xylitol samples that were studied in South Africa,
where xylitol of C3 origin was found to have isotope ratios in the range from -22.3 to -19.7 %,

and xylitol of suspected C4 origin was found to be in a range from -13.0 to -9.7 %..143

A summary of these results is presented in Figure 3.1. The other sweeteners analyzed by EA-
IRMS were found to be in a range from -10.6 to -12.3 %o which indicates that they were
synthesized based on C4 precursor materials. The xylitol obtained from Fluka (Buchs,
Switzerland) showed a lower ¢*3C value of -22.5 %o which indicates a C3 origin of the plant

material, although the raw material was not stated on the label of the product.
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Figure 3.1: 63C values obtained from measurements of the pure xylitol and sweetener samples by EA-

IRMS. Standard deviations for the EA measurements were below 0.2 %o. In addition, J3C ranges

91, 140-141

observed for C3 and C4 plants and bulk xylitol data obtained by Symes et al., 2017 are

plotted.*

3.4.2 Development of a HPLC method for the separation of xylitol from other sweeteners

in chewing gum

Method development for LC-IRMS applications represents a challenge as the mobile phase
has to be completely free of organic solvents, and certain restrictions, e.g., for the flow rates
in the system apply. The aim of the method development was to be able to separate xylitol
from sorbitol, maltitol and mannitol which are present in larger quantities in chewing gum
formulations. To that end, two different cation exchange columns (Repromer H, Repromer Ca,
Dr. Maisch GmbH, Ammerbuch, Germany) were tested. Pure water was used as a mobile
phase and both column temperature (30-80 °C) and flow rate of the mobile phase (300-
600 pL min'') were systematically evaluated to find the optimal separation conditions. The
best results for the separation were obtained at 30 °C and 600 uL flow of the mobile phase
using the Repromer H column. Under these conditions sorbitol and mannitol were coeluting
with a retention time of 9.9 min and xylitol was eluting at a retention time of 10.9 min. The
chromatographic separation of a chewing gum extract by the optimized LC-IRMS method is

shown in Figure 3.2.
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Figure 3.2: Chromatographic separation of xylitol from an aqueous extract of a chewing gum sample
(MSQ) containing xylitol, mannitol, sorbitol, maltitol, aspartame, maltitol syrup, sucralose and

acesulfame potassium

At equal concentrations of xylitol and sorbitol/mannitol a baseline separation of the
compounds could not be achieved. In contrast to GC-IRMS where baseline separation of the
analytes is crucial for an accurate determination of §*3C values due to the chromatographic
isotope effect 3% 145, this effect is not very pronounced in LC-IRMS so that the results were
evaluated and statistically tested for the influence of the coelution. Therefore, samples
containing 50 mg L! of the respective compounds were analyzed and the results obtained for
xylitol were compared to samples of pure xylitol at the same concentration. The
chromatogram for the mixed sample is shown in Figure 3.3. From the repeated measurements
of the mix a mean resolution of 1.1 for the xylitol and the sorbitol/mannitol peak was

determined (n=4, calculated by full width at half maximum (W), see Equation 3.1)

tr(Xylitol)— tp(Sorbitol,Mannitol
R =118 x —R&ltoD= tr( ) (3.1)

Wy sg(Xylitol)+ Wy sy(Sorbitol,Mannitol)

To evaluate the influence of the coelution on the §'3C values for xylitol a two-sample F-test
was conducted. At a significance level of a=0.01 there is no evidence that the obtained 0'3C
value for xylitol measured as a single standard differs from the determined 6*3C value in the

mixture. During the measurement of the 21 different chewing gum samples no other
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constituents of the chewing gum could be identified that interfered with the separation of

xylitol from the sample matrix.
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Figure 3.3: Chromatogram obtained for the separation of 50 mg L of maltitol, xylitol, mannitol and

sorbitol

3.4.3 Measurement of xylitol extracted from chewing gum samples

The extraction procedure developed for the CSIA of xylitol analysis by LC-IRMS offers two main
advantages. On the one hand, it is preferable to a preparative separation of xylitol from the
matrix and subsequent EA measurement as it saves time and offers less risk for fractionation
processes that could occur during the purification of the analyte for analysis by EA-IRMS. On
the other hand, the extraction procedure can easily be adapted to varying xylitol
concentrations in the chewing gum as the last dilution step can be reduced to obtain up to 50
times higher xylitol end concentrations in the extract. The analysis of xylitol is thereby only
limited if a large excess of sorbitol or mannitol is present in the sample. Higher concentrations
of mannitol and sorbitol in comparison to xylitol were found to reduce the precision of the
measurement. The observed standard deviations were usually lower than 0.3 %o for the
majority of samples containing less than a threefold excess of sorbitol and mannitol (fraction

of the obtained peak areas) over xylitol. Considerably higher standard deviations were
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observed for samples with relatively low xylitol concentrations in relation to the sorbitol and
mannitol (ratio of sorbitol/mannitol to xylitol between 4.0 and 7.1). In these cases standard
deviations from 1.1 to 2.4 %o (e.g. samples MRO, MRE, MFO and SMP) were observed. The
precision was found to be generally sufficient though for a reliable classification in one of the
two categories of origin as the 4'3C between corn and wood based xylitol observed is around
10 %o which has also been demonstrated in a larger set of EA measurements in the
literature.'® To statistically evaluate the results and establish threshold values for the C3 and
C4 xylitol classes, a one-sided t-test was performed with the results obtained for the triplicate
measurements of each chewing gum extract. With an error probability of a=0.01, 0*3C values
below -18.0 %o can be identified to be of C3 origin, whereas isotopic signatures above -15.3 %o
are related to C4 plant material. (Calculation of the threshold values can be found in the
supporting information) Chewing gum MWH was the only sample showing an intermediate
013C value between the two threshold values for xylitol, which could be the result of a mixture

of xylitol from different sources used in the production.

As already expected from the list of ingredients the composition of the chewing gums with
respect to the ratio of xylitol to the other sweeteners was highly variable. From the set of 21
chewing gums that claimed xylitol as an ingredient, 2 samples were found to contain no xylitol
or only very low amounts that could not be determined due to the large excess of the
remaining sweeteners. For the remaining 19 chewing gum samples compound specific 5*3C
values for xylitol could be determined. An overview of the results obtained is given in
Figure 3.4. With the exception of one sample, all of the analyzed chewing gums fall into two
clusters representing the values for C3 and C4 derived xylitol determined by EA-IRMS in this

study and in the literature.1*?

The 6*3C values obtained for xylitol of C4 origin and the four chewing gum samples which were
suspected to contain xylitol of C4 origin were within the §3C range for C4 plant material
commonly observed in literature (-9 to -16 %o). However, the values obtained for C3 derived
xylitol cannot be clearly related to the commonly observed J'3C values for the raw plant
material used (-22 to -35 %eo). The reported 6*3C values for the raw wood material is more
negative than the measured 63C values for pure xylitol and the extracted xylitol from the

chewing gums.
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Figure 3.4: 03C values measured from chewing gum extracts; error bars indicate the standard
deviation of the measurement (n=3); grey areas indicate the literature ranges observed for C3 and C4
plants; dotted lines represent the §'3C value measured for pure birch and corn xylitol and threshold

values for the differentiation between xylitol of C3 and C4 origin

Isotope data for corn cobs and husks are reported in the range from -11.6 to -13.2 %0 whereas
birch wood was shown to have average 6'3C values around -27 %.14%14” The observed offset
of around 7 %o between the wood xylitol and the raw material cannot easily be explained by
the manufacturing process of xylitol as this should result in a comparable shift from C4 plant
material to the respective end product. However, Symes et al., (2017) observed a similar trend
for the 0'3C values of C3 derived xylitol measured as bulk samples by EA-IRMS. By analyzing
different size fractions of xylitol crystals, it was proven that the obtained values were not a
result of the mixture of xylitol from different sources.'*® It was also suspected that
adulteration with undeclared additives could be responsible for the overall higher 6'3C value
of the xylitol compared to the source, which can be excluded due to the results obtained in
this study by CSIA in which possible adulterants would have been separated from the xylitol
and the observed trend was still present. Symes et al., (2017) also determined 6*3C values for
xylose samples of C3 and C4 origin and found that the isotopic signature of the xylose was
similar to the xylitol, so that a fractionation process during the hydrogenation of the xylose
could be excluded. From these results, it can be concluded that the offset of the observed 6'3C
values has to be a result of the extraction of the xylans from wood, or the hydrolysis of the
xylan to xylose. From results obtained in tree ring studies by SIA, which can be used as a
paleothermometer, it has been shown that the lignin fraction of the wood is usually around

3 %o lighter than the cellulose fraction.'#®14° Although hemicelluloses or xylan have not been

39



included in these measurements, there is a high possibility that the hemicellulose fraction also
significantly differs from the mean 6%3C value of the whole wood, which could be an
explanation of the shift observed for the xylitol. To corroborate this hypothesis it would be
necessary to measure isotopic data for the hemicellulose extract as well as for the xylan, which
has not been performed until now. Such investigations are currently under way but are out of
scope of this study that focused on the source authentication of xylitol rather than explaining
isotope shifts in the hemicellulose biosynthesis. In conclusion, real chewing gum samples
could be analyzed successfully for their source of xylitol with a very simple sample
preparation, which gives another example for the opportunities of LC-IRMS in the field of food

authenticity.
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3.5 Appendix to Chapter 3

Setting a threshold for assigning an unknown xylitol sample to wood or corn origin

For the calculation of the one-sided prediction intervals as threshold values for a decision
between C3 and C4 based xylitol, the values of the single measurements (n=3 for each sample)
shown in Figure 3.4 for the xylitol extracted from chewing gum were used (Except for gum
MWH which showed intermediate 6*3C values between C3 and C4) to calculate the lower,

respectively the upper limit of these confidence intervals as given by:

13 — S130
6 Ccorn, lower — 6 Ccorn ta,df X Scorn X

513Cwood, upper — 613Cwood + ta,df X Swood X 1+ !
Nwood
613C.orn mean &'3C of samples from corn origin
513Cho0d mean &'3C of samples from wood origin
Neorn number of samples from corn origin
Nwood number of samples from wood origin
Scorn standard deviation of 6*3C values from corn samples
Swood standard deviation of 6*3C values from wood samples
taaf t value for a given confidence level 1-a and n-1 degrees of freedom

Setting a = 0.01 the following results were calculated:

Limit of the confidence
13

o°C 3 n df too: interval (%o)
Wood (C3) -20.69 1.08 39 38 2.428 -18.03

Corn (C4) -11.11 1.54 15 14 2.624 -15.29

The threshold values for origin assignment: If the §*3C for xylitol in an unknown sample falls
below -18.03 %0 a wood origin can be assumed accepting an a of 0.01. In contrast a value of
an unknown sample above -15.29 %o can be assumed to be of C4 plant or corn origin accepting

an a error of 0.01.
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Chapter 4: New concepts for the determination of oxidation efficiencies in
liquid chromatography isotope ratio mass spectrometry

Daniel Kdster?, Irene M. Sanchez Villalobos?!, Maik A. Jochmann™,Willi A. Brand?, Torsten C.

Schmidt!3

YInstrumental Analytical Chemistry, University of Duisburg-Essen, Universitatsstr. 5, 45141

Essen, Germany

2Max Planck Institute for Biogeochemistry, Hans-Kndll-Str. 10, 07745 Jena, Germany

3University of Duisburg-Essen, Centre for Water and Environmental Research (ZWU)

Universitatsstr. 5, 45141 Essen, Germany

Adapted with permission from: D. Koster, I.M. Sanchez Villalobos, M.A. Jochmann, W.A.
Brand, T.C. Schmidt, New Concepts for the Determination of Oxidation Efficiencies in Liquid
Chromatography-Isotope Ratio Mass Spectrometry, Analytical Chemistry, 91 (8), pp. 5067—
5073, https://pubs.acs.org/doi/10.1021/acs.analchem.8b05315, further permissions related

to the material excerpted should be directed to the ACS directly

43


https://www.scopus.com/record/display.uri?eid=2-s2.0-85064148869&origin=resultslist&sort=plf-f&src=s&sid=693db43ab175a465e087a5656958712f&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2857200937070%29&relpos=3&citeCnt=0&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85064148869&origin=resultslist&sort=plf-f&src=s&sid=693db43ab175a465e087a5656958712f&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2857200937070%29&relpos=3&citeCnt=0&searchTerm=

4.1 Abstract

In liquid chromatography coupled to isotope ratio mass spectrometry (LC-IRMS), analytes are
separated on a LC system and consecutively oxidized to CO, which is required for the
determination of compound specific carbon isotope ratios. Oxidation is performed in an online
reactor by sulfate radicals. Reaction conditions in the interface depend on the flow conditions
determined by the LC method and the flow rates and concentrations of oxidation agent and
phosphoric acid added in the interface. To determine accurate isotope ratios, a quantitative
conversion of the carbon contained in the analyte to the CO, measurement gas is a
prerequisite. Oxidation efficiencies are not commonly evaluated during method development,
although certain analytes are known to be difficult to be oxidized by sulfate radicals. For the
assessment of the oxidation efficiency of the LC-IRMS system, three different approaches
were evaluated. (1) Residual organic carbon in the eluent stream of the interface was
determined to calculate oxidation yields depending on the initial analyte concentration. (2)
The IRMS response was calibrated to an inorganic carbon reference material to determine
oxidation efficiencies with the help of the IRMS as a detector. (3) The oxidation temperature
was deliberately reduced while monitoring the 6*3C and signal intensity. The common
assumption, that a linear relation of IRMS signal to analyte concentration is an indicator for
complete oxidation in LC-IRMS could be disproved. All three approaches can be applied for
future method development in LC-IRMS, monitoring of existing flow-injection applications, as

well as for verification of complete oxidation in established LC-IRMS methods.
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4.2 Introduction

Liquid chromatography coupled to isotope ratio mass spectrometry (LC-IRMS) is a technique
for the compound specific determination of carbon isotope ratios from small, polar or
temperature sensitive organic molecules as well as from inorganic carbon.”® It has found many
applications mainly for food authentication®# >® 19 compound specific amino acid analysis
from various protein sources® 150 and the analysis of dissolved organic and inorganic
carbon in water samples (DOC, DIC).8% ¥>1 For compound specific isotope analysis (CSIA) at
natural abundance levels, the analytes have to be chromatographically separated and
transformed to a measurement gas which is introduced into a specific gas-isotope ratio mass

spectrometer.>?

Different approaches for the combination of liquid chromatography (LC) and isotope ratio
mass spectrometry (IRMS) have been described in the literature, where the most challenging
part is the conversion of the analyte to CO, and the removal of the CO; from the liquid HPLC
eluent stream. Methods employing high temperature catalytic conversion by a moving wire
interface and high temperature microwave plasma have been successfully developed, but are
not available in commercial instruments.3® 4 142 153 Another high temperature catalytic
conversion principle (based on an elemental analyzer (EA)) has recently been shown to be
applicable to the flow injection analysis (FIA) for nitrogen and carbon isotope ratios, but
applications for chromatographic separations of real samples are not yet available.*® The two
commercially distributed interfaces for CSIA via LC-IRMS are the IsoLink® (Thermo Fisher,
Bremen, Germany) and the LiquiFace® (Elementar Analysensysteme, Hanau, Germany). Both
systems use a wet chemical oxidation in the HPLC eluent stream for the analyte oxidation and
a subsequent separation of the produced CO, via a membrane gas separation unit into a
counter flow of helium which is transferred to the mass spectrometer.3¢ 1> Oxidation of the
analytes is achieved by the addition of peroxydisulfate salts (M;S.0s) and phosphoric acid into
the HPLC eluent. The mixture is passed through a heated oxidation reactor, where in situ
generated sulfate radicals unselectively oxidize the available carbon to CO;. The low pH of the
eluent facilitates the membrane separation of CO; from the liquid stream into a helium carrier

gas that transports the CO; to the mass spectrometer.

The oxidation efficiency of analytes in the LC-IRMS interface depends on several boundary

conditions. The residence time in the reactor is determined by the combined flow rates of the
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HPLC, the oxidation reagent, and the acid which are delivered by three independent pumps.
The second factor is the relative concentration of the analyte to the oxidation agent. It has
been shown that there is an upper concentration limit above which the relationship between
the injected amount of carbon and the peak area response of the IRMS is not linear anymore.
By reducing the amount of analyte or increasing the concentration of the oxidation agent, the
linear relationship could be restored.3® The molecular composition of the analyte can also
negatively affects the mineralization efficiency, this has been shown for halogenated
structures, which were analyzed in chlorinated, fluorinated, and brominated acetic acids as
well as for chlorinated and brominated benzoates.®¥ 1>> In addition, nitrogen heteroaromatic
compounds and urea were found to be oxidized incompletely.*> 136157 Besides the negative
effect of incomplete oxidation on the sensitivity, the obtained *3C values in LC-IRMS were
found to significantly deviate from reference values obtained by EA-IRMS for some analytes
even after normalization.3> 4> 157 |n theory, the offset between different techniques can be
compensated by identical treatment of the analyte and reference material.? But incomplete
oxidation in LC-IRMS can lead to offsets that cannot be reliably corrected for by this technique

as will be discussed later on.

