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Summary

This PhD thesis addresses the chemical characterization of heavy petroleum-derived materials at the mo-
lecular level by thermogravimetry coupled to high-resolution Fourier transform ion cyclotron resonance
mass spectrometry (TG-FT-ICR MS). High-resolution mass spectrometry is able to simultaneously detect
thousands of signals in a single mass spectrum and enables their sum formula attribution. Thermogravim-
etry serves as temperature-resolved sample introduction technique for evolved gas analysis of highly
complex mixtures. Volatile and semi-volatile compounds are intactly volatilized, whereas high-molecular
weight compounds are pyrolysed. However, although TG-FT-ICR MS has been shown to be a powerful
analytical tool for the chemical description of heavy petroleum materials, its analytical capabilities can be
expanded by the application of different ionisation techniques, sample fractionation, or data integration
with other analytical techniques. Consequently, this PhD thesis also present further developments of ion-
isation techniques to enhance the chemical description of ultra-complex mixtures.

TG-FT-ICR MS was applied in this thesis in different petroleum related research fields, such as waste up-
grading of polyethylene terephthalate, the investigation of bitumen aging as binder in road construction,
or the chemical characterization of asphaltenes often related to several crude oil refining and production
problems. Bitumen short-term aging was investigated by combining the strength of atmospheric pressure
chemicalionisation (APCI) TG-FT-ICR MS, which sensitively ionises semi-polar to polar species, with two-
dimensional gas chromatography high-resolution time-of-flight mass spectrometry (GCxGC-HR-TOF
MS), which enabled the structural elucidation of volatile to semi-volatile compounds. The data integration
of both methods provide insights into aging-related alterations: the abundance of oxygen-containing
compounds, such as the O1-, O2-, S101-, and N1O1-class as well as distinct chemical functionalities, such
as fluorenones and sulfoxides, were found to increase. The concentration of non-aromatic sulphur-con-
taining compounds, including thiolanes, as well as aromatic nitrogen-containing compounds, such as ac-
ridines, were found to strongly decrease during aging. TG-FT-ICR MS further revealed valuable infor-
mation on the most complex fraction of crude oil, the asphaltenes. With this technique, insights into pre-
cipitation effects of asphaltenes could be revealed. It could be shown, that the precipitation solvent
strongly affects the composition of occluded material. Furthermore, highly purified asphaltenes were
shown to release occluded material after extrography fractionation, which was most probably bonded in
cooperative aggregates. The detection of pyrolysis fragments added information concerning the critical
debate on the asphaltene structural motifs. The combination of different evolved analysis techniques,
several ionisation methods as well as mass spectrometric analysers further enabled a recombination sug-
gestion of an average, archipelago-type asphaltene molecule.

The further development of ionisation techniques helps to address a selected chemical space simplifying
ultra-complex mixtures and reduce matrix effects. In the context of this PhD work, atmospheric pressure
photoionisation applying a Xenon-discharge lamp (8.4 and 9.6 eV) was introduced, which enabled the ef-
ficient ionisation of highly aromatic compounds as radical cations. Moreover, a new ionisation technique
was developed by using single photon laser ionisation under atmospheric pressure conditions (APSPLI).
The concentration of oxygen was shown to be a crucial parameterin APSPLI with respect to VUV-induced
dissociation of oxygen, which produces oxidised ionisation artefacts. However, artefacts could be reduced
by applying O2/H20 filter cartridges to further purify the nitrogen supply, high nitrogen flow rates, and
the ionisation of the analytes immediately after being introduced to the ionisation chamber. Furthermore,
APSPLI was successfully applied to complex petroleum-derived mixtures introduced by thermogravime-
try or gas chromatography coupling. In comparison to multi-photon based APLI, APSPLI highlights espe-
cially sulphur-containing compounds and covers therefore a broader chemical space.

IV



Zusammenfassung

Diese Doktorarbeit adressiert die chemische Charakterisierung von schweren, erddlverwandten Materialien
auf molekularer Ebene unter Verwendung von Thermogravimetrie gekoppelt an Fouriertransformation lo-
nenzyklotronresonanz-Massenspektrometrie (TG-FT-ICR MS). Hochauflésende Massenspektrometrie kann
tausende Signale in einem Einzelspektrum gleichzeitig detektieren und Summenformeln zu ihnen zuweisen.
Thermogravimetrie dient als temperaturaufgeldste Probenaufgabetechnik zur Emissionsgasanalyse von
hochkomplexen Mischungen. Flichtige und semi-flichtige Komponenten werden intakt verdampft, wohinge-
gen hochmolekulare Spezies pyrolysiert werden. Obwohl gezeigt wurde, dass TG-FT-ICR MS ein starkes ana-
lytisches Werkzeug fir die chemische Beschreibung von schweren Erdélmaterialien ist, kann diese Methode
durch den Einsatz verschiedener lonisationstechniken, Probenfraktionierung oder der Zusammenfihrung ver-
schiedener Datensatze anderer analytischer Techniken erweitert werden. Folglich zeigt diese Doktorarbeit
auch die Weiterentwicklung von lonisationstechniken, mit denen die chemische Beschreibung von ultra-kom-
plexen Mischungen erweitert werden kann.

TG-FT-ICR MS wurde in dieser Arbeit fUr verschiedene erddlrelevante Forschungsgebiete, wie Abfallverwer-
tung von Polyethylenterephthalat (PET), der Untersuchung von Alterung von Bitumen als Bindungsmaterial im
Strafenbau und die chemische Charakterisierung von Asphaltenen, welche haufig mit verschiedenen Proble-
men der Erdolraffination und —produktion in Zusammenhang stehen, angewendet. Bitumen-Kurzzeitalterung
wurde mittels der Kombination von Atmospharendruck chemischer lonisation (APCI) TG-FT-ICR MS, welche
sensitiv semi- bis polare Komponenten ionisiert, und zweidimensionaler Gaschromatographie gekoppelt mit
hochauflosender Flugzeit-Massenspektrometrie (GCxGC-HR-TOF MS), welche die strukturelle Aufklarung von
fluchtigen und semi-fluchtigen Verbindungen ermaglicht. Die Zusammenfihrung der Datensatze beider Me-
thoden bietet Einblicke in alterungsbezogene Anderungen: Die Haufigkeit von sauverstoffhaltigen Verbindun-
gen, wie die O1-, O2-, S101-, und N101-Klasse sowie bestimmte chemische Funktionalitdten, wie Fluorenone
und Sulfoxide, ist angestiegen. Die Konzentration von nicht-aromatischen schwefelhaltigen Verbindungen, wie
Thiolane, und stickstoffhaltigen Verbindungen, wie Acridine, hat durch die Alterung abgenommen. TG-FT-ICR
MS konnte aufserdem wertvolle Informationen zu der komplexesten Fraktion von Erddl, den Asphaltenen, bei-
tragen. Mit dieser Technik konnten Einblicke in Fallungseffekte von Asphaltenen gewonnen werden. Es konnte
gezeigt werden, dass das Fallungssolvent einen grof3en Einfluss auf die Zusammensetzung des okkludierten
Materials hat. Des Weiteren wurde gezeigt, dass stark aufgereinigte Asphaltene nach Extrographie-Fraktionie-
rung weiteres okkludiertes Material freisetzen, welches zuvor hochst wahrscheinlich in zusammenwirkenden
Aggregaten gebunden war. Die Detektion von Pyrolysefragmenten konnte Informationen zu der Debatte um
die molekulare Architektur von Asphaltenen beitragen. Die Kombination von verschiedenen Emissionsgasana-
lysetechniken, unterschiedlichen lonisationstechniken und Massenanalysatoren erlaubte weiterhin einen Vor-
schlag fir ein rekombiniertes, durchschnittliches Asphaltenemolekil der Archipelagostruktur.

Die Weiterentwicklung von lonisationsmethoden hilft dabei, einen selektiven chemischen Bereich anzuspre-
chen und dadurch ultra-komplexe Mischungen zu vereinfachen und Matrixeffekte zu reduzieren. Im Rahmen
dieser Doktorarbeit wurde die Atmospharendruck-Photoionisation mit einer Xenon-Gasentladungslampe (8.4
und 9.6 eV) eingefthrt, welche die effiziente lonisation von hocharomatischen Komponenten als Radikalkatio-
nen ermoglicht. Des Weiteren wurde eine neue lonisationstechnik entwickelt, die Atmospharendruck-Einpho-
tonen-Laserionisierung (APSPLI). Die Konzentration von Restsauerstoff ist ein entscheidender Parameter in
APSPLI mit Hinblick auf VUV-induzierte Dissoziation von Sauerstoff, welche zu oxidierten lonisationsartefakten
fUhrt. Diese Artefakte konnen jedoch durch den Einsatz von O2/H20-Filterkartuschen (Aufreinigung des Stick-
stoffzuflusses), hohen Stickstofffluss und der lonisation sofort nach dem Eintreten der Substanzen in die lo-
nenquelle reduziert werden. APSPLI wurde auch erfolgreich zur Analyse von komplexen erdélverwandten Ma-
terialien eingesetzt, welche Uber thermogravimetrische und gaschromatographische Kopplung aufgegeben
wurden. Im Vergleich zu der Multiphotonenionisation APLI, hebt APSPLI besonders schwefelhaltige Kompo-
nenten hervor und deckt somit einen breiteren chemischen Bereich ab.
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Motivation and aim

1 Motivation and aim

Petroleum can be numbered among the most important re-
sources of modern mankind. Due to its extensive us-

age during the last century, light crude oil reservoirs

and easy to access petroleum reserves are

mostly depleted. Heavy crude oils as well as
unconventional oil reservoirs therefore raise \//-\\
in importance. However, due to the higher

complexity and chemical diversity related
with heavier feedstocks, petroleum pro-
duction, transportation, storing, and refin-
ing are faced to increasing challenges.
Heavy petroleum-derived material is often
related to the formation of deposits or cata-
lyst poisoning during the upgrading process. data integration
Similarly to the increasing problems during the

production and processing, the chemical and com-

positional characterisation of those highly complex mix-

tures remain an analytical challenge.[1, 2]

thermogravimetry
coupled to
FT-ICR MS

heavy petroleum
samples

development of
new techniques

In the last decades, the analytical capabilities in the field of petroleum analysis drastically expanded. Es-
pecially, high-resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS)
added valuable information at the molecular level due to its unbeaten resolving power and mass accuracy,
which enables the calculation of sum formulae on the basis of the measured mass-to-charge ratio. How-
ever, only the combination of different analytical approaches with FT-ICR MS, such as several ionisation
methods, fragmentation techniques, fractionation, or chromatographic separation, addresses the com-
prehensive chemical description of heavy petroleum derived material. [1, 3] Despite the continuous ad-
vances in analytical technology, the “petroleome” of crude oil is still not completely unravelled.

This PhD thesis aimed to comprehensively characterize heavy petroleum-derived material at the molec-
ular level and addresses different petroleum related research fields such as polymer waste upgrading, ag-
ing of bitumen as binder in road construction, or asphaltenes often causing problems during the produc-
tion and refining cycle of crude oil. In the context of this PhD work, the combination of FT-ICR MS and
evolved gas analysis has been shown to provide valuable information on the most complex constituents
of petroleum. Besides that, data integration strategies are presented combining the strengths of FT-ICR
MS with different ionisation methods selectively ionising a specific compositional space. To integrate fur-
ther structural information, mass spectrometric fragmentation techniques were applied and FT-ICR MS
data were further supported by gas chromatographic information. | further aimed in this PhD work to
expand the analytical capabilities for petroleum analysis by improving and extending selective and sensi-
tive ionisation techniques. Within this context, | introduced atmospheric pressure photoionisation using
xenon discharge lamps forionisation, which leads to a simplification of the received spectra. Furthermore,
atmospheric pressure single photon laser ionisation was introduced, aiming for a selective and sensitive
ionisation of low- to semi-polar compounds.
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2 Introduction to petroleum derived materials

The following section focuses on different petroleum derived materials investigated in this PhD work.
Since petroleum is one of the most complex mixtures in the world, its complete and comprehensive chem-
ical description remain an analytical challenge. This work primarily focusses on the investigation of the
most complex fractions of crude oil, such as bitumen and asphaltenes, at the molecular level.

2.1 Petroleum

Petroleum or crude oil is a naturally occurring, highly complex mixture of hydrocarbons containing con-
siderable amounts of sulphur, nitrogen, and oxygen as well as trace amounts of metals. The main compo-
nents of the hydrocarbons are paraffins with 15-60 wt.-%, cycloalkanes (naphthenes) with 30-60 wt.-%,
and aromatics with 3-30 wt.-%. [4] With respect to the elemental composition, crude oils are generally
composed of 83 to 87 wt.-% carbon, 10 to 14 wt.-% hydrogen, 0.1 to 2 wt.-% nitrogen, 0.05 to 1.5 wt.-%
oxygen, 0.05 to 6.0 wt.-% sulphur. Metals are contained as vanadium, nickel, copper and iron, which are
often bound in porphyrin complexes. [4] Paraffins are present in crude oils as linear or branched alkanes,
whereas naphthenes are mainly found as cyclo-pentane or cyclo-hexane units, which can occur as fused
ring systems in heavier petroleum fractions. Aromatics are present as single or polyaromatic hydrocarbon
(PAH) ring systems. Sulphur is incorporated in chemical functionalities forming mercaptans, thiols, sul-
fides, and thiophenes. Nitrogen occurs in pyridinic or pyrrolic structures as well as in more complex por-
phyrins. Oxygen is present as aliphatic/naphthenic/aromatic carboxylic acids, phenols, esters, ketones, or
furans. However, acidic oxygen compounds are more abundant than non-acidic species. The actual com-
position of crude oils varies by their geological origin, but also between oil wells in the same field and even
between different depthsinthe same well. The differences can be ascribed to variations in both molecular
weight and types of molecules. [1, 5]

Crude oil originates from organic sediments, which were partially degraded by microbes under anaerobic
conditions and matured over million years under elevated temperature and pressure. During the genesis,
the partially degraded organic sediments form the source rock of the crude oil. After subsidence in deeper
regions, the biomassis converted at elevated temperatures to solid, high-molecular weight hydrocarbons,
which is called kerogen. During further maturation (katagenesis and metagenesis), the kerogen is trans-
formed into natural gas, crude oil, and bitumen. From matured source rocks, natural gases and crude oil
can migrate into porous rocks (primary migration). Due to their comparatively low density, the petroleum
molecules migrate upwards until an impermeable rock is reached, leading to an enrichment of the petro-
leum in the rock below, which serves as reservoir rock. [3, 6]

Naturally occurring fossil materials can be divided into several subgroups, such as natural gas, crude oils,
bitumen, asphaltites, asphaltoids, oil shale, natural waxes, kerogen, or coal. The individual subfractions
can be further divided on chemical basis into saturated hydrocarbons, aromatics, resins, and asphal-
tenes. [1] Crude oils can be further classified very generally in terms of physical properties into light (con-
ventional), heavy and extra heavy oils. A parameter commonly used for classification into the afore-men-
tioned categories is the American Petroleum Institute (API) gravity. APl gravity is a measure of how light
or heavy a petroleum-derived material is in comparison to water. Light and medium oils are in general
attributed with an API gravity between 35° and 20°, heavy oils below 20°, and extra heavy oils below 10°.
Bituminous materials range between 5° to 10°, whereas atmospheric residues are determined by 10° to
15° APl and vacuum residues by 2° to 8° API. [1, 7]
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2.1.1 The Continuum Model of Petroleum

In general, the heavier a crude oil or a distillation cut, the higher is its compositional and structural com-
plexity. In the 1980s, Mieczyslaw M. Boduszynski introduced a Continuum Model of Petroleum, which ad-
dressed the compositional progression of petroleum-derived materials. Remarkably, the model was only
based on the atmospheric equivalent boiling point (AEBP) trends of light petroleum fractions, molecular
weight distributions, elemental analysis, gas chromatography of light distillation cuts as well as field de-
sorption/ionisation low-resolution mass spectrometry. [8—10] The Boduszynski model proposes that dif-
ferent compounds with similar molecular weight cover a broad boiling point range, which in turn means
that even narrow boiling cuts reveal a high chemical diversity [11]. Figure 1 illustrates the effect of the
molecular weight and structure on the AEBP, as proposed by Boduszynski. For each homologues row, the
boiling point increases as a function of the molecular weight. The steepest function is revealed for paraf-
fins, whereas homologues contain-
ing naphthenic, aromatic or heteroa-
tomic moieties exhibit an offset to

higher boiling points. For a given
AEBP, species with the highest mo-
lecular weight will be therefore par-
affins, followed by naphthenes, aro-
matics, and heteroatom-containing
compounds. [11] Approximately 30
years after its introduction, the Bo-
duszynski model was proven for high
boiling fractions and residues by ul-
tra-high-resolution mass spectrom-
etry explained in detail below. It was

carbon number

100 200 300 400 500 600
atmospheric equivalent boiling point [°C]

] light heavy
demonstrated, that carbon number, naphtha dmr#:;g vacuum vacuum | vacuum residue
aromaticity, heteroatom content gasoil gasol

and complexity, continuously in-

. s . Figure 1: The effect of molecular structure and weight on the atmospheric equiv-
crease as a function of boiling point

alent boiling point.
for petroleum. [12—14]

2.1.2 Petroleum refining

After the production of crude oil from conventional or unconventional oil fields, the petroleum material is
refined into products with maximum economic value. The refinery process involves at first a pre-treat-
ment of the feedstock crude, such as desalting or separation from small gases and water. In the following,
a variety of upgrading processes take place to convert low valuable components best possible into high
value petroleum products, such as naphtha, gasoline, kerosene, and diesel. Figure 2 schematically intro-
duce different steps of petroleum distillation and upgrading. Atmospheric distillation is the first process
for the separation of crude oil feedstocks, in which light and valuable distillation cuts are obtained. The
heavier fractions in the atmospheric distillation residue are further distilled under low pressure conditions
during vacuum distillation. The two main products obtained are vacuum gas oil (VGO) and vacuum resi-
due. Heavy petroleum cuts are feedstock for different conversion techniques, which aim to improve the
yield of high value petroleum products. Thermal cracking, visbreaking, steam cracking, or catalytic crack-
ing and reforming are examples for common upgrading methods. After the conversion of heavy residues
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into lighter fractions, the products need to be further/ parallel treated to remove high amounts of het-
eroatoms and metals present in high boiling petroleum cuts. Processes which reduce the content of het-
eroatoms involve for example hydrodemetallation (HDM), hydrodesulfuration (HDS) or hydrodenitrofica-
tion (HDN). [1, 3, 5]

atmospheric natural gases

distillation

'¥ natural
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gasoline low boiling (light),
# n only few heteroatoms
naphta # and metals,
* high value products
kerosene 'ﬂ #
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- reforming
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370°C

desulfurization
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hydro-
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tar/
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Figure 2: Simplified sheme of crude oil refining. The crude oil feedstocks are separated by atmospheric distillation followed by
vacuum distillation. Heavy residues are converted to lighter fractions during different conversion processes.

vacuum

2.2 Polyethylene terephthalate

The main applications for petroleum refinery products are for transportation (45 %) and for heating/ en-
ergy (42 %) purpose. However, approximately 4 wt.-% of the refinery products are used to synthesize dif-
ferent types of polymers, such as polypropylene (PP), polyethylene (PE), or polyethylene terephthalate
(PET). [15, 16] After PP and PE, PET is the third most commonly consumed polymer in Europe [17]. The
thermoplastic polymer is used for example in fibres for clothing, plastic packaging for liquids and foods or
for engineering resins. [17, 18] As global polymer production rapidly increases over the last decade, the
rising demand in polymers also caused an accumulation of waste [19]. Different recycling methods were
developed to reduce the percentage of plastic disposal in landfills. Another possibility to convert plastic
waste into a valuable resource is realised by pyrolysis of the polymersinto gas, pyrolysis oil and char, which
can be again used as feedstocks in refinery. PET was also explored as potential feed for pyrolysis processes
yielding between 23-40 wt.-% liquid and 52-77 wt.-% gaseous pyrolysis products [19, 20]. Due to its po-
tential as energy source, the investigation of the

O>\ < > (O pyrolysis products of PET is of great interest.
d O—(CH,), Conventional analytical methods, such as gas
n  chromatography mass spectrometry (GC-MS) or

liquid chromatography (LC), are applied to inves-
tigate the composition of pyrolysis mixture of-
“ fline [21—-23]. For online monitoring of the pyrol-

\ ysis process, the application of thermal analysis
(TA) coupled to other analytical techniques, such
as infrared spectroscopy (IR) or mass spectrom-

polyethylene terephthalate

Figure 3: Polyethylene terephthalate (PET) is often applied for
plastic packaging or clothing fibres, which causes a high amount  etry, is widely used to investigate polymer pyrol-
of plastic waste.

ysis products. [24, 25]
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2.3 Bitumen

Bitumen is characterized by its high viscosity as well as high compositional and structural complexity, con-
taining high amounts of heteroatoms such as sulphur, nitrogen, oxygen, and metals. During the refinery
process, bitumen is obtained as residue from vacuum distillation. [26, 27] Mixed with mineral aggregates,
bitumen is used as binder to create asphalt concrete for application as pavement in road construction.
Modifiers, such as elastomers, plastomers, or crumb rubber, can be added to improve and design the
properties of binders. The additives can adjust viscosity, elasticity, hardness, or prolong the lifetime of the
pavement. [28-30] During the service time of the pavement, the asphalt experiences hardening and em-
brittlement caused by different aging effects, which leads to cracking of the material. [31] Aging of the
binder occurs during mixing, transportation, and paving, which is termed short-term aging, as well as dur-

SHORT TERM AGING LONG TERM AGING

Bitumen

binder ‘ Environmental inﬂuences

ggregates O[>
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Figure 4: Aging pathways of bitumen. Short-term aging occurs during the mixing of mineral aggregates and bitumen binder un-
der elevated temperatures and high specific surface. Long term aging occurs during the service time of the binder and is influ-
enced by climatic conditions and oxidation.

ing the pavement’s service time, then referred to as long-term aging. Short-term aging is characterized
by high temperatures of 150-160 °C as well as a high specific surface, which is exposed to air. Long-term
aging is triggered by climatic conditions, void content, oxidation by atmospheric oxygen, and ultra-violet
irradiation. Figure 4 illustrates both aging pathways. To investigate the effects of aging on bitumen, dif-
ferent aging methods were developed to age bitumen in small, laboratory scale. Short-term laboratory
aging is simulated for example by the rolling thin film oven test (RTFOT) or the rotating flask test (RFT),
while the latter was used under modified conditions in this PhD work in detail described in section 4.2.2.
Long-term laboratory aging most often is performed in a pressure aging vessel (PAV) and usually carried
out after RTFOT-conditioning. [32—35] Different aging mechanisms lead to alterations in the properties
of bitumen. Oxidation is described as permanent and most severe hardening effect of bitumen and occurs
during both, short-term and long-term aging. Oxidation causes the formation of polar functional groups,
such as sulfoxides, anhydrides, carboxylic acids, and carbonyls, while the reaction is determined by tem-
perature. [26, 27] Other aging mechanisms are known from the evaporation of volatile bitumen constitu-
ents, the phase separation of the binder by absorption of oily components into the mineral aggregates, or
physical hardening caused by molecular rearrangement. Commonly, aging effects in bitumen are inves-
tigated by the determination of physical properties providing insights into mechanical characteristics [34,
36—40]. Due to the high complexity of bitumen, chemical analyses are often limited to SARA-fractionation
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[41] or bulk analysis of chemical functionalities by infra-red spectroscopy [28, 42—44]. Thus, the compre-
hensive molecular description of aging effects in bitumen could be strongly promoted by this PhD work

[45].

