
Development and evaluation of innovative sampling, 
separation and ionization techniques for ultra-high 

resolution mass spectrometry 

– 

Analysis of petroleum and combustion aerosol samples

KUMULATIVE DISSERTATION 

ZUR ERLANGUNG DES AKADEMISCHEN GRADES EINES 

DOCTOR RERUM NATURALIUM (DR. RER. NAT.) 

DER MATHEMATISCH-NATURWISSENSCHAFTLICHEN FAKULTÄT 

DER UNIVERSITÄT ROSTOCK 

VORGELEGT VON 

CHRISTOPHER PAUL RÜGER 

GEB. AM 31. MÄRZ 1990 IN ROSTOCK 

ROSTOCK, SEPTEMBER 2017 

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext
urn:nbn:de:gbv:28-diss2018-0046-3

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext



The presented work was prepared in the period from October 2013 to August 2017 at the chair of 

Analytical Chemistry in the working group Analytical and Technical Chemistry of the Institute of 

Chemistry of the University of Rostock. This dissertation was conducted within the framework of the 

Joined Mass Spectrometry Centre (JMSC) of the University of Rostock and the German Research 

Centre for Environmental Health Munich. 

 

 

 

 

 

 

 

Einreichung der Dissertation: 19. September 2017 

 

 

Wissenschaftliches Kolloquium: 09. Januar 2018 

 

 

1. Gutachter:  

Prof. Dr. Ralf Zimmermann, Lehrstuhl für Analytische Chemie, Abteilung Technische und 

Analytische Chemie, Institut für Chemie, Mathematisch-Naturwissenschaftliche Fakultät, 

Universität Rostock und Gruppenleiter Comprehensive Molecular Analytics, Helmholtz 

Zentrum München 

 

2. Gutachter: 

Prof. Dr. Janne Jänis, Professor for Organic Chemistry, University of Eastern Finland, 

Department of Chemistry 

 

3. Gutachter: 

Prof. Dr. Uwe Karst, Lehrstuhl für Analytische Chemie, Institut für Anorganische und 

Analytische Chemie, Universität Münster 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

"Study hard what interests you most, in the most undisciplined, 

irreverent and original manner possible." 

RICHARD P. FEYNMAN   



DECLARATION ON THE CONTRIBUTION TO THE MANUSCRIPTS FOR CUMULATIVE THESIS 

The following manuscripts were contributed by Christopher P. Rüger as first author or as co-author with 
significant contribution and published in peer-reviewed journals. The involvement and contribution of 
Christopher P. Rüger to each manuscript is given below. 

 

Publication #1 

Title: Characterisation of ship diesel primary particulate matter at the molecular level by means of ultra-
high-resolution mass spectrometry coupled to laser desorption ionisation-comparison of feed fuel, filter 
extracts and direct particle measurements 

Authors: Rüger C. P., Sklorz M., Schwemer T., Zimmermann R. 

Journal: Analytical and Bioanalytical Chemistry 

Year: 2015 

Christopher P. Rüger has taken the particulate matter samples within the ship diesel exposure campaign 
and processed all laboratory work, i.e. sample preparation, method development and analysis, as well as 
the data analysis. The manuscript was solely written and submitted by Christopher P. Rüger. 

______________________________ 
Publication #2 

Title: Aerosol emissions of a ship diesel engine operated with diesel fuel or heavy fuel oil 

Authors: Streibel T., Schnelle-Kreis J.. Czech H., Harndorf H., Jakobi G., Jokiniemi J., Karg E., Lintelmann J., 
Matuschek G., Michalke B., Müller L., Orasche J., Passig J., Radischat C., Rabe R., Reda A., Rüger, C., 
Schwemer T., Sippula O., Stengel B., Sklorz M., Torvela T., Weggler B., Zimmermann R. 

Journal: Plos One 

Year: 2015 

Christopher P. Rüger assisted in the ship diesel exposure campaign, i.e., set-up of the dilution and sampling 
system, filter sampling, and particulate matter sampling by impactors. Christopher P. Rüger contributed to 
the manuscript by conducting the FT-MS related data analysis and discussion as well as writing the 
particular section about the FT-MS results and reviewing the manuscript. 

______________________________ 

Publication #3 

Title: Investigating the trace polar species present in diesel using high resolution mass spectrometry and 
selective ionization techniques 

Authors: Smit E., Rüger C. P., Sklorz M., De Goede S., Zimmermann R., Rohwer E. R. 

Journal: Energy and Fuels 

Year: 2015 

Christopher P. Rüger designed the study in close cooperation with Elize Smit and Martin Sklorz and done 
main parts of the FT-MS data analysis. The manuscript outline was developed together with the co-authors, 
and the text was substantially written by Christopher P. Rüger, in particular aspects concerning the FT-MS 
data. 



Publication #4 

Title: Using aromatic polyamines with high proton affinity as "proton sponge" dopants for electrospray 

Authors: Wirth M. A., Rüger C. P., Sklorz M., Zimmermann R. 

Journal: European Journal Mass Spectrometry 

Year: 2017 

Christopher P. Rüger designed the study and done parts of the data analysis. The manuscript was written 
together with Marisa A. Wirth. Submission process and correction to the manuscript were done by 
Christopher P. Rüger. Thus, first and second authors are equally contributing. 

______________________________ 

Publication #5 

Title: Gas Chromatography Coupled to Atmospheric Pressure Chemical Ionization FT-ICR Mass 
Spectrometry for Improvement of Data Reliability 

Authors: Schwemer T., Rüger C. P., Sklorz M., Zimmermann R. 

Journal: Analytical Chemistry 

Year: 2015 

Christopher P. Rüger programmed the data analysis routines and algorithms and was heavily involved in 
the conception of the work. The manuscript was written together with Theo Schwemer, in particular the 
data analysis and programming section was written by Christopher P. Rüger. 

______________________________ 

Publication #6 

Title: Comprehensive chemical comparison of fuel composition and aerosol particles emitted from a ship 
diesel engine by gas chromatography atmospheric pressure chemical ionisation ultra-high resolution mass 
spectrometry with improved data processing routines 

Authors: Rüger C. P., Schwemer T., Sklorz M., O'Connor P. B.; Barrow M. P., Zimmermann R. 

Journal: European Journal Mass Spectrometry 

Year: 2017 

Christopher P. Rüger designed the study and programmed all data analysis routines and algorithm. The 
whole manuscript was solely written by Christopher P. Rüger. The co-authors assisted in data 
interpretation, the conception of the scientific idea and outline of the manuscript. 

  



Publication #7 

Title: Hyphenation of Thermal Analysis to Ultrahigh-Resolution Mass Spectrometry (Fourier Transform Ion 
Cyclotron Resonance Mass Spectrometry) Using Atmospheric Pressure Chemical Ionization For Studying 
Composition and Thermal Degradation of Complex Materials 

Authors: Rüger C. P., Miersch T., Schwemer, T., Sklorz, M., Zimmermann R. 

Journal: Analytical Chemistry 

Year: 2015 

Christopher P. Rüger designed the study in close cooperation with the other co-authors. Method 
development and laboratory analysis were done partially by Christopher P. Rüger, but mainly by Toni 
Miersch. Christopher P. Rüger primarily did the data analysis. The manuscript was written, submitted and 
revised by Christopher P. Rüger. 

______________________________ 

Publication #8 

Title: Thermal analysis coupled to ultra high resolution mass spectrometry with collision induced 
dissociation for complex petroleum samples – heavy oil composition and asphaltene precipitation effects 

Authors: Rüger C. P., Neumann A., Sklorz M., Schwemer T., Zimmermann R. 

Journal: Energy and Fuels, submitted 

Year: 2017 

Christopher P. Rüger has done the conception of the study, all measurements and data analysis. The 
manuscript was solely written by Christopher P. Rüger. The co-authors assisted in data interpretation and 
visualisation. 

______________________________ 

Publication #9 

Title: Combination of different thermal analysis methods coupled to mass spectrometry for the analysis of 
asphaltenes and parent crude oils — Comprehensive characterization of the molecular pyrolysis pattern 

Authors: Rüger C. P., Grimmer C., Neumann A., Sklorz M., Streibel T., Zimmermann R. 

Journal: Energy and Fuels, submitted 

Year: 2017 

Christopher P. Rüger has done the FT-MS measurements. The other measurements were done by the other 
authors. Christopher P. Rüger did the complete conception and outline of the study as well as data analysis. 
The co-authors added specific knowledge concerning the other measurement techniques. The complete 
manuscript was written and submitted by Christopher P. Rüger. 

______________________________ 

  



Acknowledgements 

After four years of doctoral studies, this stage of my life is going to end with the submission of this thesis. I 
literally went through all types of possible emotional states during this time. Despite suffering from unlucky 
experiments and "constructive" reviewer, I always enjoyed the time within science. 

First of all, I would like to thank my supervisor Professor Ralf Zimmermann, who always motivated me and 
gave me freedom in conductance of my research. He is always somehow to optimistic and often comes up 
with new and super interesting ideas, especially when he comes back from a conference. This positive 
thinking and creative input certainly helped a lot. Furthermore, I have to express my gratitude to my co-
supervisor Dr Martin Sklorz. He continually surprises me by being able to keep so much knowledge, details 
and information on all our instrumentation in his head. Each day and dialogue I learn something new, and 
he surely helped me to be the scientist I am today. 

I have to thank the entire working group Analytical and Technical Chemistry at the University of Rostock 
and the colleagues at the Helmholtz Centre for providing such a nice atmosphere with a lot of barbeques, 
group trips, endless cafeteria conversations and always some nice cake or cookies on birthdays. I can hardly 
believe there is a better environment to do a dissertation. Special thanks also to all the great people and 
companies I was allowed to work with and to meet of conferences. 

I also want to thank all my friends and fellow students, in particular, Hendryk Czech. I am always amazed by 
your knowledge, and you motivated me a lot to keep on going. Additionally, I want to thank my office 
mates, Anika Neumann, Theo Schwemer and Julian Schade, for their patience with me and my habits. 