In current publications, the oxidation conditions suitable for a certain combination of analytes
and flow conditions in the interface are based on two approaches. The first approach is to
monitor the oxygen background that is produced during the oxidation process, which is also
recommended by the manufacturer.4% 15815 The second approach is to determine calibration
functions of the injected analyte concentration compared to the signal obtained by the IRMS
system. In several publications it has been suggested that a linear correlation can be used as
an indicator for a complete conversion.®® 169-161 Besides these approaches, a short review of
52 published methods for LC-IRMS and FIA-IRMS using the IsoLink® interface showed that the
choice of oxidation conditions (concentration of oxidizing agent present in the reactor) is not
dependent on the employed HPLC conditions (Figure 4.1). Oxidation agent concentration in
the reactor is often lower when higher eluent flow rates are used in the system, which
additionally reduces the oxidation efficiency by a decreased residence time in the oxidation

reactor. A detailed comparison of the individual methods is supplied in Table 4.1.
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Table 4.1: Oxidation conditions published for different LC-IRMS applications

HPLC Flow Flow Acid Flow Ox. - Conc. Ox. Conc. Acid System Conc. Ox. Reaction
Year Author Method -~ . , MAgent/ Agent/ 1 Flow/puL AgentFlow _, Source
/puLmin®  /uL min uL min‘t mol L / mol L min‘t / mmol L Time /s

2004 Krummen et al. CSIA/FIA 300 60/80/100 - - - - - - 36
2005 Godinetal. CSIA 250 50 50 0.50 1.0 350 71.4 34 %
2006 Cabaiieroetal. CSIA 400 50 50 0.50 0.5 500 50.0 24 54
2006 Heuer etal. CSIA 300 30 30 1.26 2.2 360 105.0 33 o
CSIA 500 50 70 1.26 2.2 620 142.3 19 78
2006 McCullagh et al. CSIA 700 30 30 0.8 1.7 760 31.6 15 e
2007 Schierbeek et al. CSIA 500 30 30 0.84 1.5 560 45.0 21 74
2008 Boschker et al. CSIA 300 50 50 0.70 1.5 400 87.5 29 =3
2008 Elflein & Raezke CSIA 300 50 50 0.50 0.5 400 62.5 29 94
2008 Godinetal. CSIA/FIA 220 50 50 0.50 1.00 320 78.1 37 o2
2008 Godinetal. CSIA/FIA 300 50 50 0.50 1.00 400 62.5 29 160
2008 McCullagh et al. CSIA 600 - - 0.80 1.5 - - - £
2008 Tagami & Uchida CSIA 400 50 50 0.84 1.5 500 84.0 24 161
2009 Bodéetal. CSIA/FIA 400 70 40 0.40 1.5 510 31.4 23 e
2009 Brandes FIA 300 50 0 0.00 1.5 350 - 34 151
2009 Jochmann et al. FIA 300 50 50 0.80 1.5 400 100.0 29 e
2009 Schierbeek et al. CSIA 300 50 50 0.70 1.5 400 87.5 29 51
2009 Schierbeek et al. CSIA 500 25 25 0.84 1.5 550 38.2 21 ®
2009 Smithetal. CSIA 500 50 50 0.26 1.28 600 21.7 20 58
600 50 50 0.26 1.28 700 18.6 17 e
2010 Cabaiieroetal. CSIA 400 30 20 0.50 0.5 450 22.2 26 =
2010 Choy et al. CSIA 700 - - - - - - - £
2010 Raghavanetal. CSIA 260 - - 0.37 1.5 - - - &
2011 Albéric FIA 300 50 40 0.4 1.5 390 41.0 30 2
FIA 300 50 35 0.4 1.5 385 36.4 31 84
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., FlowOx. Conc. Ox. . System Conc. Ox. .
Year Author Method HPLC FI.O‘_’;’ Flow A.CI_(: Agent/ Agent/ Conc. Ac_lld F|ZW/ uL  Agent Flow Rt_eactlon Source
/uL min®  / uL min uLmin?  mol L / mol L min-t / mmol Lt Time /s

2011 Dunnetal. CSIA - - - - - - - - 67
2011 Godinetal. CSIA 350 50 50 - - 450 - 26 Loz
2011 Lynchetal. CSIA - - - 0.84 1.5 - - - 163
2011 Pollard et al. CSIA - - - 0.37 1.5 - - - Los
2011 Zhangetal. CSIA 500 50 50 0.83 1.5 600 69.2 20 3
2012 Kujawinski et al. CSIA 500 50 50 0.84 1.5 600 70.0 20 E
2012 Scheibe et al. CSIA 500 50 30 0.55 1.5 580 28.4 20 8
2013 Baietal. CSIA 400 70 40 0.40 1.5 510 314 23 EL
2013 Basler & Dyckmans CSIA 250 30 30 0.8 1.5 310 77.4 38 159
2013 Blythetal. FIA 300 20 20 0.13 1.28 340 7.6 35 7
2013 Blythetal. FIA 300 20 20 0.13 1.28 340 7.6 35 72
2013 Kujawinski et al. CSIA 500 50 50 0.84 1.50 600 70.0 20 A
300 50 50 0.84 1.5 400 105.0 29 165
2013 Malik & Gleixner CSIA 500 50 30 0.55 1.5 580 28.4 20 £
2013 Malik et al. CSIA 500 50 30 0.55 1.5 580 28.4 20 166
2014 Gilevska et al. FIA 300 50 50 0.84 1.5 400 105.0 29 oo
300 100 100 0.84 1.5 500 168.0 24 155
300 50 50 1.68 1.5 400 210.1 29 oo
200 50 50 0.84 1.5 300 140.0 39 155
2014 Hattonetal. CSIA 400 70 40 0.40 1.5 510 314 23 £3
2014 Moerdijk-Poortvliet et al.  CSIA 300 50 50 0.70 1.5 400 87.5 29 167
CSIA 700 30 30 0.8 1.7 760 31.6 15 Lo
2014 Moerdijk-Poortvliet etal.  CSIA 500 50 50 0.70 1.5 600 58.3 20 168
2014 Zhangetal. CSIA 500 50 30 0.83 1.5 580 42.9 20 3
2005 Grosse et al. CSIA 300 50 50 0.70 1.5 400 87.5 29 169
CSIA 700 30 30 0.8 1.7 760 31.6 15 o2
2015 Moerdijk-Poortvliet et al.  CSIA 300 - - - - - - - 170
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., FlowOx. Conc. Ox. . System Conc. Ox. .
Year Author Method HPLC FI.O‘_’;’ Flow A.CI_(: Agent/ Agent/ Conc. Ac_lld F|ZW/ uL  Agent Flow Rt_eactlon Source
/uL min®  / uL min uLmin?  mol L / mol L min-t / mmol Lt Time /s

2015 Mogusu et al. CSIA 300 50 50 0.84 1.5 400 105.0 29 3

300 50 50 0.42 1.5 400 52.5 29 33
2015 Birkigt et al. CSIA 300 100 100 0.84 1.5 500 168.0 24 71

500 100 100 0.84 1.5 700 120.0 17 7
2015 Bononietal. CSIA 300 50 30 1.5 1.5 380 118.4 31 102
2016 Bononietal. CSIA 300 50 30 1.5 1.5 380 118.4 31 e
2016 Dongetal. CSIA 350 50 50 0.50 0.5 450 55.6 26 %
2016 Luoetal. CSIA - - - 0.50 0.5 - - - 28
2016 Weietal. CSIA 400 50 50 - - 500 - 24 60
2017 Moraetal. CSIA - - - - - - - - =
2017 Powersetal. FIA - - - - - - - - 86
2017 Powersetal. FIA 350 50 - - 1.5 400 - 29 87
2018 Dongetal. CSIA 350 50 50 0.5 0.5 450 55.6 26 97
2018 Franke et al. CSIA 200 75 75 0.84 1.5 350 180.0 34 bl
2018 Koster et al. CSIA 600 50 50 0.42 1.5 700 30.0 17 56
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Figure 4.1: Oxidation conditions in 52 published LC-IRMS and FIA-IRMS methods for the IsoLink®
interface; System flow rates are the combination of the HPLC and the two interface pumps;
Concentration of the oxidation agent was based on the total flow rate in the instrument and the flow

rate and concentration of the oxidation agent

High concentrations of oxidation agent are beneficial to a certain point for the oxidation
efficiency, but they lead to an increased O, background in the ion source. This results in a
decreased accuracy and precision of the 0'3C measurements, a reduced filament lifetime, and
shorter maintenance cycles.*® 73 To overcome this problem, Hettmann et al. (2007) introduced
an oxygen scrubber to the LC-IRMS setup which removes excess oxygen before entering the
IRMS.*¢ Their copper reduction reactor setup was successfully used in several studies.% 8 8
155 The oxygen scrubber has not yet been commercialized, so the majority of users have to
limit the oxygen production in the system to a reasonable level while maintaining sufficient
oxidation capacity. Therefore, a series of experiments was carried out to evaluate different
approaches to detect incomplete oxidation in the LC-IRMS interface. Conditions under which
the concentration of oxidation agent in the system could potentially be decreased should be
identified to reduce the O, background and increase the time period between filament
replacements. The mineralization efficiency in the interface cannot easily be determined from
standard LC-IRMS measurements as the instrument response depends on the gas exchange in

the membrane separation unit as well as dilution in the open split system of the IRMS. To

overcome this problem, three different approaches are evaluated in this work (Figure 4.2).
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Figure 4.2: Instrumental setup for the infusion experiments with subsequent TOC measurement (a);

the flow injection experiments (b); and the conventional HPLC-IRMS approach (c)

The first one is the external measurement of the remaining total organic carbon (TOC) in the
aqueous effluent of the oxidation reactor in the LC-IRMS interface by a TOC analyzer. This
should allow a determination of the mineralization yield independently of the IRMS as a
detector. In a second approach, the response of the LC-IRMS setup is calibrated with an
inorganic carbon reference material. This can be used as a reference for a complete
mineralization and subsequent calibration of the IRMS response to obtain mineralization rates
for other analytes. The third method is the deliberate reduction of the oxidation efficiency in
the interface by a stepwise reduced oxidation temperature. Subsequently the three methods
will be compared with regard to their potential to detect inefficient oxidation conditions in LC-

IRMS methods and to their applicability in the method development.

4.3 Materials and Methods

4.3.1 Chemicals and Reagents

Ultrapure water for the mobile phase of the HPLC was obtained from an ELGA Purelab Ultra
(Veolia Water Technologies, Ratingen, Germany) system, degassed under vacuum
(Membrane pump, Vacuubrand GmbH & Co., Wertheim, Germany) and simultaneously
treated by an ultrasonic bath (Sonorex RK 100, Bandelin Electronic, Berlin, Germany) for
20 min. During the LC-IMRS measurements the mobile phase and the reagents used in the LC
interface were continuously sparged by a low stream of helium. (purity 5.0, Air Liquide,
Oberhausen, Germany) For the oxidation, sodium peroxydisulfate (99 %, Riedel-de Haén,
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Seelze, Germany) and ortho-phosphoric acid (85 %, p.a., Merck KGaA, Darmstadt, Germany)
were used. Standards for TOC and dissolved inorganic carbon (DIC) were obtained from Sigma
Aldrich (1000 *+ 10 mg L (C), Steinheim, Germany). Methylene blue (Merck KGaA, Darmstadt,
Germany) was used for the determination of the reactor volume of the LC-IRMS interface.
Chemicals used for the oxidation: Caffeine (Reagent Plus), vanillin (Reagent Plus, 99 %), D-(+)-
Glucose (Purity 299 %) were obtained from Sigma Aldrich (Steinheim, Germany) as well as
phenylalanine (Purity 99 %), and histidine (Purity 98+ %) from Alfa Aesar (Karlsruhe, Germany),
methanol (UHPLC-MS Optima, Fisher Chemical, Schwerte, Germany) and xylitol from Fluka

(Buchs, Switzerland).

4.3.2 Infusion Experiments

A constant stream of analyte solution at different concentrations was delivered by a Rheos
Allegro HPLC pump (Flux instruments AG, Basel, Switzerland) directly to the IsoLink® interface
(Thermo Fisher Scientific, Bremen, Germany). Sodium peroxydisulfate (0.84 mol L) and
phosphoric acid (1.50 mol L™!) were added at a flow rate of 50 puL min each, the oxidation
was performed at 100 °C. After the oxidation reactor, the connection to the gas separation
unit was replaced by a peek capillary that led to a cooled sample vessel. Approximately 10 mL
of the eluate were collected for the TOC measurement. Remaining organic carbon was
determined on a TOC-L analyzer (Shimadzu, Duisburg, Germany). Residual dissolved CO; was
removed from the sample by sparging with synthetic air (80 mL min™, 3 min). 50 pL of the
sample were injected into an oxidation tube filled with platinum coated ceramic particles

heated to 720 °C.

4.3.3 Flow injection analysis with DIC calibration

Degassed water with a flow rate of 600 pL min't was used as the mobile phase which was
delivered by a Dionex UltiMate 3000 pump and degassing unit (both Thermo Fisher Scientific,
Bremen, Germany). Sample volumes of 5 pL were injected using a Dionex UltiMate 3000
autosampler unit (Thermo Fisher Scientific, Bremen, Germany). In the LC-IRMS interface,
sodium peroxydisulfate (0.42 mol L™!) and phosphoric acid (1.0 mol L") were added at a flow
rate of 50 puL min each. The oxidation was performed at 100 °C. For the calibration of the

amount of oxidized carbon, dilutions of a certified DIC reference standard solution were used.
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4.3.4 LC-IRMS oxidation temperature variation

Experiments were performed with the LC-IRMS setup described for the flow injection
experiments. Analytes were separated on a Waters XBridge C18 (3.0 x 100 mm, 3.5 um)
column (Waters, Eschborn, Germany) at 80 °C column temperature. The oxidation conditions
were tested at three different concentration and flow conditions. The first one used a HPLC
flow of 500 pL min! water combined with 50 pL mint of 0.84 M NayS5;0s solution and
50 puL mint of 1.5 M H3POa. For the second set of experiments, the flow rates were kept
constant, but the concentration of the oxidation agent was reduced to 0.42 M. For the third
setup, the total flow rate was reduced to 300 pL min-t. The HPLC flow was set to 200 pL min!
and the interface pumps were set to 50 uL min! each. The concentration of the oxidation
agent and the acid were reduced by a factor of two (0.21 M Na;S,0s; 0.75 M H3PQO4) to obtain
equal concentrations of oxidation agent and acid in the reactor between setup two and three.
Within these three setups, the oxidation temperature was reduced stepwise from the initially
100 °C to 75 °C in order to lower the oxidation efficiency and monitor the effect on the

obtained peak areas and §%3C values.

4.4 Results and Discussion

4.4.1 Choice of oxidation agent for the use in the LC-IRMS system

The oxidation agents recommended for the use in the LC-IRMS interface are the sodium,
potassium, and ammonium persulfate salts.>® Although ammonium and potassium persulfate
have been used in the literature3® 172, the sodium salt offers two main advantages. The first
one being the solubility, at 20 °C the solubility of ammonium and sodium persulfate are
2.5 mol L'! and 2.3 mol L? respectively, whereas the solubility of potassium persulfate is
0.17 mol L1173 This means, that for the potassium salt, higher flow rates have to be added to
the HPLC eluent in the interface to achieve equivalent oxidation agent concentrations
compared to the sodium and ammonium salt. This reduces the residence time in the oxidation
reactor and therefore the oxidation efficiency. Ammonium persulfate has the disadvantage
that the ammonium itself reacts with persulfate radicals to form nitrate in aqueous solutions
(see 4.6 Appendix to Chapter 4). This process competes for sulfate radicals with the organic
carbon of the analytes. Therefore sodium persulfate offers the best potential for the

application in the interface and is used in the majority of published methods.
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4.4.2 Reaction time and system flow rate

To compare the influence of different instrumental conditions on the oxidation, the relation
of the total flow rate and the reaction time has to be considered. Many publications compare
the peak area obtained for a specific analyte under different flow conditions, e.g. an increase
of the oxidation agent flow from 50 uL min? to 100 pL minl. Thereby the oxidation is
improved, as the concentration of sulfate radicals will be increased, but the reaction time in
the oxidation reactor and the residence time in the gas separation unit are simultaneously
decreased. This interdependence of the different parameters makes it almost impossible to
interpret the changes for example in the peak area obtained for the generated CO; which are
observed. To determine the reaction time at different flow rates, a colored marker solution
was manually injected via the six port valve of the interface. The connection between the
oxidation reactor and the gas separation unit was opened, and the time until the marker
appeared at the end of the oxidation reactor was measured. The volume of the oxidation
reactor was calculated with the help of the flow rate and the residence time and was in good
agreement with the volume of 196 mm?3 given by the manufacturer (the volume of the tubing
from the 6-port valve to the oxidation reactor was subtracted from the result). The estimated
reaction times based on common flow rate combinations used in the interface are given in

Table 4.2.
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Table 4.2: Calculation of the residence time of the analytes in the IsoLink® oxidation reactor at different

interface and HPLC flow conditions based on a reactor volume of 196 mm?3

HPLC flow Interface pumps Residence time
/ uL min? / UL mint oxidation reactor / s
200 50 47
80 42
100 39
300 50 34
80 31
100 29
400 50 26
80 25
100 24
500 50 21
80 20
100 20
600 50 18
80 17
100 17