2.4 SARA-fractionation and Asphaltenes

Fractionation of crude oil derived material reduces its
enormous complexity, which enables the detailed in-

petroleum sample vestigation of its subfractions. Commonly, advantage

| n-paraffin (C5-C7) is taken of differences in solubility of various chemical

soluble | | insoluble  compound classes presentin petroleum. The fraction-

ation into saturates, aromatics, resins and asphaltenes

</ % (SARA-fractionation) is the most widely applied frac-

maltenes asphaltenes tionation technique. [46—48] Figure 5 presents a

| silica column scheme of the SARA-fractionation procedure. In afirst

n-heptane | toluene | DCM/MeOH step, the asphaltene fraction is precipitated by adding

a n-paraffinic solvent, such as n-pentane (Cs), n-/cy-

</ </ ‘ clo-hexane (C6), or n-heptane (C7). The soluble frac-
saturates  aromatics  resins tion is referred to as maltene fraction and is further

polarity . )
separated on silica into saturates (n-heptane), aro-

Figure 5: Scheme of SARA-fractionation into saturates, ar- matics (toluene), and resins (DCM:MeOH). [49, 50] In

omatics, resins, and asphaltenes. refinery design and operation, the weight percentages
of each fraction are used as quality criterion and helps
to improve refinery conditions.

Asphaltenes are regarded as the most complex fraction of petroleum and are often related to problems
during crude oil production, transportation, storing, and refinery. Asphaltenes tend to form deposits, are
related to catalyst fouling and destabilization of crude oil mixtures. [2, 51—55] Due to their definition by
solubility, the asphaltene fraction is composed of highly polar, high molecular weight compounds, which
are enriched in heteroatoms as well as metals, such as vanadium and nickel [2]. The high aggregation
tendency of asphaltenes led to debates on the weight of asphaltene monomers for decades. Meanwhile,
researchers mostly agree on a mass range of 200-1500 Da with an average molecular weight of 5oo-800
Da. [56—60] Besides the molecular weight, the asphaltene molecular architecture is still subject of investi-
gation. Two different structural motifs are under discussion: The island structural motif (single-core) ver-
sus the archipelago structural motif (multi-core). Island-type asphaltenes are thought to be composed of
a highly aromatic, peri-condensed aromatic core with peripheral alky side chains, whereas archipelago-
type asphaltenes are likely composed of smaller aromatic cores linked by alkyl bridges [61-63]. The island
structural motif was introduced in the early 1960s

by Yen et al. [64] and was later enhanced by Mul- i

lins and co-workers [65]. The island model was ../\/\
supported by a variety of analytical techniques, ‘ ./( ..

such as atomic force microscopy (AFM) [66-69], f ."\__\__
nuclear magnetic resonance (NMR) spectroscopy
[62, 70, 71], or laser desorption laser ionisation

2
mass spectrometry (L2MS) [72, 73]. Although the Figure 6: asphaltene architecture: archipelago and island struc-
island model serves to describe some asphaltene  tural motif.

archipelago-type asphaltenes island-type asphaltenes
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properties, it is incongruent for example to products observed after thermal cracking or pyrolysis of as-
phaltenes. The presence of alkylated, small aromatic core structures observed in the newly formed mal-
tene fraction or pyrolysis effluent can be better explained by the existence of archipelago-type asphal-
tenes. [61, 74-81] In the last two decades, high resolution mass spectrometry contributed valuable infor-
mation to the asphaltene structural debate. [13, 63, 78, 82-84] It was shown by including fractionation and
fragmentation techniques, that asphaltenes are composed of both structural motifs. The abundance of
each motif differs by the origin of the asphaltenes as well as the molecular weight of the asphaltene com-
pounds within one sample. [84-89] Aggregation was further revealed to be a major issue, which distorts
mass spectrometric measurements by highlighting island-type asphaltenes, which are characterized by
high monomerion yield. [85-87, 90, 91]

3 Fundamentals of the applied techniques

In the following section, the fundamentals of analytical techniques primarily applied the in this PhD work
are introduced. Thermal gravimetry (TG) coupled to high resolution Fourier transform ion cyclotron res-
onance mass spectrometry (FT-ICR MS) was predominantly used to obtain the herein presented data. The
set-up enabled detailed evolved gas analysis (EGA) at the molecular level of highly viscous as well as solid
petroleum-derived material. As ionisation techniques, atmospheric pressure chemical ionisation (APCI),
atmospheric pressure photo ionisation (APPI) as well as atmospheric pressure laser ionisation (APLI) were
applied. Two-dimensional gas chromatography (2D-GCxGC) coupled to time-of-flight mass spectrome-
try (TOF-MS) used as supporting technique to validate the FT-ICR MS data and to obtain structural infor-
mation.

3.1 Separation techniques

3.1.1 Thermogravimetry

Thermogravimetry (TG) enables tracing the mass loss in real time as a function of temperature or heating
time as depicted in Figure 7a). The differential thermogravimetric signal (DTG) reveals the mass loss rate.
Generally, physical and chemical processes can be investigated, such as desorption, thermal decomposi-
tion or oxidation. [92] For petroleum-derived material, thermogravimetric analysis (TGA) is frequently
applied to determine bulk parameters such as mass loss or coke yield [78, 82, 93, 94]. A typical thermo-
gravimetric device is composed of a precise analytical balance, whose sample holder is located in a fur-
nace. Sample material is introduced in a small aluminium (max. temp. 600 °C) or alumina (max. temp.
1000 °C) crucible. For pyrolysis experiments, the furnace volume is purged with nitrogen providing an in-
ert atmosphere, while air is introduced for the investigation of oxidation processes.

The investigation of gases and vaporized material during thermal analysis is referred to as evolved gas
analysis (EGA). Therefore, a thermobalance or another thermal analysis device is coupled to an additional
analytical technique over a heated transferline, which is most commonly infrared spectroscopy (IR) or
mass spectrometry (MS) [95]. IR enables general information on functional groups present in the evolved
molecules as well as the quantification of small gases. EGA coupled to mass spectrometry is widely used



Fundamentals of the applied techniques - Separation techniques

a) b)
-~ (1) desorption phase
\\\\ . . /\)\‘\( . \OQ
: e
20 \\ ) /\l ’ \)\(\ ‘.
§ \
= . \ .
o desorption \ pyrolysis
\
%’. 40 \
® \
£ \
\
N
60 e
o 150 300 450 600

temperature [°C]

Figure 7: a) Typical mass loss diagram obtained by thermogravimetric measurements. The TG process can be divided into two
phases, the desorption and the pyrolysis phase, whereas non-evaporables remain as residue. b) The three main pathways petro-
leum derived material undergoes during thermal gravimetric analysis. Smaller components are intactly desorbed, while high-mo-
lecular compounds are decomposed into smaller pyrolysis fragments. Non-evaporable material remains as coke in the TGA resi-
due.

in the field of thermal degradation of polymers [96—-98], but also applied for the chemical characterization
of the evolved gas mixture of petroleum-derived materials [99—102]. Unfortunately, commonly applied
mass spectrometric analysers, such as time-of-flight or quadrupole systems, lack in mass spectral resolu-
tion when heavy petroleum distillation cuts are investigated. Recently, the hyphenation of high resolution
mass spectrometry to thermogravimetry was introduced by our working group enabling the evolved gas
analysis of highly complex mixtures [103].

When petroleum-derived material is analysed by TG-MS, the evaporation process can be separated into
two different phases, the desorption and pyrolysis phase, as illustrated in Figure 7a). Non-evaporable ma-
terial remains as residue. Typically, predominant desorption is observed up to 300 °C, while pyrolysis starts
between 300-350 °C [104]. Due to its temperature profile, the TG process can be seen as separation
method reducing the complexity of the spectra compared to direct infusion inlets. Figure 7 b) illustrates
the three main pathways petroleum derived material undergoes during TGA. During the desorption
phase, smaller, low molecular weight molecules are intactly evaporated, which occur in the order of their
boiling points with increasing temperature. Nonetheless, due to the simple evaporation process, the sep-
aration is strongly limited. In the pyrolysis phase, high-molecular weight compounds are thermally
cracked [78]. Species composed of several building blocks are likely cracked at their aliphatic linkers bridg-
ing the aromatic cores [63, 79]. Compounds, which contain one highly aromatic core are known to cleave
of their alkyl side chains during thermal degradation [79, 105, 106]. If the pyrolysis fragments are evapo-
rable, they will be detected during evolved gas analysis, otherwise, highly aromatised compounds remain
as coke in the TGA residue [79, 105, 107].

3.1.2 Comprehensive two-dimensional gas chromatography

Gas chromatography (GC) is a widely used analytical technique to separate mixtures of volatile to semi-
volatile compounds enabling determination of their chemical structure. For the analysis, the compounds
are volatilized and transferred to a separation column, which operates as stationary phase. Separation
columns are generally made from fused silica coated with a thin film adapted for the polarity of the ana-
lytes. The analytes are transferred through the GC column by a continuous gas stream, which operates as
mobile phase. Most often, helium, hydrogen or nitrogen are applied as mobile phases. The chromato-
graphic separation principle relies on the distribution constant of an analyte in both phases. Depending
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on the polarity and volatility, the analytes in-

carrier gas
teract differently with the stationary phase re- injector
sulting in a separated elution of the com- GCoven
pounds from the column. The time period
spent on the column by the analyte is referred =»MS

to as retention time (RT). The separation col-
umn is placed inside an oven enabling the ap-
plication of a temperature gradient to enhance
separation or to speed up the chromato-
graphic process. At higher temperatures, the
analytes’ distribution in both phases is shifted Figure 8: General set-up for two-dimensional gas chromatography.

to the mobile phase. Therefore, the quality of Analytes are first introduced to the 1%t dimension column. During

the separation process depends on the column  the heating program of the main oven, eluting analytes are trapped
and reinjected by a modulator into the 2" dimension column. As

detector, commonly TOF-MS systems are applied.

2" dimension

modulator

1t dimension

material, temperature gradient as well as flow
rate. [108] The hyphenation of GC to mass
spectrometry enables the identification of eluting compounds not only on the basis of their retention time,
but also by comparing their fragmentation pattern (EI-MS) with data-bases. [109]

Due to the chemical complexity of higher petroleum cuts, one-dimensional GC-MS rapidly reaches its
peak capacity, which results in insufficient separation and co-eluting signals. To overcome this problem,
a second dimension can be added, which is realized by a second column most often placed in a separate
oven. The general setup of a two-dimensional GC system (GCxGC) is presented in Figure 8. The sample
is first injected to the 1" dimension GC column. While the temperature program of the main oven pro-
ceeds, the effluent from the 1° column is continuously collected and re-injected to the 2™ column by a
modulator. Modulation between the two chromatographic dimensions is the most crucial step. Flow mod-
ulators, but also cryogenic modulators are one of the most applied modulators, trapping the effluent by
rapid cooling, while re-injection is realized by rapid heating. [110—-112] Due to the refocussing of the ana-
lytes, chromatographic peak widths are only between 5o to 400 ms. In particular, time-of-flight mass
spectrometric systems, introduced in detail below, are suitable because of their high acquisition rate en-
abling the collection of a sufficient amount of data points per chromatographic peak. [113, 114]

For comprehensive analysis, the analytes are subjected to two stationary phases with orthogonal polarity.
Most commonly, a non-polar column is applied for the 1 dimension, which separates the analytes based
on their boiling point, while for the 2™ dimension, a polar column is applied separating the analytes by
polarinteractions. [112] If the afore described column combination is used, analytes occurring in the lower
space of the 2D chromatogram express less polar interactions with the 2™ column, while highly polar
compounds occur in the upper part. With regard to petroleum-derived material, the naturally present
high amount of isomers line up as small narrow bands, while homologues series are found in separated
regions. [112]

3.2 Mass spectrometry

Mass spectrometry (MS) is one of the most versatile analytical techniques therefore applied in several
fields of science. It enables the detection of the analytes’ molecular mass and provides structural infor-
mation by typical fragmentation patterns. Depending on the MS method, few analytes up to complex
mixtures can be investigated in one mass spectrum. However, all mass spectrometric techniques have in
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common that analytes need to be present as ions for their investigation. In the following, ionisation tech-
niques as well as mass spectrometric methods essential for this PhD work are introduced in more de-
tail. [115]

3.2.1 Atmospheric pressure ionisation

Classically, electron ionisation (El) is
commonly applied as ionisation tech-
nique in mass spectrometry. As hard
ionisation method, El causes frag-
mentation of the analytes, which ison
the one hand beneficial for structural
elucidation but may lead on the other
hand to the loss of the molecular ion
information. In El, ions are typically
produced by high energetic electrons
(7o eV) hitting the neutral analytes
and causing their ionisation by re- nonpolar very polar
moving an electron. The high excess polarity

energy leads to fragmentation of the

produced ions. Due to its universal Figure g: Overview on the covered mass range as well as polarity of the investi-
gated analytes by different ionisation techniques. Although Elis a universal ion-
isation technique, the investigation of high molecular structures is limit due its
high fragmentation behaviour. ESlis capable of highly polar compounds includ-
avoid the absorption of the ionising ing compounds with high molecular weight. APPI, APCland APLI cover a similar
mass range, however, due to the differences in ionisation pathways, different
chemical minorities are addressed.

10 000 —

1000

molecular weight

100

ionisation ability, El needs to be con-
ducted under reduced pressure to

electrons by surrounding gases. [108,
115] Since the 1970s, ionisation under
atmospheric pressure is applied to softly ionize the analytes [116]. In the following decades, several at-
mospheric pressure ionisation (API) techniques emerged basing on a variety of ionisation schemes. The
soft ionisation results — depending on the method — in molecular radical cations [M**] or quasi-molecular
ions, which are protonated [M+H]*, deprotonated [M-H] or which formed adducts with solvent [M+S]* or
dopant [M+D]* molecules. [115]

In contrast to the universalionisation technique El, atmospheric pressure ionisation covers a smaller, more
specificrange of ionisable analytes strongly depending on the applied method. Figure gillustrates an over-
view on the mass and polarity range addressed by different ionisation techniques. Although it was stated
beforehand that El operates for any kind of analyte, the addressable chemical space is limited due to its
high fragmentation tendency. Electrospray ionisation (ESI) is suitable for highly polar, acidic, or basic an-
alytes and covers the broadest mass range enabling the ionisation of macromolecules (e.g. proteins) as
multiple charged ions as well [117, 118]. A smaller mass range, but a broader polarity up to non-polar aro-
matic compounds is covered by atmospheric chemical ionisation (APCI), atmospheric pressure photoion-
ization (APPI) as well as atmospheric pressure laser ionisation (APLI). In contrast to ESlionizing analytes
in solution only, the afore-named ionisation techniques are able to ionize compounds in the gas phase. In
this PhD work, APPI, APLI and, in particular, APCl revealed great advantages by being coupled to evolved
gas analysis and will be therefore introduced in more detail in the following. [115, 119]
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3.2.1.1 Atmospheric pressure chemical ionisation

The first APClion source was introduced by Horning Charge Transfer
etal.in 1973. [116] For thisinitial approach, electrons - N, 2N, o
provided by a radioactive source were used for the OX X X
ionisation process. [116, 120] In modern APCI, ioni- ' S N,= N, M+
sation is carried out by a corona discharge, which is
created by a high potential difference of 2-3 kV be-
tween a discharge needle and the mass spectrome- N, H.0 "
ter inlet. [115, 120] The corona discharge induces N,,*'( HZO*'C_a
plasma region, which causes the ionisation of sur-

rounding gases. Two main ionisation mechanisms Protonation
occur, which are depicted in Figure 10. With regard

o+d [M+H]*
)

+HO"
H,0

. . . 7 Figure 10: Schematic APClionisation. Corona discharge leads to
to the ion source atmosphere, nitrogen is the initial  ty0 ionisation pathways. The first pathway is by charge transfer

reactant formmg radical cations of N.** or N, from nitrogen radical cations to the analyte molecule. In the
protonation pathway, water is involved by transferring a proton

Theseions can further react with the analyte to pro-
to the analyte.

duce (1) molecular radical cations [M**] by charge
transfer or (2) protonated quasi-molecular ions
[M+H]" by several reaction steps with traces of water. [116, 119, 120] In general, the APCl ionisation
scheme is able toionise analytes with mid to high polarity and sufficient thermal stability for vaporization.
In theory, also alkenes and naphthenes can be ionised by APCI, but those compounds are not observed
due combating ionisation and matrix effects. [121]

3.2.1.2 Atmospheric pressure photo ionisation

APPI covers a comparable compositional space to APC, but low-polar compounds such as aromatic hy-
drocarbons and sulphur-containing species are more pronounced. [121] In APPI, ionisation is carried out
by ultraviolet (UV) light provided by gas discharge lamps. Most commonly, Krypton lamps are applied
emitting photons with 10.0 (124 nm) and 10.6 eV (117 nm). [122, 123] Figure 11 illustrates the different
ionisation mechanisms involved in the APPI process. The initial mechanism includes a direct photo ionisa-
tion process resulting in molecular radical cati-

Direct Photo lonisation ons of the analytes [M**] or solvent molecules

M+hy ~= M [S™]. In the gaseous phase, further reactions

°© can now take place. If the ionisation energy (IE)

of the solvent molecule is higher than the one of
the analyte, the charge is transferred to the an-
alyte. The same is observed if the proton affinity
(PA) of the analyte is higher; then the solvent
molecule transfers a proton tothe analyte and a

. o ) e Uveot e protonated  molecular ion is  formed
igure 11: ionisation scheme. The -photons provided in N )
APPI are able to directly ionise analytes with ionisation energies be- [M+H]".[124, 125] By addmg a dopant such as

low the photon energy. Further gaseous phase reactions can occur  toluene, the protonation mechanisms can be
between solvent and analyte molecules leading to charge or proton strongly enhanced increasing the molecular ion
transfer. .

yield. [125]

Gaseous Phase Reactions
S*+M — S+ M*, ifIE(M) < IE(S)
S* + M — [S-HI" + [M+H]"*, if PA(M) > PA(S)
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3.2.1.3 Atmospheric pressure laser ionisation

In 1999, APLI was firstly introduced by Benter and co-
workers as a new analytical technique for sensitive and
selective detection of specific analytes in the gas phase
by mass spectrometry. [126] In the following years, APLI
was successfully applied as ionisation technique for liquid
chromatography (LC)-MS [127,128] and GC-MS [129]. In
contrast to APPI, where ion formation is induced by sin-
gle photon ionisation, APLI is based on a multiphoton
process. Typically, KrF excimer lasers (248 nm) or

Figure 12: APLI ionisation scheme. Analytes are ionised
in a two-step mechanism. In the first step, the analyte is
Nd:YAG lasers (266 nm) are applied as photon sources. excited by the absorption of the first photon. In the sec-

[128] APLI s closely related to resonance enhanced mul-  ond step, the analyte is ionised by the absorption of an

additional photon. Only molecules with a long-lasting ex-

tlphOton lonisation (REMPI) but is conducted under at- citation state, such as aromatics, can be ionised by APLI.

mospheric pressure instead of vacuum conditions. In

both cases, the analyte absorbs in a first step one photon leading to the excitation of the molecule [M*].
In a second step, the excited analyte is ionised by the absorption of another photon or several photons
forming a radical cation [M*]. [119, 127] A scheme of the ionisation mechanism is given in Figure 12. Due
to the two steps needed for ionisation, only compounds with a long-living excitation state can be ionised
efficiently leading to their selective ionisation. In principle, the required resonant intermediate state is only
provided by systems rich in Tt-electrons present in aromatic compounds. [130] In comparison to APPI, APLI
reveals an increased sensitivity towards the detection of aromatic compounds caused by the increased
photon density in the laser beam compared to the unfocussed light cone of the APPIlamp. [119]

3.2.2 Fourier transform ion cyclotron resonance mass spectrometry

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) impresses by its unbeaten
high resolving power and mass accuracy superior to any other mass spectrometric technique. It can be
operated with almost all ionisation techniques commonly applied in mass spectrometry, while atmos-
pheric pressure ionisation rose in importance in particular. Especially for highly complex matrices com-
posed of thousands of components, FT-ICR MS has become an essential analytical tool. Its versatile ap-
plicability helped to achieve numerous advances in many fields of science, such as metabolomics, prote-
omics, environmental chemistry, forensics, petroleomics, foodomics and more. [131, 132]