I especially have to thank my father for undoubtedly making me who I am and for financial support. In this 
regard, I also want to thank my entire family and, in particular, my two sisters. Tara, seeing you grow over 
the last couple of years and enjoying the time with you always gave me new energy to go on.  

Finally, I want to thank Anja just for being as you are, supporting me in all my decisions and being on my 
side! You and also your family often gave me the relaxing moments you truly need during PhD studies.  



Table of Contents 

Zusammenfassung ............................................................................................................................................... I 

Abstract ............................................................................................................................................................... II 

1. Introduction and Motivation ...................................................................................................................... 1 

2. Complex hydrocarbon mixtures ................................................................................................................. 2 

2.1. Crude oil .............................................................................................................................................. 2 

2.1.1. Oil refinery ...................................................................................................................................... 3 

2.1.2. Fractionation and asphaltenes ....................................................................................................... 4 

2.2. Aerosol and particulate matter .......................................................................................................... 5 

2.2.1. Ship emissions ................................................................................................................................ 5 

3. Fundamentals of the employed techniques .............................................................................................. 6 

3.1. Thermal analysis ................................................................................................................................. 6 

3.2. Gas chromatography .......................................................................................................................... 6 

3.3. Mass spectrometry ............................................................................................................................. 7 

3.3.1. Ionisation techniques ..................................................................................................................... 8 

3.3.2. Fourier transform mass spectrometry ......................................................................................... 13 

4. Results ...................................................................................................................................................... 19 

4.1. Vision and aim of the methodological development ....................................................................... 19 

4.2. Laser desorption ionisation (Publication 1 and 2) ........................................................................... 20 

4.3. Electrospray ionisation accessing polar constituents of petroleum (Publication 3 and 4) ............. 23 

4.4. Gas chromatography of combustion aerosol and petroleum (Publication 3, 5 and 6) ................... 25 

4.4.1. GC-APCI analysis of diesel fuels (Publication 3) ........................................................................... 25 

4.4.2. Advanced data processing (Publication 5 and 6) ......................................................................... 27 

4.5. Thermal analysis coupling (Publication 7, 8 and 9) .......................................................................... 31 

4.5.1. Initial hyphenation and proof-of-principle (Publication 7) .......................................................... 31 

4.5.2. Investigation of heavy oils and asphaltenes (Publication 8) ........................................................ 33 

4.5.3. Combination of thermal analysis approaches for the analysis of asphaltenes (Publication 9) ... 37 

5. Summary and Outlook ............................................................................................................................. 40 

6. References ................................................................................................................................................ 41 

Appendix ........................................................................................................................................................... 52 

 



Zusammenfassung  I 

Zusammenfassung 

Die vorliegende Promotionsschrift beschäftigt sich mit der Entwicklung und Optimierung von innovativen 
Ionisations-, Probenaufgabe-, und Trenntechniken für die hochauflösende Fourier-Transform 
Massenspektrometrie (FT-MS). Die hochauflösende Massenspektrometrie ermöglicht die Zuweisung von 
Summenformeln zu Einzelkomponenten komplexer Mischungen und damit ihre detaillierte chemische 
Beschreibung und ist eines der leistungsfähigsten Werkzeuge in der modernen analytischen Chemie. Trotz 
alledem sind auch die Möglichkeiten der FT-MS bei der Analyse hochkomplexer Proben, wie beispielsweise 
aus der Petro- und Aerosolanalytik, immer noch limitiert. Die Zielsetzung der Arbeit ist es, durch die 
Weiterentwicklung und Kopplung leistungsstarker Ionisierungstechniken und neuer Methoden der 
Probenaufgabe und Trennung das Potential der hochauflösenden Massenspektrometrie zu erweitern und 
voranzubringen. 

Direkte Laserdesorptionsionisierung wurde erstmals für primäre Verbrennungsaerosole angewandt. Die 
entwickelte Methode erlaubt dabei eine direkte Vermessung fester Partikelproben ohne aufwändige und 
häufig Artefakt-behaftete Aufarbeitungsverfahren. Aus dem Vergleich der Spektren mit Messungen der 
entsprechenden Diesel- und Schwerölproben wurden Daten zur Emission und Bildung von polyzyklischen 
aromatischen Kohlenwasserstoffen erhalten, die ein zum Teil erhebliches mutagenes und karzinogenes 
Potential aufweisen. Im Feld der Elektrosprayionisierung wurden polaren Verbindungen gezielt untersucht 
und ein sogenannter „Protonenschwamm" als neuartiges Dopant für die sensitivere Analyse acider 
Verbindungen eingeführt. 

Um detaillierte Einblicke in die chemische Struktur zu ermöglichen und mögliche Ionisierungsartefakte der 
chemischen Ionisierung unter Atmosphärendruck zu erkennen, wurde die Gaschromatographie mit der 
hochauflösenden Massenspektrometrie gekoppelt. Die Auswertung der Retentionszeit-aufgelösten 
Massenspektren erforderte die Entwicklung angepasster, komplexer Auswertealgorithmen. Diese 
ermöglichen die automatisierte Erkennung von Ionisierungsartefakten und die Korrelation mit Flüchtigkeit 
und Struktur der Einzelkomponenten. Die Anwendung der entwickelten Methoden auf 
Verbrennungsaerosolpartikel und die zugehörigen fossilen Kraftstoffe erlaubte es, 
Transformationsprozesse auf molekularer Ebene im Rahmen der Evaluation der Techniken zu beschreiben 
und zu verfolgen. Sie sind mittlerweile eine essentielle Grundlage für zukünftige applikative Arbeiten im 
Bereich der Aerosolforschung. Eine Erweiterung des Spektrums an detektierbaren Spezies erfolgte durch 
die Kopplung der FT-MS an die thermische Analyse, bei der die Probe durch Verdampfen und/oder Pyrolyse 
in die Gasphase transferiert wird. Dieser Ansatz wurde erstmals im Rahmen dieser Dissertation publiziert 
und für die Analyse komplexer Proben evaluiert. Rohöle und Proben aus der Petrochemie wurden auf ihre 
thermische Emissionsprofile auf molekularer Ebene untersucht. Zusätzliche Strukturinformationen konnten 
erhalten werden, indem die FT-MS mit mehrdimensionaler massenspektrometrischer Analyse erweitert 
wurde. Die entwickelten Auswerteroutinen gewährleisten hierbei verlässliche Daten und eine schnelle 
Visualisierung. Abschließend wurden die mit dieser Kopplung gewonnen Ergebnisse mit Daten anderer 
thermischer Analysetechniken verglichen und es konnte eine detaillierten chemischen Beschreibung der 
kompliziertesten Erdölfraktion, der Asphaltene, vorgenommen werden. 

Zusammenfassend konnten im Rahmen dieser Promotionsarbeit neue Ansätze zur Analyse hochkomplexer 
Probenmaterialien auf molekularer Ebene entwickelt und in das Feld der hochauflösenden 
Massenspektrometrie eingeführt werden. Insbesondere im Bereich der Probenaufgabe und 
Ionisierungstechnik sowie der komplexen Datenauswertung bei der Kopplung mit Gaschromatographie und 
erstmalig auch mit der thermischen Analyse, wurden wesentliche Fortschritte erzielt.  



Abstract  II 

Abstract 

The presented dissertation addresses the development and evaluation of innovative ionisation, sampling 
and separation techniques for high-resolution Fourier transform mass spectrometry. High-resolution mass 
spectrometry enables the assignment of elemental compositions to complex mixtures and, thus, a detailed 
description of the chemical composition. Nonetheless, the capabilities of FT-MS regarding the description 
of high-complex materials, such as from petroleum and aerosol analysis, are still limited. The aim of this 
work is to push the methodologies in the field of high-resolution mass spectrometry with powerful 
ionisation techniques and novel methods for separation and sampling. 

Direct laser desorption is deployed to primary combustion aerosol for the first time. The developed 
method enables a direct measurement of the particle sample without a sophisticated processing 
procedure. The comparison of spectra obtained from the particle to those from the feed fuel allowed 
findings concerning the emission and formation of polycyclic aromatic hydrocarbons, which partially have a 
high mutagenic and carcinogenic effect. In the field of electrospray ionisation polar components are 
selectively addressed, and the "proton sponge" is introduced as a dopant for increased sensitivity towards 
acidic species. 

For enabling a detailed insight into the chemical structure and to reveal potential artefacts of the 
atmospheric pressure ionisation, gas chromatography is coupled with high-resolution mass spectrometry. 
The analysis of the retention-time resolved mass spectra required the development of adapted and 
complex processing algorithms. These routines enable the automatised detection of ionisation artefacts 
and the correlation of volatility and structure of the individual components. Within the scope of the 
evaluation of this method, transformation processes from feed fossil fuel to primary combustion aerosol 
particles were studied on the molecular level. The developed methods and processing routines are 
essential foundations for future applicative studies in the aerosol research field. 

The range of detectable species is enlarged by the coupling of atmospheric pressure ionisation high-
resolution mass spectrometry to thermal analysis, where the sample is evaporated and/or pyrolysed. This 
approach is evaluated for the analysis of complex mixtures and published in the framework of this thesis 
for the first time. Crude oil and other petrochemical products are investigated on their thermal emission 
profiles at the molecular level. Additional structural information was achieved by the extension of the high-
resolution mass spectrometric analysis by dissociation experiments. The developed processing routines 
ensure reliability and fast visualisation. This introduced technique has been in-depth applied to study 
petrochemical materials, and it was demonstrated, that it can substantially contribute to the field of 
petroleomics. Finally, data from the novel approaches and from other thermal analysis methods are 
successfully combined, providing a detailed description of the most complex crude oil fraction, the 
asphaltenes. 