4.4.3 Infusion with following TOC analysis

This experimental setup offers the advantage that the oxidation in the system can be
monitored without the effects of the gas separation of the interface as the TOC is determined
on a separate instrument. Oxidation rates were calculated based on the initial concentration
of the analyte and the individual flow rates of the HPLC pump and the two interface pumps.
For this approach, the flow conditions in the interface have to be precisely known as incorrect
flow rates would lead to systematic errors in the calculation. The volume delivered by each
pump, as well as the combination of all three pumps were checked gravimetrically by pumping
water for a defined time span and consecutive calculation of the delivered volumes. The flow
rates of the interface pumps had to be adjusted slightly as the pumps delivered lower flow
rates than indicated by the software. Finally, a standard with known organic carbon
concentration was pumped via the HPLC system and diluted in the interface by water
delivered from the two interface pumps, the eluent stream was collected after the inactive
oxidation reactor and the carbon concentration was determined using the TOC analyzer. The
carbon concentrations calculated based on the initial sample concentration and the dilution
in the interface matched the results obtained by the TOC from the sample collected after the
oxidation reactor (e.g. at 300 mg L caffeine introduced into the interface, 296.0 + 6.9 mg L!

were recovered). With the precise knowledge of the flow conditions in the interface, analyte
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solutions of different concentrations were infused by the HPLC pump at a fixed flow rate and
oxidized at constant conditions regarding the Na;S,0s and H3PO4 concentrations present in
the oxidation reactor. Caffeine was chosen as a model compound that contains N-
heteroaromatic ring systems and has also been previously studied by LC-IRMS. The general
oxidation conditions were chosen to represent those used by Zhang et al. (2012).1! Caffeine
concentrations were analyzed in a range from 20 to 400 mg L. The decrease in carbon
concentration due to the oxidation process was determined as the difference between the
diluted initial concentration (addition of oxidation agent and acid have to be considered) and
the carbon concentration measured after the oxidation by TOC analysis. This difference
between the initial and the remaining carbon concentration after oxidation is equivalent to
the amount of oxidized carbon which would normally be measured by the IRMS after the gas
separation unit (assuming 100 % gas transfer across the membrane). In Figure 4.3a, the
relationship between the oxidized carbon and the initial caffeine concentration is shown in
the range from 20 to 400 mg L. A linear relationship between the oxidized carbon and the
initial carbon concentration was found in the range of 20 to 80 mg L caffeine, with a
correlation coefficient of 0.997. With increasing caffeine concentrations, the amount of
oxidized carbon is decreasing and finally falling below the values obtained for the lower
analyte concentrations. This can be explained by the decreasing ratio of oxidation agent per
analyte molecule. As can be seen in Figure 4.3b, the percentage of oxidized carbon is almost
constant if an excess of >200 mol oxidation agent per mole analyte molecules is initially
present. If the ratio of oxidation agent to analyte is falling below this threshold, the oxidation
is not as efficient and does not lead to CO, as a main mineralization product that can be
separated from the liquid sample. The overall yield of carbon that was mineralized to CO; did
not exceed 70 %. This shows that no direct conclusion from a linear correlation of the oxidized
carbon (equivalent to the peak area for IRMS measurements) and the amount of introduced

carbon can be drawn.
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Figure 4.3: Infusion and oxidation of different concentration levels of caffeine under identical oxidation
conditions with measurement of the remaining organic carbon after oxidation. a) Correlation of the
oxidized carbon in relation to the initially introduced analyte concentration; b) Molar ratio of oxidation
agent to the analyte concentration in relation to the oxidation efficiency; Error bars indicate 99 %

confidence intervals after Gaussian error propagation for the carbon fractions

In comparison to the results obtained by Zhang et al. (2012), which showed a linear
relationship between the IRMS peak area and the caffeine concentration up to 400 mg L™
under identical oxidation conditions, the linear range observed for the infusion setup is
smaller.1°! This is due to the fact that the constant introduction of the analyte by infusion is
not directly comparable to the transfer of the analyte in a Gaussian peak shape concentration
profile as in LC-IRMS. As a result of the diffusion and peak broadening in the HPLC and during
the transfer from the column into the reactor, the ratio of oxidation agent to analyte is higher
than in the infusion experiment. Therefore, the oxidation efficiency for a given experimental
setup is underestimated by the infusion approach compared to LC-IRMS. To incorporate
chromatographic conditions into the assessment of the oxidation efficiency, flow injection
analysis with a calibration via injections of dissolved inorganic carbon (DIC) was performed.
Nevertheless, the infusion setup offers the advantage that eluent of the oxidation reactor can
be transferred to other analytical platforms such as ion chromatography for the monitoring of

ammonium and nitrate formation as oxidation products from N-containing analytes.'’*

4.4.4 FIA with comparison to DIC standards

With the help of a calibration of the LC-IRMS response to injections of inorganic carbon
standards, oxidation rates can be calculated based on the IRMS response for different organic

analytes under the same conditions. As the conversion of the inorganic carbon is not
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dependent on the oxidation conditions, but only on the pH in the system, the response of the
DIC standard can be assumed to quantitatively represent the amount of injected carbon. The
calibration for the DIC was performed in a range from 50 to 250 mg L carbon. The linear
regression showed a good correlation (R?=0.9997) and a slope of 0.460 V s L mg, which can
be used as a measure for the sensitivity of the instrument. The linearity of the DIC
measurement was checked at three different flow rates for concentrations in the rage from

100 to 900 mg L (C) (Figure 4.4).
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Figure 4.4: Linearity of the obtained peak areas by IRMS in relation to the injected DIC concentration.
Flow injection experiments were carried out at three different system flow conditions: (system flow of
300 pL mint: 200 pL min* HPLC, 50 pL min? oxidation agent, 50 puL min H3PQ,), (system flow of
500 puL mint: 400 pL min HPLC, 50 uL min? oxidation agent, 50 pL min? HsPO,), (system flow of
700 puL min: 600 puL min*HPLC, 50 pL min* oxidation agent, 50 uL min™ H3POy)

A set of five common LC-IRMS analytes were selected and standard solutions of equal carbon
concentrations were measured using flow injection at identical interface conditions. From the
results presented in Figure 4.5 it can be observed, that linear regressions with high correlation
coefficients could be obtained for all analytes except for vanillin where the highest
concentration level deviated from the linear trend. For vanillin, glucose, and phenylalanine
oxidation rates of almost 100 % were determined for the lower analyte concentrations. For
these three compounds, a slight decrease in the oxidation rates was observed with increasing
concentrations. With the exception of vanillin, the decrease in oxidation efficiency did not
result in a reduced correlation. For caffeine and histidine, the oxidation efficiency for the

lowest concentration was 72.6 +1.9% and 87.2 £ 0.4 % respectively. The percentage of
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oxidized carbon dropped to 59.3 +0.7 % for caffeine and 81.1 +0.6 % for histidine with
increasing concentrations. Nevertheless, the correlations between the injected amount of
carbon and the IRMS peak area were completely linear over the given concentration range.
The only indicator for an incomplete oxidation is the decreased slope for the obtained

regression lines compared to the DIC measurements.
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Figure 4.5: Flow injection of common LC-IRMS analytes at identical oxidation conditions and varying
concentrations; circles indicate the peak area obtained by IRMS, horizontal bars correspond to the
calculated oxidation efficiency compared to the DIC reference measurement. Flow rate HPLC,
600 pL mint, Na,5,05(0.42 M, 50 puL min), H3PO4 (1 M, 50 pL mint). Error bars might be smaller than

the symbols (99 % confidence intervals)

59



For the easier oxidizable compounds such as vanillin, glucose, and phenylalanine, the slope of
the regression line is only slightly smaller than for the DIC standard, whereas the slopes for
caffeine and histidine are significantly lower. These results support the hypothesis that
compounds with C-N double bonds and N-heteroaromatic systems are only partially oxidized
under standard LC-IRMS conditions>®157 which can result in systematic differences for §*3C
values obtained by EA-IRMS and LC-IRMS due to incomplete conversion.* 8 157 The setup
offers advantages over the direct infusion method, as the IRMS can be used for detection and
no modifications to the instrument have to be made. The resulting 6*3C values obtained for
each concentration level did not show a significant trend (within + 0.5 %o range) although

differences in the oxidation efficiency were observed (Figure 4.6).
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Figure 4.6: Comparison of the 63C values obtained for the compounds analyzed by flow injection.
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used for further interpreatation of the data.
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Only for the highest vanillin concentration, which showed a significant decrease in the amount
of oxidized carbon, a deviation of more than 0.5 %o from the overall vanillin mean 6*3C value
could be observed. FIA injection with DIC calibration offers a quick and reliable way to
determine the oxidation efficiency of specific analytes during the method development. If
incomplete oxidation is detected at this point, the concentration of the oxidation agent could
be increased to improve the oxidation. For some compounds complete oxidation might not
be achievable by this procedure, so that further modifications of the flow rates in the system
might be necessary to improve the oxidation. In case of complete oxidation, the oxidation
agent concentrations or flow rates can be reduced to increase the lifetime of the filament and
reduce instrument downtime. In LC-IMRS applications including the chromatographic
separation, referencing with DIC can be difficult, as the DIC does not elute as a sharp analyte
peak and can coelute with target analytes depending on the column and chromatographic

conditions.”8 161

4.4.5 Variations of the oxidation temperature for LC-IRMS methods

To evaluate the oxidation efficiency in LC-IRMS separations, infusion and DIC referencing are
often not directly applicable. In comparison to FIA, the LC column has an additional influence
on the oxidation process, as column bed material is constantly washed out of the column,
which increases the carbon background of LC-IRMS measurements compared to FIA.?®> For an
already established LC-IRMS separation, changes in the flow rate of the eluent are not possible
without affecting the chromatographic separation. A convenient way to reduce the oxidation
efficiency in the LC-IRMS interface without changing any reagent concentrations or flow rates,
is a reduction of the reaction temperature in the oxidation reactor. The formation of sulfate
radicals from persulfate is strongly dependent on the reaction temperature.'’> A reduced
reaction temperature was shown to have significant effects on the signal intensity and the
obtained '3C values.’ The results obtained for methanol and xylitol injected via an XBridge

C18 column at different interface conditions are shown in Figure 4.7.
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Figure 4.7: Peak areas and 0'3C values obtained for methanol and xylitol by LC-IRMS at different flow
and oxidation conditions; circles indicate the peak area obtained by IRMS, diamonds correspond to the
0BC ratio measured against the CO, reference gas. Instrumental parameters: (a, b: HPLC flow,
500 uL min; HsPO4 1.5 M, 50 pL min’; Na,S;0s 0.84 M, 50 pL min?), (c, d: HPLC flow, 500 pL min’;
H3PO4 1.5 M, 50 pL min'; Na,S;0s 0.42 M, 50 pL min?), (e, f: HPLC flow, 200 pL mint; H3PO4 0.75 M,
50 uL min; NajS,0s 0.21 M, 50 pL min?). Error bars might be smaller than the symbols (99 %

confidence intervals)

For each interface condition, the temperature of the oxidation reactor was stepwise reduced
from 100 to 75 °C until the amplitude of the analyte peaks (m/z 44, 3 x 108 Q) dropped below
1V (corresponds to an ion current of 3.3 x 10° A) which was set as a threshold value for the

reproducible §'3C determination. For the combination of high overall flow rates and high
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oxidation agent concentrations, the stepwise reduction of the oxidation temperature led to
significant changes in the CO; response and 03C values below 90 °C for methanol and 92.5 °C
for xylitol (Figure 4.7a and b). Above these thresholds, a constant response in the §*3C value
and CO; signal were obtained. For the measurements presented in Figure 4.7c and d, the
concentration of the oxidation agent was decreased by 50 % while the flow rate in the
interface was kept constant. The initial CO2 response and 6'3C values were identical to those
obtained for high oxidation agent concentrations, but a distinct plateau of the CO2 and §*3C
response could not be observed with decreasing reaction temperatures. For the
measurements shown in Figure 4.7e and f, the experimental conditions were adapted to an
overall lower flow rate in the system (300 pL mint) but identical Na;S20s concentrations in
the oxidation reactor (reduction from 0.42 M to 0.21 M as the overall flow rate was decreased
by 50 %). The stable CO; and J3C results in the temperature range from 90 - 100 °C indicate
that stable oxidation conditions can be obtained by increased residence times in the oxidation
reactor. Measurements for the caffeine under varying reaction temperatures could only be
obtained for HPLC flow rates of 500 pL min, as the long retention times at HPLC flow rates of

200 pL min? led to extreme peak broadening (results for high flow rates are shown in Figure

4.8).
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Figure 4.8: Peak areas and 6%C values obtained for caffeine by LC-IRMS at different oxidation
conditions; circles indicate the peak area obtained by IRMS, diamonds correspond to the §3C ratio
measured against the CO, reference gas. Instrumental parameters: (a: HPLC flow, 500 pL min; HsPO,
1.5 M, 50 pL min’; Na;S,05 0.84 M, 50 pL mint), (b: HPLC flow, 500 puL mint; H3PO4 1.5 M, 50 pL min;
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An additional information obtained by the measurements with decreased reactor
temperature is the isotope fractionation as a result of the incomplete oxidation. For methanol,
a shift of the 6*3C signature of more than 20 %o (from -5.4 + 0.1 %o at 100 °C to -26.5 + 0.6 %o
at 75°C) was detected. The same trend could be observed for xylitol, although the
fractionation by the incomplete oxidation was lower (from 11.9+0.1 %o at 100 °C to
8.0 £ 0.5 %o at 85 °C). The linearity of the system was checked by reference gas pulses and
dilutions of the analytes measured at 100 °C oxidation temperature which resulted in similar
peak areas obtained by the incomplete oxidation but showed 0'3C values unaffected by

changing signal intensities (Figure 4.9).
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Figure 4.9: 63C values obtained for different concentrations of xylitol (a) and methanol (b) oxidized at
100 °C (diamonds) in contrast to the reduced peak areas obtained by a reduction of the oxidation
temperature (circles). Error bars indicate the 99 % confidence interval and may be smaller than the
symbols. 53C values were calculated using CO, reference gas set to 0 %o and are not normalized to the
VPDB scale as they were intended to be used to monitor the stability of the 63C signal only and are

not used for further interpretation of the data.

In contrast to the shift towards lower 6*3C values observed in LC-IRMS, incomplete oxidation
in the field of GC-IRMS was found to result in increased peak tailing and a shift of 5 %0 towards
higher 6'3C values.'’® Although identical treatment of analyte and reference substances in LC-
IRMS is able to compensate for possible fractionation during incomplete oxidation to a certain
extent, intramolecular differences between analyte and reference substance can most
probably not be compensated for with this approach. For caffeine, intramolecular differences

of 7.7 %o were determined between the methyl groups and ring carbon in a C-N double
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bond.® If the incomplete oxidation leads to site specific oxidation of parts of the molecule,
systematic errors would be introduced if the reference and the analyte compound differ in

their intramolecular isotopic composition.

4.5 Conclusion

The importance of careful evaluation of the oxidation parameters is often underestimated in
the method development for LC-IRMS applications. Especially if normalization for a set of
different analytes is intended by only one certified reference substance. Maintenance costs
and the accuracy and precision of the results could be improved by careful evaluation of the
oxidation parameters based on the flow conditions and analytes. Common strategies like
monitoring the oxygen background and linear area response curves of the analytes were
found to be incapable of identifying complete oxidation in the system. Previously published
evaluations of the oxidation parameters often simultaneously change multiple parameters, so
that a source of the observed effect (oxidation, membrane gas separation) cannot be clearly
identified.?% 61155 The addition of an oxygen scrubber between the LC-IRMS interface and the
MS eliminates the limitation to lower oxidation agent concentration, but is not commercially
available and therefore only used in few modified research-type instruments.6% 8> 88 155 The
previously presented methods are alternatives that can be used in method development for
new applications as well as for assessing the robustness of existing applications. The infusion
method offers the advantage that oxidation efficiencies can be determined independently
from the IRMS as a detector. The systematic reduction of the oxidation temperature was
shown to be able to identify unsuitable oxidation conditions for LC-IRMS applications without
changing the LC method, reagent concentrations, and flow rates in the system. Oxidation
agent concentrations can thereby be adjusted to gain stable oxidation conditions and reduce
the oxygen background in the ion source to reduce negative space charge effects and increase

the filament lifetime.4®
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4.6 Appendix to Chapter 4

Oxidation of ammonium by sulfate radicals in a batch reactor experiment

The oxidation of ammonium by sulfate radicals was performed in a batch reactor setup
containing a heated glass flask equipped with a reflux cooler. An ammonium sulfate solution
was prepared at a concentration of 20 mg L™ (N) and heated to 98 °C in the reaction vessel.
After the removal of the to sample, the oxidation agent (K»S.0s) was added to the reactor to
an initial concentration of 30 mmol L'1. Samples were taken from the reactor at 10 time points
within 30 min. The samples were immediately stored on ice until the IC analysis was
performed. For the quantification of ammonium and nitrate a cation and an anion IC system
were used. Both consisted of a Metrohm 883 Basic IC plus connected to a Metrohm 863
Compact autosampler (both Metrohm, Herisau, Switzerland). For the anion analysis, a
Metrosep A Supp 4 (250/4.0) column (Metrohm, Herisau, Switzerland) with an eluent
consisting of 1.8 mmol L' Na;COs; and 1.7 mmol L' NaHCOs; in a 30/70 vol.-%
acetonitrile/water mixture was used. The injection volume was 10 uL and a flow rate of
1 mL min! was used. For the cation separation, a Metrosep C4 (150/4.0) column (Metrohm,
Herisau, Switzerland) with an eluent consisting of 4 mmol L't HNOs in water with a flow rate
of 0.9 mL min'! was used. The injection volume was 4 pL for the cation separation. Detection
on both systems was performed with a conductivity detector. The calibration was done by a
dilution of stock solutions prepared from NH4Cl and NaNOs in the presence of 30 mmol L*
K2S20s to obtain a comparable matrix as in the real samples from the mineralization

experiments. Results of the IC analysis are shown in Table 4.3.