3.2.2.1 Instrumentation

The basic concept of ICR was developed by Lawrence in the early 1930s by investigating the acceleration
of protons in a magnetic field [133, 134]. Two decades later, it was first combined with mass spectrometry
by Sommer et al. [135]. Another two and a half decades elapsed until Comisarov and Marshall introduced
Fourier transformation for ICR-MS in 1974 [136]. Since then, lots of technical progresses were achieved
and the field of application was drastically expanded with the result that high level modern analytics may
not be managed without FT-ICR MS. [137] Modern FT-ICR mass spectrometers, as schematically depicted
in Figure 13 a), are composed of six main components. The first essential part is an ion source, nowadays
mostly operated under atmospheric pressure conditions. A large variety of atmospheric pressure ionisa-
tion techniques can be combined with FT-ICR MS. lonisation methods of interest for this PhD work are
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introduced in detail above. The second part is an ion
focussing, guidance, preselection, and accumulation
system. In the accumulation trap, ions can be stored
and fragmentation experiments, such as collision in-
duced dissociation (CID), can be conducted before
transferring the ions into the third main component, l " ¥
the analyser cell. Several designs exist, but the most
commonly used ICR cells are the infinity cell [138] and
the more recently developed dynamically harmo-
nized ParaCell [139—-141]. The former was applied for
the acquisition of the data presented in this work and
is schematically depicted in Figure 13 b). The infinity
cell is of cylindrical shape composed of three pairs of
electrodes: trapping electrodes retain the ions inside
the ICR cell in the horizontal z-dimension. Excitation
electrodes are essential to increase the cyclotron or-
bit explained in detail below, while the ICR signal is
recorded as free induction decay (FID) by the detec-
tion plates. The fourth partis a superconducting mag-

superconducting magnet

ion guide or
preselection
ion storing,

L accumulation,
fragmentation

- ion focusing

ICR cell

1070
mbar

108
mbar

106
mbar

detection plate

net of commonly 7-15 T, but up to 21 T [142, 143],
which surrounds the ICR cell providing a strong, ho-
mogeneous magnetic field. The differentially
pumped vacuum system can be regarded as fifth

excitation plate

trap plate

main part. For high performance, nominal pressure
is needed in the analyser cell to avoid collision be-
tween ions and neutral molecules. The last but
equally important part is a sophisticated data system
essential for the acquisition as well as processing of

Figure 13: a) Schematic setup of an FT-ICR mass spectrometer.
The instrument is composed of six main components: an ionisa-
tion source, an ion guidance/accumulation system, the ICR ana-
lyser cell, a superconducting magnet, a differentially pumped vac-
uum system, and a sophisticated data system. b) Scheme of an In-
finity ICR cell. The cell is composed of three pairs of electrodes:
excitation plates, detection plates, and trapping plates.

the signal. [115, 131, 132]

3.2.2.2 Cyclotron motion

The fundamental principle of ICR is based on the motion of charged ions in a magnetic field. If an ion of
charge q and velocity v enters a magnetic field B perpendicular to the magnetic field lines, the Lorentz
force F leads to a circular motion, which is called Cyclotron motion depicted in Figure 14 a). The cyclotron
motion is carried out with a specific frequency, the Cyclotron frequency f, dependent on the charge and
mass of the ion as well as the strength of the magnetic field. [132, 144, 145]

_ 9B
T 2mm

@)

fe

In FT-ICR MS, the magnetic field is held constant, and therefore, the cyclotron frequency is directly related
to the mass-to-charge ratio of an ion. Further, equation (1) shows that the cyclotron frequency is inde-
pendent of the ions’ velocity and their orbit radii, which inturn means that fcis not influenced by the kinetic
energy of the ions. The angular frequency we, however, is defined as the ratio of the ions’ velocity to radius
and corresponds to the cyclotron frequency fc by a factor of 2mras given in equation (2). Since the cyclotron
frequency is constant for a given m/q value, the radius of the cyclotron orbit scales directly with velocity,
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or with the square root of kinetic energy. This property is used for ion detection in the analyser cell of a
FT-ICR MS instrument as explained in detail below.

v
fe2m = w, = = (2)

The ion motion is not only determined by the cyclotron motion in the magnetic field, but also influenced
by electric potentials trapping the ions in the ICR cell resulting in two additional motions of the ions. The
first motion occurs due to the parabolic-like shape of the trapping potential in a cylindrical ICR cell. The
ion packages drift in a circular motion along the electric field gradient. This drift motion is called magne-
tron motion and is depicted in Figure 14 b) in view of the yz-plane. Magnetron frequencies are in the order
of 1-100 Hz and therefore much lower than cyclotron frequencies (kHz-MHz). In the ICR analyser cell, the
ion package is trapped by the magnetic field in the xy-plane as well as between two electrodes along the
z-axis. The trapping of the ions between the back and front trap plate results in a harmonic oscillation
between the trapping plates along the magnetic field axis. This second additional motion between the

trapping electrodes is called

a) trapping motion. In Figure 14
Ve c), the trapping motion is illus-
lF trated in combination with the
magnetron motion as black,

B®

solid line. The resulting ion
motion (blue line) is therefore
a combination of the cyclotron
motion, the trapping motion

Figure 14: lon cyclotron motion. a) The fundamental principle of the cyclotron motion.  5nd the magnetron motion,
b) Cyclotron motion and magnetron motion initiated by a gradient electric field poten- L

tial. ¢) Magnetron motion (black dotted line), trapping motion (black line) and resulting which is called the reduced cy-
cyclotron motion (blue line). clotron frequency. [115, 132,

144]

3.2.2.3 Measurement principle

The motion ions undergo in the ICR analyser cell is comparatively small resulting in an ion package with
comparable low radii. Due to the fact that the cyclotron frequency is independent of the cyclotron orbit,
the ion packages can be broad to higher orbits without changing the characteristic frequency. In Figure 15
a), a scheme of the measurement principle is given. Before detection, the ion packages are commonly
excited to higher orbits by a radio frequency (RF) sweep as illustrated in Figure 15 b). Excitation plates on
opposite sides generate an alternating electrical field, which accelerates the ion packages in a spiral mo-
tion resulting in an increased cyclotron radius. During detection, the ion packages cycling near the detec-
tion plates induce a weak image current on the electrodes (regard Figure 15 c)), which is amplified in the
following. Due to inhomogeneity of the magnetic field, the collision with remaining neutral particles and
incoherence of the ion packages, the signal is damped over time. Fourier transform is applied to transfer
the signal from the time domain to the frequency domain resulting in a Lorentz peak shape caused by the
transient signal. Because of the connection of cyclotron frequency with mass and charge of a given ion,
the frequency spectrum can be converted to the mass spectrum. [115, 132]

Frequencies can be measured with high accuracy in turn resulting in extremely exact m/z values. For the
accuracy of the frequency measurements, the observation period of the transient signal is an essential
parameter. The longer the transient, the more cycles of the ion packages can be detected enhancing the
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accuracy of the frequency measurement. Typ-

a)
ical transient lengths differ between 0.5 — 4 s. excitation Fourier transform
The highest frequency is determined by the pulse > and
Nyquist criterion. The obtained accuracy of the M mass calibration

frequencies is limited by several factors, such

as space charge effects between the ions. -

Electrostatic repulsion causes incoherence of

the ion packages, which results in frequency

shifts. To decrease space charge effects, the P

number of ions entering the analyser cell can = > .

image current

be reduced. Furthermore, a higher magnetic

field strength increases the critical maximum b) Q) 5
. _ itati tecti

number of ions by B2 before considerable neg- Excitation etecton

ative effects are caused by space charge ef- rN f E>
fects. [146]
Due to the FID signal, which is not completely k/ \

dampedto zero, Fourier transform of the tran-
sient resultsin a Lorentz peak shape of the sig-  Figure 15: a) Scheme of the measurement principle in FT-ICR MS.

nals accompanied by smaller sidebands. lons, which entered the ICR cell are excited by an RF-pulse to higher
cyclotron orbits prior to detection. b) The excitation process. ¢) Mo-

tion of the ion packages during detection mode.

W

Those sideband signals can be reduced by fur-
ther processing. Apodization of the signal can
be carried out by typically multiplying the tran-
sient with sin(x) or sin?(x) functions. Zero filling smooths the peak shape by increasing the number of data
points per m/z-interval because of adding zeros to the end of the transient function. During post-pro-
cessing of the resulting mass spectrum, the mass accuracy can be enhanced by external or internal cali-
bration. External calibration is carried out measuring a standard mixture with the same instrumental pa-
rameters and applying the same calibration function to the analyte spectrum. Internal calibration can en-
hance the mass accuracy by an order of magnitude in comparison to external calibration. [144]

One of the key features of FT-ICR MS, besides high mass accuracy, is its unbeaten high resolving power.
Typical resolution achieved in broadband mode for the measurement of complex petroleum samples dif-
fers between 300,000 and 600,000 at m/z 400 [115], but also extreme high resolution of over 1,000,000
was achieved for large biomolecules and is state of the art for newly developed FT-ICR MS instruments
[146]. In FT-ICR MS, resolving power (RP) is defined as shown in equation (3). Am/z is usually defined as
the full width at half maximum peak height. [147]

m/z 3)

RP =
Am/z

The resolving power of a FT-ICR MS instrument is at low pressures directly proportional to the length of
the transient signal [148] as well as the magnetic field strength [148, 149].

3.2.2.4 Petroleomics

FT-ICR MS has been applied to the analysis of petroleum-derived material for two decades. This field of
research is called Petroleomics highlighting the attempt to analyse these complex mixtures at the molec-
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ular level and to unravel the “petroleome”. Due to the extremely complex nature of petroleum, which re-
sultsin high resolution mass spectra with more than 10,000 m/z signals [150, 151], automated data analysis
routines as well as data reduction and visualisation are key parameters for its investigation.

Except for the **C isotope, which has by definition the mass of _ 10[H scuN

exact 12 Da, each element differs by a characteristic mass de- 8 5 5N *2C

fectfrom the nominal mass[152]. In Figure 16, the mass defects % 5 60

for selected isotopes relevant in Petroleomics are given. [153] £ -15

Each combination of C.H\N,O,Ss therefore results in a unique @ 2

m/z ratio. High resolution mass spectrometry is able to resolve E §§ #5855

the molecular mass on the lower mDa level enabling the calcu-

lation of sum formulae on the basis of the accurately measured  Figure 16: Mass defect of selected isotopes.
m/z ratio. As indicated above, high resolution mass spectra of ~Each combination of CcH:N:Oo5<resultsina
heavy petroleum fractions contain thousands of different mjz 4" mjzreto.

ratios. Due to the isotopic fine structure of each signal, very narrow peak distances occur, which are re-
ferred to as characteristic mass splits. One of the most challenging mass splits occurring in petroleum is
the difference between isobars only varying in elemental composition by C; versus SH,, which resultsina
mass difference of solely 3.4 mDa [147]. Even more challenging is the difference between C, and *CH,S
accounting for only 1.1 mDa, which can solely addressed by FT-ICR MS. Although the isotopic fine struc-
ture additionally increases the complexity of the spectra, the isotopic pattern is helpful to verify calculated
sum formulae [154]. Figure 17 provides an impression of the ultra-high complexity of heavy petroleum
materials. The zoom-in on the right hand side underlines the high resolving power of FT-ICR MS with re-
gard to very narrow mass splits as well as the large chemical diversity present on one nominal mass. [153]

In Petroleomics, characteristic values calculated from the assigned sum formulae as well as fingerprint
plots are applied to reduce the complexity and to illustrate the mass spectrometric information. For a
general overview, different species are grouped into compound classes on the basis of the calculated sum
formulae. For example, species containing one oxygen-atom are grouped into the O1-class, compounds
with one oxygen- and one sulphur-atom are part of the S101-class and hydrocarbons composed of only
carbon and hydrogen are

C. H.S CyH, NO* bined i he CH-cl
S, /oS combined in the CH-c ass.
C,H,0 Figure 18 a) shows a typical

Cy,HgeN* example for a compound

C,.He,S class distribution found in a

PM C,H,, light crude oil. The com-
pound class distribution only

1.79 300 479.400 M)

provides a macroscopic over-
200 400 600 800 1000 1200 1400 m/z view, while typical fingerprint
plots presented in the fol-

Figure 17: Direct infusion FT-ICR MS spectrum of a heavy petroleum sample. The zoom-in lowing allow an investiga-

reveals the high complexity in heavy petroleum derived material present on only one nom-
inal mass. Due to the high mass accuracy and resolving power, sum formulae can be calcu-  T1ON ON molecular level. [153,
lated based on the measured m/z-value. 155]

From sum formula assignments, the H/C, O/C, S/C, and N/C ratio can be calculated. The H/C ratio of pe-
troleum-derived material provides evidence of the aromaticity of a given molecule or the average aroma-
ticity of the whole sample. Typical values for the H/C ratio are 0.4 (highly aromatic) to 2.4 (highly satu-
rated). O/C, N/C and S/C ratios are often calculated to track processes such as oxidation, desulfuration as
well as denitrogenation. Van Krevelen diagrams were introduced in 1957 to determine the maturation of
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petroleum deposits [156]. The typical van Krevelen-diagram is spanned by H/C versus O/C, but other het-
eroatom/C ratios are applied as well. In Figure 18 b), a van Krevelen-diagram of H/C versus S/C is shown.
Each dot represents molecular formulae with a certain H/Cand S/Cratio, while the size of the dots is linked
to the absolute abundance. Species occurring in the upper half of the diagram are more saturated, while
compounds in the lower half are increased in aromaticity. Characteristic lines are formed by homologues
series. [153, 157]

Aromaticity is not only addressed by the H/C ratio, also the degree of unsaturation, i.e. the ring and dou-
bled bond equivalent (DBE), is a widely applied parameter. The DBE is calculated as follows for the easiest
case with only CHNSO. #C represents the number of carbon atoms in one molecule, #H the number of
hydrogen atoms and #N the number of nitrogen atoms:
#H #N
DBE:#C_T-FT (4)

Each ring and each double bond present in a molecule increase the DBE of +1. For example, the benzene
molecule, which is composed of one ring and three double bonds, has a DBE of 4. For investigating differ-
ent compound classes at the molecularlevel, DBE versus carbon number plots are ideal, because the com-
positional space is spanned by aromaticity as well as the molecular weight. However, each compound
class needs an individual diagram to avoid superimposition. As shown for the van Krevelen-diagram, the
dots representing a molecular formula can be colour- and/or size-coded by the absolute intensity. [153,
158]

a) b) c)
U 50.0 1.8 *2 14
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% 0.0 [ I 0.6 _§ [¢]
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compound class S/C carbon number

Figure 18 a) Typical compound class distribution of a light crude oil. Compounds containing only C and H in their sum formulae
are grouped in the CH-class, species containing one oxygen atom are grouped in the O1-class, etc. b) Van Krevelen-diagram of
sulphur containing species. Van Krevelen diagrams are spanned by H7C versus a heteroatom/C ratio. ¢) DBE versus #C diagram
for the Si-class of a light crude oil. DBE versus #C diagrams span chemical space by weight of the molecule (#C) versus aroma-
ticity (DBE).

3.2.3 Time-of-flight mass spectrometry

The measurement principle of time-of-flight mass spectrometry (TOF-MS) is very different from the be-
fore discussed FT-ICR MS. In TOF-MS, ions are accelerated by a constant electric field into a free drift
region resulting in a separation by their m/z ratio because of their differences in flight time. The entrance
of the ions to the drift region needs to be pulsed to define the starting time and location of the time-of-
flight measurement. The pulsing can be realized either by pulsed extraction of the ions from the acceler-
ation region or by applying a pulsed ionisation technique. For narrow peak widths, itis necessary thations
enter the drift region with similar kinetic energies. The energy spread, caused for example by electron
ionisation, single photon or multiphoton ionisation with a pulsed laser system, is hardly compensable in a
linear TOF system. [108, 115]
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The integration of a reflection of the ions is used in reflectron TOF systems to reduce differences in kinetic
energy focussing the ion packages. A scheme of the general setup is given in Figure 19.The accelerated
ions enter in the free drift region the electric field of the reflectron. Depending on their mass and kinetic

energy, the penetration depth into the electric
field varies. For example, if two ions of the same
m/z ratio but differentin kinetic energy enter the
reflectron, the ion with the higher energy will
penetrate deeper in the electric field. Therefore,
the covered distance of the faster ion is longer,
which compensates its higher velocity. Hence,
bothions arrive at the detector at the same time.
This focus effect of the ions leads to an increase
in time resolution and therefore mass resolution
as well. [115, 159]

The mass resolving power of a TOF systemis de-
fined by its ability to differentiate between
flight times of ions with different m/z ratios.
The total flight time is increased by elongation
of the flight path, leading to an enhanced sepa-
ration of ions with different m/z ratios. The
elongation of the flight pass can be achieved by
multi reflections of the ions, as applied in multi-

accelerator drift region

reflectron

detector

Figure 19: Scheme of a reflectron time of flight mass spectrometer.
Kinetic energy spread is refocussed by the reflectron. lons with the
same m/z value but different kinetic energies reveal different pene-
tration depth into the electric field. lons with higher kinetic energy
penetrate deeper, which results in an elongation of the flight pass.
Due to this adjustment, ions with the same m/z-value are refocussed
leading to smaller deviations in flight time.

ple-reflection TOF-MS. Such instruments can achieve a resolving power up to 50,000 with an acquisition
rate of approximately 100 Hz. [160, 161] A common feature of all time of flight instruments is their high
acquisition rate necessary to determine the very short distances between the s flight times of the ions.
TOF-MS is able to detect hundreds of full spectra per second, which is especially adequate for hyphena-

tion to gas chromatography. [115]
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4 Results

This PhD work aimed to deepen the chemical characterization of heavy petroleum derived material by
the application of high-resolution Fourier transform ion cyclotron resonance mass spectrometry coupled
to thermal gravimetry (TG-FT-ICR MS). In Figure 20, all publications summarized in this dissertation are
presented in chronological order. In publication 1-5, TG-FT-ICR MS was shown to provide great ad-
vantages for the chemical description of the evolved gas mixture of heavy petroleum-derived materials.
To broaden the chemical description, TG-FT-ICR MS was combined with different analytical techniques
aiming for a comprehensive characterisation at the molecular level. Publication 2 extended TG-FT-ICR
MS by the application of different ionisation techniques as well as the integration of data from other mass
spectrometric and chromatographic approaches. Mostly the same combination of analytical techniques
was also applied in publication 3 for the characterization of PET thermal decomposition products released
during pyrolysis.

Thermal Analysis Coupled to Ultrahigh Resolution Mass Spectrometry with Collision Induced Dissociation for Complex

Petroleum Samples: Heavy Oil Composition and Asphaltene Precipitation Effects. 1
2017 Ruger, Christopher P; Neumann, Anika; Sklorz, Martin; Schwemer, Theo; Zimmermann, Ralf, Energy Fuels. 2017, 31, 13144-

13158

Combination of Different Thermal Analysis Methods Coupled to Mass Spectrometry for the Analysis of Asphaltenes and
Their Parent Crude Oils: Comprehensive Characterization of the Molecular Pyrolysis Pattern.

2018 Ruger, Christopher P; Grimmer, Christoph; Sklorz, Martin; Neumann, Anika; Streibel, Thorsten; Zimmermann, Ralf. Energy 2
Fuels. 2018, 32, 2699-2711

Real time monitoring of slow pyrolysis of polyethylene terephthalate (PET) by different mass spectrometric techniques.
Dhahak, Asma; Grimmer; Christoph; Neumann, Anika; Riger, Christopher; Sklorz, Martin; Streibel, Thorsten; Zimmermann,
2020 Ralf; Mauvie, Guillain; Burkle-Vitzthum, Valérie, Waste management (New York). 2020, 106, 226-239.

Investigation of Aging Processes in Bitumen at the Molecular Level with High-Resolution Fourier-Transform lon Cyclotron
Mass Spectrometry and Two-Dimensional Gas Chromatography Mass Spectrometry.

Neumann, Anika; Kafer, Uwe; Groger, Thomas; Wilharm, Thomas; Zimmermann, Ralf; Ruger, Christopher P, Energy Fuels,
2020, 34, 10641-10654

Investigation of island/ single core and archipelago/ multicore enriched asphaltenes and their solubility fractions by

thermal analysis coupled to high resolution Fourier transform ion cyclotron resonance mass spectrometry.
Neumann, Anika; Chacon-Patifio, Martha L.; Rodgers, Ryan P; Ruger, Christopher P; Zimmermann, Ralf; Energy Fuels.
(submitted)

Atmospheric pressure single photon laser ioniz APSPLI) mass spectrometry using a 157 nm fluorine excimer laser for
& sensitive and selective detection of non- to semi-polar hydrocarbons.

Rager, Christopher P; Neumann, Anika; Sklorz, Martin; Zimmermann, Ralf; Analytical Chemistry.

(submitted)

Figure 20: Chronological order of publications presented in this PhD work. Publication 4, 5 and 6 shaded in darker colour are the
first-authorship and the shared first authorship contributions of my thesis.

The application of TG-FT-ICR MS enabled valuable insights into the thermal decomposition behaviour of
asphaltenes in Publication 1,2 and 5, revealing information on occluded compounds and dominant struc-
tural motifs. Furthermore, in combination with two-dimensional gas chromatography MS, detailed in-
sights into effects occurring during short-term aging of bitumen could be revealed at the molecular level,
which are presented in publication 4. However, the needed integration of data from different ionisation
and separation methods with FT-ICR MS information proves that further development of analytical tech-
niques may help in accessing comprehensive description of extremely high complex organic mixtures.
Publication 6 aimed for increasing the field of ionisation techniques by presenting single photon ionisation
under atmospheric pressure coupled to FT-ICR MS. In the last section, additional unpublished data of the
application of different discharge lamps for APPI are presented.
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4.1 Evolved gas analysis coupled to FT-ICR MS and method in-
tegration for the analysis of complex mixtures

High boiling point petroleum mixtures, such as asphaltenes or bitumen, remain an analytical challenge
due to their enormous compositional and structural complexity. Even FT-ICR MS, which is known for its
unbeaten mass resolving power and mass accuracy, is limited by the applied ionisation technique, matrix
effects orin providing information on structure and distinct chemical functionalities. Publication 1, 2 and 4
especially aimed to widen the analytical approach for the comprehensive investigation of highly complex
petroleum-derived materials by the combination of differentionisation methods as well as analytical tech-
niques.