In summary, the presented dissertation introduces novel approaches for the analysis of highly-complex 
mixtures on a molecular level in the field of high-resolution mass spectrometry. Advances in data analysis 
by use of sophisticated algorithms were achieved. Substantial improvements were accomplished combining 
atmospheric pressure ionisation methods with gas chromatography and thermal analysis for the first time. 
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1. Introduction and Motivation 

In the past decades, the challenges in analytical chemistry, regarding sensitivity, speed of analysis and 
sample complexity have increased in almost all scientific and industrial fields. Mass spectrometry has 
proven to provide detailed information on the composition and structure of the constituents of a sample. 
Rather than a single method, mass spectrometry is an entire group of techniques and is composed of an 
ionisation source, a mass analyser and further techniques such as fragmentation methods. The 
combination of these elements leads to a tremendous number of assemblies. Thus mass spectrometry can 
tackle ultra-complex samples and can be found in nearly all scientific areas. Its performance is still 
increasing, in particular with regard to its mass-resolving power and accuracy as well as sensitivity and 
selectivity. Unfortunately, there is no single mass spectrometric method to date able to detect all 
components, and key measures remain to be the sample introduction and ionisation. [1,2] 

Since the beginning of analytical chemistry, petroleum and petroleum-derived products have been of 
substantial interest. [3] With the extensive use of light crude oil in the last century, easy-to-access 
reservoirs have become less frequent, and heavy oils, as well as unconventional oil sources such as shale, 
are more frequently used. These heavy reservoirs contain high amounts of constituents, which cause 
problems in the up- and downstream process chains. [4–7] As predicted by the Boduszynski theory, heavier 
petroleum cuts consist of a tremendous number of different chemical structures and functionalities, which 
increase rapidly with the rise in boiling point cut (Figure 1) [8–11]. A representation of petroleum, in terms 
of its chemical composition, is referred to be the basis for its processing and economic utilisation. [12] 

Figure 1: Atmospheric equivalent boiling 
point versus carbon number/molecular 
weight for petroleum as a visualisation of 
the Boduszynski model. Complexity, carbon 
number, the number of heteroatoms, of 
crude oil boiling cuts increase exponentially 
with an increase of the atmospheric 
equivalent boiling point. Hence, a defined 
distillation cut width will incorporate a 
broader chemical space, regarding 
functionalities, for higher segments 
compared to lighter cuts. Adapted based 
on [8]. 

 

 

 

 

Moreover, the extensive combustion of fossil fuel in the transportation and energy sector leads to severe 
aerosol emissions with global impact. Particulate matter (PM), as one essential portion of the emissions, 
has shown to have a substantial effect on the climate and human health. [13,14] A considerable proportion 
of the organic composition of PM is not entirely understood [15,16] (Figure 2), and an increase in 
knowledge will help reduce emissions or predict climate and health effects. 
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Figure 2: The chemical composition of 
particulate matter as weight abundance on 
several detail levels. The organic content is 
highly complex, and a significant proportion 
is still not identified. The exact composition 
varies drastically depending on the 
emission source and environmental 
parameters. Adapted based on [16] 

In summary, the composition of 
petroleum as well as of PM is far from 
being understood and unravelled. For the 
molecular characterisation of these 
highly complex materials, high-resolution 
mass spectrometry has proven to be a 
promising analytical technique. Fourier 
transform mass spectrometry can access 
these ultra-complex mixtures on the molecular level, but new methods and developments are still needed. 
In particular, high-molar weight species or polar constituents are of interest. 

The aim of this PhD thesis is the development of new mass spectrometric methods based on the ultra-high 
resolution of Fourier transform mass spectrometry and on soft ionisation techniques for the analysis of 
highly complex hydrocarbon mixtures, in particular, petroleum and combustion PM. In this respect, soft 
ionisation is inherently needed to preserve the molecular pattern. The vision and motivation of the 
presented developments is to enlarge the variety of methods and to cover different ionisation as well as 
coupling techniques consequently, allowing a deeper insight. 

2. Complex hydrocarbon mixtures 

Crude oil, petrochemicals and PM from combustion processes are cutting-edge topics that are significantly 
involved in current and future relevant issues, such as energy generation and air pollution. Petroleum is the 
key starting material for the production of fuel and chemical feedstocks [5,17], whereas combustion 
aerosol is relevant for environmental health and the climate [13,14]. Thus, the comprehensive 
characterisation of both is scientifically, economically and socio-politically indispensable. This PhD thesis 
covers samples from both areas. Particulate matter is strongly associated with petrochemicals as it 
originates from a particular feed fuel. Furthermore, both sample types can be high-complex mixtures with 
several thousand constituents. Techniques that aim to comprehensively characterise and describe PM and 
feed allow for a study of transformation processes and for the development of new emission-reduction 
strategies. Nonetheless, developing novel instrumental approaches and data analysis methods are in the 
focus of this thesis. Therefore, only a brief survey of the most important fundamentals is given in the 
following section. 

2.1. Crude oil 
Crude oil or petroleum (Latin origin: "rock oil"), is a flammable, yellow-to-black, naturally occurring liquid 
that is found in geological reservoirs beneath the Earth's surface. [18,19] It represents one of the most 
important energy sources to humanity, and annual oil production is steadily increasing. Crude oil originates 
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from naturally decaying buried plants and animals that lived in ancient seas and have been subjected to 
high pressures and temperatures. Crude oil consists of a variety of hydrocarbons with variable amounts of 
metals (mainly vanadium and nickel), nitrogen, sulphur, oxygen, water and mineral salts. Its composition 
varies regionally and even within a single reservoir. In general, crude oil is composed of alkanes (paraffins), 
cycloalkanes (cycloparaffins, naphthenes), aromatics and heterocyclic compounds. The carbon, hydrogen, 
sulphur, nitrogen and oxygen content ranges from 83−87, 10−14, 0.05−6, 0.1−0.2 and 0.05−2 w-%, 
respectively. Nickel and vanadium content is usually found to be below 120 and 1,200 w-ppm, respectively. 
Crude oils are commonly classified based on their physicochemical properties. Besides the hydrogen-to-
carbon ratio and the metal and sulphur content, the American Petroleum Institute gravity is a characteristic 
parameter and an inverse measure of the petroleum liquid's density relative to the gravity of water. 
Density is a crucial factor for several reasons: it is a good indicator of crude oil quality; it can be easily and 
precisely measured; and it correlates with aromaticity, naphthenicity and paraffinity. [5,12,18,20,21] 

2.1.1. Oil refinery 

Before being used as fuel or feedstock material, crude oil has to be refined (Figure 3). The first step in 
refining, a fractional atmospheric and vacuum distillation, simplifies the complex mixture, with regard to its 
number of constituents, size and functionality. It is separated into different boiling cuts at specific 
temperatures known as atmospheric equivalent boiling points (AEBP). The differences in vapour pressure, 
with increasing molecular weight aromaticity and polarity, are exploited. Subsequently, the distilled 
fractions undergo other fundamental refining processes such as reforming, thermal and catalytic cracking 
and desulfurisation. Finally, saleable products are generated, such as aviation, gasoline and diesel fuel; lube 
oils; heavy oil; and chemical feedstocks. Particular physicochemical properties are produced by blending 
different fractions. [5,7,12,17,21] 

 

Figure 3: Simplified process flow chart of a refinery, including distillation (left), chemical processes (middle) and 
the resulting product (right). As the Boduszynski model predicts, the complexity and size, as well as the 
aromaticity and number of heteroatoms of the organic constituents, increase exponentially for higher distillation 
cuts. [8,9] 
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Diesel and heavy fuel oil are particularly relevant for this dissertation. Diesel fuel is a middle distillate with a 
boiling range from 180-360 °C and a carbon number range from about 10 to 20. According to the EN 590 
(European Committee for Standardisation) specifications, a maximum of 0.001 w-% sulphur is allowed for 
diesel used for road transportation. Heavy fuel oil is a type of bunker oil with a high viscosity and a chain 
length of 12-70 carbon atoms. Viscosity and sulphur content are commonly adapted by adding lighter 
boiling cuts (blending) to meet certain specification, e.g. a maximum of 3.5 w-% sulphur for shipping fuel. 
The high viscosity of this fuel requires pre-heating prior to pumping and combustion. [20,22,23] 

2.1.2. Fractionation and asphaltenes 

The fractionation of crude oil and petrochemicals gives access to mixtures of lower complexity. For this 
purpose, the solubility of certain molecular classes is most utilised. The most widely used fraction 
technique is the saturates, aromatics, resins and asphaltenes (SARA) analysis, which determines the 
content of each of those fractions (Figure 4a). [20,24] Mass distribution among the different fractions is 
used as a quality criterion and is extremely useful in refinery design and operation. First, the asphaltene 
fraction is precipitated by n-heptane. The deasphalted oil, or "maltene", is subjected to liquid 
chromatography. Three subfractions of increasing polarity, “saturates”, “aromatics” and “resins”, are then 
obtained. Different variations of SARA fractionation exist, deploying partially different solvents, e.g. n-
hexane for deasphalting, or further sub-fractionation [25]. [26,27] 

 

Figure 4: a) Scheme of a commonly deployed SARA fractionation into saturates, aromatics, resin and asphaltene 
fraction. Maltenes are obtained as intermediate sample consisting of saturates, aromatics and resins. Adapted 
based on [7,20] b) Image of an asphaltene precipitated with n-heptane from a heavy oil sample. Photographic of 
an own sample. 