Table 4.3: Oxidation of ammonium to nitrate by sulfate radicals in a batch reactor experiment

Batch reactor c¢(Ammonium) Cl 99 % c(Ammonium) c(Nitrate) C1 99 % c(Nitrate)

reaction time /min  / mgL!(N) / mg Lt (N) / mg L1 (N) / mg Lt (N)
0 20.37 0.09 - -
1 19.63 0.28 1.18 0.00
2 20.49 0.07 1.33 0.03
3 20.62 0.17 1.40 0.01
4 20.39 0.55 1.47 0.02
5 20.11 0.53 1.59 0.01
7.5 20.09 0.08 1.68 0.01
10 19.60 1.01 1.89 0.01
15 18.91 0.38 2.16 0.11
20 18.56 0.40 2.37 0.06
30 18.13 0.48 2.60 0.10
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5.1 Abstract

Peroxydisulfate (5:0s%) is widely applied in environmental remediation and water treatment
as an agent for the unselective oxidation of organic contaminants. $;0s* itself is a strong
oxidation agent but activation by heat, UV radiation, or metal catalysts forms sulfate radicals
(S04*), which offer a higher oxidation potential and faster reaction kinetics. The mechanism
of degradation for many organic contaminants by sulfate radicals is well studied, but the final
mineralization products are not commonly evaluated. Nitrogen containing compounds are
known to produce different mineralization products depending on their structure and the
reaction conditions. For the identification of the main mineralization products, two
approaches for the determination of nitrogen mass balances were evaluated. The first
approach was based on a combination of total organic carbon (TOC), and total nitrogen bound
(TNb). The second approach used a combination of TOC and ion chromatography (IC). The
evaluation based on the TOC and TNb by high temperature combustion was found to be
significantly biased as measured ammonium concentrations were underestimated by the TNb
measurements in the presence of peroxydisulfate. With the TOC/TNb method, 83.2 + 1.1 % of
the initial nitrogen could be recovered after the oxidation. The TOC/IC based approach led to
an overall recovery of 91.1 £ 1.4 %, where NOs and NH4* were identified as the main products.
Based on the fraction of ammonium provided by the IC measurements, the TOC/TNb based
results could be corrected for the underestimation of ammonium which led to a recovery of
95.9 + 3.1 %. The presented methods are applicable for the determination of nitrogen mass
balances in lab-scale studies, as well as for the monitoring of mineralization products in field

applications.
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5.2 Introduction

Peroxydisulfate (S,0s%, PDS) is a strong oxidizing agent that is used in technical scale
applications such as the remediation of soil and groundwater as well as in drinking and
wastewater treatment.!’’-17® Reaction mechanisms for the oxidation of environmentally

relevant contaminants such as atrazine herbicides 89181 antibiotics 8218, persistent

184 185

surfactants **¢, and azo dyes have been elucidated. PDS is also widely applied for the
mineralization of organic molecules in applications for analytical chemistry. Sum parameters
in the field of water analysis like the total organic carbon (TOC) depend on the complete
mineralization of organic constituents regardless of their molecular structure.'8-187 |n
addition, PDS is used for the combination of liquid chromatography and isotope ratio mass
spectrometry in compound specific isotope analysis where organic analytes are converted to
CO; by heat activated PDS after chromatographic separation. The produced CO; carries the

isotopic information of the original compound and can be determined.?®

PDS (S:0s%) itself is a strong oxidant (E°=2.1 V), but it has an overall slow reaction kinetic.
However, PDS can be used to form highly reactive, sulfate radicals (SO4*) with an oxidation
potential of E°=2.6 V.1’ The radical formation can be initiated by heat, UV light, and transition

metals as well as by different combinations of the aforementioned methods.# (Equation 5.1

and 5.2)
Heat, UV
S,03~ ————2850;~ (5.1)
$,037 + M™ — S0;” + S0~ + M®+D+ (5.2)

In the case of thermal activation of PDS high reaction temperatures generally lead to increased
radical formation and faster reaction rates.'®7-18% The effect of metal catalysts (e.g. Fe?*, Ag®,
Mn?*) strongly depends on the individual system, as the metal species are involved in the
formation of sulfate radicals as well as in the scavenging process according to Equation 5.3 at

the same time. 177,173,190

S0;~ + M™ - S0 + M"t1 (5.3)

The effect of the pH on the oxidation of organic compounds is still not completely elucidated.
For strongly acidic conditions, a reduced formation of sulfate radicals was observed.”> 191
Under alkaline conditions, reactions according to Equation 5.4 can occur.'®’

71



SO;~ + OH™ > HO" + SO0%~ (5.4)

This leads to the formation of hydroxyl radicals and a change in the oxidation mechanism from
the production of organic radical cations by electron transfer via sulfate radicals to H
abstraction and addition reactions of hydroxyl radicals.?®> The oxidation can also significantly
be affected by other matrix components such as chloride, carbonate or phosphate which can
form secondary radicals that react with the analyte or lead to the generation of hydroxyl
radicals.!®® In lab-scale experiments, this can partly be avoided if the system is deliberately
chosen to be free from species that can participate in secondary reactions. This could be
problematic if pH control during the reaction is required as many buffer systems will react
with sulfate radicals and form reactive by-products that can affect the oxidation of the target

analyte.

In the determination of sum parameters such as total carbon (TC) and total nitrogen bound
(TNb), different mineralization approaches based on heat activated persulfate have been
applied and are used in commercially available instruments.*®> ** With the exception of
recalcitrant halogenated organic chemicals, most analytes could be completely transformed
and measured as a single species (CO; in the case of TC, NOy in the case of alkaline PDS for
TNb).2'? In contrast to heteroatoms such as phosphorus, which produces a single
mineralization product, organic nitrogen compounds led to different inorganic species
dependent on the molecular structure of the analyte and the oxidation conditions.!® 1%
Studies on the photochemical degradation of nitrogen-containing compounds with the help
of titanium dioxide suggest similar results.’®® Recent studies focussing on the degradation of
nitrogen-containing environmental contaminants mainly monitor the decreasing
concentration of the target molecule and possible transformation products, but the final
mineralization products are not commonly monitored.!8-183 197 TOC measurements have
successfully been applied to monitor the mineralization of Diuron by activated persulfate, but

monitoring of the TNb or inorganic nitrogen species by IC have not been performed.®®

In this study, the reaction products of the heat activated persulfate based mineralization of
nitrogen-containing organic molecules at initially neutral, unbuffered pH conditions were
studied. A batch reactor experiment for the controlled mineralization and time dependent
sampling was developed. With this setup, the degree of mineralization as well as the resulting

reaction products have been monitored. To quantify the amount of remaining organic carbon
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at each time point during the oxidation, a TOC based high temperature conversion
measurement was employed. At the same time, nitrogen species were monitored by two
different approaches. The first one used the TNb as a sum parameter for the present nitrogen
species, the second approach was based on a mass balance obtained by the measurement of
individual inorganic nitrogen species by ion chromatography. For the interpretation of the

results, a Gaussian error propagation approach was used to combine the uncertainties of

analytical results obtained from different instruments in a single nitrogen mass balance.

5.3 Materials and Methods

5.3.1 Chemicals and Reagents

For the mineralization experiment, caffeine (p.a. 99.9 % Sigma-Aldrich, Steinheim, Germany)
was used. The calibration of the TOC and the TNb measurements was performed using a
1000 mg L'* TOC reference standard (Sigma-Aldrich, Steinheim, Germany) as well as glycine
(ReagentPlus, 299 %, Sigma-Aldrich, Steinheim, Germany). For the mineralization and the
method development, potassium and sodium peroxydisulfate (both puriss. p.a., >99 %, Sigma-
Aldrich, Steinheim, Germany) were used. Recovery rates for the TNb method were
determined using potassium sulfate (p.a., AppliChem, Darmstadt, Germany), and sodium
chloride (p.a. 99.5 %, Bernd Kraft, Duisburg, Germany). Mobile phases for the IC systems were
prepared from ultrapure water obtained from an ELGA Purelab Ultra system (Veolia Water
Technologies, Ratingen, Germany). A 1 M nitric acid solution from Fluka Analytical (Seelze,
Germany) was used for the mobile phase of the cation chromatography system. For the anion
chromatography, the mobile phase was prepared from sodium carbonate and sodium
bicarbonate (both puriss. p.a.) obtained from Riedel-de Haén (Seelze, Germany) and

acetonitrile (HPLC gradient grade) from Fisher Scientific (Loughborough, United Kingdom).

5.3.2 Mineralization Experiments

The mineralization of the analytes was performed in an experimental batch reactor setup
containing a triple-necked glass flask, heated by a heating plate with automatic temperature
control via a thermometer that was immersed in the reaction vessel (C-MAG HS7, ETS-D5 both

IKA-Werke GmbH & Co. KG, Staufen, Germany). To avoid evaporation of water during the

73



experiment, the flask was equipped with a reflux cooler. The third neck was used to sample
aliquots from the reactor. A stainless steel capillary was connected to a three-port valve,
leading to a 50 mL syringe and a cooling loop made of a stainless steel capillary immersed in
crushed ice. With the help of the syringe, samples were taken from the reactor and
transported through the cooling loop after changing the position of the three-port valve. The
reaction vessel was constantly agitated using a magnetic stir bar. A schematic view of the

setup is presented in Figure 5.1.

Figure 5.1: Setup for the mineralization experiments: triple-necked glass flask with reflux cooler,
heating plate with automatic temperature control, manual three-port valve, and crushed ice cooling

system

Initially the glass flask contained 1490 mL of water, to which 10 mL of stock solution of the
analyte was pipetted to obtain an initial carbon mass concentration of 50 mg L (C). The
solution was heated to 100 °C and the first sample at to was taken without the addition of PDS.
In the next step, solid PDS and 50 mL of water were added to obtain a total volume of 1.5 L
with a PDS concentration of 30 mmol L. K»5,0s had to be added in solid form due to its low
water solubility (46.0 g L't at 20 °C) 73, the addition in dissolved form as a stock solution would
require 264 mL concentrated K;S,0g solution which would lead to a significant temperature
drop in the reactor. The dilution by the addition of water together with the PDS was taken into
account during the evaluation of the results. By the addition of 50 mL water and solid PDS, the

temperature dropped to 96 to 98 °C and was kept constant at that level for the course of the
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experiment. At each following time point 50 mL samples were taken from the system without
replacing the volume. Of the 50 mL sample, 10 mL were discarded and used to purge the
cooling loop, the following 40 mL were collected for further analysis. From the obtained
40 mL, aliquots of 10 mL were separated for the cation and anion chromatography. For ion
chromatography, 1 mL of methanol was added to each sample aliquot. For the TOC and TNb
measurement the remaining 20 mL of the sample were used. The individual subsamples were

stored on ice until the analysis was performed.

5.3.3 Analysis of the Non-purgeable Organic Carbon and Total Nitrogen bound

The analysis was performed on a TOC-L total organic carbon analyzer (Shimadzu, Duisburg,
Germany). For the determination of the non-purgeable organic carbon, 20 mL of the sample
from each time point of the mineralization experiment were transferred into open glass vials
for the TOC-L autosampler (Shimadzu, Duisburg, Germany). Prior to the measurement, the
whole system was washed twice with the sample to avoid carry over between the individual
samples. For the determination of the non-purgeable organic carbon (NPOC), the sample was
purged with synthetic air (80 mL min!) inside the needle body of the autosampler unit. After
3 min of purging, 50 uL of the sample were injected into an oxidation tube filled with platinum
coated ceramic particles at 720 °C. The CO; formed during the oxidation was measured by
infrared spectroscopy. A calibration was performed with dilutions prepared from a certified
TOC reference standard (Sigma Aldrich, 1000 + 10 mg L'* TOC). For the measurement of the
TNb in the samples, 50 L of the sample were injected analogue to the TOC determination,
but the measurement was performed by a chemiluminescence detection after the reaction of
NO with ozone. The TNb measurements were calibrated with a standard solution prepared

from glycine as a reference compound.

5.3.4 lon Chromatography

For the measurement of nitrate, nitrite, and ammonium, two different IC systems were used.
Both consisted of a Metrohm 883 Basic IC plus connected to a Metrohm 863 Compact
autosampler (both Metrohm, Herisau, Switzerland). For the analysis of the anions, a Metrosep
A Supp 4 (250 mm x 4.0 mm) column (Metrohm, Herisau, Switzerland) with an eluent
consisting of 1.8 mmol L?! Na;COs and 1.7 mmol L' NaHCOs in a 30/70 vol.-%

acetonitrile/water mixture was used. The injection volume was 10 pL and a flow rate of
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1 mL min'! was used for the anion separation. An ion suppression module (MSM, Metrohm,
Herisau, Switzerland) was used for the anion chromatography to reduce the background
conductivity of the eluent and increase the sensitivity. For the separation of the cations, a
Metrosep C4 (150 mm x 4.0 mm) column (Metrohm, Herisau, Switzerland) with an eluent
consisting of 4 mmol L't HNOs in water with a flow rate of 0.9 mL min'! was used. The injection
volume was 4 pL for the cation separation. Detection on both systems was performed with a
conductivity detector. The calibration was done by a dilution of stock solutions prepared from
NH4Cl and NaNOs in the presence of 30 mmol L™ PDS to obtain a comparable matrix as in the

real samples from the mineralization experiments.

5.4 Results and Discussion

5.4.1 Cation-Exchange Chromatography for the Ammonium Analysis

For the determination of ammonium concentrations during the mineralization of organic
compounds, ion chromatography with a Metrosep C4 (150 mm x 4.0 mm) column was chosen.
This type of column is used as a standard column in cation analysis in water samples with a
high separation efficiency and short analysis times. For the method development, calibrations
for ammonium in the presence and absence of PDS were performed. Literature indicated that
the quantification of ammonium in high excess of sodium is difficult as the selectivity for the
two ions is very similar on cation-exchange columns based on carboxyl and sulfonyl groups °°.
The quantification of ammonium was not possible under the conditions that would be
expected for the samples provided by the mineralization experiments. The initial
concentration of 30 mmol L of Na;S;0s results in concentration of 1379 mg L of Na* in the
samples. This is way above the concentrations of NHs* expected in the mineralization
experiments (0 to 30 mg LY). As an alternative to Na;S;0s, the potassium salt was used, as
potassium and ammonium can be base-line separated even with a high excess of potassium.
In Figure 5.2 a chromatogram for solutions containing 30 mmol L NaS;0s, 30 mmol L*!

K2520s, and 50 mg L (N) of NH4* are shown, respectively.
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Figure 5.2: Cation chromatogram of solutions containing Na,S,0s (30 mmol L), K3S,0¢ (30 mmol L?),

and NH4CI (50 mg L't (N))

In final applications for the PDS oxidation, Na,S5,0s is commonly used as it possesses a
significantly higher solubility in water than K;S;0s (2.3 mol L'}; 547.5 g L for Na;S;0s in
contrast to 0.17 mol L'%; 46.0 g L for K2520s at 20 °C) 173, As a result of the high potassium
concentration, the injection volume for the method also had to be optimized. High injection
volumes can improve the quantification limit of ammonium. However, they also result in large
on-column potassium concentrations which deteriorate the peak shape of ammonium.
Figure 5.3 shows the differences in peak shape obtained for ammonium at different
concentrations in the presence of 2.35 g L'* (60 mmol L) potassium, measured with injection

volumes of 4 and 10 pL.
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Figure 5.3: Effect of the injection volume on the chromatographic separation of ammonium and
potassium by cation chromatography (c(K*)=60 mmol L?) a) injection volume of 4 pL b) injection

volume of 10 uL
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For the higher injection volumes, a split peak was obtained for ammonium, which could be
the result of the column being overloaded with analytes due to the high potassium
concentrations in the samples. To reduce this effect, different injection volumes were
compared, where 4 pL was found to produce an acceptable Gaussian peak shape and
reproducible signals to quantify ammonium formed during the experiments. From an
equidistant ten point calibration for NH4* in a nitrogen mass concentration range from 1 to 10
mg L™ (N) in the presence of 30 mmol L1 PDS a limit of quantification of 0.5 mg L'! was obtained

according to the method described in DIN 32645 (a=0.05).2%°

5.4.2 Anion Chromatography for the Nitrate and Nitrite Analysis

For the analysis of NOs™ and NO2, a method proposed by Lutze et al. for the quantification of
chloride in the presence of sulfate and PDS ions was further evaluated.'® Both species could
be separated and quantified with a detection limit of 0.2 mg L for nitrate in the presence of
30 mmol L PDS. Although nitrite could be separated in synthetic samples containing nitrate
and K3S,0s, the real samples obtained from the mineralization experiments were found to
contain no detectable amounts of nitrite under the given conditions. In fact, nitrite reacts very
fast with sulfate radicals in solution with rate constants of 9.8 x 108 Mst0 8.8 x 108 M1 s1,201-
202 Thys, the initially formed nitrite was instantaneously converted to nitrate, which could be
guantified with the presented method. PDS is strongly retained on the Metrosep A Supp 4
column and elutes with a retention time of 20 min and a peak width of almost 16 min. Hence,
10 minutes of reconditioning time was required. The long individual run times result in long
time periods prior to the measurement in which the samples are kept at the autosampler (up
to 12 h). As the samples in the autosampler for the IC cannot be cooled, precautions have to
be taken to avoid reactions of the sulfate radicals formed at room temperature by thermal
activation of PDS. Therefore, 10 vol.-% methanol was added to the sample as a radical
scavenger. Methanol reacts fast with sulfate radicals (rate constant 1.0 x 10’ M s1) and does
not interfere in the ion chromatography.'8% 203 The resulting dilution of the sample was taken

into account later on in the mass balance calculation.