In publication 1-5, we showed the value of combining thermal gravimetry and high-resolution mass spec-
trometry for the investigation of high complex petroleum derived mixtures. In contrast to direct infusion
mass spectrometric techniques, TG-FT-ICR MS provides an additional dimension of information, which
enables the temperature-resolved investigation of solid and highly viscous materials at the molecular
level. [103] During the evolved gas analysis, low molecular weight petroleum molecules are intactly de-
sorbed and transferred to the gas phase, whereas the pyrolysis of high molecular structures provides in-
formation on their thermal fragments. In Figure 21 a), a scheme of the applied set-up is presented. Briefly,
the sample is introduced in a small crucible to the thermobalance. Under nitrogen atmosphere, the sam-
ple is heated with a defined heating program. In this PhD work, heating rates of 5 K/min to 10 K/min were

a) b)

heated transfer line atmospheric pressure photo ionisation

atmospheric pressure chemical ionisation

a]») ii
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Figure 21 a) Schematic set-up of TG-FT-ICR MS. The thermobalance is coupled to the ionisation source of the FT-ICR MS by a
heated transferline. For ionisation, any atmospheric pressure gas phase ionisation technique can be applied. Alternating collision
induced dissociation reveals information on core structures. b) Temperature resolved mass spectrum. The spectrum can be di-
vided into the desorption phase (below 300 °C) and the pyrolysis phase (starting between 300-350 °C).

applied. The evolved gas mixture is then transferred over a heated transfer line into the ion source. loni-
sation can be carried out by any technique able to ionise molecules in the gas phase under atmospheric
pressure, such as APCI (Publication 1-5), APPI (Publication 2) or APLI (Publication 6). As mentioned in the
section 3.2.1, each ionisation technique ionises a specific compositional space, highlighting specific chem-
ical functionalities. At slow heating rates, collision induced dissociation (CID) enables the investigation of
aromatic core structures in alternation with the detection of reqular FT-ICR MS spectra. During the CID
process, primarily alkyl side chains are cleaved off leaving the aromatic core intact. [45, 78, 82] Figure 21b)
presents a typical temperature-resolved mass spectrum for heavy petroleum material measured by TG-
FT-ICRMS. The temperature is plotted on the X-axis, whereas m/z is plotted on the Y-axis. The abundance
is applied to the Z-axis and further expressed by colour-coding. The diagram reveals two distinct phases.
The first phase occurs below 300°C and is referred to as the desorption phase, in which species are intactly
desorbed. The second phase, termed pyrolysis phase, starts between 300 °C and 350 °C. During this
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phase, high molecular weight species start to decompose, which leads to the release of smaller pyrolysis
products in the gas phase or which initiates coke production.

Publication 1 introduces TG-APCI-FT-ICR MS in combination with CID for SARA-fractions of a heavy fuel
oil (HFO), heavy oils and especially asphaltenes. SARA-fractions could be differentiated with respect to
their variation in the total ion chromatograms (TIC) as well as on the basis of their different compound
class distributions. Heavy oils and asphaltenes from different geological origin revealed smaller differ-
ences but could be differentiated at molecular level by combining the mass spectral information of the
intact and fragmentation spectra. TG-FT-ICR MS was shown to provide additional and complementary
datato the information obtained by gas chromatographic methods, liquid chromatography, oreven direct
infusion FT-ICR MS. Nonetheless, publication 1 already indicated that the combination of different meth-
odologies will provide a more comprehensive view on highly complex petroleumn samples, such as asphal-
tenes.

Accessing macromolecular features via
thermal decomposition

v

general molecular
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universal, soft ionisation
nominal mass analyzer
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Figure 22: Flowchart for the integration of the TG-MS data and verification by GC-MS. For a comprehensive description of as-
phaltene pyrolysis products, three different mass spectrometric techniques as well as 5 different ionisation techniques were ap-
plied. The comprehensive molecular characterization of the pyrolysis products enabled the recomposition of structural aspects

as well as suggesting an average molecular motif for the PetroPhase 2017 asphaltene.

The extreme complex chemical nature of asphaltenes is hardly accessible by any analytical technique
alone. Even the application of TG-APCI-FT-ICR MS combined with CID fragmentation is limited by the
applied ionisation technique, coke formation by non-evaporable material and limited structural infor-
mation provided by CID fragmentation. Publication 2 was part of the “Asphaltene Characterization In-
terlaboratory Study” for the PetroPhase 2017 Conference and aims to overcome analytical limitations by
combing the data of three different mass spectrometric analysers, five ionisation techniques, thermal
gravimetric and gas chromatographic information as well as elemental analysis. Figure 22 illustrates the
data integration strategy. Different TG-MS hyphenations were applied to investigate the thermal decom-
position products of asphaltene macromolecules. Several ionisation techniques were involved to access a
broad chemical space. Single photon ionisation (SPI) provides the general molecular pattern by universal
and soft ionisation. Resonance enhanced multi-photon ionisation (REMPI) enables the soft and selective
ionisation of aromatic moieties. APCl and APPI in combination with high resolution FT-ICR MS provide a
detailed molecular pattern of low-polar to polar compounds. Additional fragmentation with CID offers
information on core structures. Structural estimations from TG-MS techniques were to a certain extent
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verified by conventional pyrolysis-GC-MS, which uses El as a universal, but hard ionisation technique. The
comprehensive molecular characterization of the pyrolysis products enabled the recomposing of an av-
erage molecular structure of asphaltene molecules present in the PetroPhase 2017 asphaltene.

One-dimensional GC-MS, as applied in Publication 2, rapidly reaches its limits in separation for highly

desorption | pyrolysis

| TG-APCI-FT-ICR MS
MS-mode
m
E 3
4 2
8 < Q
g S3_ NiS2 a
£ | 31% 0.37% o
: 5201 3
2 1 TG-APCI-FT-ICR MS > E
g MS/MS-mode &
: CH °
: 23.2% 3
S10x
T T T T T T T T T T 6' [°c]
100 200 300 400 500 00 .
GCxGC-HRTOF MS ! Q @ 5"}
Alkanes ! : ) ’ :
. 32.5% \ 1 g
. | (3 ¢ |5
: ‘;‘ £ M|
, kd
. 5 ! 2
A“;Qg%}f"‘ Cyclg;ll;uanes 5, o \ R .@ g
5 0" | * .
|

volatile compounds , non-volatile compounds

Figure 23: Data integration of TG-APCI-FT-ICR MS and 2D GCxGC-EI-HRTOF MS. TG-FT-ICR MS enables the investigation of
intactly desorbable species as well as thermally decomposed fragments of high molecular weight species during the pyrolysis
phase. Alternating CID provides information on aromatic core structures. The applied ionisation technique APCI highlights semi-
polar to polar compounds as can be seen from the compound class distribution given on the left (desorption phase) and on the
right side (pyrolysis phase) of the temperature-resolved mass spectra. 2D GCxGC-EI-HRTOF MS enables structural elucidation
of evaporable compounds. The temperature regime covered by 2D GCxGC is mostly congruent with the desorption phase of TG-
FT-ICR MS data. Universal El ionisation also enables the detection of nonpolar components such as alkanes and cycloalkanes.

complex petroleum samples. In publication 4, laimed to widen the structural description to higher molec-
ular weight compounds to support molecular assignments from FT-ICR MS data. Thus, TG-APCI-FT-ICR
MS with CID was combined with two-dimensional gas chromatography high-resolution time-of-flight
mass spectrometry (2D GCxGC-HRTOF MS) using El as ionisation technique. The combination of FT-ICR
MS and GCxGC was prior shown to be a valuable analytical tool for the description of petroleum-derived
material [162]. In this PhD thesis, the data integration of both techniques was shown to successfully access
the compositional space of heavy petroleum fractions at the molecular level. Figure 23 gives a schematic
representation of the chemical and structural information addressed by the applied techniques. Temper-
ature-resolved FT-ICR MS spectra can be divided into the desorption phase (evaporation of intactly de-
sorbed compounds) and the pyrolysis phase (release of thermal fragments of high molecular weight com-
pounds). Due to APCI, semi-polar to polar compounds are highlighted. CID (MS/MS-mode) enables the
detection of aromatic core structures in alternation with the recording of reqular spectra (MS-mode). The
pie charts presented on the left hand side of the mass spectra show the chemical class distribution as-
signed for the desorption phase, whereas diagrams on the right hand side present the revealed composi-
tion of the pyrolysis phase. At the bottom of Figure 23, a 2D GCxGC chromatogram is depicted. Due to
the ionisation with El, non-polar compounds present in petroleum-derived material could be accessed as
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well. The pie chart in the bottom left corner highlights, that TG-APCI-FT-ICR MS addresses only a minor
part of the chemical space, whereas GCxGC-EI-HRTOF MS is able to access non-polar species, such as
alkanes and cycloalkanes, and low molecular weight compounds as well. Because of the temperature lim-
its in gas chromatography, the accessed chemical space is mostly equal to the desorption phase of the
TG-FT-ICR MS spectra. However, with respect to the Continuum Model of Petroleum (Boduszynski-
Model), the obtained structural information can be extrapolated to a certain extent to higher molecular
structures.

4.2 Application of evolved gas analysis high resolution mass
spectrometry

In this PhD work, evolved gas analysis FT-ICR MS was shown to generate valuable information for a wide
range of petroleum-related applications. As common approach for the investigation of polymers, ther-
mogravimetry was applied to PET for the characterization of the pyrolysis products (publication 3). How-
ever, in this PhD thesis, | could broaden the application field of TG-FT-ICR MS from polymers to heavy
petroleum residues. In publication 4, its value for the characterization of aging products in bitumen was
demonstrated. Furthermore, TG-FT-ICR MS provided valuable information for the chemical characteri-
zation of asphaltenes and their occluded compounds in publication 1,2 and 5. Especially in publication s,
my results contributed to the debate on asphaltenes’ molecular architecture.

4.2.1 Investigation of pyrolysis products of polyethylene terephthalate

Pyrolysis of polymers is often used in literature to study their characteristic decomposition products. The
investigation of the evolved gas mixture of PET evaporated during TG-MS enabled the detection of pyrol-
ysis products and the identification of possible decomposition pathways as well as gas phase reactions.
The combination of different ionisation techniques as well as mass spectrometric analysers, comparable
to the approach described above for asphaltenes [82], allowed the comprehensive chemical description
of the pyrolysis effluent in real time. With TG-APCI-FT-ICR MS data, | could contribute elemental compo-
sitions for higher molecular weight pyrolysis products, which helped to construct the PET degradation
mechanism [163].

Degradation products investigated by TG-APCI-FT-ICR MS covered mainly the O4- and O3-class, but also
compounds of the CH-, O1-, and O2-class, as well as highly oxidised compounds of the O7- and O8-class
were detected. The highest abundance was observed for m/z 193.0495 and 149.0233, which correspond
to CioHgO,t and CgHsO4", respectively. CioHgO,* could most likely be attributed to vinyl-terephthalic acid,
which also was observed in the literature [164] as pyrolysis product. Moreover, m/z 219.0652 (C12H,,0,7)
and m/z 167.0339 (CsH,0,") could be attributed to divinyl terephthalate and terephthalic acid, respectively.
Highly oxidised compounds, such as C,oH,,0g" and CisH:;0;*, most likely corresponded to attributed to
ester-bridged cyclic or linear dimers [164, 165]. Dimers were found to appear later than smaller pyrolysis
products. Their delayed detection may indicate that these compounds are formed in condensed solid or
liquid phase and are then transferred to the gas phase at higher temperatures. In a prior study by Dhahak
et al. [23] applying direct infusion ESI-FT-ICR MS, oligomers up to m/z 550 were observed. The absence
of those compounds in TG-APCI-FT-ICR MS indicate their formation by repolymerisation during conden-
sation of the pyrolysis products. This finding emphasises the strength of applying TG-FT-ICR MS as real-
time measurement technique. The results obtained by TG-FT-ICR MS were further combined with the
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information obtained by TG-SPI-TOF MS and TG-REMPI-TOF MS. With the first mentioned technique,
mostly acetaldehyde (m/z 44), benzoic acid (m/z 122) and a fragment of the PET monomer (m/z 149) were
detected. The latter selectively ionised aromatic compounds, with m/z 230, 178, and 254 as most promi-
nent signals. The data integration of all techniques enabled to propose degradation mechanisms for the
major PET pyrolysis products as depicted in Figure 24 [163].
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Figure 24: Proposed degradation reaction pathways for the major products of PET degradation [161].
4.2.2 Understanding the aging effects in bitumen at the molecular level

The investigation of aging effects in bitumen is one of the main applicative examples for the analytical
value of the TG-FT-ICR MS hyphenation applied in this PhD work. Especially in publication 4, the sum
formula assignments of the high-resolution data were supported, validated, and extended in chemical
space by structural information obtained by GCxGC-HR-TOF MS. The data integration strategy for both
methods is already presented in section 4.1. However, as bitumen is derived from vacuum distillation res-
desorption phase pyrolysis phase idues, its share in volatile and semi-volatile com-
56.5+2.1%1 — odays| pounds is rather low. Typical bitumen is therefore
I T hardly accessible by any gas chromatographic tech-
nique. To circumvent thislimitation, a model bitumen
was generated from a heavy crude oil by removing
! volatile compounds evaporating below 200 °C. The
- model bitumen was then subjected to prolonged
N i short-term aging conditions (modified RFT-test) and
' was aged for 7 days. Each day, a sample was taken

and the complete aging series was measured by both
techniquesin triplicates. Due to the continuum model
of petroleum, sum formula assignments as well as
structural information can be extrapolated to higher
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Figure 25:a) Mass loss diagram of the non-aged and 7 days-

aged model bitumen (average of the triplicates). b) The . .
corresponding mass loss rates. ) TIC signal of the FT-ICR Already on the level of thermogravimetric data

MS data. could reveal alterations between non-aged and
7 days-aged model bitumen. In Figure 25 a), the mass
loss and in b), the mass loss rate is depicted. The phase of intact desorption and the pyrolysis phase are
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separated at approximately 400 °C. Aging shifted the beginning of the mass loss during the desorption
phase to higher temperatures and vyielded slightly higher TGA residues. These observations may be
caused by the evaporation of semivolatile compounds during the aging procedure or by an increased po-
larity of the molecules due to oxidation reactions. The total ion count (TIC) detected by FT-ICR MS in Fig-
ure 25 ¢) confirmed these results obtained by thermogravimetry. Non-aged model bitumen revealed a
slightly higher abundant desorption phase, whereas the 7days-aged samples were slightly more abundant
in the pyrolysis phase.

Table 1: Compilation of aging related trends observed for different compound classes revealed by TG-APCI-FT-ICR MS for de-
sorption (des) and pyrolysis (pyr) phase.
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High resolution FT-ICR MS data enabled the assignment of hundreds of sum formulae during the TG
measurements. Due to the application of APCI, especially semi-polar to polar species could be detected.
To obtain a general overview on the results, sum formulae are grouped into compound classes and aver-
age values, such as summed intensity, abundance-weighted m/z or abundance-weighted DBE, are calcu-
lated. Table 1 summarizes average values obtained for the desorption and pyrolysis phase of intact FT-
ICR MS spectra (MS-mode) and CID-fragmented spectra (MS/MS-mode). Significant aging trends, which
were evaluated by the Weir t-test, are highlighted in bold, red (increase) or blue (decrease) colour. Short-
term aging caused an increase in number of sum formulae and summed abundance of oxygen-containing
compounds of the O1-, O2-, S101-, S102-, S201-, and N101-class. Additionally, especially the O1- and
O2-class revealed an increase of the mean m/z value in MS/MS-mode, which indicates the preferential
oxidation of aromatic cores. These findings were in congruence with results provided by other analytical
techniques in literature [26, 27]. At this depth of chemical characterization, the CH-class and the Sa-class
revealed no significant, aging related alterations. However, for nitrogen-containing compound classes,
such asthe N1-, N1S1-, and N2-class, a decreasing trend was observed. This finding was, to my knowledge,
first described by me in publication 4.

Group-type analysis of 2D GCxGC-EI-HR-TOF MS data provided information on structural moieties as
well as distinct chemical functionalities influenced by short-term aging. The main classified chemical
groups are summarized for the whole aging series in Figure 26. TG-FT-ICR MS data visualized as DBE
versus #C diagrams in Figure 27, however, showed distinct aging-related alteration at the molecular level
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with respect to changes in DBE or carbon number of the molecules. In contrast to the gas chromato-
graphic technique, TG-FT-ICR MS provided information on high boiling point compounds, occurring dur-
ing the pyrolysis phase, as well. The DBE versus #C diagrams in Figure 27 represent the compositional
space obtained for the desorption phase as well as the corresponding CID data of selected compound
classes, whereas in publication 4 also the pyrolysis phase is visualized in detail.
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Figure 26: Group-type analysis of 2D GCxGC-EI-HR-TOF MS data of the complete aging series. Carbazoles, benzocarbazoles
and tetrahydrothiophenes revealed a distinct decrease over the aging time. Fluorenones and benzofluorenones strongly in-
creased during aging.

GCxGC-HR-TOF MS revealed that 80-82 % of the classified peak area in the model bitumen accounts for
hydrocarbons, which can be subdivided into n- and iso-alkanes, cycloalkanes, and aromatics. As Figure 26
shows, all these chemical classes revealed no significant alterations during aging. Similar was observed
for the desorption phase of the FT-ICR MS data, whereas the pyrolysis phase revealed a slight increase of
low alkylated aromatic compounds as well as highly aromatic core structures. Far more pronounced, the
O1-class and O2-class revealed a steady increase during aging in the desorption and pyrolysis phase. In
MS-mode, especially compounds with low carbon numbers increased, indicating an influence of steric
hindrance of longer alkyl chains. O1-class species with DBE 10, tentatively attributed to fluorenones, re-
vealed the strongest increase. Moreover, it was observed that oxidised compounds survive the fragmen-
tation process, which suggests an oxidation at the aromatic core rather than at side chains, which would
be cleaved of during the CID process. GCxGC-HR-TOF MS are in good accordance with structural sug-
gestion made for the FT-ICR MS information. Fluorenones and benzofluorenones revealed a distinct in-
crease during aging, whereas furans exhibited no changes. The formation of carbonylic functions, espe-
cially on aromatic compounds with activated carbon, was shown to be preferred in contrast to the for-
mation of cyclic bonded oxygen and is in congruence with the literature [27, 166-169].

Sulphur-containing compounds dominated the FT-ICR MS spectra as a consequence of the applied ioni-
sation technique APCI. With respect to the average values, S-classes hardly revealed any changes. None-
theless, on the molecular level, | could show a significant decrease for S1-class compounds with DBE val-
ues below 4. Similar was observed for tetrahydrothiophenes in the GCxGC-HR-TOF MS data, whereas
benzothiophenes (DBE 6), dibenzothiophenes (DBE g) and benzonaphthothiophenes (DBE 12) revealed
no changes during aging. This led to the assumption, that especially non-aromatic sulphur-components
are affected by aging [170, 171]. The formation of sulfoxides is one of the main short-term aging effects of
bitumen described in literature [27, 34]. TG-FT-ICR MS data revealed an increase in S101-class com-
pounds with DBE values between 4 and 15, whereas low DBE compounds decreased. The increasing effect
could be attributed to the oxidation of thiophenic structures. The decrease of low DBE compounds was
most probably caused by further oxidation of the S101-species to S102-class compounds.

26



Results - Application of evolved gas analysis high resolution mass spectrometry

The alterations of N-containing compounds in bitumen during aging are poorly described in the litera-
ture [172]. In this publication, | could reveal a significant decrease of aromatic nitrogen compounds in the
TG-FT-ICR MS data. Both, desorption and pyrolysis phase, as well as CID spectra, revealed a reduced
abundance after aging. These findings were supported by GCxGC-HR-TOF MS information, which
showed a distinct reduction of carbazoles and benzocarbazoles over aging time. Two possible aging re-
actions were suggested to explain the decrease. The first reaction is the oxidation of highly aromatic N-
species, which was indicated by an increase of the N101-class in the MS/MS-spectra. The second possible
reaction was indicated by a slight increase of low alkylated aromatic thermal fragments during the pyrol-
ysis phase, which gave evidence for possible condensation reactions [173].
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Figure 27: Selected DBE versus #C plots for MS-mode and MS/MS-mode of the desorption phase of non-aged and 7 days-aged
model bitumen.

To conclude, in publication 4, | could show that the data integration of TG-APCI-FT-ICR MS with CID frag-
mentation and GCxGC-EI-HR-TOF MS is suitable to investigate aging effects in bitumen. Furthermore, |
could reveal distinct aging effects. Oxygen-containing compounds, such as the O1-, O2-, S101-, and
N10O1-class as well as distinct chemical functionalities, such as fluorenones and sulfoxides, were found to
increase. Non-aromatic sulphur-containing compounds, including thiolanes, as well as aromatic nitrogen-
containing compounds, such as acridines, were found to strongly decrease during aging.
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4.2.3 Chemical characterization of occluded material and pyrolysis
products of asphaltenes

Asphaltenes are known as the petroleum fraction with the highest compositional and structural complex-
ity associated with one of the biggest analytical challenges. However, in this PhD work, | could show that
evolved gas analysis of thermally degraded asphaltenes in combination with high resolution mass spec-
trometry is a versatile and valuable tool to head for the elucidation of the chemical und structural compo-
sition of asphaltenes. Publication 1,2 and 5 occupy different aspects of asphaltene characterization. None-
theless, since all publications include the thermal degradation of asphaltenes, the three main pathways
asphaltenes undergo during heating are presented in more detail in the following and are illustrated in
Figure 28.