Asphaltenes are regarded as most complex petroleum fraction, with the highest molecular weight. [28,29] 
They are considered highly polar and aromatic and have a significant effect on the rheological 
characteristics of the originating crude oil. [30,31] Therefore, they are known to cause a number of serious 
flow assurance challenges in the entire oil exploration and production chain. [6,28,32] Obstruction of oil 
pipelines is commonly observed. In contrast to other troublesome petroleum constituents, such as resins, 
asphaltenes are difficult to upgrade to a more valuable product and are usually disposed of as low-valued 
petroleum coke. [5,20,33] They are a black, amorphous and solid material (Figure 4b) and defined as 
soluble in light aromatics, such as benzene and toluene, and insoluble in lighter paraffins, such as pentane, 
hexane and heptane. Most often, their classification is based on the particular paraffin deployed for 
precipitation, e.g. n-heptane (C7). The molecular structure of asphaltenes is still under debate, and two 
contradictory asphaltene molecular architecture models have been proposed: island (one large fused 
aromatic ring system) and archipelago (several polycyclic aromatic hydrocarbons connected by linker 
sides). [6,34–38] The characteristics of asphaltenes have caused them to be of particular economic and 
scientific interest. [39,40] Thus, they have been studied in more detail in this thesis. [41,42] 
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2.2. Aerosol and particulate matter 
An aerosol is defined as a colloid of particles (liquid or solid) in gaseous phase (air). In environmental 
science, the particle phase of aerosols, the PM, can be classified based on its aerodynamic diameter as 
ultra-fine (< 100 nm), fine (100 nm−2.5 µm, PM2.5) or coarse (2.5−10 µm, PM10). [15,43] Aerosols can 
have biogenic and anthropogenic sources. Important biogenic aerosol sources are sea salt, plants, 
volcanoes and pollen, and relevant anthropogenic sources are caused by fossil fuel combustion, industrial 
processes, agriculture, cooking and construction work. Inhaled particles affect the lungs, and thus exposure 
to PM may reduce life expectancy. Typical effects of inhalation are respiratory symptoms such as airway 
irritation, cough, decreased lung function, inflammation, asthma attacks and bronchitis as well as other 
symptoms in the cardiovascular system. [44–46] Hence, diesel PM is even classified as carcinogenic. [47,48] 

2.2.1. Ship emissions 
Anthropogenic aerosol related to fossil fuel combustion makes up the largest proportion of anthropogenic 
aerosol. [13,14,43] Aerosol emissions from ship engines belong to this group and emissions from shipping 
account for a significant part of the global emissions; they are were estimated to be of a comparable extent 
to road vehicle emissions. [49] Thus, maritime transport is a globally important source of pollutants. This 
type of transportation— and hence emission— mainly occurs in areas with minor emission control and 
legislation. Therefore, cargo and container ships run on cheap, low-grade heavy fuel oil. Their effects on 
climate have been shown by the release of tremendous amounts of cloud condensation nuclei, greenhouse 
gases and black carbon (soot). [50,51] In coastal areas, ship emissions contribute to the ambient PM level 
and cause substantial health effects. [52,53] In particular SO2 emissions, metals (vanadium, nickel and 
chromium) and polycyclic aromatic hydrocarbons are considered to cause hazardous effects. [54,55] 
Recently, sulphur emission control areas (SECAs) have been deployed to decrease the effect of maritime 
transport pollution by limiting the sulphur content in feed fuel. [56] In comparison to on-road vehicles, 
limited research has been done on the detailed chemical composition of seagoing vehicles, and demands 
for analytical investigations exist. [57–61] 

 

Figure 5: Marine gas oil or heavy fuel oil, is deployed as fuel for shipping. The combustion will generate products 
from complete combustion, such as CO2 and H2O, as well as incomplete real combustion products from 
incomplete combustion, de novo synthesis and secondary processes, such condensation and adsorption. 
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3. Fundamentals of the employed techniques 

The fundamentals of the techniques applied in this PhD thesis are briefly explained and described in this 
section, focusing on thermal analysis, gas chromatography, the several deployed ionisation techniques and 
high-resolution Fourier transform mass spectrometry. 

3.1. Thermal analysis 
Techniques that provide information about the heat-dependent physicochemical properties of a sample 
deployed to a defined temperature programme are referred to as thermal analysis (TA) methods. [62–64] 
These often measure mass loss (thermogravimetry, TG), the first derivative of the mass loss curve 
(derivative thermogravimetry, DTG) and enthalpy changes (differential scanning calorimetry, DSC). [65] 
Thermal analysis is widely used for material analysis, industrial processes and quality control. [66–70] 
Relevant parameters such as residue mass, glass-transition point etc. can be accessed. Another growing 
field of TA application is the investigation of fossil fuel samples. [71–80] Information on the sample 
composition can be obtained by analysing the evolved gas mixture (evolved gas analysis, EGA). For this 
purpose, TA is usually connected with different analytical techniques (depending on the requirements) 
such as to infrared spectroscopy (bulk information on functional groups and quantification of small gases). 
[81] Mass spectrometry has been shown to be another powerful hyphenation. [82–88] Figure 6 visualises a 
typical EGA setup. Nonetheless, for the mass analysis quadrupole, ion trap or time-of-flight analysers are 
used most often, which lack resolving power. [89–92] For a complex evolved gas mixture, such as that from 
heavy petroleum, assigning chemical information to the mass-to-charge ratio (m/z) pattern becomes 
intricate. In the results section, a coupling of TA to ultra-high resolution mass spectrometry equipped with 
different ionisation techniques is shown as well as its application towards the field of petroleomics. 
[41,42,93] 

 

Figure 6: The schematic concept of evolved gas analysis based on thermo gravimetry. The enlarged inset 
highlights the effluent gas mixtures emitted from the sample material, which is transferred into an analytical 
detection device, e.g. spectroscopy and spectrometry. Adapted based on [93] 

3.2. Gas chromatography 
Gas chromatography (GC) is a separation technique with high separation power for gaseous mixtures and 
was introduced by James and Martin in 1952.[94,95] An inert gas such as helium, hydrogen or nitrogen is 
used as mobile phase. In the stationary phase a column is commonly utilised with a thin layer on the 
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column wall (gas-liquid chromatography). [96] In contrast to TA, for which pyrolysis (thermal degradation at 
an elevated temperature) is often intentional, the analytes in GC must be vaporisable without 
decomposition to allow for an unambiguous assignment. For thermal labile species, derivatisation is 
routinely used to increase their volatility, e.g. silylation. In capillary GC, various stationary phase materials 
exist. The separation is based on the interaction between the analyte and column (Figure 7a). This 
interaction is mainly driven by a van der Waals interaction for pure aliphatic side chains, e.g. 
trimethylpolysiloxane film. The polarity of the stationary phase influences the separation and is usually 
adapted for the separation problem by modifying the number of polar groups. Phenyl-, cyanopropyl- and 
trifluoro-propyl functionalities are typically used to enhance polarity, e.g. a DB5 column consists of 5 % 
biphenyl linker sides and can be employed for the analysis of low polar compounds, whereas a trifluoro-
propyl methylsiloxane column is recommended for separation of medium polar species. These polar groups 
enable induced dipole and/or π-π interactions. [97–99] 

The separation power in GC is dependent on the flow rate of the mobile phase. The Van Deemter equation 
gives the relationship between the height of a theoretical plate and the gas flow rate (Figure 7 b). [100,101] 
The physical, kinetic and thermodynamic properties of the separation are considered by multiple paths, 
longitude diffusion and mass transfer term. A relationship with a global minimum at which the theoretical 
plate height is minimal and therefore the best separation is achieved. The results section provides the 
findings for gas chromatography hyphenated to atmospheric pressure ionisation mass spectrometry, with 
focus on data analysis and processing strategies. [102–104] 

 

Figure 7: a) Scheme of the separation mechanism in gas chromatography. b) Van Deemter relationship between 
separation plate height (H) and mobile phase flow rate with the multiple paths (A), longitudinal diffusion (B/u) 
and mass transfer term ((Cs + Cm)u). B - diffusion coefficient, mass transfer coefficient, u - linear velocity. 

3.3. Mass spectrometry 
Mass spectrometry (MS) is one of the most ubiquitous analytical techniques. It can provide detailed 
knowledge about the composition and structure of substances from a complex mixture. Mass spectrometry 
technology can be found in nearly all fields: mass spectrometers have been utilised in space missions, e.g. 
on the Mars rover; in environmental sciences, e.g. for water control and air pollution; in biological and life 
sciences, e.g. for cancer research and cell mechanisms; in medical research, e.g. for understanding diseases 
pathways on the molecular level; in industrial quality control, e.g. for pharmaceutical synthesis; in technical 
processes, e.g. petroleum analytics in refineries; and many other fields. Mass spectrometric-based 
techniques deliver outstanding results for many requirements, such as specificity, sensitivity, fast response, 
dynamic range, low detection limit and resolving power, and are on the forefront in the field of analytical 
instrumentation. [1,2,105–107] 
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The basic physical concept of MS relies on the generation of ions from analyte molecules in an ionisation 
source, their separation and their detection based on their mass-to-charge ratio in a mass analyser and 
detector. Thus, a mass spectrometer can generally be divided into an ionisation source, a mass analyser 
and a mass detector, completed by a vacuum system and a data analysis system (DAQ) (Figure 8). A high 
vacuum is essential to prevent ions from colliding with background molecules or other ionised constituents, 
which would lead to severe ion loss by the change in trajectory or charge transfer. A wide variety of 
ionisation sources exist. In brief, ionisation techniques can be divided into soft and hard ionisation. Hard 
ionisation methods transfer a large amount of excess energy, causing intense decomposition, whereas soft 
ionisation preserves the molecular profile by avoiding excess energy and hence fragmentation. [1,2,105–
107] 

In the context of this work mainly soft ionisation methods coupled to Fourier transform mass spectrometry 
(FT-MS) are used, such as matrix-assisted laser desorption ionisation (MALDI), atmospheric pressure 
chemical ionisation (APCI), atmospheric pressure photo ionisation (APPI) and electrospray ionisation (ESI). 
Details on these ionisation techniques and the principles of FT-MS are given in the following sections. 

 

Figure 8: A schematic concept of the essential components of a mass spectrometer (vacuum system not shown). 
Different ionisation techniques for gaseous (green), liquid (blue) and solid (orange) samples exist as well as 
different mass analyser. Please note that FT mass analyser, i.e. ion cyclotron and Orbitrap, combine mass 
analyser and detector. The data acquisition (DAQ) including an amplifier, the analogue-to-digital converter and 
recording on a computer system is simplified given on the right side. 