5.4.3 TOC and TNb analysis

In contrast to the TOC measurement with high temperature combustion, which is known to

be relatively robust against changes in the matrix composition as for example increased salt
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concentrations in the sample, the TNb has been reported to be affected by varying matrix
conditions in the sample.?®* So far, high temperature conversion of nitrogen containing
organic compounds for TOC and TNb measurement in the presence of high sulfate and PDS
concentrations have not been reported. To test the influence of sulfate and PDS, recovery
rates for TOC and TNb from glycine, as well as TNb from NH4Cl, and NaNOs were analysed at

different K,S,0s concentrations and the recovery was compared as shown in Figure 5.4.

100 -

80 -

60 -

40 A

% Recovery TC and TNb

20 -

O U

é
%
/
%
%
%
%
%
g
%

T TR TR

%
.
.
.
%
%
%
%
é
7

T TR T

30

Concentration K,S,05 / mmol L?

E Nitrate (N) BEGlycine (C) EGlycine (N) EAmmonium (N)

Figure 5.4: Recovery rates obtained for the determination of TOC and TNb from glycine, NH4Cl, and
NaNOs at different K;S,0s concentration in the sample matrix. Error bars indicate the 95 % confidence
interval after error propagation of the individual measurement uncertainties. *used to calculate the

correction factor in section 5.6.4

For the determination of the TOC from glycine in the presence of peroxydisulfate, as well as
TNb from nitrate, no effect of the K,S,0s concentration in the range from 1.5 to 30 mmol L!
could be observed. In contrast, the recoveries obtained for the TNb from glycine dropped
significantly below 100 % for PDS concentrations higher than 3 mmol L. The recovery of TNb
from ammonium decreased to around 80 % for PDS concentrations between 7.5 and
30 mmol L. To assess whether the effect of the PDS on the recoveries of the TNb from organic
nitrogen and ammonium were a PDS specific result, samples containing NaCl and K,SO4 at the
same ionic strength as the PDS samples were prepared and the recoveries of TOC and TNb for
the different species were determined. The results in the presence of NaCl and K;SO4 are
shown in Figure 5.5.
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Figure 5.5: Recovery rates obtained for the determination of TOC and TNb from glycine, NH4Cl, and
NaNO; at different NaCl (a) and K2SO4 (b) concentration in the sample matrix. Error bars indicate the

95 % confidence interval after error propagation of the individual measurement uncertainties

Taking the uncertainty of the individual measurements into account, there was no significant
effect of the amount of chloride, sulfate, and potassium in the sample on the recovery of the
TOC and the TNb for the tested compounds. This indicates, that the negative effect of PDS on
the recoveries is a result of the high concentration of PDS ions rather than the high salt load

or an effect caused by the potassium as a counterion.
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These results are important in the interpretation of the TNb values measured during
mineralization experiments, as the concentration of PDS is decreasing throughout the course
of the experiment while the distribution of nitrogen between the organic and inorganic
fractions changes with time. In Figure 5.6, the concentration of PDS over a reaction time of
30 min is shown. PDS concentrations were determined by ion chromatography during the
nitrate analysis. From the decrease in PDS concentration over time, the first order reaction
rate constant can be determined. The obtained k; from the batch experiment was
0.74 x 103 st which is comparable to the rate constants obtained in deionized water at 100 °C
by Peyton and Goulden and Anthony (1.0 x 103 st and 1.12 x 103 s? respectively).8” 20> The
higher reaction rates described in the literature can be explained by the reaction conditions
during the batch experiment, as the temperature was fluctuating between 96 and 98 °C. Lower
reaction temperatures have a strong influence on the PDS decomposition as can be seen from

the reaction rate observed at 90 °C of 0.35 x 1073 571,205
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Figure 5.6: PDS concentration during the mineralization of organic compounds as a result of the heat
induced decomposition and further transformation to sulfate. The dashed line indicates the
7.5 mmol L threshold above which a constant effect of the PDS on the TNb measurements was

observed. k; (batch experiment 96-98 °C) =0.74 x 103 s!
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From the course of the PDS concentration over time it can be concluded, that the
concentration will be above 7.5 mmol L' in the samples obtained between 0 and 30 min, which
results in an underestimation of roughly 20 % for ammonium and between 10 to 15 % for
nitrogen from organic compounds (see Figure 5.4). From the TNb recovery rates obtained in
the presence of 7.5, 15, and 30 mmol L! PDS (indicated with an asterisk in Figure 5.4) a
correction factor for the measured ammonium concentrations was calculated to later on
account for the underestimation of ammonium within the TNb based mass balance. Based on
the results of Ammann et al., and as recommended by the manufacturer of the TOC/TNb
analyzer, a thin layer of ceramic fibers was placed on top of the catalysts coated ceramic
spheres in the oxidation reactor to achieve a better conversion of the N-species to NO.?%
Nevertheless, in the presence of PDS this procedure did not result in a complete conversion.
One explanation could be that different gaseous nitrogen species are formed in the oxidation
reaction. The oxidation of ammonium in the presence of a platinum catalyst as in the TOC
instrument should normally lead to NO as the main reaction product according to

Equation 5.5.29°

4NH; 450, > 4NO + 6 H,0 (5.5)

For the uncatalyzed reaction, molecular nitrogen would be the only reaction product
according to Equation 5.6. Only by the influence of the catalyst and suitable reaction
conditions, up to 98 % of NO can be obtained under optimal conditions as a result of the

different kinetics of the reactions.2%

4‘NH3+302 - 2N2+6H20 (5.6)
ANH; +40, - 2N,0 + 6 H,0 (5.7)
2NO - N, + 0, (5.8)

If the reaction pathways according to Equation 5.6 to Equation 5.8 are affected by the
presence of excess PDS in the reactor, they would lead to gaseous nitrogen species that will
not be detectable by the chemiluminescence detector (N2O and N2 will not react with ozone
and produce a detectable chemiluminescence). This would explain the reduced recoveries for
the high PDS concentration, but comparable results or experimental setups to study the

behaviour of PDS at the present temperature in the gas phase are not available in the
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literature. Nevertheless, the effect of PDS on the TNb recovery rates for ammonium and
organic nitrogen can be important in the monitoring of the TNb at environmental remediation

sites where high PDS concentrations could be present.

5.4.4 Mineralization of Caffeine as a Model Compound

To monitor the carbon and nitrogen balance during the mineralization of a model compound,
a combination of the four analytical methods was used. The intially measured carbon
concentration (TOC) was used to calculate the initial nitrogen concentration based on the
elemental composition of the analyte. The obained initial N concentration was set to 100 %
and the results obtained for the later time points of the experiment were calculated relative
to these values. The fraction of remaining TOC indicates the degree of mineralization, as the
final product, CO; is removed during the sparging step in the NPOC analysis. Ammonium and
nitrate concentrations were transformed to mass concentration of nitrogen for comparability.
The sum of both inorganic nitrogen species as well as the individual concentrations were
related to the initial amount of nitrogen present to obtain relative values for comparison. In
Figure 5.7, the results for the mineralization of caffeine by heat activated persulfate are
shown. Control experiments with caffeine were performed without the addition of PDS as an
oxidation agent as well as with the addition of PDS but without heat activation (30 min at
21°C). By NPOC measurement, no mineralization of caffeine could be detected, which
indicates, that caffeine is hydrolysis-resistant and thermally stable under the experimental

conditions. Experimental results are supplied in the appendix to this chapter.
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Figure 5.7: Mineralization of caffeine by heat activated PDS (initially 50 mg L (C), 30 mmol K,S,0s,
temperature 96-98 °C), error bars indicate the 95 % confidence intervals obtained by Gaussian error

propagation of the uncertainties of the individual measurements

From the TOC results, a fast decrease of the remaining carbon can be observed in the first
3 min, after which the mineralization rate steadily decreases. In the final sample after 30 min
reaction time, 2.6 % of the initial carbon content could still be measured as TOC. From the
cation chromatography data, a production of ammonium within the first 5 min of the
experiment could be observed. For the remaining 25 min, the ammonium concentration was
almost constant. The nitrate concentration in contrast steadily increased over the whole
course of the experiment, while the majority was produced in the first 15 min. Similar results
were found for the photocatalytic oxidation of nitrogen containing organic compounds, where
the production of ammonium was initially high, and the formation of nitrate was observed
with a later onset.’®® After 30 min, the total inorganic nitrogen reached a final value of
91.1 £ 1.4 % of the initial organic nitrogen present at the beginning of the mineralization. In
Figure 5.8, the TNb values obtained for each time point during the caffeine mineralization
experiment are shown. The initial concentration obtained before the PDS was added to the
system is in agreement with the calculated initial nitrogen concentration based on the TOC
concentration at to. The initial carbon concentration was 48.6 + 1.0 mg L (C) which results in

a calculated nitrogen concentration of 28.3 £ 0.6 mg L' (N) (molecular composition of caffeine
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can be used at to), the nitrogen concentration measured as TNb was 28.2 + 0.8 mg L (N).
These values are in good agreement and show that the two independent calibrations for TOC

and TNb are in accordance with each other.
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Figure 5.8: TNb measured during the mineralization of caffeine with heat activated PDS (Initial caffeine
concentration 50 mg L (C), initial PDS concentration 30 mmol L !, mineralization at 96-98 °C).
Expected TNb was calculated based on the initially measured TOC, error bars indicate the 95 %

confidence interval

After the addition of the PDS to the system, the measured TNb values decrease to around
80 % after 3 min. This is a result of the varying TNb recoveries observed for different nitrogen
containing species. As mentioned above, the PDS concentration has an influence on the
recoveries of the measured TNb for organic molecules and ammonium (Figure 5.4). As
presented in Figure 5.8 section (a), during the first 3 min, the ammonium concentration as
well as the high caffeine concentrations in the system are influencing the measured TNb.
These species lead to an underestimation of the TNb in the presence of PDS, which results in
an apparent minimum of the measured TNb around 3 min. After 3 min the formation of
ammonium is very small, and the remaining organically bound nitrogen is mainly converted to
nitrate directly (see Figure 5.7). As TNb from nitrate is less affected by the presence of PDS,
the measured TNb values apparently increase after 3 min (section (b) Figure 5.8). In section

(c) in Figure 5.8 the apparent TNb results remain almost constant, as only small amounts of
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remaining organic nitrogen are transformed to nitrate. At the end of the experiment,
83.2 £ 1.1 % of the initial nitrogen were determined by TNb. This value represents the nitrate
fraction of the mineralization products which can be correctly determined by the TNb method
as well as the ammonium fraction, which is affected by the present PDS concentrations and
has to be corrected for further comparison to the ion chromatography based mass balance

approach.

For a correction of the TNb result, the fraction of ammonium, nitrate, and organically bound
nitrogen have to be known precisely as every fraction is affected to a different extent. This is
only possible at the end of the mineralization experiment when the remaining carbon is almost
completely mineralized. In case of incomplete mineralization, the nitrogen bound in the
organic fraction cannot be derived from the TOC result, as the elemental composition of the
remaining organic substances is not defined. After 30 min, the amount of remaining organic
compounds can be almost neglected, and the fraction of ammonium and nitrate are known
from the IC measurements. With the help of the concentrations of ammonium and nitrate at
30 min measured by IC and the correction factor of 0.776 derived from the TNb measurements
of ammonium in the presence of 7.5 to 30 mmol L PDS (Figure 5.4), a final corrected TNb
value of 95.9 + 3.1 % can be obtained. Mineralization experiments under the same conditions
were carried out for the amino acid histidine and the aliphatic N-heterocycle piperidine. The
underestimation of the ammonium fraction by the TNb measurement could be proven for the
two additional compounds. In addition, the correction of the TNb mass balance was applied,
and nitrogen recovery rates close to 100 % could be obtained for all three compounds
analysed. The additional experimental results and the detailed calculation of the correction

applied to the TNb measurements are shown in the appendix to this chapter.

5.4.5 Comparison of the two Nitrogen Mass Balance Approaches

Both presented methods for the determination of nitrogen mass balances led to conclusive
results. Considering, that the determination of total inorganic nitrogen does not include the
amounts of nitrogen contributed by residual organic compounds (2.6 % TOC remaining), a
recovery of 91.1 + 1.4 % is a good indication that the majority of organic nitrogen could be
recovered in the produced ammonium and nitrate after complete mineralization. In contrast
to the IC based method, the TNb approach is capable of determining remaining organic and

inorganic nitrogen. However, this method is biased by the presence of PDS, which leads to an
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underestimation of ammonium and organic nitrogen. The presented correction of the TNb is
only applicable if in addition, IC experiments are carried out to determine the fraction of
different inorganic nitrogen species. This leads to the conclusion that the TNb can only be used
to additionally check whether a complete conversion was obtained at the end of the
experiment when distinct IC results for each species are available. But, as a single parameter,
the TNb cannot be used in the presence of PDS if a similar high temperature conversion
method is used. The mass balance approach taking the ICand TOC measurements into account
can be used for a nitrogen mass balance, when the reaction times are chosen long enough, so
that the organically bound nitrogen is completely mineralized. From the final results of the
two mass balances, the recovery after the mineralization is between 91.1 + 1.4 % and
95.9 + 3.1 %. This indicates, that gaseous nitrogen oxidation products, if present at all, only
account for a very small fraction of the overall mineralization products as the obtained mass
balances are almost closed, given the uncertainty of the final recoveries and the fact, that the
mineralization was not 100 % complete. For the oxidation experiments of N-containing
analytes by photo oxidation, a mass balance of the final mineralization products was not
carried out, but N-recoveries obtained for the alkaline PDS oxidation of caffeine were found

to be in the range of 86.7 to 88.0 %.120. 196

5.5 Conclusion

The mineralization products of the oxidation of organic nitrogen containing compounds by
PDS are important factors that have to be identified in the field of environmental remediation
as well as for analytical chemistry applications. With the help of the presented TOC/IC based
mass balance approach, the oxidation of target compounds can be studied in a batch setup.
More than 90 % of the initially present nitrogen could be recovered after 30 min of oxidation
in the form of ammonium and nitrate. In contrast to the TOC/TNb based mass balance,
residual organic nitrogen will not be included in the mass balance. The use of the TNb by high
temperature combustion for nitrogen mass balances in the presence of peroxydisulfate was
shown to be significantly biased by the underestimation of ammonium which could only be
corrected with the help of species specific information by IC. The presented combined error
propagation of the TOC and IC results is necessary for the interpretation of the mass balance,
as the individual uncertainties of each measurement can have significant effects on the overall

recovery.
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5.6 Appendix to Chapter 5

5.6.1 Control Experiments for the Caffeine Stability under the Experimental Conditions

Caffeine standard solutions (50 mg L (C)) were tested on their stability in aqueous solution
at room temperature (21 °C), experimental conditions during the mineralization experiment
(96-98 °C) without addition of PDS, and at 21 °C with the addition of PDS (30 mmol L) without
additional heat activation. NPOC analysis was performed as described in the material and

methods section for the mineralization experiments. The results are presented in Table 5.1.

Table 5.1: Caffeine stability measurements

NPOC(mgL'(C)) 95%Cl Recovery %

21 °C without PDS 49.8 0.6 99.6
21 °C with PDS 50.2 0.6 100.4
96-98 °C without PDS 50.4 0.5 100.8

The results obtained by the NPOC measurement show, that no significant mineralization of
the target compound occurs at room temperature with or without addition of the oxidation
agent. In addition, no significant mineralization could be observed due to hydrolysis of caffeine

at the experimental conditions of 96 to 98 °C within 30 min.

5.6.2 Error Propagation for the Statistical Evaluation of the Mass Balance

For the mass balance, analytical results from different measurements and instruments have
to be combined. Measurements for the TOC, TNb, the nitrate and the ammonium
concentration at each time point were at least performed in triplicates, so that individual
standard deviations for each measurement can be calculated. The error propagation was

calculated based on a Gaussian error propagation model according to Equation 5.9 to 5.11.

Z=fX:Y) (5.9)
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Z=X+Y Az =/ (Ax)? + (Ay)?

Z=k><£ AZ:
Y

(5.10)

(5.11)

To monitor the degree of mineralization, the percentage of remaining carbon at each time

point was related to the initial carbon concentration according to Equation 5.12. The standard

deviations for the TOC measurements were combined according to Equation 5.13 to obtain

standard deviations for the percentage of remaining carbon.

%C
Be,o
Be.e

Sopc,t
SBc.t
Be.t
SBc.o

Bc,o
%C,

%Ctz% x 100 %

C,0

% remaining carbon at time t
Initial mass concentration carbon at time 0

Mass concentration carbon at time t

2
SBco
Bco

2
SBct
Bc,t

X |%Ce|

Sopct =

Standard deviation of the % remaining carbon at time t

(5.12)

(5.13)

Standard deviation of the mass concentration of carbon at the time t

Mean carbon mass concentration at time point t
Standard deviation of the initial mass concentration of carbon
Initial mean carbon mass concentration

Mean % of remaining carbon at time t

On the basis of the initial carbon concentration, the initial nitrogen concentration was

calculated according to Equation 5.14.