(1) Asphaltenes are known to aggregate already (1) Occluded compounds
. (desorption phase)
at very low concentrations [174, 175]. Com- “Ns
pounds of the maltene fraction can be oc- W }’O:S:fs Yé:;/
cluded by asphaltenes in pores or by polar in- ©
teractions [83, 176, 177]. During heating, oc-  (2) Asphaltenes

; (pyrolysis phase)
cluded compounds are (partially) released
from the aggregates and are observed as in-

2\

thermal cracking —

archipelago
structural motif island

structural motif

tact evaporated compounds during the de-

sorption phase attemperatures up to approx- (3) TGA residue

imately 300 °C. [45, 78] (non-evaporable material)

(2) During the pyrolysis phase, which starts be- -
tween 300 to 350 °C, asphaltenes decom- " Condansed sromatie §

cores L highly stable aggregates

pose by cleavage of C-C or C-S bonds [104].

Depending on the molecular structure. differ- Figure 28: Evaporation and thermal decomposition behaviour of
!

_ asphaltenes.
ent pyrolysis pathways can be observed. Ar-

chipelago-type (multicore) asphaltenes tend to decompose at aliphatic linkers bridging smaller aro-
matic cores preserving alkyl side chains [63, 63, 79]. Island-type (single core) asphaltenes likely de-
compose by the cleavage of side chains, while a low alkylated, highly aromatic core remains [79, 105—
107].

(3) High molecular weight aromatic core structures, which cannot be evaporated, form coke during py-
rolysis and remain as residue [78, 79, 105, 107]. Besides that, highly stable asphaltene aggregates may
survive the heating process and form coke instead of thermally degrading into smaller, evaporable
fragments [178].

During the precipitation of asphaltenes from crude oil/ toluene mixture with paraffinic solvents, species of
the maltene fraction can be co-precipitated with the asphaltenes. The occluded compounds can be
trapped inside pores of asphaltene aggregates, entangled with asphaltenes or bound by polar interac-
tions [83, 177, 1779—181]. In publication 1 we showed by TG-APCI-FT-ICR MS that poorly washed asphal-
tenes contained a variety of occluded material, which chemically differs and in abundance between n-
pentane (Cs), n-hexane (C6) and n-heptane (C7) as precipitation solvent. Figure 29 illustrates the differ-
ences between the precipitation effects for one exemplary heavy oil asphaltene. In Figure 29 a), the total
ion chromatogram (TIC) of the mass spectrometric measurements for the Cs5-, C6-, and Cy-precipitated
asphaltenes are presented, while the dashed line indicates the separation into desorption and pyrolysis
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phase. For Cs-precipitation, the highest amount of

intactly evaporable material was observed during

the desorption phase. With larger paraffins as sol-

vent, the abundance of the desorption phase de-

creases. Figure 29 b) emphasizes the differences be-

tween Cg- and Cy-precipitated asphaltenes. Tem-

perature-resolved mass spectra of Cg-asphaltenes

clearly revealed a higher abundant desorption phase

as C7-asphaltenes precipitated from the same heavy

oil. Species occurring in the desorption phase exhib-

ited lower mean DBE values between 5-7in compar-

ison to a mean DBE of 8-10 during the pyrolysis

phase. CID-fragmentation revealedin mean three to

four-ring aromatic core structures for occluded ma-

terial and four to five fused aromatic rings for as-

phaltene pyrolysis decomposition products. Publica-

tion 1 further revealed that occluded material dif-

fered in compound class distribution from the as-

phaltene pyrolysis phase, which is depicted in Figure
29 ¢). Cs-precipitated asphaltenes were enriched in
heteroatom-containing classes, such as the O1-, S1-,
S101- and O2-class. Co-precipitated maltenes were
shown to vary in their chemical composition to a
larger extent among the precipitant than the asphal-
tene pyrolysis products.
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Figure 29: Heavy oil petroleum asphaltenes precipitated
with different paraffinic solvents. a) TIC signal of Cs-, Cé-
and Cy-precipitated asphaltenes. b) Temperature-re-
solved mass spectra of Cs- and Cy-precipitated asphal-
tenes. ¢) Compound class distribution of the desorption
and pyrolysis phase, exemplarily shown for one heavy oil
asphaltene.

Since occluded compounds cause matrix effects and distort the chemical characterization of asphaltenes,
increased efforts were made to clean asphaltenes from occluded material [181, 182]. The asphaltene pro-
vided during the interlaboratory study for the PetroPhase 2017 conference was highly purified through
intensive Soxhlet extraction of occluded material with n-heptane [83, 88] and was subject of publication
2. In contrast to the poorly washed asphaltenes in publication 1, we revealed no occluded material evap-
orating below approximately 300 °C during the desorption phase with several analytical techniques. Nei-
ther TG-FT-ICR MS, nor TG-TOF MS, nor pyrolysis GC as well as the application of five different ionisation
techniques revealed any considerable signal for temperatures associated with intact desorption.
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Figure 30: Temperature-resolved mass spectra of highly purified Athabasca and Wyoming asphaltenes and their different solu-
bility fractions. The TIC is overlaid in red. Whole asphaltene revealed no desorbable material, whereas extrography fractions

exhibited occluded material released during the desorption phase.
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Similar was observed in Publication 5 for Athabasca bi-

Acetone Tol/THF/MeOH
9} 15

tumen asphaltenes and Wyoming deposit asphaltenes 25 o8
purified with the same protocol as the Petro-Phase 2017 10 %
asphaltene. Nonetheless, after extrography fractiona- ; E
tion on silica with acetone, heptane /toluene (Hep/Tol ©
11 v/v), and toluene/ tetrahydrofuran/ methanol -:oms
(Tol/THF/MeOH 10:10:1) [86, 87, 89], additional oc- 8 g
cluded material could be released and detected with 6 3
TG-APCI-FT-ICR MS. Figure 30 shows the time resolved : 3
mass spectra obtained for both asphaltene samples 0 ot
and their solubility fractions. Especially the acetone 258
fraction revealed high abundant signal during the de- 1 B
sorption phase, followed by the Tol/THF/MeOH frac- 0_5-§
tion and the Hep/Tol fraction. In this publication, I could o
indicate that highly occluded material is potentially 1’;
bonded by polar interactions into cooperative aggre- i .r_:v
gates formed by asphaltene molecules of different sol- .4
ubility fractions. During the fractionation process, these

. . . 0 20 {s] (o] (o] 0 20 (o] (o] (o]
aggregates seem to partially be dispersed, which ena- 1 o Nukber 0 o N ber

bles the release of smaller, occluded compounds during Figure 31: Selected DBE versus #C diagrams of occluded
the desorption phase of the TG-FT-ICR MS measure- material of Athabasca asphaltenes released during the
ments. Asphaltenes enriched in archipelago structural ©°0Pton phase of TG-APCLFT-ICR MS. The blue fine

) o ) indicates the planar aromatic limit.
motifs (Athabasca) exhibited higher abundant oc-
cluded material than asphaltenes enriched in island structural motifs (Wyoming). Publication 5 further re-
veals, that the released occluded material differs in chemical composition as well as structure among the
solubility fractions depending on the geological origin of the asphaltenes. The extraction with acetone
was shown to yield the broadest chemical diversity, whereas the Tol/THF fraction was enriched in oc-
cluded oxygen-containing asphaltenes. Figure 31 presents DBE versus #C plots of selected compound
classes of Athabasca asphaltenes. The diagrams clearly reveal that occluded material covers two different
compositional spaces: The first region contains species with high aromaticity and short alkylation (island-
like), while the other region is composed of compounds with lower DBE and higher carbon numbers (ar-
chipelago-like). It depends on the compound class and the solubility fraction as well as the asphaltene
origin, how pronounced the different regions are.

This PhD work not only contributes to the chemical characterization of occluded compounds in asphal-
tenes, it also aimed to add information to the debate of the asphaltenes’ structure by employing thermal
gravimetry hyphenated to high resolution mass spectrometry. In publication 2, we combined TG-FT-ICR
MS, using APCl and APPI as ionisation techniques, with data from TG-SPI/REMPI-TOF MS as well as py-
rolysis GC-MS to propose an average molecular structure for the PetroPhase 2017 asphaltene. The
evolved gas analysis of the pyrolysis products of the highly purified asphaltene revealed information on
smaller building blocks. Each ionisation technique, however, covers a specific chemical space and only the
integration of the data from all techniques provides a comprehensive information. Pyrolysis GC-MS, with
universal electron ionisation, showed a dominant alkene and alkane pattern, which provided information
likely on alkyl side chains cleaved off during the pyrolysis process. Comparable information was revealed
by TG-SPI-TOF MS. The spectra exhibited an intense C3-C35 alkene pattern, which peaks at propene and
decreases exponentially in intensity towards higher carbon numbers. Furthermore, H,S was detected with
high abundance indicating the decomposition of sulphur bridges linking aromatic cores. TG-REMPI-TOF
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MS accesses, due to the resonance-enhanced multi-pho-
ton ionisation process, selectively aromatic thermal de-
composition products. The PetroPhase 2017 asphaltene
revealed 1-5 ring aromatic core structures and their alkyl-
ated homologues series up to m/z 500, with a mean m/z
value around 225 and 2-3 aromatic rings with 3-10 alkyl
units on average. TG-APCI-FT-ICR MS and TG-APPI-FT-
ICR MS revealed remarkably similar results. The high re-
solving power as well as the selectivity to semi-polar to po-
lar compounds of these techniques enabled the identifica-
tion of an intense homologous series of benzothiophenes
and dibenzothiophenes and their alkylated derivatives,
while APCI additionally highlighted oxygen-containing
compounds. By data integration of the obtained results in
combination with additional information from field de-
sorption fionisation MS (molecular weight distribution)

Figure 32: The integration of different ionisation meth-  and elemental analysis, an average molecular structure
ods for the mvest\gatlon of thermal decomposmon for the Petrophase 2017 aspha|tene COU'd be recom-

products of the Petrophase 2017 asphaltene enabled
the suggestion of an average recomposed molecular

posed. The proposed structure is depicted in Figure 32,

structure. showing an archipelago-type asphaltene composed of
three core structures linked by alkyl bridges.

The tendency of asphaltenes to form aggregates drastically complicates their analytical investigation [14,

85—87]. In direct infusion mass spectrometry, asphaltenes were shown to strongly differ in monomerion
yield with respect to their structure [85]. Island-type asphaltenes revealed high monomer ion yield,
whereas archipelago-type asphaltenes tend to form non-ionisable aggregates [85]. Nonetheless, the ap-
plication of infrared multiphoton dissociation (IRMPD) on direct infusion FT-ICR MS spectra contributed
valuable information to the structural debate [84-87]. In Publication 5, which is one of the main contribu-
tions in my PhD work, | could show that also TG-FT-ICR MS is a valuable technique to participate in the
structural discussion on asphaltenes. In this study, | investigated two different asphaltenes, one of which

is enriched in the island structural motif (Wyoming Deposit
asphaltenes) and one is enriched in the archipelago struc-
tural motif (Athabasca bitumen asphaltenes). To deepen
the chemicaland structural investigation, both asphaltenes
were fractionated by extrography into an acetone, hep-
tane/ toluene (Hep/Tol 1:1 v/v), and toluene/ tetrahydrofu-
ran/ methanol (Tol/THF/MeOH 10:10:1) fraction [86, 87,
89]. Already the thermal gravimetric data, which are de-
picted in Figure 33, revealed noticeable differences be-
tween both asphaltenes. Archipelago-enriched asphal-
tenes were shown to considerably form less TGA residue
(37-50 wt.-%) than island enriched asphaltenes (57-78
wt.-%0). Furthermore, it was revealed that whole asphal-
tenes yield higher TGA residues than their solubility frac-
tions. This result indicated effects caused by cooperative
aggregation between asphaltene molecules of different
fractions. The aggregates were suggested to be highly
thermally stable, which likely led to coke formation instead
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Figure 33: Massloss diagram of archipelago-enriched as-
phaltenes (Athabasca) and island-enriched asphaltenes
(Wyoming). Athabasca asphaltenes revealed noticeably
higher mass loss for all fractions than Wyoming asphal-
tenes.
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of thermal decomposition into smaller, evaporable pyrolysis products. The mass spectrometric signal |
revealed by TG-APCI-FT-ICRMS s presented in Figure 30. Desorption and pyrolysis phase were separated
at the minimum TIC signal (overlaid in red) between both phases indicated by the dashed line. Although
both phases partially overlap, the desorption phase is mostly represented by occluded compounds dis-
cussed in detail above, whereas the pyrolysis phase is mostly represented by thermal decomposition prod-
ucts of “real” asphaltenes. The investigation of fractionated asphaltenes in publication 5 increased the
number of assigned sum formulae 1.5 to twice the amount in comparison to the whole asphaltene sam-
ples, likely because of reducing matric effects and aggregation. The acetone fraction revealed the highest
amount of assigned elemental compositions for both asphaltenes which is presumably an effect caused
by aggregation effects, because acetone is known to extract asphaltene compounds with high monomer
ion yield [85, 86, 180, 183]. For the asphaltene pyrolysis phase, eleven compound classes were detected,
consisting of the CH-, S1-, S2-, S3-, O1-, O2-, N1-, S101-, S102-, N101-, and N1S1-class. In comparison to
direct infusion FT-ICR MS spectra, asphaltene species detected with TG-FT-ICR MS exhibit at first glance
unusual low complexity as a result of pyrolytic cracking [11, 79]. In Figure 34, exemplary structures of
mono-heteroatom- as well as poly-heteroatom-containing asphaltenes of both structural motifs are pre-
sented. If multicore asphaltenes containing heteroatoms in different cores are thermally cracked into
smaller building blocks, the complexity of the compound classes is reduced. Single core, multi-heteroa-
tom asphaltenes likely form coke due to their high polarity and the large size of their aromatic moiety
instead of being evaporated.

island-enriched archipelago-enriched

island / single core archipelago / multicore

8
poly-
m heteroatomic

mono-
heteroatomic

L o033
carbon number

Figure 34: DBE vs. #C diagrams of the acetone fraction pyrolysis phase of island-enriched and archipelago-enriched asphaltenes
measured by TG-APCI-FT-ICR MS. All compound classes are overlaid. Island-type asphaltenes decompose into highly aromatic
core structures with short alkylation and thermal fragments with DBE values below 5 and comparatively high alkylation. Archi-
pelago-type asphaltenes revealed high abundant thermal fragments with DBEs of less than 15 and high carbon numbers /alkyla-
tion.

The DBE vs. #Cdiagrams in Figure 34 present one of the main findings | revealed in publication 5. Thermal
decomposition products of island-type and archipelago-type asphaltenes cover different compositional
spaces. Pyrolysis fragments of island-type asphaltenes are characterised by abundant, highly aromatic
compounds with low alkylation (carbon numbers) clustering at the planar aromatic limit, which are
formed by the cleavage of alkyl side chains from the single, highly aromatic core. Island-enriched asphal-
tenes further revealed high abundant thermal fragments with DBE values of less than 5, most probably
formed by cleaved small pendant groups or side chains, which formed alkenes or naphthenes due to the
thermal decomposition process. Archipelago-type asphaltenes are characterized by abundant pyrolysis
products with DBE values below 15 and comparatively high carbon numbers/ alkylation, which are caused
by the thermal decomposition of alkyl linkers bridging several aromatic cores. Highly aromatic core struc-
tures are less abundant in archipelago enriched asphaltenes compared to island-enriched asphaltenes.
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To conclude, | could reveal in this PhD work, that TG-FT-ICR MS provides valuable information for the
chemical characterization of occluded material coprecipitated with asphaltenes as well as valuable con-
tributions concerning the critical debate on the asphaltene structural motifs. Those insights are of interest
from petroleum processing, upgrading through to petroleum transportation and storing. As fossil fuels,
even bio crude oils contain asphaltenes, which emphasizes the importance of asphaltene characterization
with regard to future fuels.

4.3 Development of new analysis techniques for the investiga-
tion of complex mixtures

Thus far, | could show in this PhD work, that reducing the complexity of crude oil-derived material by frac-
tionation or by applying selective ionisation techniques, drastically improves the comprehensive chemical
characterization of those complex mixtures. By applying selective ionisation techniques, matrix effects
can be reduced even without additional sample pre-treatment. Therefore, the development of selective
and sensitive ionisation methods is of high analytical interest. In this section, | present the further devel-
opment of APPI by applying this techniques with other wavelength than commonly available. Further-
more, in publication 6, | aimed to combine the advantages of APPI, which covers a broad chemical space,
and APLI, which achieves very low detection limits, by introducing a new ionisation technique: atmos-
pheric pressure single photon laser ionisation (APSPLI).

4.3.1 Xe/Kr-atmospheric pressure photo ionisation

Each ionisation technique covers a specific compositional space. By applying a certain technique, partic-
ular compound classes can be highlighted, reduced, or even completely disregarded. Reducing the chem-
ical space also helps to decrease matrix effects and enables improved detection of less abundant species.
The further development of ionisation techniques is therefore essential to obtain comprehensive chemi-
cal characterization of complex organic mixtures in mass spectrometry. In this section, I aimed to further
develop atmospheric pressure photo ionisation by applying a Xenon discharge lamp for ionisation instead

of the commonly ap-

type of UV lamp and Compounds lonisation p|ied Krypton dis-
photon energies energy [eV]
N 156 charge lamps. The data
= g : . )
x H:0 12.6 presented is still un-
Z Acetonitrile  12.2 ) )
= o} 121 published. In Figure 35,
Argon (11.2eV) . . . . ]c
Methanol  10.8 ionisation energies o
Isopropanol  10.2 different, commercially
Hexane 10.1
z Krypton (10.0and 10.6 V) available noble gases
o Heptane 9.9 )
g Acetone 9.7 discharge lamps are
) Pyridine 9.3 )
z Benzene 9.2 presented. With com-
= Toluene 8.8 .
Xenon (8.4 and 9.6 eV) monly apphed Kl’yptOﬂ
Naphthalene 8.1 discharge lamps, spe-
Anthracene 7.4 ) . L )
cies with an ionisation
energy below 10.6 (117
Figure 35: lonisation energies of different, commercially available discharge lamps. nm)or10.0eV (124 nm)

can be ionised. Xenon
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Figure 36: Stacked bar plots of for different compound classes showing the radical cation and protonated ion distribution for a
light crude oil measured by APCI-, Kr-APPI- and Xe-APPI-TG-FT-ICR MS. APCl revealed mostly protonated ions for all compound
classes. Kr-APPI showed protonated as well as radical cations, especially for low-DBE CH-class compounds. Xe-APPI mostly re-
vealed radical cations for all compound classes.

discharge lamps provide photons with 8.4 (148 nm) and 9.6 eV (129 nm). Predominantly polyaromatic
hydrocarbons lie below this ionisation energy.

In this PhD work, | investigated Xe-APPI as potential ionisation technique for gas phase ionisation in com-
bination with TG-FT-ICR MS. To define the accessible chemical space of Xe-APPI, the technigue was com-
pared to the established ionisation techniques Kr-APPI.and APCI. As exemplary sample, a light crude oil
(CPC-blend) was applied and measured with all techniques under the same conditions. Allionisation tech-
niques mainly revealed compounds of the CH-, O1-, S1- and N1-class. Nonetheless, small differences in
the relative abundancies between the ionisation
techniques were observed. APCl revealed approxi-
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Figure 37: Temperature-resolved DBE plots colour-coded with
the absolute abundance for different compound classes of a
light crude oil measured by APCI- and Xe-APPI-TG-FT-ICR MS.

mately 66 % forthe CH-class, 23 % for the S1-class,
8.7 for the O1-class and 1.1 % for the Ni-class. In
comparison, Kr-APPIrevealed a higher percentage
for the CH-class, which can be mostly attributed to
the fact that Kr-APPI produces both radical molec-
ular cations and protonated quasi-molecular ions
[125]. S1-class, O1-class, and N1-class contributed
approximately 17 %, 6.1 %, and 0.7 %, respectively.
Interestingly, Xe-APPI provides a lower relative
abundance for the CH-class of approximately 57 %
compared to the afore-mentioned ionisation tech-
niques. S1-, O1-, and N1-class account for 31 9%, 4.7
% and 5.3 %, respectively. Figure 36 presents the
abundance distribution as stacked bar plot for the
main compound classes for each DBE value. Pro-
tonated species occur on half-integer DBE values
(even electron configuration), whereas radical cat-
ions have integer DBE (odd electron configura-
tion). APCl predominantly produced protonated
ions for all compound classes as well as DBE val-
ues. Kr-APPI, however, revealed especially for low-
DBE compounds both ion types. Mostly non-aro-
matic compounds with DBE-values below 4 re-

34



Results - Development of new analysis techniques for the investigation of complex mixtures

vealed both ion types, whereas aromatic compounds reveal higher abundancies for radical cations. The
higher the DBE value, the more the ratio between odd and even ions is shifted to the radical cations. Xe-
APPI is predominantly able to ionise aromatic compounds with DBE values greater or equal to 4. Radical
cations are strongly pronounced, and protonated species occurred only in minor amounts. Furthermore,
the DBE distribution is shifted to higher DBE values compared to the other ionisation techniques.

In Figure 37, temperature-resolved DBE plots for a light crude oil measured by APCI- and Xe-APPI-TG-FT-
ICR MS are presented for the CH-, O1-, and S1-class. Although both techniques revealed signal between
100 t0 300 °C, the covered DBE range differs. APCI more efficiently ionises low-DBE compounds than Xe-
APPI. The Xe-APPI data clearly revealed a distinct cut-off at DBE 4, especially for the CH- and O1-class.
This result indicated that only aromatic compounds are ionised by Xe-APPI. Furthermore, highly aromatic
compounds with DBE values up to 20 were pronounced in Xe-APPI. The detection of compounds with
higher DBE values compared to APCl could be an effect of the low ionisation potential of highly aromatic
compounds as well as the reduced complexity of the mass spectrometric data by Xe-APPI.