 

3.3.1. Ionisation techniques 
The deployed ionisation technique determines the ionised species and therefore severely influences the 
observed mass spectra. With the development of ESI and MALDI in the late 1980s, mass spectrometry 
became widely applicable for the field of life sciences and hence a broader audience. Techniques that 
worked under ambient pressure were referred as bringing MS into the "real world" [108]. 

The combination of different principles and modifications, to enhance sensitivity, selectivity, robustness or 
other parameters have led to a whole new "zoo" of ionisation sources. Nonetheless, they function based 
on a low number of basic principles, such as electron ionisation (EI), glow discharge ionisation (GDI), ESI, 
laser desorption ionisation (LDI) and photo ionisation (PI). [108–111] In the following subsections the 
functional principles of the ionisation techniques applied in this PhD work, which focuses on the positive 
polarity mode, are briefly explained. Each of these methods covers a different chemical space, as visualised 
in Figure 9b. 
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Figure 9: a) Selected positive ionisation pathways forming radical cations (odd electron configuration) and 
cations (even electron configuration). b) Ionisation ability of selected ion sources covering different chemical 
space, in terms of molecular weight and polarity. EI – Electron impact, APCI – atmospheric pressure chemical 
ionisation, APPI – atmospheric pressure photo ionisation, APLI – atmospheric pressure laser ionisation, ESI – 
electrospray ionisation. Adapted based on [112] 

Laser desorption ionisation 

Laser desorption ionisation MS began in the 1960s, with the discovery of ions created by the irradiation of 
organic salts with laser pulses. In 1985, Karas et al. introduced small energy-absorbing molecules for 
sample preparation as the so-called matrix, or MALDI. [113,114] In this technique, a sample is mixed with 
an appropriate matrix, spotted in small droplets onto a metal plate and allowed to dry. The analyte is 
dispersed in the matrix crystals (co-crystallisation) as the solvent dries. When the laser pulse strikes the 
surface, a plume is created propelling material into the gas phase. Most of the laser energy is absorbed by 
the matrix, which reduces fragmentation of the analyte. The quality of the mass spectrum relies strongly on 
the matrix, laser settings and sample preparation. Typical matrices are 2,5-dihydroxybenzoic acid, 3-
hydroxy picolinic acid, α-cyano-4-hydroxy-cinnamic acid, sinapinic acid and dithranol. [115–119] Nitrogen 
lasers (337 nm wavelength), Nd:YAG lasers (355 nm wavelength) and CO2 lasers (10.6 µm wavelength), with 
a surface-beam irradiance angle of 30-60 ° and spot size of 5-500 µm are commonly utilised. [120] 

The simplified mechanism of LDI is given in the lower scheme. The ns-long laser pulse strikes the surface, 
and the solid material absorbs the energy. The excitation energy is relaxed into the solid-state lattices 
causing a substantial distortion of the expansion. In the next step, long before the thermal balance occurs, 
a part of the solid state is vaporised explosively. A complex cascade of reactions cause ionisation, and the 
ionised analytes are transferred to the mass analyser. The ionisation process can be differentiated between 
the release of preformed ions, e.g. alkali metal adducts or protonated species in the solid phase; primary 
ionisation, e.g. by direct photo ionisation; and secondary ionisation, e.g. charge transfer by proton, electron 
or cation transfer. The exact ionisation mechanism is still not clear. (Figure 10) [120–124] 

Nonetheless, matrix species can cause a severe chemical background at lower m/z. Fragments, molecular 
ions, clusters and matrix adducts can hinder analyses and obscure the analyte of interest. [120] Therefore 
matrix-free techniques— the initial concept in LDI— were improved by the introduction of surface assisted 
techniques, i.e. surface-assisted laser desorption ionisation (SALDI), in which nanostructured surfaces, such 
as porous silicon, trap the analyte species and absorb the laser energy. Other SALDI techniques are based 
on mesoporous sol-gels and silicon dioxide chips. [125–132] A matrix, as added by sample preparation or 
inherently given in the sample material, is typically present in high molar excess and the laser power is 
carefully adjusted with an attenuator. 
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Carbonaceous materials can also support the desorption/ionisation process. For instance carbon 
nanotubes, graphite and fullerenes have been reported in use. Graphite-assisted LDI (GALDI) has been 
successfully deployed for metabolites and other small molecules. [133–137] In some cases, the sample 
itself contains species that can efficiently absorb laser energy, such as polycyclic aromatic hydrocarbons by 
their π-electron system. [138] In particular, fossil fuel samples, e.g. coal, bitumen, asphaltenes and crude 
oils, have revealed high-quality LDI spectra without adding a matrix. [139–146] Nonetheless, a higher 
degree of fragmentation can occur with these, resulting in difficulties for method optimisation analysing 
unknown and varying analyte mixtures. [147–149] 

Figure 10: Schematic and simplified mechanism of laser 
desorption ionisation (LDI). In the case of matrix-assisted 
LDI (MALDI) the analyte is embedded in a matrix, whereas 
in the case of direct LDI the analyte functions as a matrix. 
The laser beam induces a plasma plume and material is 
vaporised. Subsequently, several ionisation pathways take 
place, most often leading to protonated species. 

 

 

Electrospray ionisation 

Electrospray ionisation is the most widespread atmospheric pressure ionisation (API) technique and the 
method of choice for coupling liquid chromatography (LC) to MS. It was developed in the late 1980s by 
Fenn et al. [150–152] A solution is pumped with a flow rate of nl/min to µl/min through a metal capillary 
with a typical inner diameter of less than 0.1 mm and a cone on the spray side. A high voltage of 3-6 kV is 
applied to the capillary, for which the mass spectrometric inlet is the counter electrode. At the end of the 
capillary nozzle, a Taylor cone is formed. Charged parent droplets are created containing the analyte 
molecules. Due to solvent evaporation, the droplets shrink rapidly. At a certain size, the Rayleigh limit is 
reached, and Coulomb fission produces smaller charged droplets. [153,154] These evaporate the remaining 
solvent, generating naked charged analyte species, which are guided into the vacuum of the mass 
spectrometer. (Figure 11) [1,155–157] Two major theories describe the creation of a fully desolvated gas-
phase ion: the ion evaporation model, which assumes that the droplet will remove the charged analyte due 
to the high field strength, and the charge residue model, which assumes that the droplets evaporate, 
leading to an average droplet with one analyte ion or less. [158,159] It has been shown that small 
molecules presumably undergo the ion evaporation mechanism, whereas large biomolecule ions are 
formed by the charged residue mechanism. Even-electron ion-species are formed by the addition of 
protons or other cations or the removal of a hydrogen atom. Often multiply charged ions can be observed 
as a charge state pattern. [1,155,157,160–165] 

Better spray conditions are usually revealed by utilising a sheath or nebulising gas. System robustness, i.e. 
less contamination and cleaning effort, is achieved by adapting ion source geometries. For which off-axis 
and orthogonal spray-geometry are the most common. [1,166] Low flow-rate versions have been 
developed, called micro- or nano-electrospray as well as various desorption versions (desorption ESI, DESI) 
[167–169] or combinations with laser techniques (laser-assisted ESI - LAESI, electrospray supported LDI - 
ELDI) [67,170,171]. Applicable to all is the high sensitivity and selectivity towards polar constituents. As a 
drawback, susceptibility toward the matrix and suppression effects is often reported [172–174]. 

analyte/matrix

su
rfa

ce

desorption ionisation ionised analytes

*
+

+

+

+

+

+

+
+

+

+ +

+

+

+
+

+

+

+ +
+

+
protonation and charge transfer



Fundamentals of the employed techniques  11 

 

 

 

Figure 11: Scheme of the different steps in the electrospray ionisation mechanism. The initially formed charged 
droplets increase their surface charge by solvent evaporation. At the Rayleigh limit Coulomb fission occurs 
forming smaller charged droplets. Finally, naked charged analytes are generated, which are guided into the mass 
spectrometer. Adapted based on [166]. 

Atmospheric pressure chemical and photo ionisation 

Besides ESI, APCI and APPI are widely used among the group of API techniques. They access another 
chemical space, which concerns polarity and molecular mass (Figure 9b). Both techniques (APPI and APCI) 
have in common the fact that the analyte has to be evaporated prior to ionisation. In 1973, the first API 
source was introduced by evaporating a solution of an analyte into a hot nitrogen stream and ionising via 
radioactive β-radiation. [175–177] Evaporation can be done pneumatically in a heated spray, or the analyte 
mixture can already be in the gaseous phase, e.g. the coupling of gas chromatography or thermal analysis. 
Direct-in-source vaporisation of liquids or solids can also be done and is known as an atmospheric solid 
analysis probe (ASAP) or direct inlet probe (DIP) [178–180]. 

Modern APCI, which can operate in both liquid chromatography and GC modes, is usually done by a corona 
discharge created by applying a potential difference of 2-3 kV (relative to the counter-electrode at the 
mass spectrometer inlet) onto a discharge needle made of stainless steel. [181,182] The discharge emits 
electrons which ionise the surrounding nitrogen from N2 to N2

+ and N2
+* to N4

+*. [175,176] These ions can 
react in several steps and end up as a protonated water cluster [(H2O)n+H]+. [183,184] Protonation 
subsequently ionises the analyte molecule. In addition, water cluster ions are formed with the analyte 
molecule, which are efficiently declustered in the vacuum of the mass spectrometer and observed as 
protonated species. The primary nitrogen reagent ions can also ionise the analyte directly by charge 
transfer, i.e. the transfer of the positive charge onto the analyte molecule. The excess energy transferred 
onto the analyte is vastly reduced by collisional cooling with the ambient neutral gas. This behaviour causes 
APCI to be a rather soft ionisation technique. Nonetheless, certain ionisation artefacts, such as oxidative 
ionisation forming oxidised species [M+OH]+, can occur depending on the presence of oxygen and water. 
[185,186] In principle, APCI can ionise species with a proton affinity higher than the water cluster ions and 
is well suited for a thermally stable sample with a moderate molecular weight up to m/z 1,000-1,500 and 
medium to high polarity. [112,187–189] 

Despite the longstanding use of photoionisation detectors (PIDs) in GC and ion mobility spectrometry [190–
192], APPI for MS was not introduced until the year 2000, by Bruins et al. and Syage et al. [193] 
Atmospheric pressure photo ionisation uses vacuum ultra-violet light for ionisation. For this purpose, low-
pressure gas-discharge lamps are commonly deployed. The filling gas determines the spectral output, and 
hydrogen (10.2 eV) and krypton (10.0/10.6 eV) discharge lamps are most common. [194–196] 
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Figure 12: Schematic and simplified representation of selected positive ionisation pathways occurring in 
atmospheric pressure chemical ionisation (APCI) forming radical cations via charge transfer or protonated 
species. At the discharge needle, a corona induces the formation of primary reagent ions from the ion source 
atmosphere. M = analyte. Adapted based on [187,189]. 