#N, X My
#Cx X Mc¢

Bn = Bc X

Mass concentration of nitrogen

Mass concentration of carbon

Number of nitrogen atoms in the molecule
Number of carbon atoms in the molecule
Molecular mass of nitrogen

Molecular mass of carbon

(5.14)
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The corresponding standard deviation of the initial nitrogen concentration can be calculated

according to Equation 5.15.

#N, X My

Sy = Spc X HC, % Me (5.15)
Sgy Standard deviation of the initial nitrogen mass concentration
Sp Standard deviation of the initial carbon mass concentration

With the help of the initial nitrogen mass concentration and the mass concentrations of the
individual inorganic nitrogen species at each time point, corresponding percentages of the
total initial nitrogen can be calculated. The corresponding standard deviations of these

percentages can be calculated according to Equation 5.16.

S 2 N 2 -

B B

Sopnxt = || =221 X %N, | (5.16)

BNzt Bnx,0

SopNxt Standard deviation of the percentage of initial nitrogen present as the species
x at the time point t

SBrxt Standard deviation of the mass concentration of the nitrogen species x at the
time point t

Brxt Mean nitrogen mass concentration of the species x at the time point t

SBrxo Initial standard deviation of the mass concentration of the nitrogen species x

Bxo Initial nitrogen mass concentration of the species x

%N, ¢ Mean % of remaining nitrogen species x at time t

The relative amount of inorganic nitrogen formed in comparison to the initially determined
organic nitrogen content can be calculated according to Equation 5.17. Therefore the
standard deviations of the ammonium and nitrate measurements have to be combined

according to Equation 5.18.

Bt

%N, = —= X 100% (5.17)
Bn,o
%N, % sum of inorganic nitrogen at time t
Bno Initial mass concentration of organic nitrogen at time 0
B¢ Mass concentration of inorganic nitrogen at time t
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SooNtot,t = \/(S%NH;,t)Z + (S%N03‘,t)2 (5.18)

From the final standard deviations, two-sided confidence intervals based on the t-distribution
with a=0.05 were calculates according to Equation 5.20 was used

T+t , ¥ (j—%) (5.20)

5.6.3 Mineralization of Histidine and Piperidine

Besides caffeine as a model compound for environmentally relevant contaminants, the amino
acid histidine and the aliphatic N-heterocyclic compound piperidine were mineralized in the
batch-reactor setup. The mineralization was monitored by TOC measurements as well as
nitrate and ammonium measurements by ion chromatography. The results obtained over the
course of the 30 min mineralization experiment are shown in Figure 5.9. In contrast to the
results obtained for caffeine, a significant amount of organic oxidation products (5 % of the

initial TOC) could not be oxidized over 30 min for histidine.
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Figure 5.9: Mineralization of histidine by thermally activated PDS (initially 50 mg L (C), 30 mmol L?

K>S,0s, temperature 96-98 °C)

The TNb was monitored as described in the material and methods section. The systematic

underestimation of the TNb by the experimentally obtained results is shown in Figure 5.10.
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The observed trend for the TNb results is comparable to the results obtained for caffeine,

although relatively lower amounts of nitrate are formed in comparison to ammonium.
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Figure 5.10: TNb measured during the mineralization of histidine with thermally activated PDS (Initial
histidine concentration 50 mg L' (C), initial PDS concentration 30 mmol L 1, mineralization at 96-98 °C).

Expected TNb was calculated based on the initially measured TOC

For the mineralization of piperidine, similar ratios of nitrate to ammonium were obtained as
for histidine as shown in Figure 5.11. In comparison to histidine and caffeine, the formation
of nitrate and ammonium was delayed, although significant mineralization could be observed

by the loss of organic carbon from the system.
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Figure 5.11: Mineralization of piperidine by thermally activated PDS (initially 50 mg L (C), 30 mmol L

K>S,0s, temperature 96-98 °C)

The TNb measurements during the mineralization of piperidine as presented in Figure 5.12,

show the same trend as already observed for the measurements of caffeine and histidine. For

histidine and piperidine, evaluation of the different mass balance approaches was carried out

as described for caffeine. The recovery of the TNb in the system is compared in Table 5.2.
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Figure 5.12: TNb measured during the mineralization of piperidine with thermally activated PDS (Initial

piperidine concentration 50 mg L (C), initial PDS concentration 30 mmol L%, mineralization at

96-98 °C). Expected TNb was calculated based on the initially measured TOC
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Table 5.2: Comparison of the nitrogen recovery rates based on the three different mass balance

approaches by ion chromatography, TNb, and the corrected TNb

% Nitrogen Recovery

IC (NOs™ + NHz*) TNb TNb corrected
Caffeine 91.1 83.2 95.9
Piperidine 95.3 83.1 99.7
Histidine 86.7 83.9 102.5

The mass balance obtained by the combination of IC measurements for ammonium and
nitrated for caffeine and piperidine was comparable. For histidine, significant amounts of
organic carbon was still present after 30 min of oxidation. Although the structure of the
remaining organic oxidation products was not evaluated, it can be concluded, that a fraction
of the total nitrogen is still bound in the organic residue as indicated by the lower recovery for
the IC mass balance for histidine. The TNb measurements obtained without correction are
comparable for the three model compounds and prove the constant underestimation of the
ammonium fraction. If the proposed correction of the ammonium fraction is performed, the
TNb mass balance for all three compounds can be improved to obtain recoveries close to

100 %.

5.6.4 Correction of the TNb Results

Calculated underestimation of ammonium in the presence of 7.5 to 30 mmol L K»5,0s by a
factor of 0.776 (Mean value calculated from the results shown in Figure 5.4 for the TNb

determination of an ammonium solution n=23; s=0.044) according to Equation 5.21.

Foorr = —2— (5.21)
Xc7.5-30
Foorr Correction factor for ammonium
Xco Mean concentration of ammonium without K»S,0g
Xc75-30 Mean concentration measured for ammonium at 7.5, 15, and 30 mmol L
K25,038

From the results obtained from the IC measurements after 30 min oxidation, the fraction of
ammonium and nitrate of the inorganic nitrogen can be calculated. With the known

composition of the inorganic species and under the assumption that the remaining organic N
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can be neglected, Equation 5.22 and 5.23 can be combined to calculate the corrected TNb
after 30 min of mineralization.

C(NO?’_IC,3O min)

+
C(NH‘l- 1C,30 min)

Tmeeasured,30 min = C(NOP,_) + Fcorr X C(NHI)corr (5-23

The corrected TNb was obtained as the sum of the calculated nitrate fraction of the TNb and
the corrected ammonium fraction. To obtain the recovery, the corrected TNb after 30 min of

oxidation was divided by the initial TNb before oxidation (Equation 5.24).

%N = C(N03_)30mir;;;(1::i)corr, 30min v 1000 (5.24)

Feorr 0.776
X0 2970 mg/L(N)
Xc7.5-30 23.05  mg/L(N)

Ryos jns 1.137
TNDbyeasured,30 min 2439  mg/L(N)
c(NO3) 1445  mg/L(N)
c(NHY) corr 1271 mg/L(N)
TNbjuitiar 2832 mg/L(N)

%N 95.90 %
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6.1 Abstract

In order to realize an online determination of compound specific nitrogen isotope ratios by
LC-IRMS with a wet chemical oxidation interface, the transformation of the nitrogen
containing analytes into a single nitrogen containing species for further reaction pathways
towards the measurement gas for IRMS has been developed. A detailed comparison of the
mineralization products formed during the oxidation of nitrogen containing analytes by heat
activated persulfate at acidic and alkaline conditions was performed. With the help of TOC
and IC measurements, the remaining organic carbon fraction as well as the inorganic nitrogen
species nitrate, nitrite, and ammonium were monitored in batch reactor experiments. From
the results obtained in the batch experiments, the alkaline oxidation environment was
identified to be favourable for the >N LC-IRMS application, as it can lead to nitrate as a single
oxidation product. The alkaline oxidation conditions from the batch reactor experiments were
successfully transferred to the flow-through oxidation reactor of the LC-IMRS interface. In
infusion experiments with different model compounds, 62.5 % to 99.8 % of the initially present
nitrogen could be transformed to nitrate within 43 s residence time in the on-line reactor. The
reaction time and oxidation agent concentration in the interface were identified as the main

parameter for optimization of the nitrate recovery.
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6.2 Introduction

Liquid chromatography coupled to isotope ratio mass spectrometry (LC-IRMS), is a technique
which is routinely applied to perform compound specific isotope analysis (CSIA) in order to
obtain carbon isotope ratios of individual compounds.’® 1>2 Analytes are separated by liquid
chromatography and introduced into the LC-IRMS interface, where they are oxidized by heat
activated persulfate in a wet chemical flow-through reactor. The resulting CO; is separated
from the liquid mobile phase by a membrane system and transferred to the IRMS for isotope
measurement.®® In contrast to gas chromatography coupled to isotope ratio mass
spectrometry (GC-IRMS) the LC-IRMS system is suitable for the determination of isotope ratios
in polar small molecules which are not directly amenable for GC measurement without
derivatization.3? 40 In GC-IRMS, stable isotope ratios of hydrogen, nitrogen and carbon are
routinely measured, whereas LC-IRMS is currently limited to the measurement of §'3C isotope
ratios. For the measurement of dual-isotope data (6*3C and J0*°N) of polar target molecules,
such as the herbicides glyphosate and chloridazon, LC-IRMS is utilized for the J'3C
measurement in addition to 0'°>N measurement after derivatization by GC-IRMS.3* 12 For the
assessment of transformation mechanisms of environmental contaminants, the application of
dual element analysis has been shown to provide information not accessible by single isotope
monitoring e.g. 6*3C analysis alone.’'?> Bulk nitrogen stable isotope analysis plays an
important role in the study of food web structures in various eco systems, as the heavier *N
isotope is enriched by 3 to 5 %o by each trophic cycle in the organism compared to isotope
ratios in the food sources.?97-2%8 Especially in very complex trophic interactions such as host
parasite systems, stable isotope analysis could be applied to elucidate the feeding behaviour
of fish parasites.??>-210 |n contrast to bulk stable isotope measurements, CSIA could lead to
valuable additional information in these fields by the monitoring of specific nitrogen
containing marker compounds rather than the analysis of the whole nitrogen content by
EA-IRMS systems. With the help of CSIA, it is possible to differentiate the individual isotopic
signature of essential and non-essential amino acids. It has been shown, that essential amino
acids such as phenylalanine show a small fractionation of <0.5 %o per trophic transfer, whereas
non-essential amino acids such as glutamic acid showed significant fractionation in their
nitrogen isotope ratio of about 6-8 %o.2!! Many published applications for 6'3C analysis by

LC-IRMS focussing on amino sugar analysis, authenticity of caffeine containing drinks, analysis
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of pharmaceuticals, and amino acids could benefit from the additional 6*°N information which

is not directly accessible by LC-IRMS alone.*> >7, 81-82,101

Currently, the determination of J'°N isotopic signatures in addition to §*3C information of
polar compounds that are not directly GC measurable, is mostly performed on two parallel
analytical platforms.'?* 212 Carbon isotope ratios can also be determined by GC after
derivatization, but the introduction of carbon containing groups into the molecule will alter
the isotopic signature of the analyte which has to be corrected afterwards.?!? In addition, the
derivatization process has to be very well understood and controlled, so that incomplete
derivatization does not introduce isotopic shifts into the results. A combination of preparative
LC separation and isotope measurement of nitrogen containing analytes such as amino acids
by elemental analyzer IRMS (EA-IRMS) has been demonstrated and showed increased
precision of the 6*°N results compared to GC-IRMS after derivatization.?!* The main drawback
of this technique is that it cannot be combined into an online-system and that the
experimental effort drastically increases with multi component LC separations. An online
combination of LC separation and EA-IRMS measurement has been developed by
Federherr et al., which combines LC with high temperature catalytic conversion of the
analytes for 6N measurments.®** The system has successfully been tested for the
measurement of compound specific carbon and nitrogen isotope ratios, but problems due to
the introduction of large amounts of liquid mobile phase into the EA oxidation reactor and
deactivation of the catalyst by mobile phase additives have restricted the further application
so far. To overcome these drawbacks, an instrumental solution based on the already well
established '3C LC-IRMS interface architecture commercialized by Thermo Fisher and
Elementar Analysensysteme (IsoLink® and Liquiface®, respectively) using online wet chemical

oxidation and separation of the analyte gas by a membrane system would be preferable.

The oxidation of nitrogen containing analytes for 6'3C measurements in the LC-IRMS system
has been shown to require special optimization of the reaction conditions, as especially
nitrogen containing heterocyclic ring systems were found to be oxidized comparably slower
than simple non-heterocyclic analytes or amino acids.* **% 21> Nevertheless, under the
standard LC-IRMS measurement conditions for carbon isotope ratios, nitrogen containing
oxidation products of the wet chemical oxidation cannot be monitored directly. For the
analysis of the nitrogen containing reaction products, additional ion chromatography methods

were developed that are able to determine nitrate, nitrite, and ammonium in the presence of
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large excess of persulfate, sulfate and potassium or sodium present in the oxidation reactor

of the LC-IRMS interface.l’4

Outside of the LC-IRMS context, the oxidation products formed by the reaction of nitrogen
containing species with heat activated persulfate were evaluated for the determination of
total nitrogen analysis in water samples.''° The oxidation was performed in a batch process in
50-mL glass vessels, which were autoclaved at 100-110 °C for more than 30 min. The
determination of specific oxidation products, and a recovery calculation based on the amount
of initially introduced nitrogen in comparison to the measured species after oxidation was
only performed at the end of the batch oxidation process.'! 216 As the oxidation reaction in
the IsoLink® LC-IRMS interface has to take place in a much shorter time interval of < 1 min
based on the flow condition and dimensions of the oxidation reactor, intermediate species
formed during the initial phase of the oxidation reaction are of great importance in this
context. The results obtained from the batch experiments could be used to identify suitable
reaction conditions for the application in the development of an online oxidation process for

the compound specific 0*°N isotope analysis.

In the present chapter, a direct comparison of the oxidation of model compounds at acidic
and initially alkaline oxidation conditions should be performed. Speciation of the nitrogen
containing reaction products over the course of the oxidation reaction should give insight into
primary and secondary oxidation reactions taking place. The results obtained by the alkaline
batch oxidation will be transferred to the LC-IRMS system to evaluate the applicability of the
alkaline oxidation conditions for further steps in the development of an instrumental setup

for compound specific 0*>°N LC-IRMS measurements.
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6.3 Materials and Methods

6.3.1 Chemicals and Reagents

For the batch reactor mineralization experiment, caffeine (p.a. 99.9 % Sigma-Aldrich,
Steinheim, Germany) and glycine (ReagentPlus, 299 %, Sigma-Aldrich, Steinheim, Germany)
were used. For the mineralization experiments in the LC-IMRS interface, the aforementioned
glycine and caffeine as well as potassium nitrate (Fluka Chemika, >99.0 %, Seelze, Germany),
ammonium sulfate (ReagentPlus, 299 %, Sigma-Aldrich, Steinheim, Germany), urea (puris p.a.,
>99 %, Sigma-Aldrich, Steinheim, Germany), and acetonitrile (HPLC gradient grade, Fisher
Scientific, Loughborough, United Kingdom) were used. The calibration for the TOC analysis
was performed with a 1000 mgL?! TOC reference standard (Sigma-Aldrich, Steinheim,
Germany). For the oxidation reactions, potassium peroxydisulfate (puriss. p.a., >99 %, Sigma-
Aldrich, Steinheim, Germany) and sodium peroxydisulfate (99 %, Riedel-de Haén, Seelze,
Germany) were used. Mobile phases for the IC systems were prepared from ultrapure water
obtained from an ELGA Purelab Ultra system (Veolia Water Technologies, Ratingen, Germany).
A 1 M nitric acid solution from Fluka Analytical (Seelze, Germany) was used for the mobile
phase of the cation chromatography system. For the anion chromatography, the mobile phase
was prepared from sodium carbonate and sodium bicarbonate (both puriss. p.a.) obtained
from Riedel-de Haén (Seelze, Germany) and acetonitrile (HPLC gradient grade) from Fisher

Scientific (Loughborough, United Kingdom).

6.3.2 Batch Reactor Mineralization Experiments

The mineralization of the analytes was investigated in a batch reactor setup as described in
Chapter 5. A schematic view of the setup also used for the oxidation at neutral pH conditions
is presented in Figure 5.1. Initially the reactor contained 1490 mL of water adjusted to the
desired pH level by the addition of sulfuric acid or potassium hydroxide. After the reaction
temperature of 96-98 °C was reached, 10 mL of stock solution of the analyte was pipetted to
obtain an initial carbon mass concentration of 50 mg L (C). The first sample at to was
withdrawn without the addition of K;S,0s. After the collection of the first sample, solid K,S,0s
and 50 mL water were added to obtain a volume of 1.5 L with a K;S,0s concentration of
30 mmol L. At each following time point 60 mL samples were withdrawn from the system

without replacing the volume. Of the 60 mL sample, 10 mL were discarded and used to purge
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the cooling loop, the following 50 mL were collected for further analysis. From the obtained
50 mL, aliquots of 10 mL were separated for the cation and anion chromatography. For the
ion chromatography 1 mL of methanol was added to each sample aliquot. The pH of the
subsamples used for the cation chromatography was adjusted by the addition of 0.5 mL of
1 M HClI for the alkaline oxidation experiments. For the TOC measurement the remaining 20
mL of the sample were used, in the case of the alkaline oxidation conditions, 2 mL of 1 M HCI
were added to the subsample for the NPOC analysis. The individual samples were stored on
ice until the analysis was performed. The remaining sample material from each time point was

used for the pH measurement (Metrohm 827 pH lab, Metrohm, Herisau, Switzerland).