As already indicated for APPI above,
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Figure 38: intensity ratio of radical cations (odd) and protonated ions (even) for BC 380'410 C, and bitumen. Since
temperature-resolved TG-FT-ICR MS measurements. The odd/even ratiois plot-  CPC-blend is a light crude oll, it co-
ted over the mean DBE of each spectrum. APCl revealed no trend, whereas APPI

_ _ _ vers a broader chemical space. All
revealed an increase of the odd/even ratio for higher mean DBE values.

samples were measured tempera-
ture resolved by TG-FT-ICR MS. For
each spectrum, the intensity ratio of cations (odd) and protonated ions (even) was calculated. In Figure
38, the odd/even ratio is plotted over the mean DBE for each spectrum. APCland Kr-APPI showed distinct
differences. APCl revealed no trend correlating with molecular weight or DBE, whereas Kr-APPI revealed
anincreasing trend. Comparable results were obtained for Xe-APPI, but the increasing trend for the bitu-
men sample was less pronounced thanin Kr-APPI. In APCI, other aspects, such as chemical functionalities,
are more important for the ion-type formation than aromaticity.

4.3.2 Atmospheric pressure single photon laser ionisation

In the last two decades, a variety of atmospheric pressure ionisation techniques were developed enor-
mously increasing the application field of mass spectrometry. In 1999, atmospheric pressure laser ionisa-
tion was introduced by Schmidt et al. [126] as additional ionisation approach to the existing ESI, APCI, and
APPItechniques. While ESIand APCl are able to ionise polar to semi-polar compounds, APPIand APLI are
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Figure 39: Schematic setup of the TG-FT-ICR MS as well as GC-FT-ICR MS hyphenations with APSPLI as ionisation technique.
APSPLI is carried out by applying a fluorine laser emitting photons of 157 nm (7.9 eV).

more suitable for the ionisation of semi-polar to non-polar compounds [119]. Since APLI is based on a
multiphoton ionisation mechanism, it selectively ionises mostly aromatic compounds [127]. Due to the
high photon density of the emitted laser light, efficientionisation was achieved, which led to very low de-
tection limits of poly aromatic hydrocarbons (PAH) of approximately one order of magnitude lower than
reported for APPI [184]. Nonetheless, despite higher detection limits for PAHs, APPI covers a broader
chemical space due to its single photon ionisation mechanism. As explained in more detail in section 4.3.1,
single photon ionisation is able to ionise compounds by direct photoionization, which have an ionisation
potential below the energy of the emitted photons. In publication 6, | aimed to combine both advantages
of APLI and APPI by introducing atmospheric pressure single photon laser ionisation, further referred to
as APSPLI. APSPLI combines the high photon flux of APLI as well as the ability to ionise a broad chemical
space. In publication 6, I evaluated APSPLI for gas phase ionisation in thermal analysis and gas chromato-
graphic coupling. In Figure 39, a schematic over-
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_§ 2 JET well. Both separation techniques were hyphen-
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tion systems. APSPLI was carried out applying a

Figure 4o: Influence of oxygen in the ionisation atmosphere. fluorine excimer Iaseremittmg phOtOﬂS O]C7.9 eV

(top) APSPLI-FT-ICR MS spectrum of pyrene with massive oxi- )
dation artefacts due to approximately 200 ppm oxygen intheion (157 NM). The laser beam was guided through a

source atmosphere. (bottom) Pyrene spectrum ionised in a beam line flushed with 5.0 nitrogen avoiding the
source atmosphere containing approximately 10 ppm oxygen.
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Figure 41: Exemplary spectrum of pyrene measured by gas phase APSPLI-FT-ICR MS. The using \/U\/'Iight for ionisa-
mono-oxidised ionisation artefact is highest, when no additional filter cartridges are applied, tion under atmospheric
and lowest, when both H20- and O2-filter cartridges are applied. pressure conditions. The ni-
trogen-flushed beamline is necessary to guide the light from the laser source to the ionisation chamber
entrance without being absorbed by oxygen of the surrounding air. However, oxygen inside the ionisation
chamber also has large influence on the ionisation process. UV radiation with wavelengths below 240 nm
causes photodissociation of oxygen into radicals [186]. Further reaction pathways lead to the formation
of reactive ozone or hydroxyl radicals [187]. In Figure 40, the influence of oxygen on the ionisation of py-
rene is shown. Pyrene was introduced via the thermogravimetry coupling with a constant concentration
of approximately 300 ppb. The upper spectrum was recorded in a source atmosphere containing approx-
imately 200 ppm oxygen. Pyrene was highly oxidised, while the mono-oxidised radical cation (C;6H:00™)
was as high as the molecular radical cation (CisHio™), but also oxidation products with up to three oxygen
atoms were observed. Both, radical cations and protonated species, were found suggesting a complex
reaction cascade. By reducing the amount of oxygen in the source atmosphere to approximately 10 ppm,
alsoionisation artefacts could be drastically reduced. Figure 40 (bottom) shows the corresponding pyrene
spectrum with reduced oxygen concentration. The radical cation of the molecular ion clearly dominates
the spectrum, whereas oxidation products and other ionisation artefacts occurred only in minor amounts.

| further investigated the influence of oxygen and water by installing filter cartridges used for purification
of the nitrogen gas supply, which flushes the ionization chamber. Figure 41 presents an exemplary spec-
trum of pyrene ionised by APSPLI as well as the percentage of the mono-oxidised species after the appli-
cation of no filters, a H2O-filter cartridge, an O2-filter cartridge, and both filter cartridges. Without addi-
tional filter cartridges, the signal of the mono-oxidised artefact accounts for over 22 % of the molecular
radical cation signal. By the application of both O2- and H20-filter cartridges, the oxidation artefacts
could be reduced by a factor of 2-3 below 10 %. Similar was observed for a wide range of PAHs introduced
by gas chromatography. The stand- I__ionsource

ard mixture contained two-ring aro-
matics, such as naphthalene, and up

fused silica capillary —

_ _ heated inlet — dry gas
to seven-ring aromatics (coronene). ) ,
- ion capillary
The oxidation artefacts of the ionisa- [
ble PAHs could be mostly reduced
spray shield

from 18-26 % to 10-15 % by the ap-
plication of both filter cartridges.
Naphthalene, however, was not ob-
served due to its higher ionisation

nebulizer gas
Laser beam

position

. ~ Figure 42: Schematic of the ion source. Nebulizer gas flow and the laser beam po-
energy of 8.14eV [188], which is sition were found to have the highest influence on the signal intensity of the mo-

greater than the photon energy of lecularradical cation as well as of the oxidation artefacts.
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products as well. In Figure 42, a schematic of the 1E+09
ion source is presented. Especially the nebulizer °
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stances introduced by gas chromatography. The
nebulizer gas flow showed comparatively low in- Figure 43: PAH standard ionised by APSPLI at different positions
] ) ) in the ion source. The intensity of the radical cations depended
fluence on the overall intensity of the formation of | . i nication location
the molecular radical cations. Flow rates of 1.5
I/min, 4.51/min and 6.0 I/min were investigated. The highest nebulizer gas flow rate showed the lowest
signal intensities, whereas the lowest flow rate showed the highest signal intensities. The high nebulizer
gas flow rate suggests a rapid dilution with nitrogen of the sample entering the ion source. Therefore, less
of the sample material can be ionised by APSPLI and a lower signal intensity was observed. Conversely,
the highest nebulizer gas flow yielded in the lowest percentage of oxidation artefacts. This finding indi-
cated, that the high flow of clean nitrogen is able to supress reactions with remaining oxygen in the ion
source. The position of the laser beam in the ion source were found to have a high influence on the signal
intensity of the molecular radical cation. Three dif-

R APSPLI ' ' , ' :'2:51 ferent positions of the laser beam were investigated:
z ozt TF . . . ¢l | 1) close tothe mass spectrometer entrance, 2) a cen-
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ke rectly after the ionisation chamber entrance, which
§ bl N may be an effect of the highly pure nebulizer gas
ooghetes i . ‘ . stream introducing the sample to the ion source.
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Figure 44: Kendrick diagrams of alight crude ol ionised by AP~ developed ionisation method APSPLI to complex or-
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ganic mixtures introduced via thermogravimetry or
source by TG-FT-ICR MS.

gas chromatography. To define the differences to
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the closely related APLI, both techniques were ap-
plied to the same complex sample. To easier distin-
quish between the single photon and multi photon 400
ionisation approach, APLIis further referred to as at- 350
mospheric pressure multiphoton laser ionisation (AP-
MPLI). In Figure 44, the average Kendrick diagrams of
a light crude oil measured by both techniques are
presented. The Kendrick mass is defined by setting a 200
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192] In Figure 44, the compound classes are high-  Figure 45: GC-APSPLI-FT-ICR MS spectrum. a) time-resolved
mass spectrum with total ion chromatogram (black) and big-

lighted in different colours. The comparison of both _
gest ion chromatogram (red) overlaid

ionisation techniques revealed, that APMPLI is able
toionise aromatic hydrocarbons without any heteroatoms more efficiently than APSPLI. However, for N-
, O- or S-containing species, the ionisation with APSPLI is advantageous. Especially sulphur-containing
compounds are highlighted by APSPLI. In Figure 45, an exemplary measurement of a light crude oil with
GC-APSPLI-FT-ICR MS is presented. As the crude oil was diluted 1:100 and only 1 uL was injected for this
measurement, the high sensitivity of this approach could be demonstrated. The summed mass spectrum
in Figure 45 b) revealed species with m/z up to 450, covering mostly the CH-, S1-, O1-, N1-, and S101-
classes. Compounds with the highest summed intensity corresponded to the Si-class emphasizing the
high sensitivity of APSPLI towards sulphur-containing compounds. Furthermore, the preceding GC sepa-
ration enabled the identification of oxidised ionisation artefacts [185]. Artefacts will have the same chro-
matographic elution profile as the their corresponding molecular cation and can be removed by automa-
tized processing routines [185].

To conclude, in this PhD thesis, | developed a new ionisation technique by using single photon laser ioni-
sation under atmospheric pressure (APSPLI) conditions. The concentration of oxygen is a crucial param-
eter in APSPLI with respect to side reaction induced by UV-dissociation of O2 molecules, which lead to
oxidised ionisation artefacts. Nonetheless, those artefacts could be reduced by applying O2/H20 filter
cartridges to further purify the nitrogen supply, high nitrogen flow rates, and the ionisation of the analytes
immediately after being introduced to the ionisation chamber. Furthermore, APSPLI was successfully ap-
plied to complex petroleum-derived mixtures introduced by thermogravimetry or gas chromatography.
Due to the single photon-based ionisation approach, APSPLI is able to overcome the limitations of classi-
cal APLI/ APMPLI, which is limited by the lifetime of the excited state after the absorption of the first pho-
ton. Especially sulphur-containing compounds revealed relatively high detection limits in APLI[193]. AP-
SPLI, however, specifically highlights sulphur-containing compounds and covers in general a broader
compositional space. Furthermore, the large differences in ionisation cross section associated with REMPI
or APLI are negotiated by single photon ionisation.
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5 Conclusion and Outlook

This PhD work revealed the high value of thermogravimetry (TG) coupled to Fourier transform ion cyclo-
tron resonance mass spectrometry (FT-ICR MS) for the investigation of current research questions related
to heavy petroleum-derived materials. The application of this technique enables the detailed, online de-
scription of the pyrolysis products of polyethylene terephthalate (PET). For the most complex constituents
of petroleum, the asphaltenes, TG-FT-ICR MS revealed valuable information on the molecular architec-
ture regarding the prevalent structural motifs. The combination of TG-FT-ICR MS with differentionisation
techniques, several mass spectrometric analysers, as well as the fractionation of the complex asphaltene
matrix further deepened their chemical characterization. For the investigation of aging effects in bitumen,
the integration of TG-FT-ICR MS data and two-dimensional gas chromatography high-resolution time-
of-flight mass spectrometry (GCxGC-HR-TOF MS) information enabled the elucidation of several short-
term aging effects. This PhD thesis has further shown that reducing matrix effects by using selective ion-
isation techniques is advantageous for the chemical description of heavy petroleum samples. Conse-
quently, the extension of existing or the development of new ionisation techniques may help to address
specificanalytical challenges. In this PhD work, I showed the further development of atmospheric pressure
photoionisation (APPI) by applying a Xenon discharge lamp instead of the commonly used Krypton dis-
charge lamps, leading to a simplification of the complex FT-ICR MS spectra by ionising species mainly as
radical cations. Furthermore, a new ionisation technique was introduced, which is based on single photon
laser ionisation under atmospheric pressure conditions (APSPLI). Although oxidation is a critical aspectin
APSPLI, the new ionisation method could successfully be applied to complex petroleum-derived materials
measured by thermal analysis or gas chromatographic hyphenation.

The results of my PhD thesis will be the starting point for several future studies. As TG-FT-ICR MS showed
high value for the chemical description of heavy petroleum-derived materials, a detailed comparison
study between direct infusion FT-ICR MS and TG-FT-ICR MS will help for an improved data integration of
both techniques and will be animportant step towards predictive petroleomics. With respect to the inves-
tigated heavy petroleum samples, further studies may focus on the highest polar fraction of asphaltenes,
which was irreversibly absorbed on silica during extrography fractionation. TG-FT-ICR MS may be a valu-
able tool to investigate those species by directly evaporating the compounds from the adsorption mate-
rial. The understand of the absorption of those compounds on LC columns might lead to new develop-
ments making direct LC analysis of asphaltenes feasible. Moreover, as molecular level characterization is
poorly applied for the investigation of aging effects in bitumen, a variety of analytical issues can be ad-
dressed in further studies. For example, long-term aging effects of bitumen binders, the differences be-
tween laboratory aging methods and real conditions, or the effect of the addition of additives should be
addressed at molecular level as well. Aside from the planned applicative studies, the further development
and characterization of the newly introduced ionisation techniques is of high interest for the analytical
community. Xe-APPI needs to be properly characterized by standard mixtures as well as complex mix-
tures. To define the accessible compositional space, Xe-APPI will be compared to other atmospheric pres-
sure ionisation techniques. APSPLI revealed great potential for selective and sensitive ionisation of low-
polarand semi-polar hydrocarbons. Further studies will focus on optimising the ionisation process by fur-
ther reduction of the oxidation artefacts abundance. Due to the high sensitivity, APSPLI may help in the
characterisation of low concentrated ultra-complex mixtures, such as ambient aerosols or may address
chlorine- or bromine-containing analytes. The chemical space addressed by APSPLI can further be wid-
ened by deploying lasers emitting photons with higher energy, which enables to ionise also compounds
with higher ionisation potentials than 7.9 eV as provided by the presented fluorine excimer laser.
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ABSTRACT: Bitumen is a highly viscous and chemically complex petroleum-derived material, which is applied as a binder in road
construction. However, the asphalt undergoes hardening, cracking, and embrittlement not only due to oxidative short-term aging
during the mixing and paving process but also due to long-term aging during the service time of the pavement. In this study,
chemical changes occurring during short-term aging, mimicked by a prolonged rotating flask procedure, are investigated for an
artificial bitumen model at the molecular level. The model bitumen enables the application of two complementary analytical
techniques for obtaining a comprehensive insight into the aging effects: high-resolution Fourier-transform ion cyclotron mass
spectrometry (FT-ICR MS) coupled to thermogravimetry was applied to investigate the aging effects on polar to semipolar high-
molecular-weight compounds ionized by atmospheric pressure chemical ionization. Aromatic core structures were analyzed by
alternating collision-induced dissociation. In order to support structural assignments from FT-ICR MS data in the semivolatile
region, comprehensive two-dimensional gas chromatography mass spectrometry (GC X GC—HRTOFMS) with electron ionization
at 70 eV was applied for the group-type analysis and the investigation of particular chemical functionalities. Oxidation processes were
revealed to be the prevalent reactions caused by short-term aging of the hydrocarbons (CH-class) and sulfur-containing classes.
Aromatic species with low steric hindrance or activated carbon positions as well as high aromatic core structures are favorably
oxidized, forming carbonyl functionalities. For molecules with one sulfur atom (S1-class), nonaromatic species such as
tetrahydrothiophenes decrease, whereas aromatic Sl-compounds remain constant. Nonaromatic S101-species tend to further
oxidize, while higher aromatic species are formed with ongoing aging time. Moreover, this study highlights the aging behavior of
nitrogen-containing compounds, such as carbazoles. A significant reduction of the N-classes was observed during aging, indicating
thermal-induced condensation reactions as well as favored oxidation of highly aromatic core structures.

H INTRODUCTION content of the material, and oxidation. In laboratory studies,

Bitumen is a viscous, involatile, and highly complex mixture short-term aging is simulated by the rolling thin film oven test

derived from petroleum vacuum residues or naturally occurring (RTFOT) or rotating flask test, while long-term aging is

asphalt. It is composed of high-boiling molecules with high performed in a pressure-aging vessel and usually carried out
aromaticity as well as a high content of nitrogen, sulfur, and after RTFOT-conditioning.”~'* Different mechanisms lead to
oxygen, which are present as functional groups such as sulfides, altered characteristics of the bitumen caused by the aging
pyridinic- or pyrrolic-type structures, phenolic compounds, or process. Besides the evaporation of low volatile species, the
carboxylic acids."” In road construction, bitumen is used as a phase separation of bitumen compounds, and the physical
binder for mineral aggregates to create asphalt concrete. hardening due to molecular organization, the mechanism
Several modifiers, such as elastomers, plastomers, or crumb considered as most important is oxidative aging.””14 Oxidation

rubber, can be added to design and improve the viscosity,
elasticity, hardness, and the lifetime of the pavement.3_5
During service time, the asphalt becomes more viscous, harder,
brittle, and eventually cracked, which can be caused by the
aging of the material.” The aging process can be divided into
two different time ranges. First, short-term aging occurs during
the mixing of the binder with the aggregates as well as the
paving process and is characterized by high temperatures
(150—160 °C) and a high specific surface of the bitumen
mixture. Second, long-term aging appears during the service
time of the bitumen and is induced by climatic conditions, void

causes hardening and embrittlement of the binder because of
the formation of polar functional groups, such as sulfoxides,
anhydrides, carboxylic acids, and carbonyls."
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The effects of aging on bitumen are routinely investigated by
the determination of physical properties, such as the
penetration index'>'® or rheological properties measured by
dynamic shear rheometry,”'”~>" which provide insights into
mechanical characteristics. Aging typically results in hardening,
a decrease in elasticity, and an increased viscosity. Because of
the extreme complexity of bitumen, detailed chemical
characterization of aging effects is still an analytical challenge,
and therefore, chemical analyses are mostly limited to
functional group analysis or fractionation in saturates,
aromatics, resins, and asphaltenes (SARA fractionation).22
With infrared spectroscopy, the formation of carbonyl as well
as sulfoxide functions during oxidative aging has been
frequently reported in the literature.”**>° It was shown that
sulfoxides are formed with higher reaction rates than carbonyls,
and moreover, a temperature dependence of the oxidation
reaction was revealed.””*"”® SARA fractionation has been used
since the 1960s for the chemical description of bitumen.”
Saturates are considered as almost inert with respect to
oxidation,"¥** while resins and asphaltenes show stronger
changes.””* Petersen et al. (2009) ranked the reactivity of the
SARA fractions with oxygen in the following order: saturates <
aromatics < resins < asphaltenes, while the asphaltene fraction
is the most reactive one.' Hofko et al. (2016) showed that the
asphaltene content is strongly related to the rheological
properties of bitumen.”’ Atomic force microscopy reveals a
micelle-like structure of asphaltenes surrounded by resin and
polar aromatic molecules, and different aging studies showed
an increase in resin and asphaltene structures over aging
time.”*”*" Recently, Weigel and Stephan (2017) showed a
modeling approach with which physical, rheological, and aging
behavior could be derived from the SARA distribution.’
Nonetheless, the molecular level of bitumen aging is still
poorly understood. In 2017, Handle et al. demonstrated the
potential of Fourier-transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) to investigate the aging behavior
of highly polar species in the bituminous material.” In the last
few decades, FT-ICR MS provided, because of its high mass
accuracy and ultrahigh resolution, valuable insights into the
field of petroleomics, and particularly in highly complex
fractions such as asphaltenes or vacuum residues.”* " Besides
the typical spray-based sample introduction, the hyphenation
of thermogravimetry (TG) has already shown in different
studies its value for the investigation of high-boiling petroleum
fractions.””*" For more volatile as well as less polar fractions,
two-dimensional (2D) gas chromatography (GC) coupled to
MS (GC X GC—MS) is extensively used in the field of
petroleomics to cope with the enormous complexity of
petroleum-derived sample materials.****~*> Chromatographic
separation in two orthogonal dimensions with subsequent MS
detection enables the separation of complex mixtures,
identification of resolved analytes, and classification into
chemical groups. However, because of the volatility limit of
GC techniques, GC X GC—MS is only applicable for the
analysis of volatile to semivolatile fractions. Combining the
advantages of FT-ICR MS and GC X GC—MS was already
shown to allow for a comprehensive description of several
crude oils,*® petroleum cuts,”” and bio-oils.*®*’

The aim of this study is to investigate oxidative short-term
aging of bitumen at the molecular level in an attempt to
achieve a detailed understanding of the complex chemical
processes. Identifying compounds, which are highly affected by
aging, will help design durable and long-living pavements. To

focus on the aging effects in neat bitumen, an artificial bitumen
model was generated without adding any modifiers and
specifically designed to contain components in the boiling
range of GC application offering the opportunity for structural
elucidation. The model bitumen was treated under prolonged
short-term aging conditions to enhance chemical reactions
triggered by high temperatures in the presence of oxygen and
to allow for their detection. Multiple sampling during the aging
procedure enables the tracing of aging-related chemical
changes. The occurring effects were analyzed by atmospheric
pressure chemical ionization (APCI) TG-FT-ICR MS and
confirmed as well as partially complemented by electron
ionization (EI) GC X GC—HRTOFMS. The application of
TG-FT-ICR MS enables the attribution of sum formulae up to
the highly complex heavy end of the model bitumen.
Additionally, aromatic core structures were addressed by
alternating collision-induced dissociation (CID). Heteroatom-
containing minorities were highlighted by APCI, which
selectively ionized semipolar to polar species.”””’ The
additional chromatographic analytical dimension of GC X
GC—HRTOFMS is able to contribute structural information,
which supports and confirms structural estimations of FT-ICR
MS data, especially in the semivolatile region. Because of the
compositional continuum (Boduszynski model) known for
crude oil-derived materials,”> ¢ the results can, to a certain
extent, be expanded to high-boiling regions. The universal
ionization technique EI applied for GC X GC—HRTOFMS
allows for a broad chemical description of the sample material
including nonpolar hydrocarbons, which complements the
smaller chemical space obtained by APCI for FT-ICR MS data.
In this study, a detailed description of short-term aging effects
in the bitumen model was envisioned by the combination of
both techniques. Aging-related alterations are presented at the
molecular level for different hydrocarbon classes, oxidized
hydrocarbons, sulfur- and nitrogen-containing species, and
their corresponding oxidized representatives.