The photon energy is usually well above the ionisation energy of most organic compounds and below that 
of common solvents such as water, methanol, and acetonitrile. The ionisation mechanism in APPI relies on 
primary and secondary ionisation reactions. In the primary ionisation pathway, direct analyte photo 
ionisation, dopant/solvent photo ionisation and thermospray can be considered. Direct photo ionisation 
takes place when the analyte molecule has a lower ionisation energy than the photon energy. In this case, 
the molecule absorbs the high-energy photon and subsequently ejects an electron. [2,197] Secondary 
pathways are similar to APCI and include proton transfer and charge exchange as dominant pathways. A 
photo ionisable dopant, e.g. toluene or acetone, is commonly used, which acts as an intermediary for 
analyte chemical ionisation. Dopant APPI can be regarded as photo-ionisation-induced APCI. Nonetheless, 
the dopants can be ionised selectively, and the desired ion-molecule reactions responsible for analyte 
ionisation can be partially adapted. [198–200] As a principle advantage, appropriate reaction channels can 
efficiently ionise less-polar compounds in APPI relative to ESI and APCI, and APPI is less susceptible to 
matrix effects. The lower susceptibility to ion suppression results from the photons crossing the molecules 
in their paths, and the desired ions are formed initially, as opposed to APCI and ESI where charge 
competition can occur. For that reason, APPI is often considered to be the most versatile ionisation 
technique of the conventional API technologies. [112,195,196,201,202] 

 

Figure 13: Schematic representation of selected ionisation pathways occurring in atmospheric pressure photo 
ionisation (APPI). As in APCI protonation via precursor ions can take place in multiple gaseous phase reactions. 
Besides, radical cations can be formed directly by the UV radiation. S = solvent, M = analyte. 
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3.3.2. Fourier transform mass spectrometry 
High-complex mixtures, such as petroleum and combustion aerosol, are composed of several hundred to 
thousands of constituents. These samples exhibit a complex and broad mass spectrometric pattern 
deploying soft ionisation sources for the techniques discussed above. Thus, high-resolution MS has become 
an essential approach in recent years. The intrinsic properties of the mass analyser substantially determine 
the performance of a given mass spectrometric set-up in terms of the mass resolving power, mass 
accuracy, dynamic range, acquisition speed and mass range. In this respect, resolving power has been 
found to be a key parameter for analysing complex mixtures by differentiating of signals with very close 
m/z. Commonly, the resolving power is calculated as the quotient between the full-width at half maximum 
(FWHM) of a given signal and its mass-to-charge ratio. [1] A Fourier transform mass spectrometer (FT-MS), 
a group of mass analysers compromised of Fourier transform ion cyclotron (FT-ICR) and Orbitrap 
technology, can achieve unbeaten resolving power and mass accuracy. [1,203–206] FT-MS determine the 
m/z of ions in a static magnetic or electric field. In FT-ICR MS, the ions' m/z is measured by recording the 
ion cyclotron frequency in a fixed and homogenous magnetic field, whereas in Orbitrap MS a static electric 
field is deployed. [1,204,207] Common to both is the acquisition of free ion decay (FID) signal, which is 
Fourier transformed into the frequency domain and transferred afterwards into the m/z scale. The majority 
of this PhD work was conducted on FT-ICR mass spectrometers, for which the fundamentals are explained 
in more detail in the following section. 

Ion cyclotron motion 

Alan G. Marshall and Melvin B. Comisarow first combined Fourier transformation and ion cyclotron 
resonance and introduced FT-ICR MS in 1974. [208–212] The principle of this invention had already been 
proposed in 1930 by Ernest O. Lawrence. [213] Charged particles (ions) undergo a circular motion in a 
uniform magnetic field. Following the path in the direction of the magnetic field, negative ions circulate 
clockwise, whereas positive ions circulate counter-clockwise. [206,214] The frequency of the circular 
motion (w) is inversely proportional to m/z and given by the cyclotron equation w = q·B/m (Figure 13a). The 
cyclotron motion results from a balance between centrifugal force and magnetic force. Frequencies can be 
measured with the highest accuracy of all physical quantities. Hence, acquisition of the cyclotron frequency 
is a perfect premise for a powerful mass analyser. [1,206,207] 

The ions' velocity causes the ions to spiral out of ideal orbit when entering the ion cyclotron cell along the 
direction of the magnetic field. Therefore, an axial quadrupolar trapping field is employed to prevent an 
escape of the ions axially. The potential of this inlet trapping plate is reduced for a particular time to allow 
the ions to access the cell. The initial ion velocity leads to an axial motion, the trapping motion. A 
contribution from a Coulomb interaction (space charge) and the additional trapping field shift the cyclotron 
frequency, and a reduced cyclotron frequency is observed. The third fundamental motion, the magnetron 
motion, is caused due to the ions crossing a radial electric and axial magnetic field. [215] It is a slow circular 
drift of an ion along the path of constant electrostatic potential. Figure 13 shows the resulting complicated 
trajectory as a combined motion of the three fundamental modes. Typical frequencies (3 T, m/z 100) are 
500 kHz, 200 Hz and 15 kHz for the cyclotron, the magnetron and the trapping frequency, respectively. 
[216] 
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Figure 14: a) Derivation of the equation for the cyclotron frequency based on the equilibrium of the magnetic 
force FB and the centrifugal force FZ. b) Ion trajectory as a combined motion of the three fundamental modes: 
cyclotron (vc), magnetron (vm) and trapping (vT). The magnitude of the magnetron motion has been exaggerated 
and is typically much smaller than the cyclotron radius. Adapted based on [207]. 

Excitation and detection 

Prior to the detection of ions, excitation is needed to increase their orbit. The excitation superimposes the 
circular micro-motion of the ion package by the macroscopic cyclotron motion of the whole ion cloud. The 
coherence of the individual ion packages with the same m/z value is preserved by applying a radio 
frequency (RF) excitation. The RF field lead to a high uptake of energy compared to the initial kinetic energy 
of the ions. The RF field is usually achieved by a pair of electrodes on opposite sides of the orbit (excitation 
plates) applying a transverse electric field at the cyclotron frequency. The ion acceleration increases their 
orbit with an overall spiral motion (see Figure 15, Excitation). [206,217] 

The nondestructive image current acquisition carries out the detection. This technique overcomes the 
disadvantage of first-generation ICR instruments, which performed an energy scan by varying the RF and 
registered the current on an electrometer plate. Image-current detection relies on the phenomenon that 
an ion cloud repeatedly attracts or repels electrons within the pair of detection electrodes upon its 
passage. Consequently, a very small image current occurs, which can be amplified, converted and 
recorded, as long as a sufficient coherence of the ion motion is given (see Figure 15, Detection). For 
typically deployed magnetic field strengths of 7-15 T, cyclotron frequency values are in the range of kHz 
(high m/z) to low MHz (low m/z). This broad frequency bandwidth implies high-performance electronics for 
a homogeneous excitation and detection. [216] 

Receiving the frequency spectrum - Fourier transformation 

Fourier transformation, which is a mathematical operation transforming a complex-valued function of a 
real variable into another, converts the acquired time domain signal (image current) into the frequency 
domain. [218,219] Since the time domain signal is slowly vanishing, this decay creates a Lorentz peak shape 
in the frequency domain. Based on the energy-time uncertainty principle, the frequency domain peak 
becomes sharper the longer the observation time span. Frequencies are more accurately measured the 
more cycles are recorded in the transient if the intensity of the time domain signal is sufficient. The 
monitoring abruptly ends usually before the transient has damped to zero. The minimum number of 
sampled data points is determined by the lower m/z value, i.e. the highest cyclotron frequency to be 
observed. Typical values are 0.5-2 s transient of 512k to 2M data points at a sampling rate of 250 kHz to 
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1 MHz. The arbitrary truncation causes the recorded transient to be a combination of dampened signal and 
a step function. Fourier transformation causes accompanied signals to the Lorentzian central peak, or so-
called wiggles (Gibbs oscillations). These sidebands can be efficiently reduced by processing the transient, 
i.e. multiplying with a mathematical function. This apodisation procedure is done mainly with sin(x) or 
sin2(x) functions. Zero-filling further smooths the peak shape. Zero-filling is a process that simply adds a 
row of zeros to the end to increase the number of data points per m/z interval. [220–222] 

Fourier transformation works fine for continuous functions, but FT-MS signals are made of digitalised non-
continuous data and have to be handled differently. For this purpose, discrete Fourier transform (DFT) has 
been developed to treat the non-continuous time and frequency domain data. Since the number of 
operations scales quadratically, a high number of data points would make this process slow and tedious. 
Fast Fourier transformation (FFT) takes advantage of symmetry for the calculations and lowers the scaling 
to N log2N. Hence, FFT is routinely deployed to transform transient data in FT-MS. [218,219] 

 

Figure 15: Scheme of the functional principle of Fourier transform ion cyclotron resonance mass spectrometry 
(FT-ICR MS). Please note that temporal sequence is as following excitation pulse, transient detection, Fourier 
transformation and further data processing. 