103



6.3.3 LC-IRMS Interface Mineralization Experiments

For the mineralization of analytes in the LC-IRMS system, modifications were made to the
system, so that a constant stream of analyte solution at different concentrations was delivered
directly to the oxidation reactor in the LC-IRMS interface (LC-IsoLink, Thermo Fisher Scientific,
Bremen, Germany) by a Rheos Allegro HPLC pump (Flux instruments AG, Basel, Switzerland).

The setup of the system in comparison to the regular LC-IRMS system is shown in Figure 6.1.

LC-IRMS Interface

|—| Pump oxidation agent | ‘

|—| Pump NaOH |

Eluent / Analyte

|
HPLC Pump m
| mm— |

Figure 6.1: Modification of the LC-IRMS interface for the mineralization experiments

Oxidation

In the interface, sodium peroxydisulfate (100 g L™ or 200 g L) and sodium hydroxide
(1.25 mol L™!) were added at a flow of 50 uL min* or 25 pL min! each depending on the specific
experimental conditions. The oxidation in the LC-IRMS interface flow-through reactor was
performed at 100 °C. After the oxidation reactor, the connection to the gas separation unit
was replaced by a PEEK capillary that led to an ice cooled sample vessel outside of the
interface. The analyte solution as well as the oxidation reagent and NaOH solution were
continuously introduced into the instrument for at least 30 min to equilibrate and flush the
system between different analytes or flow conditions. After equilibration, approximately
20 mL of sample were collected. The nitrate measurement by IC was performed directly after

the sample collection.

104



6.3.4 Analysis of the Non-purgeable Organic Carbon

The measurement of the NPOC was performed on a TOC-L total organic carbon analyser
(Shimadzu, Duisburg, Germany) as described in Chapter 5. In brief, 20 mL of the sample from
each time point of the mineralization experiment were transferred to the TOC-L autosampler,
the already manually pH adjusted samples were additionally acidified by the instrument using
1 M HCI and purged with synthetic air (80 mL min'!) to remove dissolved inorganic carbon.
After 3 min of purging, 50 pL of the sample were injected. The CO; formed during the oxidation
was measured by infrared spectroscopy. A calibration was performed with dilutions prepared

from a certified TOC reference standard (Sigma Aldrich, 1000 + 10 mg L TOC).

6.3.5 lon Chromatography

Two different IC systems were used for the measurement of nitrate, nitrite, and ammonium.
Both consisted of a Metrohm 883 Basic IC plus connected to a Metrohm 863 Compact
autosampler (both Metrohm, Herisau, Switzerland). For the analysis of the anions, a Metrosep
A Supp 4 (250 mm x 4.0 mm) column (Metrohm, Herisau, Switzerland) with an eluent
consisting of 1.8 mmol L! NayCO; and 1.7 mmol L' NaHCOs; in a 30/70 vol.-%
acetonitrile/water mixture was used. The injection volume was 10 pL and a flow of 1 mL min-!
was used for the anion separation. An ion suppression module (MSM, Metrohm, Herisau,
Switzerland) was used for the anion chromatography to reduce the background conductivity
of the eluent and increase the sensitivity. For the separation of the cations, a Metrosep C4
(150 mm x 4.0 mm) column (Metrohm, Herisau, Switzerland) with an eluent consisting of
4 mmol L' HNOs in water with a flow of 0.9 mL min™* was used. The injection volume was 4 puL
for the cation separation. Detection on both systems was performed with a conductivity
detector. The calibration was done by a dilution of stock solutions prepared from NH4Cl and
NaNOs in the presence of 30 mmol L Na;S,0s to obtain a comparable matrix as in the real

samples from the mineralization experiments.
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6.4 Results and Discussion

6.4.1 Influence of the pH on the oxidation of reference substances in a batch reactor

system

In order to evaluate the influence of the initial pH in the oxidation of nitrogen containing
organic molecules by heat activated persulfate, batch rector experiments with two reference
substance (caffeine and glycine) were conducted. The initial pH of the system was chosen at
pH 2 for the oxidation at acidic conditions and pH 12 for the alkaline oxidation experiments.
The overall oxidation of the analyte was monitored by the amount of total organic carbon
present at each time point during the oxidation. Dissolved inorganic carbon as an oxidation
product during the alkaline oxidation was eliminated during the TOC analysis by acidification
and sparging of the sample. The inorganic nitrogen species nitrite, nitrate and ammonium
were monitored by IC measurements at each time point. For glycine, the results obtained for

the oxidation under acidic conditions are shown in Figure 6.2.
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Figure 6.2: Oxidation of glycine by heat activated persulfate at an initial pH of 2 adjusted by sulfuric

acid

In comparison, the results obtained under the same experimental conditions except for the
adjustment of the initial pH in the system to pH 12 by potassium hydroxide is shown in

Figure 6.3.

106



100.0 & o —— - —_p———————————— 8
KQ © o0~ ©- E’_,,— -
= H
o 8007 ll A a
& F N .’
Ly A B
S 60.0 | l N /
£ A ’
= : y /'l
] ¢ .
= 400 {19 )% N
U~ I r—’f N
=2 ] B ’ A
X L . d
20.0 ! 8, N
, g/ A -
0.0 ﬂ’ O-(.:) ....... fo YRR Q ........... 2 a@hasssssesnzeee: @. ............ aH—
0 5 10 15 20 25 30
Reaction Time / min
v @ % TOC = A= % Nitroen as Ammonium
==3--% Nitrogen as Nitrate - © =% Total Inorganic Nitrogen

Figure 6.3: Oxidation of glycine by heat activated persulfate at an initial pH of 12 adjusted by potassium

hydroxide

Under initially acidic conditions, glycine is almost immediately converted to CO; and
ammonium in the first three minutes of the experiment. The oxidation of ammonium to
nitrate is comparably slower, after 30 min of oxidation, only 4.8 % of the nitrogen is present
in the form of nitrate. Under initially alkaline conditions starting at pH 12, 89.5 % of the
nitrogen present in the organic analyte is also converted to ammonium within the first minute
of the reaction, but the oxidation from ammonium to nitrate is faster than under acidic
conditions. Within the first 15 minutes, 96.7 % of the nitrogen is oxidized to nitrate. After
30 min reaction time, 98.8 % of the initially present organic nitrogen can be recovered as
nitrate. Surprisingly, literature on the kinetics of the oxidation of ammonium to nitrate by
persulfate at different pH conditions is not available as most studies focus solely on the

recovery as nitrate after the complete oxidation procedure.?’

The results from the oxidation of caffeine under acidic and alkaline conditions are shown in

Figure 6.4 and Figure 6.5 respectively.
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Figure 6.4: Oxidation of caffeine by heat activated persulfate at an initial pH of 2 adjusted by sulfuric

acid
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Figure 6.5: Oxidation of caffeine by heat activated persulfate at an initial pH of 12 adjusted by

potassium hydroxide

In comparison to glycine, the mineralization of caffeine by heat activated persulfate is overall
slower as indicated by the decrease of the organic carbon in the system. This could be due to

the fact, that the nitrogen atoms in caffeine are bound in heterocyclic carbon ring systems and
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not in a freely accessible amino group. For caffeine, it takes 15 min for the TOC to drop below
5 % of the initially introduced carbon. Even within 30 min of oxidation, 2-3 % of the carbon
cannot be oxidized to CO; and remain in the system in a non-purgeable carbon form. These
results match with the observations from the batch experiment presented in Chapter 5 as well
as for the mineralization experiments in Chapter 4, that analytes like caffeine with C-N double
bond systems are more resistant to oxidation by heat activated persulfate, than analytes with
single C-N bonds like in the amino group of glycine.'>® 21> Under acidic conditions, the reaction
of heat activated persulfate and caffeine leads to a mixture of 50.5 % nitrate and 40.2 %
ammonium after 30 min. The remaining part of the initially present nitrogen in the analyte is
either bound in the remaining organic fraction, or present in a different inorganic form that is
not detectable by the present IC method. Nitrite was monitored in all of the measurements
but was never present in quantifiable amounts in the batch reactor samples (< 0.5 mg L}). In
the comparison of the formation of nitrate and ammonium between the initially alkaline and
acidic reaction of heat activated persulfate with caffeine, parallel formation of both species
can be observed in the first 5 min of the reaction. In contrast to the experiment at low pH, in
the alkaline system ammonium is oxidized to nitrate in parallel to the mineralization of
caffeine. After 15 min, the initially produced ammonium is almost completely oxidized to
nitrate, whereas for the low pH system, a mixture of 40.8 % ammonium and 47.2 % nitrate
was obtained. From these results, it can be concluded, that the alkaline oxidation can offer
significant advantages for the application as an oxidation reaction in the LC-IRMS setup, as
one of the major requirements of the oxidation system is the complete transformation of
nitrogen in the analyte into a single species that can be used for the subsequent
transformation into an IRMS measurable gaseous form to avoid isotopic fractionation during

the oxidation step.

In addition to the measurements of TOC and inorganic nitrogen species, the change of the pH
in the reactor system was also measured for the alkaline oxidation of glycine and caffeine. The
drop of the pH in the system during the oxidation of the respective analyte is shown in

Figure 6.6.
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Figure 6.6: Change of the pH in the system during the batch oxidation under initially alkaline

conditions, a) Oxidation of glycine, b) Oxidation of caffeine

For both analytes, a significant drop of the pH in the reactor could be observed after 10 min
reaction time. The change of the pH in the system can be attributed to the hydrolysis of

persulfate at high temperatures in alkaline solutions according to Equation 6.1.188

S,05°" + H,0 ——— 250,>" + % 0, +2H* (6.1)

An application for the shift of the pH in a comparable batch measurement system for the
parallel determination of total nitrogen (as nitrate) and phosphorous (as phosphate) has been
published by De Borba et al. in 2014.2%® For the measurement of total nitrogen and
phosphorus, the oxidation is performed at 120 °Cin closed vials for around 60 min. Depending
on the initial ratio of persulfate to hydroxide in the system, final pH levels of approximately 2
(persulfate to hydroxide ratio of 2:1 and 1:1) or pH 11 (persulfate to hydroxide ratio of 1:2)
could be observed. In contrast to the application of De Borba et al., where a shift of the pH
from alkaline to acidic was desired due to benefits for the phosphate measurement, in the
context of an oxidation setup for the LC-IRMS application, the initial ratio of persulfate to
hydroxide has to be chosen in a way that the conditions during the oxidation remain alkaline
to favor the oxidation of ammonium to nitrate. As indicated by Figure 6.6 the pH in the batch
system stayed above pH 10 in the first 10 min of the oxidation reaction. Considering the
relatively short reaction times currently possible in the LC-IRMS interface reactor
(approximately 17-43 s) the conditions should be applicable for the fast oxidation of

ammonium to nitrate in the interface setup.
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6.4.2 Application of the alkaline oxidation conditions in the IsoLink® LC-IRMS interface

For the oxidation reaction in the flow-through reactor of the LC-IRMS interface, commonly
used combinations of LC effluent entering the interface, as well as standard flows and
concentrations of oxidation reagent (100 g L™t Na2S,0s) and NaOH solution (50 g L'!) were used.
The resulting pH values measured after the oxidation reaction at different flow rate from the
HPLC (and thereby different NaOH concentration) as well as at different temperatures of the
oxidation reactor and in combination with an infusion of organic analyte (glycine, 50 mgL?

(C)) are shown in Table 6.1.

Table 6.1: Influence of the HPLC flow, oxidation reactor temperature and presence of an organic

analyte (156.3 mg L't 2 50 mg L™ (C)) on the pH of the LC-IRMS interface eluent

Flow (1L min)

Water NaOH NazS20s Total Flow
(HPLC) (50gL?) (100gL?Y) | (UL mint) | pH(30°C) | pH (100 °C) | pH (100 °C + Analyte)
200 50 50 300 12.71 12.61 12.58
300 50 50 400 12.64 12.55 12.53
400 50 50 500 12.57 12.48 12.48
500 50 50 600 12.53 12.46 12.45
600 50 50 700 12.54 12.36 12.43

The pH conditions in the effluent of the interface did not drop below pH 12 for all evaluated
combinations of flows from 200 pL min! (lower than commonly used in LC-IRMS applications)
to a total flow of 700 uL min-* which is the maximal flow allowed for the membrane separation
unit in the LC-IRMS interface.'®® From the comparison of the pH values obtained at a
temperature of 30 °C of the oxidation oven compared to an oxidation at 100 °C, only a
relatively low drop of the pH could be observed for all flows. The addition of glycine as an

exemplary analyte did also not lead to a significant change of the pH.
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To further evaluate the oxidation under alkaline conditions in the LC-IRMS interface, glycine
was used as a reference compound, as the batch experiments indicated a fast oxidation of the
organic carbon and almost quantitative conversion of the initially present nitrogen to nitrate
if the reaction time is long enough for the complete oxidation from ammonium to nitrate. In
Table 6.2, the results for the oxidation of glycine at a set of different HPLC flow conditions are
shown. In part a), the oxidation agent concentration was 100 g L'! Na;S,0s, whereas for the
results shown in part b), the oxidation agent concentration was increased to 200 g L. For
each set of flows and oxidation agent concentrations, the nitrogen recovery as % NOs in
relation to the initially present organic nitrogen is shown. For the interpretation of the results,
the interaction of the changed parameters in the experimental setup have to be taken into
account. With an increase of the analyte flow into the system, three parameters are
simultaneously changed. With higher infusion flows, the analyte concentration in the
oxidation reactor increases (ratio of analyte flow to total flow), at the same time the
concentration of the oxidation agent is decreased (lower ratio of oxidation agent flow to HPLC
flow) and the residence time of the mixture in the oxidation reactor is decreased (higher
overall flow). Thereby, an increased analyte flow negatively affects the oxidation efficiency in
three ways. Vice versa, the reduction of the analyte flow should theoretically have a positive

effect on the oxidation process.

112



Table 6.2: Nitrogen recovery as nitrate after the alkaline glycine oxidation in the IsoLink LC-IRMS interface reactor.

a) Oxidation agent concentration of 100 g L™ Na,S,0s, b) Oxidation agent concentration of 200 g L'* Na,S,0s

a)
Flow (puL min) Co (Glycine) | ¢ (NOs™ after Oxidation) Recovery N | c (NazS;0s) | Reaction Time
Analyte Flow | NaOH (50 gL?) | Na;S;0s(100gL?)| Total Flow (mg Lt (N)) (mg LT (N)) % (gL?y (s)
600 50 50 700 25.0 1.9 7.5 7.1 17
500 50 50 600 24.3 2.2 8.9 8.3 20
400 50 50 500 23.3 34 14.5 10.0 24
300 50 50 400 21.9 8.1 37.1 12,5 29
200 50 50 300 19.4 14.9 76.6 16.7 39
b)
Flow (puL min) o (Glycine) | ¢ (NOs™ after Oxidation) Recovery N | c (Na2S;0s) | Reaction Time
Analyte Flow | NaOH(50gL?) | Na,;S;0s(200gL?) | TotalFlow | (mgL™(N)) (mg Lt (N)) % (gL?) (s)
600 50 50 700 25.0 51 20.6 14.3 17
500 50 50 600 24.3 7.9 324 16.7 20
400 50 50 500 23.3 12.6 54.1 20.0 24
300 50 50 400 21.9 17.5 80.1 25.0 29
200 50 50 300 19.4 18.6 95.5 33.3 39
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From the results shown in Table 6.2 a), an increase in the nitrate recovery from 7.5 % t0 76.6 %
could be observed when the flow of the glycine solution were decreased from 600 to
200 pL minl. At the same time, as a result of the overall lower system flow in the oxidation
reactor, the reaction time increased from 17 s to 39 s. In comparison, in Table 6.2 b), the
overall concentration of oxidation agent in the system was increased from 100 g L'! Na;S,0s
to 200 g L'! Na;S,0s whereas the remaining flow conditions were kept constant. On the one
hand, an increased oxidation agent concentration leads to an overall improved nitrogen
recovery at each flow level (recoveries presented in Table 6.2 a) in comparison to
Table 6.2. b)). On the other hand, the increased oxidation agent concentration by a factor of
two had a lower effect on the nitrogen recovery as an increase in the reaction time from 17
to39s.