B MATERIALS AND METHODS

Sample Preparation. For the preparation of the model bitumen,
a heavy crude oil (Mittelplate crude oil) with an API gravity of 21°
was used. The volatile compounds (up to 200 °C) of the crude oil
were removed by distillation in accordance with ASTM D2892°7
using a 1S-theoretical plate batch distillation system (Pilodist 100,
Pilodist, Meckenheim, Germany) to generate a controlled sample
matrix without any chemical modifiers. Detailed information on the
distillation procedure can be found elsewhere.”” The remaining
residue was aged with a modified rotating flask test for 168 h at 150
°C under an air atmosphere. In this setup, skin formation of the
viscous sample is prevented by the constant rotation of the flask, and
continuous renewal of the sample surface is ensured. Moreover, in
order to prevent depletion of oxygen in the atmosphere, a constant air
flow of 2 L/min was maintained. The model bitumen was sampled
after 1 day (24 h), 2 days (48 h), 3 days (72 h), 4 days (96 h), and 7
days (168 h). Including the nonaged sample (0 days), a sample set
containing six different aging stages was obtained, which enables a
continuous, multistage description of chemical changes in the matrix.

TG FT-ICR MS with APCI (TG-APCI-FT-ICR MS). Each of the
bitumen samples representing different aging stages was measured by
TG coupled to APCI FT-ICR MS in triplicates. The detailed
description of the setup can be found elsewhere.”® The method was
previously shown to reveal valuable information on highly complex
petroleum samples.*>*" In short, approximately 1 mg of the samples
was directly introduced into a single-use aluminum crucible of the
thermobalance (TG 209 cell thermobalance, Netzsch, Selb,
Germany). Under a constant flow of nitrogen of 200 mL/min, the
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Figure 1. Method integration of TG-APCI-FT-ICR MS and GC X GC—HRTOFMS exemplarily depicted for the 7 days aged model bitumen.
Desorbable and pyrolyzable species are separated at the dashed line. Pie charts on the left side correspond to the class distribution found for
desorption, while pie charts on the right side give the class distribution for the pyrolysis phase. TG-APCI-FT-ICR MS is able to attribute sum
formulae to semivolatile to pyrolyzable compounds. Because of APCI, semipolar to polar minorities are highlighted. The 2D survey view of the
temperature-resolved mass spectra for the MS-mode and the MS/MS-mode color-coded with intensity shows the characteristic increase of the m/z
with the increase of temperature in the desorption phase, while an enlarged m/z range is simultaneously covered in the pyrolysis phase. GC X GC—
HRTOFMS enables the structural elucidation of volatile compounds. With EI, nonpolar compounds are covered as well. 2D GC allows for group-

type analysis of volatile compounds up to roughly m/z 600.

sample was heated from 20 °C (held for 2 min) up to 600 °C (held
for 10 min) with a heating rate of 10 K/min. The evolved gas mixture
(2 mL/min) was transferred to the ionization chamber via a slight
overpressure of 8 mbar over a heated transfer-line (deactivated fused
silica capillary, 0.53 mm ID, 300 °C). The filled TG crucibles were
weighed before and after the measurements to determine the residual
masses, which are summarized in Table S1 for each measurement.
APCI was carried out in a GC-APCI II ion source (Bruker Daltonics,
Bremen, Germany) using a current of 3000 nA for corona discharge.
Temperature-resolved mass spectra were recorded on a 7 T FT-ICR
MS equipped with an infinity cell (APEX Qe, Bruker Daltonics,
Bremen, Germany) with a resolving power of 260,000 at m/z 400
resulting from 2 s transient. Every 10 s, a broadband spectrum for m/z
100—1000 was recorded in the MS-mode consisting of five
microscans for enhancing the signal-to-noise ratio of low-abundant
signals. An alternating MS/MS-mode was applied, that is, five
microscans of the intact molecules were registered in turns with five
microscans of fragmented molecules. This procedure allows
investigating the aromatic core structures of alkylated constitu-
ents.”*® For fragmentation, CID was applied using a collision voltage
of 30 V and a higher accumulation time of 1 s.

Comprehensive time-resolved processing was carried out using
Bruker DataAnalysis 5.1 for m/z precalibration of the summed mass
spectra and a self-written tool CERES based on in-house MATLAB
scripting (R2018b, 64-bit) for further processing (feature detection)
and sum formula calculation (including evaluation and validation).
Every measurement was internally linearly calibrated on homologue

10643

rows in DataAnalysis, and again every single spectrum during
processing in CERES to correct for frequency shifts resulting from
varying ion loads in the FT-ICR MS cell. The elemental composition
attribution was carried out for MS spectra with the following
restrictions: #C 6—70, #H 4—200, #N 0—1, #O 0—4, #S 0—2, H/C
ratio 0—3, ring and double bond equivalent (DBE) 0—40, and a sum
formula error of 1 ppm. For MS/MS spectra, the following restrictions
were applied: #C 6—70, #H 4—200, #N 0-2, #O 0-2, #S 0-3, H/C
ratio 0—3, DBE 0—40, and a sum formula error of 1 ppm. In Figure
S1, the sum formula error distribution is given for a nonaged model
bitumen. In general, sum formulae could be obtained with a root-
mean-square error below 0.28 ppm for the MS-mode and below 0.31
ppm for the MS/MS-mode.

2D GC Coupled to High-Resolution Time-of-Flight MS (GC
X GC—HRTOFMS). Samples were dissolved in dichloromethane®*
(20% wt), and 1 uL of the solution was injected using a
programmable temperature vaporizing unit (Optic 4, GL Sciences,
Eindhoven, Netherlands). GC X GC experiments were conducted on
a Leco Pegasus HRT 4D (Leco, St. Joseph, MI, USA) with an Agilent
Technologies 7890A gas chromatograph (Palo Alto, CA, USA). The
system was equipped with a dual-stage liquid nitrogen thermal
modulator and a secondary oven, placed inside the main GC oven.
The GC method used for analyzing the model bitumen samples was
already evaluated and applied for heavy fractions in earlier
studies."”***>* In brief, a high-temperature column combination
consisting of a Phenomenex Zebron ZB-3SHT Inferno (30 m X 0.25
mm; film: 0.1 um) as the first dimension and a SGE BPX1 (1.5 m X
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0.1 mm; film: 0.1 ym) as the second dimension were used. The
complete overview of instrumental parameters is presented in the
Supporting Information in Table S2. Each sample was measured in
triplicates to determine the methodological variance.

GC X GC data were postprocessed with ChromaTOF HRT
(version S5.10, Leco, St. Joseph, MI, USA). Chromatograms were
manually checked for the presence of chemical classes, and the
subsequently detected peaks were classified by retention time regions
and mass spectral filters to compound classes. Details about the
classification procedure can be found in the literature.*>** Peak areas
were normalized to the total jon current and summarized to
compound classes to obtain the relative abundance of respective
chemical groups.

B RESULTS AND DISCUSSION

In the following, the aging effects observed by TG-FT-ICR MS
supported by GC X GC—HRTOFMS are discussed shortly on
a macroscopic level for generally observed alterations and in
detail for three groups of compound classes at the molecular
level. The components were divided into the hydrocarbon class
(CH-class), sulfur-containing classes (S,-class), nitrogen-
containing classes (N,-class), and their corresponding
oxidation products (O,-class, S,0,-class, and N,O,-class).
Aging-related trends were statistically validated at 95%
statistical certainty applying the Weir t-test,”* which is specially
designed for a limited number of replicates.

Before discussing the observed aging effects, the capabilities
of the applied techniques are introduced in more detail. Figure
1 illustrates the integration of the methodologies using the
example of the 7 days aged model bitumen. Additional
temperature-resolved FT-ICR MS mass spectra, as well as GC
X GC—HRTOFMS chromatograms, for the nonaged sample
and the 7-day aged sample are given in Figures S2 and S3 of
the Supporting Information, respectively. Because of the
thermogravimetric sample introduction under a nitrogen
atmosphere, TG-FT-ICR MS data can be divided into two
phases attributable to temperature, which is visualized by the
dashed line in Figure 1. From 100 to 400 °C, a desorption
phase is observed, in which intact species up to m/z 750 are
evaporated. In the second phase from 400 to 600 °C, pyrolysis
occurs, leading to a decomposition of high-molecular-weight
species into smaller thermal fragments. In addition to the
differentiation into desorption and pyrolysis phases of the FT-
ICR MS data, CID was applied in the MS/MS-mode
alternating with the recording of normal MS spectra. Typically,
when using CID under moderate conditions, aromatic
compounds are partially dealkylated and the charge remains
on the aromatic core.””®” Because of the mass loss due to
dealkylation and enhanced ion storage time, smaller molecules
and/or compounds with a low DBE shift under the detectable
mass limit of the FT-ICR MS, and therefore MS/MS data give
a slightly shifted view concerning m/z or DBE. On the other
hand, valuable information is obtained on the high-molecular
species because of two mutual enhancing effects. First, because
of longer accumulation times, low abundant or only weakly
ionized species could also be detected, and second, a variety of
compounds with different degrees of alkylation are fragmented
to the same core structure also enhancing the intensity. FT-
ICR MS was equipped with the soft ionization technique
APCI, resulting in the detection of preserved molecular ions
and highlighting semipolar to polar minorities. Figure 1
illustrates the class distributions as pie charts for desorption
and pyrolysis phases to reveal the differences in relative
intensity of the attributed classes between the different phases.

In general, the pyrolysis phase exhibits a higher chemical
diversity than the desorption phase, which can be explained by
the Boduszynski model.”® In petroleum-derived materials,
high-boiling fractions exhibit a higher amount of heteroatoms
and chemical complexity than lighter fractions. On this
macroscopic scale, aging effects are hardly noticeable and are
discussed at the molecular level below.

In order to support the findings from TG-FT-ICR MS
experiments, GC X GC—HRTOFMS was complementarily
applied, enabling the separation of isomers and a more detailed
identification of molecular structures. The application of EI
with 70 eV, as a universal ionization technique, further enables
the detection of nonpolar hydrocarbons, such as alkanes or
cycloalkanes. The class distribution of the GC data is depicted
in Figure 1 (bottom), revealing the predominance of nonpolar
to semipolar species. As a chromatographic-based technique,
only volatile compounds could be targeted, which excludes
high-molecular species in the model bitumen. However, with
the applied high-temperature method, species with m/z up to
600 could be detected. The desorption phase observed during
TG-FT-ICR MS is to a great extent congruent with the boiling
range covered by GC X GC—HRTOFMS allowing the
confirmation of structural assessments derived from elemental
compositions as well as the calculated DBE.*® Because of the
compositional continuum of the crude oil-derived material,>
structural motifs, obtained by GC X GC—HRTOFMS for
desorbable species, can be extrapolated to nonvolatile
compounds observed during the pyrolysis phase with TG-
FT-ICR MS.

General Alterations. The first information on the aging
process can be obtained from the mass loss curves of the TG
measurements and its derivative (DTG) in Figure 2a,b,
respectively. The comparison of the averaged mass loss curves
of the nonaged and the 7 days aged model bitumen reveals a
decrease of the mass loss in the desorption phase from 62.5 +
2.2 to 56.5 = 2.1% during aging and an increase of the
pyrolysis phase from 29 + 0.8 to 31.3 + 0.8%. In addition, the
averaged nonevaporable residue increases from 8.5 + 1.9 to
12.2 + 1.4%, which leads to the assumption that low-boiling
compounds are evaporated or transformed into higher boiling
point species during the aging at elevated temperatures. This
conjecture is supported by the DTG curves showing a shift in
the beginning of the desorption phase of about 50 °C from 100
to 150 °C after 7 days of aging, while the pyrolysis phase starts
in both cases at approximately 400 °C. Besides the TG
information, average MS data, such as the averaged total ion
count (TIC) depicted in Figure 2c, also reveal a shift to a
higher proportion of the pyrolysis phase. In the nonaged model
bitumen, 83.0 + 0.7% of the TIC accounts for the desorption
phase and 17.0 & 0.7% for the pyrolysis phase. After 7 days of
aging, the desorption phase is reduced to 81.0 + 0.5%, while
the pyrolysis phase is increased to 19.0 + 0.5%. Furthermore,
GC X GC—HRTOFMS data gave evidence that this shift is
partially caused by evaporation due to the decrease of low-
boiling semivolatiles after intensive aging, which is more
specifically discussed for the CH-class later. A magnified view
of the affected region for different aging stages is given in
Figure S4, showing that the evaporation effect is most severe
after 7 days of aging. Generally, the loss of volatiles is known as
an aging effect in the literature, causing hardening and
embrittlement due to the compositional changes of the
bituminous material. Lerfald (2000) stated that molecular
alterations in the presence of air can occur because of the
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Figure 2. Depiction of the desorption and pyrolysis phases of the
model bitumen obtained by TG-APCI-FT-ICR MS. The desorption
and pyrolysis phases were separated manually for each spectrum at the
dashed line. (a) Comparison of the TG curves (three replicates
averaged) of nonaged (blue) and 7 days aged (orange) model
bitumen. Aging shows a shift in the beginning of the desorption phase
of about 50 °C up to higher temperatures. Additionally, the
nonevaporable residue increases from 10 to 16%. (b) DTG curves
clarifying the different starting points of the desorption phase of
nonaged and 7 days aged model bitumen. (c) Temperature profile of
the total ion count (TIC) of nonaged and 7 days aged model
bitumen. The shaded area accounts for the average of three replicates
plus/minus the standard deviation.

evaporation of the existing molecules or the reaction of oxygen
with bitumen compounds leading to less volatile species."*
This effect is most severe at high temperatures or when the

material is present in thin films, both of which are
characteristic of short-term aging during the mixing process
of bitumen and aggregates.”""

CH-Class and Oxidized O,-Classes. The CH-class is the
most prevalent chemical class in the model bitumen, as
revealed by GC X GC—HRTOFMS data. A total of 80—82%
of the classified peak area accounts for hydrocarbons, which
can be subdivided into 32—33% n- and iso-alkanes, 22—24%
cycloalkanes, and 25—26% aromatics, respectively. Figure 1
illustrates the compound class distribution for the 7 days aged
model bitumen for both measurement techniques. The
corresponding diagrams for the nonaged sample are given in
Figure S5. The FT-ICR MS data show a noticeably lower
proportion of the CH-class, which is accounted for by the
applied ionization method APCI. Under atmospheric pressure
conditions, nonpolar hydrocarbons, such as alkanes and
cycloalkanes, cannot be ionized by the chemical ionization
process initiated by a corona discharge. Consequently,
approximately 55% of the matrix is disregarded, enabling the
focus on heteroatom-containing minorities. Nonetheless,
unsaturated CH-species, especially aromatic compounds, are
considered by APCI as well. A total of 35—38% of the intact
species in the desorption phase account for the CH-class, while
37—40% amount to thermal fragments in the pyrolysis phase.

For FT-ICR MS data, different average parameters, such as
the number of assigned sum formulae, summed intensity,
intensity weighed m/z, and DBE, are investigated concerning
the complete aging row of six samples. General trends are
summarized in Table 1 and exemplarily depicted as bar graphs
for the intact species of the desorption phase in Figure 3. The
corresponding information on the pyrolysis phase and MS/MS
spectra is given in Figure S6. The CH-class of the model
bitumen shows no significant changes during aging. Nonethe-
less, while the intensity and the number of assigned sum
formulae stay consistent over the aging time, a slight decrease

Table 1. Effects of Aging on the Model Bitumen: Compilation of Different Parameters Obtained from Average MS and MS/MS
Data of the Desorption and Pyrolysis Phases of the FT-ICR MS Data Itemized in Compound Classes”

CH 01 02 S1 S101 S102 S2  S201 N1 N1O1 N1S1 N1Ss2 N2
(des) MS (7)) () - (7) (N) - (N) - -
number of €es, B B
formuas MS/MS B HE S =
Ms | s - (v) -
Py ps/ms (™) (N)
MS - - (N) -
summed (des)
MS/M ; P
intensity /MS - ) () (V)
MS - - ()
B vsims - ()
MS - ()
intensity- (des) MS/MS N
weighes mz / - N
MS () () -
oY) vis/ms - - S R
(des) MS (N) - (7) (N) - () (N)
intensity- S MsMs (S 7)) - - N N
ws - o) - )
DBE Ms (N) () - - - ) - ()
B vsims (7) (N)
significant increasing trend during aging significant decreasing trend during aging
(A1) | non-significant increasing trend during aging (N) | non-significant decreasing trend during aging

“The trends in bold are verified by the Weir t-test, while trends in parentheses show consistent, but nonsignificant trends. The abbreviation (des)
accounts for the desorption phase, while (pyr) accounts for the pyrolysis phase.
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Figure 3. Overview of the considered average parameters exemplarily
depicted for the desorption phase in the normal MS-mode for the
model bitumen over the aging time. The shown compound classes
account for over 99% of the assigned signal intensity. (a) Log(10)
summed intensity for easier investigation of the aging trends of low-
abundant compound classes, (b) number of calculated formulae, (c)
mean intensity-weighed m/z, and (d) mean intensity-weighed DBE.
The asterisks mark significant differences with a statistical reliability of
95% between the parameters in the nonaged sample and the 7 days
aged model bitumen.

of the intensity-weighed mean DBE between 0.2 and 0.4 units
is observed for the desorption phase and for thermal fragments
in the pyrolysis phase. When previously divided into
compound classes, DBE versus carbon number (#C) plots
give an ideal opportunity to investigate the aging process on
the molecular level because the chemical space is spanned by
aromaticity (DBE) versus alkylation/molecular size (#C), and
additionally, data points can be color-coded with signal
intensity. Figures 4 and 5 show the DBE versus #C plots of
selected compound classes for desorption and pyrolysis phases,
respectively. In both figures, the aging extrema (0 days vs 7
days) are compared to underline the aging-related changes.
Regions, in which aging effects occurred, are marked to
facilitate the discussion. In accordance with the average
parameters, the CH-class reveals no changes for the desorption
phase in DBE versus #C diagrams as well. Therefore,
evaporation effects can be excluded from FT-ICR MS data
and molecular alterations can be attributed to chemical aging
effects. GC X GC—HRTOFMS data were used for group-type
analysis”*®° of the chemical space. The relative abundance for
the dominant 20 functionalities is shown in Figure 6a, which
account together for 96% of the classified peak area.

Information on nonpolar hydrocarbons as well as on distinct
chemical structures is added to the sum formula attribution of
FT-ICR MS data. The averaged abundance of alkanes,
naphthenes, hopanes, benzenes, fluorenes, and three-ring
aromatics show no significant alterations over the aging time.
However, slight evaporation effects are observed for small
hydrocarbons, especially after 7 days of aging. C13- to C16-n-
alkanes are prevalently affected. Beyond that, after extensive
aging, a slight decrease of the averaged signal intensity is
observed for benzonaphthenes, naphthalenes, and biphenyls,
which is attributable to the evaporation of low-boiling
homologues. A slight decrease of pyrenes was observed for
GC X GC—-HRTOFMS data as well but could not be
confirmed by a decrease of DBE 12 for the CH-class in FT-
ICR MS data. Nonetheless, the reduction of condensed
aromatic species during aging was observed in previous studies
by Handle et al. (2017) with ESI-FT-ICR MS.” Generally, for
both measurement techniques, desorbable CH-species show
extremely low alterations, which are congruent for observations
of the saturate fraction in classical SARA fractionation,
considered as relatively inert against aging in the liter-
ature, #1825

In contrast to intact evaporable species, the pyrolysis phase
obtained by TG-FT-ICR MS reveals aging-related changes for
high-molecular-weight CH-compounds. As discernable in
Figure Sa for the 7 days aged model bitumen, there is an
increase for smaller thermal fragments with carbon numbers
between 13 and 29 and DBEs of 4—12, corresponding to
aromatics with low alkylation. Exemplarily, the species can be
tentatively attributed to alkylated benzenes (DBE 4),
tetrahydronaphthalenes (DBE ), naphthalenes (DBE 7),
fluorenes (DBE 9), anthracenes/phenanthrenes (DBE 10),
or pyrenes/fluoranthenes (DBE 12). The increased detection
of these low alkylated aromatics could be explained as follows.
The oxidation of hydrocarbons increases their polarity, which
subsequently decreases their vapor pressure shifting species
from the desorption phase into the pyrolysis phase. Because of
the high temperatures during pyrolysis, side chains can be
cleaved off. If these chains were oxidized before, the remaining,
mostly dealkylated aromatic core is detected as a pure CH-
compound in the pyrolysis phase. In the MS/MS-mode in
Figure Sb, a significant increase for aromatic cores with 14—31
carbons is observed, where species with DBE 13 (potentially
chrysenes) and DBE 16 (potentially benzochrysenes or other
aromatic isomers) are most prevalent. An increase in
aromaticity and a decrease of the long-chain index are also
known from other studies about bitumen aging.”** As
alterations are mainly found in the pyrolysis phase, it can be
assumed that the thermal treatment of the model bitumen
primarily affects the high-molecular-weight CH-species or may
lead to their formation.