Construction and performance parameters 

Various ion trap geometries of the ion cyclotron resonance cell exist, such as cubic [223,224], cylindrical 
[225], infinity trap [226] and hyperbolic (Penning trap) designs.[206,207] Segmentation can increase the 
number of excitation and detection electrodes. In modern FT-MS, mainly tubular cells with two trapping, 
excitation and detection plates are deployed (see Figure 15, excitation plates - green, detection plates - 
blue). Nonetheless, cell geometry is a major factor and can massively increase performance, as shown by 
the introduction of the dynamically harmonised cell developed by Professor Eugene Nikolaev, which 
reveals a resolving power of several million even for low-field instrumentation [227–230]. 
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A variety of factors in FT-ICR MS depend on the field strength of the super conducting magnet. Some, such 
as the resolving power and scan speed, scale linearly, whereas some, such as the trapping time and the 
number of ions that can be trapped, quadratically. [231] In general, higher field strengths provide higher 
performance. [231,232] Nonetheless, field homogeneity, ion optics and ion generation are equally 
important. For instance, in order to overcome the magnetic mirror phenomenon, which causes ions to slow 
down and be reflected as they penetrate the magnetic field, highly developed RF-only ion guides or direct 
current lenses are in place. [206,220,233] 

Fourier transform MS is basically an ion trapping instrument with a combination of a mass analyser and 
detector. As a result, FT-MS is a very versatile technique and can be adapted to a variety of analytical and 
physical challenges, such as highly complex samples, tandem MS for structural insights and examination of 
ion chemistry. [207] 

Data analysis and visualisation 

The complex nature of petroleum or combustion aerosol results in complex high-resolution FT mass 
spectra. Single spectra can have 10,000 s of m/z signals. [234–236] Therefore, data analysis, interpretation, 
visualisation and reduction are highly relevant. [221,237,238] 

The exact mass of an isotope differs slightly from the nominal mass. This difference between the exact 
mass and nominal mass of an isotope is called mass defect and caused by the mass-energy relationship. In 
1961, the unified atomic mass unit (u) was defined as 1/12 of the 12C isotope mass, and an individual mass 
defect resulted for other isotopes, e.g. 1H 0.007825 u. [239–241] As a consequence, a particular elemental 
composition of CHNOSP has a unique exact mass value. FT-MS allows for the resolution of complex 
mixtures and measures m/z-signals with high accuracy. Based on these accurate experimental m/z, values 
the elemental composition can be mathematically calculated and predicted. Careful calibration of the m/z-
axis is crucial for obtaining the highest mass accuracy and thus reliable elemental composition assignment. 
Different approaches for mass calibration, such as linear or quadratic least square fit to a series of known 
or added internal-standard substances. [242–245] The isotopic pattern, e.g. 34S, 13C, 15N, 2H and 18O, from a 
given elemental composition is referred to as an isotopic fine structure and is used to verify elemental 
composition assignments. [246,247] Nonetheless, the isotopic fine structure also causes very narrow m/z-
signals, i.e. low m/z-splits. Commonly encountered m/z-splits in petroleum-derived materials are isobars 
differing in elemental composition by C3 versus SH4 with 3.4 mDa and C4 versus 13CSH3 with only 1.1 mDa, 
whereas the latter becomes significant when radical and even-electron, i.e. protonated, ions are observed, 
such as in APCI/APPI. [247] The right inset of Figure 16 shows an expression of the information depth and 
complexity. Characteristic m/z-splits can be found on each nominal mass. 

For an efficient interpretation and visualisation of the data, several standard parameters have been 
established. Selected parameters are summarised in Table 1. Hydrogen deficiency is one parameter of a 
given elemental composition. It can be expressed by the number of rings plus double bonds (DBE) or the Z 
number and is a measure of the degree of unsaturation and aromaticity. The Z number can be calculated 
from the general formula CcH2c+zX (X - heteroatom content), whereas the DBEs can be calculated by 
applying the "nitrogen rule" (Table 1). [6,248,249] 
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Figure 16: APCI direct infusion ultra-high resolution mass spectra, obtained on a 12 T FT-ICR MS. Sub-sets with 
enlargement of a 10 Da and 250 mDa window are given to express the vast complexity of the heavy oil sample. 
Up-to 40 signals with very narrow mass splits are observed per nominal mass. 

In a petroleum spectrum, typically series with 14 Da spacing, homologous alkylation (CH2 addition, carbon 
number distribution), are revealed for the same class (heteroatom combination) and same type (number of 
rings and double bonds). [6] The Kendrick mass scale, introduced by Kendrick in 1963, is a rescaling to 
expose species with the same type, but varying carbon number. [250] This conversion can be calculated by 
multiplying the exact mass with a particular factor and normalisation to the nominal mass. As a result, 
homologous alkylation series are equally placed on a horizontal line in a Kendrick mass defect plot. [251] 
Classes are separated on the ordinate (Figure 17b). These series are abbreviated utilising the class and type; 
for example, a fatty acid series would be attributed as 1O2. Each class has a unique Kendrick mass defect 
making it possible to display all data in a single diagram, and even Kendrick-analogous networks are 
possible. [252,253] 

Table 1: Commonly used parameter in data analysis of high resolution mass spectrometric data. [237,254] 

Parameter/Visualisation Description Definition Example 

Elemental composition 
Sum formula of a particular m/z signal calculated 

based on the exact mass CcHhNnOoSs C20H14N0O2S0 

Class Heteroatom composition NnOoSs O2 

DBE/Type Number of double bonds and rings as measure for 
aromaticity 

c – h/2 + n/2 + 1 14 

Z Measure of hydrogen deficiency 
CcH2c+zX, X - 
heteroatom 

-2(DBE) + n + 2 
-26 

Compositional 
boundary 

Maximum DBE any synthetic or natural chemical 
compound can have Carbon number + 1 21 

KM 
Rescaling of the exact IUPAC mass according to 

functional increments, e.g. CH2 entities 
KM = IUPAC mass x 

(14/14.01565) 285.77992 

KMD 
Subtraction of nominal Kendrick mass from 

Kendrick mass (KM) as for Kendrick mass defect 
plot (KMD) 

KMD = NKM - KM 0.22008 

Van Krevelen diagram 
Molar ratio plot of hydrogen-to-carbon and 

hetero-element-to-carbon ratio, whereas H/C and 
O/C are most common 

H/C = h/c 
X/C = x/c, e.g. O/C = 

o/c 

H/C = 0.7 
O/C = 0.1 

400 600 800 1000 1200 1400 m/z200

473 475 477 m/z479 481

479.300 479.400m/z

C34H56N*

C35H59

C32H63SC35H44N*

C34H55O

C31H59OS
C35H44NO*

C30H55S2

C30H55S
C36H47

C34H43N2

C35H37

479.500
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Kendrick mass defect analysis utilises the accurate m/z and does not require an elemental composition 
assignment. Another approach, involving the actual assignment, is the Van Krevelen diagram, a 
representation based on the molar ratio of non-carbon atoms, e.g. H, C, N, O, S, to the number of carbon 
atoms. [255,256] Typically, the molar ratio of a heteroatom and carbon, e.g. O/C, N/C, S/C, is plotted on the 
abscissa and the hydrogen/carbon ratio on the ordinate. The heteroatom can be chosen to highlight a 
certain change or transformation, such as oxygen for oxidation in aerosol ageing or sulphur for 
desulfurisation in a petroleum refinery. [257,258] 

The compound class distribution obtains the simplest and highest data reduction (Figure 17d), which is a 
bar graph representation of the abundance of all detected species from one class divided by the sum of all 
identified peaks (total ion count). The compound class distribution allows for an easy proof of larger 
differences and can be utilised as a first starting point. 

All of the presented data analysis and visualisation approaches allow for an easy comparison of the 
molecular pattern of different high-resolution mass spectra, e.g., "reading the chemical fingerprint" of 
petroleum (petroleomics). [259–261] Transformation processes and changes on the molecular level can 
also be tracked. These strategies are widely deployed in the following results section. 

 

Figure 17: Typically deployed visualisation approaches in high-resolution mass spectrometry: a) Carbon number 
versus double bond equivalent diagram, b) Kendrick mass defect diagram, c) Van Krevelen diagram and d) 
compound class distribution. Exemplary data are taken from an own APCI ionisation measurements of a heavy 
crude oil sample.  

0

0.05

0.1

0.15

0.2

0.25

150 250 350 450 550 650

Ke
nd

ric
k m

as
s d

ef
ec

t

nominal Kendrick mass

0.0

10.0

20.0

30.0

40.0

50.0

CH CHO CHN CHS CHSO CHNO

re
lat

ive
 in

te
ns

ity
 [%

-T
IC

]

compound class

4

6

8

10

12

14

16

5 10 15 20 25 30 35 40 45 50

do
ub

le 
bo

nd
 e

qu
iva

len
ts

carbon number

0.6

0.8

1

1.2

1.4

1.6

1.8

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11

H/
C

S/C

a) b)

c) d)

S

S

S

“saturated” S-species

highly aromatic
S-species

S

S

class and type

N

e.g.

e.g.

e.g.

S
O

alkylation

CHS

CHS

CH, CHS

CH
S

CH

Carbon number versus DBE diagram Kendrick mass defect diagram

Van Krevelen diagram Compound class distribution



Results  19 

 

 

4. Results 

This section shows the primary results for developing new ultra-high resolution MS-based approaches for 
the characterisation of petroleum and combustion aerosol on the molecular level. As methodological 
developments and improvements were the focus of the dissertation, the results are given in context of the 
deployed technique. Among the publications included in the appendix, a detailed description of the 
instrumental set-ups and a discussion of the results can be found. First, a brief overview of the aim and 
vision of this PhD thesis is given. 

4.1. Vision and aim of the methodological development 

Mass spectrometry is a diverse field with a tremendous number of assemblies, and in particular, various 
ionisation methods exist. These ionisation techniques work at reduced or atmospheric pressure, whereas 
for the latter, numerous variations have been introduced. Based on the progress in this field, it can be 
assumed that not only current but also future mass spectrometric development will utilise these API 
techniques to a greater extent. The advantage of API compared to vacuum techniques include the relative 
easy usage and sample introduction and excellent capabilities for coupling of separation techniques. 
Nonetheless, certain drawbacks, such as matrix effects, are also commonly observed. 