For low system flows (300 pL mim™) and high oxidation agent concentrations (200 g L*
Na»S,0s), nitrogen recoveries of more than 95 % can be obtained using the standard LC-IMRS
interface. Lower flows are not applicable in the context of LC-IRMS, as low sensitivity of the
instrument requires high sample amounts to be introduced which cannot be efficiently
separated on columns designed for flow conditions in the region below 100 puL min. The
amount of oxidation agent added in the interface is finally limited by the solubility of Na,S,0s,
which is 547.6 g L'*at 20 °C.1”3 The main drawback of increased oxidation agent concentrations
is that the amount of oxygen produced during the oxidation is increased in parallel. For the
conventional LC-IMRS setup, this leads to a fast destruction of the filament in the ionization
source and decreased precision of the isotope measurements, but excess oxygen was shown
to be removable by the use of an additional copper reduction system for the interface which
would also have to be applied if gas phase reduction of nitrogen species to N2 need to be

performed as the last step in the transformation of nitrate to the IRMS measurement gas.*®

As the residence time in the oxidation reactor was identified as one of the main parameters
affecting the nitrogen recoveries, the total flow in the system was further reduced by
decreasing the flow of the NaOH solution from 50 to 25 pL min for the following infusion
experiments. Besides glycine, potassium nitrate, ammonium sulfate, caffeine, urea, and
acetonitrile were additionally used to obtain individual nitrate recoveries for the LC-IMRS

interface under alkaline conditions (Table 6.3).
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Table 6.3: Oxidation experiments at alkaline pH in the LC-IRMS interface reactor. Initial analyte concentrations were kept constant at 50 mg L™ (N).

a) Potassium nitrate, b) Ammonium sulfate, c) Caffeine, d) Glycine, e) Urea, f) Acetonitrile

a) Flow (1L min) Co KNOs ¢ (NOs after Oxidation) | Recovery N | ¢ (Na,S;0s) Reaction Time
Analyte Flow | NaOH (50 mgL?) | Na,S;0s (200 g L) | Total Flow (mg LT (N)) (mg Lt (N)) % (g LY (s)
200 25 50 275 36.4 36.4 101 36.4 43
300 25 50 375 40.0 40.0 102 26.7 31

b) Co (NH4)2SOs | c (NO5 after Oxidation) | Recovery N | ¢ (NayS;0s) Reaction Time
Analyte Flow | NaOH (50 mg L) | Na;S;0s (200 g L) | Total Flow (mg L (N)) (mg L1 (N)) % (gL?) (s)
200 25 50 275 36.4 36.3 99.8 36.4 43
300 25 50 375 40.0 40.1 100 26.7 31

c) co Caffeine ¢ (NOs after Oxidation) | Recovery N | ¢ (Na3S;0s) Reaction Time
Analyte Flow | NaOH (50 mgL™) | Na,S,0s (200 g L'?) | Total Flow (mg Lt (N)) (mg Lt (N)) % (gL?) (s)
200 25 50 275 36.4 24.0 66.1 36.4 43
300 25 50 375 40.0 14.5 36.2 26.7 31

d) Co Glycine ¢ (NOs™ after Oxidation) | Recovery N | ¢ (Na;S;0s) Reaction Time
Analyte Flow | NaOH (50 mgL™) | Na,S,0s (200 g L'?) | Total Flow (mg Lt (N)) (mg Lt (N)) % (gL?) (s)
200 25 50 275 36.4 31.1 85.5 36.4 43
300 25 50 375 40.0 20.1 50.2 26.7 31

e) Co Urea ¢ (NOs™ after Oxidation) | Recovery N | ¢ (Na;S;0s) Reaction Time
Analyte Flow | NaOH (50 mg L) | Na,S,0s (200 g L'?) | Total Flow (mg L (N)) (mg L1 (N)) % (gL?) (s)
200 25 50 275 36.4 28.2 77.4 36.4 43

f) Co Acetonitrile | c (NOs after Oxidation) | Recovery N | ¢ (NaxS;0s) Reaction Time
Analyte Flow | NaOH (50 mg L) | Na,S,0s (200 g L) | Total Flow (mg L (N)) (mg L (N)) % (gL?) (s)
200 25 50 275 36.4 22.7 62.5 36.4 43
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From the initially introduced analyte concentration, theoretically maximal achievable nitrate
recoveries (100 % N oxidation to nitrate) were calculated. After taking the dilution of the
analytes in the interface by the NaOH solution and the oxidation agent into account, nitrate
recoveries were determined for each compound and set of reaction conditions. The infusion
of nitrate solution (Table 6.3 a)) was used as a control experiment to prove the precision of
the dilution by the three independent pumps in the system which could have an effect on the
results (HPLC infusion pump and interface pumps for the oxidation agent and NaOH solution).
For nitrate, recoveries of 101 % and 102 % were determined at system flows of 275 pL min
and 375 pL min? respectively. Therefore, it can be concluded that the pump system was
optimized to produce exact flows that allow a reliable calculation of the nitrogen recovery
after oxidation. In addition, introduction of excess nitrate by the reagent solutions could be
excluded. In the next step, an ammonium sulfate solution was infused into the interface
(Table 6.3 b)). At the given flow conditions, a complete oxidation of the nitrogen introduced
as ammonium to nitrate could be achieved. This indicates that for more complex molecules,
the initial oxidation of the analyte molecule is the critical step in the oxidation rather than the
transformation of ammonium to nitrate. For caffeine (Table 6.3. c)), which is known to be
comparably recalcitrant to oxidation by heat activated persulfate, nitrate recoveries of 66.1
and 36.2 % for system flows of 275 pL min and 375uL min™ could be obtained. 3> 1% 215 For
glycine, which is oxidized faster as indicated by the batch experiments, recoveries of 85.5 %
and 50.2 % for residence times of 43 s and 31 s respectively were determined. This is
comparable to the results presented in Figure 6.2 b) for system flows in the interface of
300 pL min't and 400 pL mint although the flow of the NaOH solution was decreased by 50 %.
For urea and acetonitrile (Table 6.3 e) and f)), recoveries of 77.4 % and 62.5 % respectively
were obtained at system flows of 275 pL minL. Especially for acetonitrile, the nitrate recovery
of 62.5 % is promising, as C-N double bonds are known to be recalcitrant under acidic
persulfate oxidation conditions and the bond energy in C-N triple bonds is even higher.'*® To
further optimize the oxidation, the concentration of oxidation agent, or the residence time in
the oxidation reactor have to be significantly increased in order to apply the oxidation
procedure for the measurement of isotope ratios, as a complete conversion would be
desirable for sensitive and accurate CSIA. As already shown for 6*3C in Chapter 4, correct
isotope ratios can also be measured with lower oxidation efficiencies, if identical treatment of

the analyte and reference material is ensured. Besides an increase in oxidation agent
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concentration, the change of the oxidation reactor design could be necessary to increase the
nitrate recovery. In the standard design, the reactor consists of a stainless steel tubing that is
coiled around a heating cartridge, the length of this capillary could be increased to allow
longer reaction times without changes in the system flows. As increased reactor volumes after
the LC separation also increase the longitudinal diffusion and would negatively affect the
separation, the changes have to be balanced in a way that close to 100 % recovery is obtained
without compromising the previously obtained chromatographic separation. As already
observed for the infusion experiments conducted in Chapter 4.4.4 for the oxidation efficiency
of 613C measurements in the IsoLink® interface, an increase in the observed recoveries can be
expected if the sample introduction is switched from continuous infusion to actual
chromatographic analyte peaks. If the analytes reach the oxidation reactor after HPLC
separation, the local ratio of oxidation agent to analyte is higher as a result of the Gaussian
concentration profile of the analyte peak as a result of chromatographic peak broadening. In
depth evaluations of the nitrogen recoveries could be performed as presented for the
carbonate referencing strategy, with a suitable nitrogen reference compound and an online

guantification.

6.5 Conclusion

By comparison of the oxidation products formed during the oxidation by heat activated
persulfate at acidic and alkaline conditions, suitable reaction conditions for the transformation
of nitrogen bound in organic analytes or present as ammonium to nitrate could be identified.
Nitrate could serve as an intermediate species in the transformation to the final nitrogen
measurement gas used for the IRMS measurement. The oxidation at alkaline pH conditions
could successfully be transferred from a batch reactor system to the continuous oxidation in
a flow-through system of a commercially available LC-IRMS interface. By the direct infusion of
nitrogen containing analytes into the oxidation reactor and subsequent IC measurements,
good nitrate recoveries could be obtained. Further improvements to the nitrate recovery
could be realized by increasing the length of the heated zone of the flow-through reactor
system. With a subsequent reduction of nitrate to NO, a membrane gas separation and
reduction of NO to N; in the gas phase, the wet chemical oxidation at alkaline conditions could
be an alternative for high temperature catalytic conversion systems for the development of a

LC-IRMS system for 0*°N measurements.
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7 General Conclusion and Outlook

7.1 General Conclusion

One of the main fields of applications for LC-IRMS is in the field of food authenticity. Many
recent publications focus on the authenticity of sugars in honey from various sources,
although detection of honey adulteration was already established in 2006 by Cabanero et al.
which indicates the ongoing interest in further developments in this field.>* 97 218219 The
analytical method for the authenticity control of xylitol in food products presented in
Chapter 3 offers new possibilities to identify incorrect labelling of the utilized raw materials.
With the developed LC-IRMS method, previously published trends in EA-IRMS based
measurements on xylitol bulk material could be validated and further elucidated.’®® The
identified offset between xylitol and the bulk plant raw material observed with both IRMS
techniques is probably due to fractionation between the lignin and hemicellulose fractions.
Detailed isotopic information for bulk plant material is present in the literature, but
fractionation between different molecule classes in the material is not available and could be

subject for more detailed studies in the future.

In the context of the evaluation of oxidation conditions in the LC-IRMS interface for §°N
measurements, problems with incomplete oxidation that were already observed with the
standard setup for '3C measurements were evaluated in Chapter 4. The detailed insights into
the persulfate based oxidation process in the LC-IMRS interface offer new possibilities for
method improvement during the development for compound specific 4*3C measurements.
With the help of the carbonate referencing strategy, oxidation conditions of target analytes
can be systematically evaluated during the method development step to identify recalcitrant
compounds that require special oxidation conditions such as nitrogen containing ring systems
or halogenated analytes.* ¢! A detailed evaluation of the oxidation conditions is currently not
performed in many published applications, but should be established as an additional quality
control tool to improve the trueness of LC-IRMS measurements with newly developed

methods.

Besides the application in an LC-IMRS, persulfate oxidation is commonly used in large scale
applications such as the removal of environmental contaminants or persistent compounds in

wastewater.'’® The speciation of the final mineralization products of nitrogen containing
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compounds under different pH conditions as presented in Chapter 5 and 6 could be of interest
in these fields, as nitrate as well as ammonium are of concern in the environment with
concentration limits of 50 mg L for nitrate and 0.5 mg L for ammonium in groundwater in
Germany.??° The unspecific oxidation of nitrogen containing matrix compounds as well as
target molecules could lead to significant production of ammonium and nitrate depending on
the pH conditions in the water or soil. In addition, high temperature catalytic conversion
methods for TOC and TNb measurements are used routinely in environmental monitoring, in
the presence of high persulfate concentrations, significantly lower TNb levels are measured
for organic nitrogen containing molecules and ammonium as presented in Chapter 5. This
could lead to an underestimation of the nitrogen load in samples after persulfate treatment

for remediation purposes.

The results of the oxidation at alkaline conditions in the LC-IRMS interface reactor presented
in Chapter 6 suggest that the nitrate recovery has to be further improved to reach quantitative
recoveries desired for IRMS measurements. Besides the proposed options of increased
reaction times through lower flow rates in the reactor, or an increased length of the capillary
of the reactor, the addition of metal catalysts to the oxidation reaction could be considered in
further experiments. The alkaline activation of persulfate is still not completely understood
and experiments with additional catalysts have not been published, in contrast to the
oxidation at acidic conditions, where catalysts such as Ag*, Fe?*, Mn?* or Co%* have been

evaluated to increase the carbon oxidation efficiency. 1> 178
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7.2 Outlook

Based on the initial literature available for the mineralization of nitrogen containing molecules
by sulfate radicals as used for the wet-chemical oxidation in the LC-IRMS interface, the
nitrogen containing intermediate and end products were not clearly identified either for acidic
nor for alkaline reaction conditions. In order to develop a LC-IMRS interface for 6N
measurements, a single nitrogen containing, IRMS measurable form has to be reached as an
intermediate or final species to obtain representative compound specific isotope ratios. The
evaluation of the speciation of the nitrogen containing mineralization products and nitrogen
mass balances for the oxidation of exemplary analytes lead to the conclusion that the acidic
oxidation environment used for 0'3C measurements could not be employed for development
of the 6*°N IRMS setup, as nitrate and ammonium were produced, in parallel as final reaction
products in the timespan that would be applicable for an online reaction interface. However,
the designed analytical approaches could be transferred for the elucidation of the alkaline
mineralization products. Under these conditions, promising results could be obtained, as the
intermediately formed ammonium is oxidized to nitrate in a timeframe that could be realized
in an online instrument after further optimization. Nitrate would be utilized as an
intermediate species after the oxidation, which contains the isotopic N information of

previously LC separated analytes.

In order to integrate the wet chemical oxidation at alkaline conditions into the measurement
of compound specific nitrogen isotope ratios, the oxidation could be combined with a
subsequent wet chemical reduction of NO3 to NO followed by a gas separation and reduction
to Na. After the oxidation to nitrate, published techniques such as the nitrate reduction to NO
by V(II1)Clz solution can be used to transform the nitrate into a gaseous species that can be
separated by the membrane system of the LC-IRMS interface.'??> 221 NO could be measured
directly on the IRMS system or further reduction to N; is performed by a copper filled gas
phase reduction oven, which would in addition scavenge excess oxygen produced during the
initial oxidation process.*® In this combination, LC-IRMS could become a powerful tool for the
measurement of compound specific dual isotope information of carbon and nitrogen on a
single analytical platform. This setup for the compound specific 6*°N measurement could be
an alternative to the high temperature catalytic conversion LC-IRMS system, which was

developed by Federherr and co-workers, but is not commercially available until now.*®
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Regardless of the oxidation technique employed for the transformation in the LC-IRMS
interface, the commercial availability of an LC-IRMS interface for the combined measurement
of 613C and 0*°N isotope ratios would lead to new possibilities in many fields of research. Dual
element studies as for example performed for the herbicide glyphosate by Mogusu et al., can
offer a significantly higher power of discrimination than comparisons based on one element
alone.?'? As many target molecules for current LC-IRMS investigations like amino acids,
pharmaceuticals or pesticides contain nitrogen, an analytical solution for a combined ¢'3C and

0N isotope measurement would offer significant advantages for the research in these fields.
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Figure 4.3: Infusion and oxidation of different concentration levels of caffeine under identical oxidation
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Figure 4.5: Flow injection of common LC-IRMS analytes at identical oxidation conditions and varying
concentrations; circles indicate the peak area obtained by IRMS, horizontal bars correspond to the
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Figure 4.6: Comparison of the ¢'3C values obtained for the compounds analyzed by flow injection.
Dotted lined represent the + 0.5 %o range around the mean ¢*3C value. Error bars indicate the 99 %
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possible. §13C values were calculated using CO, reference gas set to 0 %o and are not normalized to the
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Figure 4.7: Peak areas and 0'3C values obtained for methanol and xylitol by LC-IRMS at different flow
and oxidation conditions; circles indicate the peak area obtained by IRMS, diamonds correspond to the
O0BC ratio measured against the CO, reference gas. Instrumental parameters: (a, b: HPLC flow,
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Figure 4.8: Peak areas and J%C values obtained for caffeine by LC-IRMS at different oxidation
conditions; circles indicate the peak area obtained by IRMS, diamonds correspond to the §3C ratio
measured against the CO, reference gas. Instrumental parameters: (a: HPLC flow, 500 pL min; HsPO,
1.5 M, 50 pL min’; Na,5,0s 0.84 M, 50 pL min™), (b: HPLC flow, 500 pL min'%; HsPO4 1.5 M, 50 pL min®

1- NayS;05 0.42 M, 50 uL min) Error bars might be smaller than the symbols (99 % confidence intervals)

Figure 4.9: 613C values obtained for different concentrations of xylitol (a) and methanol (b) oxidized at
100 °C (diamonds) in contrast to the reduced peak areas obtained by a reduction of the oxidation
temperature (spheres). Error bars indicate the 99 % confidence interval and may be smaller than the
symbols. 53C values were calculated using CO; reference gas set to 0 %o and are not normalized to the
VPDB scale as they were intended to be used to monitor the stability of the §3C signal only and are
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Figure 5.5: Recovery rates obtained for the determination of TOC and TNb from glycine, NH4Cl, and
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95 % confidence interval after error propagation of the individual measurement uncertainties

Figure 5.6: PDS concentration during the mineralization of organic compounds as a result of the heat
induced decomposition and further transformation to sulfate. The dashed line indicates the 7.5
mmol L threshold above which a constant effect of the PDS on the TNb measurements was

observed. k; (batch experiment 96-98 °C) =0.74 x 103 s!
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Figure 5.7: Mineralization of caffeine by heat activated PDS (initially 50 mg L™ (C), 30 mmol K,S,0s,
temperature 96-98 °C), error bars indicate the 95 % confidence intervals obtained by Gaussian error

propagation of the uncertainties of the individual measurements

Figure 5.8: TNb measured during the mineralization of caffeine with heat activated PDS (Initial caffeine
concentration 50 mg L (C), initial PDS concentration 30 mmol L !, mineralization at 96-98 °C).
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Figure 5.11: Mineralization of piperidine by thermally activated PDS (initially 50 mg L (C), 30 mmol L
K>S,0s, temperature 96-98 °C)
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piperidine concentration 50 mg L (C), initial PDS concentration 30 mmol L, mineralization at
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Figure 6.5: Oxidation of caffeine by heat activated persulfate at an initial pH of 12 adjusted by
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Liquid chromatography isotope ratio mass spectrometry

Total organic carbon

Total nitrogen bound (Total dissolved nitrogen except for dissolved N)
lon chromatography / Inorganic carbon
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Gas chromatography isotope ratio mass spectrometry
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