As expected for oxidative aging, the oxygen-containing
classes steadily increase over the aging time. For FT-ICR MS
data, the number of assigned sum formulae increases
significantly for the Ol-class for both measurement modes
and the signal intensity grows significantly over the aging time
for the desorption and pyrolysis phases. Following the same
trend, the intensity-weighed mean m/z shows a significant
increase for the Ol-class of about 30 Da in both phases and
modes and reaches approximately the same value as the CH-
class after 7 days of aging, which is about 375 Da for the MS-
mode and 325 Da in the MS/MS-mode in both phases. DBE
versus #C plots reveal an increase in DBE and alkylation for
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Figure 6. Compilation of GC X GC—HRTOEFMS data of different aging effects on selected compound classes investigated in the model bitumen.
(a) Investigated compound classes in nonaged to 7 days aged model bitumen after group-type analysis. The 20 depicted compound classes account
for 96% of the classified peak area. Significant changes between nonaged and 7 days aged bitumen are marked with an asterisk. The significance
with 95% statistic certainty was investigated with the Weir t-test. (b) Survey view of the C;,H,,0"-fragment corresponding to fluorenones. After 7
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tetrahydrothiophenes. Aging clearly reduces the signal intensity of the fragment. (d) Survey view of the C,HgSO*-fragment corresponding to
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the desorption and pyrolysis phases of the Ol-class in both
modes. In the desorption phase depicted in Figure 4c, species
with 15—21 carbons show a significant increase in aromaticity,
with DBE 9 (potentially oxidized biphenyls) and 10
(potentially fluorenones) being most preferred. These
structural considerations are in very good accordance with
GC X GC—HRTOFMS data, which show the carbonyl
formation, especially on aromatics with an activated carbon
atom, such as fluorenes. Chromatographic information exhibits
a distinct significant increase for fluorenones and benzofluor-
enones corresponding to a direct oxidation of the ring.
Contrarily, furans, as the investigated dibenzofurans and
tribenzofurans, show no significant changes, indicating that
the formation mechanism of cyclic-bound oxygen seems to be
not triggered by short-term aging conditions. For desorbable
species in FT-ICR MS data, a preference of oxidation on
smaller molecules with a high DBE was observed. For example,
species potentially attributed to fluorenones (DBE 10) show a
distinct increase, especially for C1—CS5 alkylation, with the C3-
alkylated being most favored. A corresponding observation was
revealed by GC X GC—HRTOFMS data, where CO-, C1-, and
C2-alkylated fluorenones occur in an increasing order with C2-
fluorenone steadily increasing during the complete aging time
(Figure S7). For strongly alkylated species, FT-ICR MS data

show evidence for a less favored oxidation, which could be
explained by an increased steric hindrance for oxidation at the
aromatic core. Long or strongly branched alkyl chains of larger
molecules may protect the aromatic core against oxidation. In
MS/MS-mode for the desorption phase in Figure 4d, and
especially for the pyrolysis phase in Figure 5d, a substantial
increase in oxidized core structures of high-molecular
compounds is observed. This finding is congruent with
previous studies in the literature, which reported an increase
in the resin and asphaltene SARA fractions analyzed with
different analytic techniques."**>*%*"** The core structures
of the pyrolysis fragments observed in this study are most likely
formed by species typically attributed to the resin or asphaltene
fraction. Although the O2-class shows no significant changes
for the MS-mode in the FT-ICR MS data, the core structures
occurring in the desorption and pyrolysis phases in the MS/
MS-mode reveal the same trends in signal intensity and a
number of formulae, as exhibited by the O1l-class. In addition,
DBE versus #C plots show an increase for O2-species with a
comparatively high DBE between 10 and 18 for the desorption
phase and 12 and 20 for the pyrolysis phase. As a consequence,
multiple oxidations seem to take place favorably at high
aromatic structures. The fact that various oxidized compounds
survive the fragmentation during the CID process leads to the
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assumption that oxidation takes place at the aromatic core or at
a position close to the aromatic ring, forming, most likely, a
ketone.”'® This hypothesis is supported by Petersen et al.
(1998) and Dorrence et al. (1974) who found strong evidence
that carbonyls are preferentially formed at the carbon in the
benzylic position.”*™>*

S,-Classes and Oxidized S,0,-Classes. For FT-ICR MS
data, the S1-class is the compound class with the highest signal
intensity and the highest number of assigned sum formulae
with a mean m/z of 430 for the MS-mode and 390—400 for
the MS/MS-mode, as well as a mean DBE of 7.9—8.6 and
10.3—11.5, respectively. The discrepancy to the GC X GC—
HRTOFMS data, where hydrocarbons are prevalently
represented, is explicable by the application of APCI
highlighting more polar compounds. The average parameters
of the S1-class obtained with FT-ICR MS show no significant
changes in average parameters over the aging time. Nonethe-
less, the comparison of the DBE versus #C plots of the
desorption phase in Figure 4g reveals that compounds with
DBE <4 decrease significantly. These species may involve
tetrahydrothiophenes (DBE 1) measured by GC X GC—
HRTOEMS, which show a significant decrease, as depicted in
Figure 6a,c. In contrast, higher DBE compounds, such as
benzothiophenes (DBE 6), dibenzothiophenes (DBE 9), and
benzonaphthothiophenes (DBE 12), show no changes during
aging in GC X GC—HRTOFMS data. The same observation
was made by FT-ICR MS, where the predominant intact
species with DBE 6, which can tentatively be attributed to
benzothiophenes, and the major core structures with DBE 10,
12, and 13 (potentially benzylbenzothiophenes, benzonaph-
thothiophenes, and benzonaphthothiophenes with an attached
saturated 1ring)67_69 hardly reveal any alterations. Regarding
the pyrolysis phase in the MS-mode in Figure S5g, a slight
decrease in intensity for low-DBE S1-compounds is observed
as well. However, for species with DBE 9—12 and carbon
numbers between 10 and 20, an increase in signal intensity is
revealed. This observation can be explained by the formation
of oxidation products at the side chains of the molecules, which
are cleaved off during pyrolysis leading to the detection of the
nonoxidized thermal fragment. This reaction is discussed in
detail for the CH-class above. Besides the S1-class, the S2-class
and for MS/MS-spectra, the S3-class was also observed with
low abundancies. The classes with more than one sulfur atom
have, in general, a higher mean m/z and mean DBE, which are
typically observed for petroleum-derived materials.”””" Only
minor alterations are caused by aging for the classes containing
two to three sulfur atoms. A significant decrease of the
intensity-weighed mean m/z is observed for the S2-class in the
MS-mode, indicating a reduction in alkylation. In general, our
results show that nonaromatic sulfur components exhibit a
higher reactivity to oxidative aging than aromatic sulfur species.
Lobodin et al. (201S) already revealed that crude oil is
composed of reactive (sulfides, disulfides, and thiols) and
nonreactive (thiophenes and diaryl sulfides) sulfur species.’®
Furthermore, Porto et al. (2019) found evidence that asphalt
concretes containing a high amount of nonaromatic sulfur
compounds are prevalently affected by short-term aging.””

According to previous studies,"”**** sulfoxides are one of
the main functional groups formed during oxidative aging in
bitumen. For FT-ICR MS data, already the average parameters
for core structures in the desorption phase and for both modes
in the pyrolysis phase reveal a distinct increase of the S101-
class. At first glance, however, the average intensity as well as

the number of assigned sum formulae stay consistent over the
aging time for intact species in the desorption phase.
Nevertheless, the in-depth investigation at the molecular
level in Figure 4i reveals alterations during aging as well. In
the nonaged model bitumen, S101-species with DBE 1—2 are
prevalent, while these species are significantly reduced after 7
days of aging and higher DBE species occur. Figure S8
illustrates the DBE versus #C diagrams opposing for the O1-
class and the S101-class for the whole aging row. While the
Ol-class shows a distinct increase in smaller molecules as
described above, the S101-class shows after 1 day of aging an
increase in species with a low DBE of 1—2. With the progress
of the aging time, the low-DBE species decrease significantly,
whereas higher DBE compounds are formed. By investigation
of the DBE versus #C diagram of the S102-class of the
desorption phase in the MS-mode, we found evidence that the
reduction of the low-DBE compounds in S101-class correlates
with an increase in low-DBE species in the $102-class (Figure
S9). Because of very low intensity, the S201-class was only
detected for the complete aging row in the MS/MS-mode but
follows the same trend as other oxidized sulfur-containing
classes. The core structures showed a significant increase in the
average number of sum formulae as well as the average signal
intensity. In Figure S10a, the DBE versus #C diagram of the
desorption phase reveals a distinct increase in the intensity of
S201-core structures with DBEs between 12 and 17. For
desorbable oxidized sulfur-containing compounds, only a few
additional structural information could be obtained with GC X
GC—HRTOEMS because of the nominal proportion of this
kind of components. Nonetheless, for dibenzothiophene
oxides, an increase in the signal intensity was observed over
the aging time, as depicted in Figure 6d.

Regarding the pyrolyzed compounds of the FT-ICR MS data
in Figure 5i, only very few S101-species could be found in the
nonaged model bitumen, but the number and signal intensity
increased significantly after 7 days of aging. The MS/MS-mode
reveals an increase in signal intensity for high aromatic core
structures of intact S101-species and their pyrolysis fragments.
In the desorption phase, prevalently, compounds with a DBE
of 10—1S5 increase, while in the pyrolysis phase, species with
DBE 12, DBE 15, and DBE 18 are mostly favored. The latter
can be tentatively attributed to oxidized benzonaphthothio-
phenes and further attached fused aromatic rings. Besides the
S101-class, the S201-class shows a significant increase for the
average intensity in the MS/MS-mode as well. At the
molecular level, the signal intensity increases predominantly
for species between DBE 12 and 20 in the pyrolysis phase, as
depicted in Figure S10b.

N,-Class, NS-Class, and Oxidized NO-Classes. Although
oxides and sulfoxides are often investigated with respect to
bitumen aging in the literature, nitrogen-containing species are
rarely considered. To the best of the authors’ knowledge, only
Handle et al. (2017) have reported an increase of oxidized
NO,_g-compounds in long-term-aged bitumen investigated by
direct infusion ESI-FT-ICR MS.” Compatible with these
results, a substantial loss of volatile NI1-compounds was
observed for the model bitumen in this study. The average
parameters revealed by FT-ICR MS measurements exhibited a
significant reduction in the number of molecular formulae and
signal intensity of the Nl-class during the desorption phase.
Because of the very low abundance, the N2-class could only be
detected in the MS/MS-mode but shows the same significant
decrease as the N1-class. Regarding the DBE versus #C plots in
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Figure 4k, nonaged bitumen shows a comparable high intensity
for the intact Nl-species with a DBE of 9—13, which can
tentatively be attributed to benzoindoles or carbazoles (DBE
9), acridines (DBE 10), tetrahydroacridines or benzylacridines
(DBE 11), indenoquinolines or benzocarbazoles (DBE 12),
and benzacridines (DBE 13).°”7>7* After 7 days of aging, the
previously mentioned molecular structures are severely
reduced. A similar observation was made for the MS/MS-
mode of the desorption phase in Figure 4l, where a strong
reduction of the dominant DBE lines of 10 and 13, potentially
attributed to acridines and benzacridines, is observed. In
addition, GC X GC—HRTOFMS measurements reveal a
strong and distinct decrease in intact carbazolic and
benzocarbazolic structures as well, partially validating the
proposed structures from FT-ICR MS. The decrease for the
C3H (N,%, which is a typical EI fragment ion of carbazoles, is
highlighted in Figure 6e. However, no evidence for acridinic
structures was found in the GC X GC—HRTOEFMS data.
Concerning the pyrolysis phase in Figure Sk, high-molecular
thermal fragments, such as species with a DBE between 9 and
15 and carbon numbers between 26 and 38, show a distinct
decrease after 7 days of aging. The same trend is observed for
aromatic core structures in the MS/MS-mode as well, where
compounds with a DBE of 13 (possibly benzacridines) to a
DBE of 15 (possibly phenanthrocarbazoles) are prevalently
reduced. However, different from the predominantly observed
decrease of the N1-class, small molecular pyrolysis fragments,
especially with DBE 9 (possibly carbazoles), DBE 10 (possibly
acridines), and DBE 12 (possibly benzocarbazoles), are
increased during aging in the MS-mode. A possibility for the
observed increase is discussed in the following. The most
apparent hypothesis explaining the general decrease of the N1-
class is strong oxidation of the NI-containing compounds.
However, the DBE versus #C plots for the MS-mode show no
increase of the intact species or pyrolysis fragments of the
N1O1-class. Furthermore, with GC X GC—HRTOFMS, no
oxidized nitrogen-containing compounds could be detected.
The absence of newly formed N10O1-compounds in the MS-
mode and chromatographic measurements can be explained by
the poor signal intensity of the oxidized products remaining
below the detection limit. Another explanation is the decrease
of the N1-class due to intermolecular reactions triggered by the
high aging temperatures of about 150—160 °C. High reaction
temperatures can lead, for example, to the condensation of
indole derivatives on acridine-like structures obtained in high
yields in the literature.”> The condensates have a higher
molecular weight and, therefore, a higher vapor pressure,
converting previously evaporable species into compounds
occurring in the pyrolysis phase. Evidence for this hypothesis
can be abstracted from the 7 days aged N1-class in Figure Sk.
In the MS-mode, smaller pyrolysis fragments with carbon
numbers of 15—25 reveal an increase in signal intensity,
indicating the cracking of newly formed N-containing
condensates. Besides the Nl1-class, N2-class core structures
reveal a similar decrease in signal intensity for the desorption
and pyrolysis phases, which is shown in Figure S10a,b. Because
of the low concentration of these species, the N2-class is hardly
detectable after 7 days of aging.

Although the MS-mode reveals no increase in oxidized
nitrogen-containing components, preferred oxidation of high
aromatic core structures is indicated by MS/MS spectra
because of a distinct increase in the number of assigned sum
formulae, signal intensity, mean m/z, and mean DBE for the
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N10O1-class. With respect to Figures 4n and 5n, core structures
with a DBE of 10—16 reveal a clear increase in intensity for
N101-compounds in the desorption phase, while the oxidation
is also pronounced for species with a DBE of up to 20 in the
pyrolysis phase.

In addition to pure N-containing classes, the N1SI-class
shows a slight decrease in the average signal intensity, number
of sum formulae, mean m/z, and DBE as well. Equal to other
classes containing more than one heteroatom, the NI1SI-
species show a comparably high mean DBE and are mostly
detected in the MS/MS spectra as high aromatic core
structures, which is explicable by the Boduszynski model.
The model predicts the occurrence of N- and S-atoms in one
molecule only for bigger aromatic structures in crude oil-
derived materials and was proven by several FT-ICR MS
studies.”” " With respect to the studied aging effects in the
desorption phase in Figure 4p, the N1S1-class mainly shows a
reduction of the DBE lines of 12, 13, and 15 of the core
structures, which can tentatively be attributed to benzothie-
noquinolines, benzylthienoquinolines, and dibenzothienoqui-
nolines, respectively.”” In the pyrolysis phase, species with
DBEs of 12, 15, and 18 are primarily reduced. The few species
detected in the MS-mode disappeared nearly completely after
7 days of aging.

B CONCLUSIONS

The combination of TG-APCI-FT-ICR MS and GC X GC—
HRTOFMS revealed complementary and consistent results on
different chemical changes occurring during prolonged short-
term aging in a specially generated model bitumen. Polar to
semipolar as well as semivolatile to pyrolyzable species were
highlighted at the molecular level by TG-APCI-FT-ICR MS.
The supporting GC X GC—HRTOEFMS enabled the validation
of FT-ICR MS data for semivolatile compounds and
contributed insights about aging processes on selected
molecular structures and distinct functionalities. The main
changes attributed to aging can be summarized as follows:

e The CH-class is relatively inert against aging; nonethe-
less, pyrolysis fragments and their corresponding core
structures show a shift to smaller carbon numbers with
less alkylation.

The Ol-class, especially fluorenones, show a significant
increase in the signal intensity. Smaller molecules of the
Ol-class are preferably oxidized, while the O2-class
occurs primarily for high-molecular-weight structures.

The Sl-class significantly decreases for nonaromatic
species (especially tetrahydrothiophenes), while aro-
matic sulfur components, such as thiophenic structures,
reveal no changes. Pyrolysis fragments increase for
species with lower carbon numbers with a comparatively
high DBE, which might be attributed to dealkylation
during aging. For the S101-class, low-DBE compounds
probably decrease because of further oxidation, while
high-DBE species are formed.

One of the strongest observed effects was the depletion
of nitrogen-containing structures, especially for carba-
zolic structures. An increase in intact oxidized N-species
that evolve in the desorption phase could not be
detected. Nonetheless, an increasing number of small N-
species with a comparatively high DBE are formed
during aging in the pyrolysis phase, potentially caused by
thermally induced condensation reactions due to high
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aging temperatures. For core structures, an increase in
the amount of N10O1-species was observed.

To conclude, the macroscopic changes observed in the
physical properties of bitumen may be derived from the
formation of polar components such as O-, SO-, and NO-
containing species, which are primarily observed for high
aromatic compounds as well as the reduction of species with
low aromaticity and N-containing species in general.
Furthermore, the combination of both techniques can be
beneficial for the analysis of a variety of analytically challenging
complex mixtures, which essentially need a multimethod
approach for a detailed chemical description.

The deep understanding of bitumen aging will help to
improve the quality of bitumen binders and could increase the
durability of the pavement. Future studies on bitumen aging
will focus on how different laboratory aging methods, as well as
more realistic aging,76 further treatment, or the addition of
additives affect the chemical composition of the aged material.
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Supplemental material

Table S 1: Weighed portion of sample material for all measurements as well as the amount of non-evaporable residues
weighed after the measurements. The red-marked sample “MP200 1D replicate 1” showed a negative value for the residue
after the measurement and was considered as outlier.

Bitumen sample crucible  sample volatiles residue

[mg] [mg] [mg] [%] [mg] [%]
MP 200 original Replicate 1 22.44 1.00 0.84 84 0.16 16
MP 200 original Replicate 2 22.68 0.92 0.78 85 0.14 15
MP 200 original Replicate 3  22.31 1.05 0.91 87 0.14 13
MP 200 1D Replicate 1 21.92 0.98 -0.08
MP 200 1D Replicate 2 22.30 1.09 0.89 82 0.20 18
MP 200 1D Replicate 3 22.20 0.96 0.82 85 0.14 15
MP 200 2D Replicate 1 22.39 1.09 0.89 82 0.20 18
MP 200 2D Replicate 2 22.40 1.02 0.82 80 0.20 20
MP 200 2D Replicate 3 22.56 1.14 0.94 82 0.20 18
MP 200 3D Replicate 1 22.56 1.04 0.91 87 0.13 13
MP 200 3D Replicate 2 22.37 1.00 0.86 86 0.14 14
MP 200 3D Replicate 3 22.48 1.14 0.88 77 0.26 23
MP 200 4D Replicate 1 22.54 1.04 0.91 87 0.13 13
MP 200 4D Replicate 2 22.35 1.10 0.91 83 0.19 17
MP 200 4D Replicate 3 22.46 1.10 0.93 85 0.17 15
MP 200 7D Replicate 1 22.24 1.06 0.85 80 0.21 20
MP 200 7D Replicate 2 22.28 1.12 0.86 77 0.26 23

MP 200 7D Replicate 3 22.35 0.98 0.71 72 0.27 28




Table S 2: GCxGC-HRTOF MS parameters.

Injection volume

1 ulL (20 % wt solutions)

Injection temperature (PTV)

40°C—2 °C/s—400 °C (5 min hold)

Split flow 50 mL/min
Column flow 1.2 mL/min
Carrier gas Helium (5.0)

15 Dimension Column

Phenomenex Zebron ZB-35HT Inferno (30 m x
0.25 mm; film: 0.1 um)

2" Dimension Column

SGE BPX1 (1.5 m x 0.1 mm; film: 0.1 um)

Transferline

Agilent deactivated fused silica (0.8 m x 0.1 mm)

Modulation time

6 s (Hot pulses 2.5 s; Cold pulses: 0.5 s)

Primary oven temperature program

80 °C (5 min hold) — 2K/min — 400 °C (15 min
hold)

Secondary oven temperature program

90 °C (5 min hold) — 1.95 K/min — 400 °C (15 min
hold)

Modulator temperature program

105 °C (5 min hold) = 1.9 K/min — 400 °C (15
min hold)

Transferline Temperature 350°C

MS acquisition delay 500s

MS Acquisition rate 80 Hz

Mass range 40-800 m/z
Extraction frequency 1.5 kHz

lon source temperature 300 °C
lonization energy (El) 70 eV

Mass calibration

PFTBA valve open during the whole run
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Figure S 1 Data quality of TG-FT-ICR MS data. a) Error histogram of the sum formula assignment exemplarily depicted for non-
aged model bitumen. The error border for elemental composition calculation was set to 1 ppm. b) Mass error in ppm versus
m/z. Generally, the root mean square error was below 0.28 ppm for MS-mode and below 0.31 ppm for MSMS-mode.
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Figure S 2: Time resolved mass spectra of the TG-FT-ICR MS measurements for non-aged and 7 days-aged model bitumen.
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Figure S 3: Two-dimensional gas chromatograms obtained by GCxGC-HRTOF MS for non-aged and 7 days-aged model
bitumen.
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evaporation effects occur.
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Figure S 5: Class distribution for non-aged model bitumen (average of three replicates) obtained by TG-APCI-FT-ICR MS and
GCxGC-EI-HRTOF MS.
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Figure S 6: Collection of average parameters for desorption and pyrolysis phase for MS and MSMS-mode. a) number of
calculated sum formula, b) common logarithm for summed intensity, c) intensity-weighed mean m/z and d) intensity-weighed
mean DBE.
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Figure S 8: Complete aging row for the O1- and S101-class of the desorption phase in MS-mode. While the O1-class shows a
distinct increase for species with carbon numbers of 10 to 25 and a DBE of 1 to 10, the S101-class reveals a different
behaviour. Species with DBE 1 to 2 in the S101-class show a slight increase after 1 day of aging and start to decrease after 2
days of aging. At the same time, species with higher DBEs are increasing.
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Figure S 9: Comparison of the S102-class for the desorption phase of the non-aged model bitumen (left) and 7 days-aged
model bitumen (right). The increase in low DBE-species during aging may arise from the decrease of low DBE species observed
in the S101-class due to further oxidation.



a) Desorption phase MS/MS-mode

b)

Figure S 10: DBE vs. #C diagrams of the S201- and N2-class for the desorption and pyrolysis phase. Due to very low intensity,
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