Consequently, this PhD thesis primarily aimed to exploit ambient pressure ionisation techniques further 
and to develop novel methods based upon these techniques. Primarily, coupling methods allowing a 
separation or a pre-treatment were of interest. Nonetheless, the introduction of certain selectivity was also 
of interest. Finally, the vision was to have an extended number of optimised and evaluated methodologies 
to describe ultra-complex sample material efficiently. Figure 18 visualises the four-dimensional analytical 
space utilising separation, matrix effects, mass range and polarity as parameters. The techniques 
developed and deployed in this dissertation indicate that exemplary direct infusion ESI can efficiently ionise 
polar constituents but often suffers from matrix effects, whereas gas chromatographic coupling minimises 
this disadvantage but lowers the accessible mass range. Throughout the results and discussion section, this 
scheme is used in front of each chapter to highlight the particular method. 

 
Figure 18: Visualisation of the four-dimensional parameter space covering separation, matrix effects, mass range 
and polarity. The methods deployed in this dissertation are qualitatively placed. The ideal instrument would 
allow quantification (no matrix or suppression effects), cover the complete mass range, ionises constituents 
from all chemical classes, i.e. different polarity, and exhibit isomeric separation capabilities. Please note, that for 
GC and TG the mass range is primarily limited by thermal stability and volatility.  
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4.2. Laser desorption ionisation (Publication 1 and 2) 
The first attempt to access the molecular composition of petroleum 
and the derived combustion PM was made using LDI. The motivation 
of this study is given by the fact, that heavy fuel and particulate matter 
contain high amounts of polycyclic aromatic hydrocarbons (PAH) and 
should, therefore, be efficiently ionised. In 2004, Kalberer et al. 
published a study in which they investigate aged organic aerosol using 
direct LDI [142], and Carré et al. address cigarette smoke using LDI FT-

ICR MS [262]. Cho et al. show the application of LDI FT-MS for crude and shale oils [139,263]. They 
demonstrate that LDI efficiently reveals the aromatic molecular pattern for high-molecular-weight 
constituents. Even a simple solvent extraction my change the analysis results, depending on the particular 
extraction method. Thus, the innovative aspect of Publication one [147] is the possibility of analysing 
combustion PM directly, using the prerequisite that the samples should be examined with a minimum of 
pretreatment. 

Figure 19: Flow diagram 
expounding the process from 
feed fuel combusted in a ship 
diesel engine generating a 
primary combustion aerosol. The 
particulate matter is sampled by 
filters and impactors. 
Consequently, the PM can be 
extracted or measured directly by 
LDI. 

For this study, PM samples were collected during a measurement campaign at the University of Rostock. 
Briefly, a four-stroke one-cylinder research ship diesel engine with a capacity of 3 L was utilised. The engine 
was fuelled with heavy fuel oil (HFO 180) as a representative fuel for shipping in non-SECAs. Particles were 
collected on quartz fibre filter as well as size-resolved by impaction on alumina foils. The filters were 
extracted twice with a mixture of dichloromethane and methanol, whereas the impactor stages were 
directly analysed. (Figure 19) For analysing the impactor stages (alumina foil disks), they were flatly 
mounted onto a modified target, originally designed for MALDI analysis. Height had to be carefully 
examined to avoid contact during loading into the vacuum ionisation chamber of the mass spectrometer. 
Filter extracts and the dichloromethane diluted feed fuel were spotted directly onto the LDI target plate. 

Optimisation of the direct LDI 

Adducts, fragmentation and carbon cluster formation are well-known side reactions of direct LDI. [148] The 
graphite analogue materials contained in the combustion aerosol and heavy fuel oil efficiently absorb the 
ultraviolet-laser light but also tend to form spurious signals. Thus, method validation was an important 
aspect of the first study (Publication one). Regarding laser energy dependency, three distinct regions were 
found. For very low fluences no mass spectrometric signals were observed. At a certain offset energy 
(signal gaining point) an evaluable signal-to-noise ratio was measured. In the second region between the 
signal gaining point and a point where dimeric artefacts are observed (artefact gaining point), the spectral 
profile was constant and recorded. Carbon cluster series occurred at very high laser energies. For the 
acquisition of high-quality data, several hundred spectra had to be accumulated, and thus signal stability 
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had to be ensured. A random laser spot position across a given area, a so-called random walk, gave the 
best results (Figure 20a). For the feed fuel and PM extracts, investigations concerning sample preparation, 
i.e. how to spot the sample onto the LDI plate, were conducted. A dried droplet method with several 
applications of µL-amount of the sample was found to be superior regarding spatial homogeneity 
(Figure 20a). Imaging experiments were required to consider the three-dimensional shape of the impacted 
particles as well as the inhomogeneous lateral graphite and analyte distribution. Signal and artefact gaining 
point were found to be different between the edges of the impaction spot and the centre. The range of 
laser energy, without artefact production, became rather small and a sample independent, universal 
fluence could not be determined. Consequently, data were collected in the area between the spot centres 
and relatively low energies were applied to ensure reproducible spectra with a minimum of artefacts. As a 
result, the mean DBE and m/z, as well as relative intensities, showed a standard deviation of below 10 %, 
and the pattern and molecular profile between replicates were well retained. 

Figure 20: Result of the 
optimisation of selected LDI 
parameter. a) The position of 
the laser spot plays a 
significant role. A random walk 
across a defined area will 
produce more stable and 
reliable spectra, compared to a 
fixed position. b) Stepwise 
increasing of laser power with 
fixed side parameters for a 
heavy. c) LDI imaging of an 
impactor foil with HFO-PM 
deposited. C60 (artefact) and 
C22H20 (analyte) are colour 
coded in red and blue, 
respectively. 

Sample comparison: Feed, extract and direct particle measurements 

The three sample types, feed fuel (heavy fuel oil), particle extracts and impacted particle spots, were 
compared using high-resolution mass spectrometric approaches. The mass spectra show several thousand 
different peaks, covering a mass-to-charge interval from about m/z 150 to 750, peaking at roughly m/z 300. 
Up to 32 distinct signals were found at one nominal mass and more than 7,000 peaks for the feed heavy 
fuel oil, and 6,000 for the direct particle measurements with a signal-to-noise above six. The intensity-
weighted mass-to-charge ratio was independent of sample type. Nevertheless, the average DBE value 
changed from approximately 14 for the feed fuel to lower values (12−13) for the aerosol samples. This 
change refers to a great extent to the CHS and CHO compounds, as the average oxygen-to-carbon ratio 
increased significantly by a factor of two. Elemental composition assignment revealed a high proportion of 
shared chemical species between feed and PM, indicating that primary combustion aerosol mainly consists 
of unburned fuel, although no structural changes and isomers are approached (Figure 21). The feed fuel 
revealed over 1,000 unique assigned sum formulas, mostly high-alkylated species from the CH and CHN 
compound class. Planar limit analysis, an approach that investigates the left boundary of the carbon 
number versus DBE distribution, can exhibit the structure of polycondensed aromatic hydrocarbons. [264] 
For this purpose, a linear fit is calculated along the DBE to the lower side of the carbon number 
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distribution. The slope and intercept of this regression allow a tentative elucidation of the arrangement of 
the aromatic rings. This type of data analysis exhibit a mixed behaviour between a linear and nonlinear 
benzene ring addition for all samples. The effect of pyro-synthesis could be observed by deploying a 
correlation of the alkylation pattern between feed and aerosol, and it was slightly more pronounced for the 
CH-class than other compound classes, but not dominant in summary. [265] The alkylation pattern of the 
most dominant series revealed a higher correlation between different aerosol samples than between 
aerosol and feed samples. Interestingly, the alkylation distribution broadened for the CHO class in the 
combustion PM compared to the feed. CH- and CHN-class constituents dominated the LDI spectra of all 
investigated sample types. Carbon number versus DBE diagrams of individual compound classes were 
deployed to visualise the complex information (Figure 21). Tentative assignments of high-abundant DBE 
values to common core structures found in petroleum revealed the importance of two to five ring 
aromatics. 

 

Figure 21: DBE versus carbon number diagrams for the three via LDI investigated samples, feed HFO (a), aerosol 
extract (b) and direct PM (c) measurements, and two selected compound classes, CH- and CHN-species. The 
circles give the proportion to the overall assigned signals, whereas the intensity weighted distributions are 
provided at the corresponding axes. [147] 

Direct LDI of petroleum and PM as well as of PM extracts was successfully realised. The approach provided 
molecular insights to study the chemical nature of the feed and combustion transformation processes 
(Publication one and two). The procedure developed to access PM was rather simple. The method relied on 
impactor sampling on an electrically conducting material, e.g. alumina/steel foil, and carefully mounting 
onto a modified MALDI plate. Spectra could be generated rapidly from a minimum sample amount, and 
solid samples were measured directly without sample pretreatment. Nonetheless, certain drawbacks and 
disadvantages were found: The direct LDI needs a careful and complicated parameter adjustment to avoid 
ionisation artefacts. Additionally, the low-pressure MALDI chamber inherently does not allow the 
investigation of volatile and low-molecular-weight components as they would be evaporated prior to 
analysis. Thus, for combustion aerosol originated from lighter distillation cuts, e.g. diesel, with more volatile 
species and lower content of aromatics, tests revealed that this approach is not suitable. Moreover, based 
on the revealed chemical space, LDI is well suited for high aromatic species, and in positive polarity, in 
particular for nitrogen-containing species; however polar higher-oxygenated constituents, which are well 
known to be present in combustion aerosol, are omitted. For the purpose of accessing light fuels and their 
combustion PM, ESI, as well as GC-APCI, were chosen for further molecular insight into these sample 
materials.  
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4.3. Electrospray ionisation accessing polar constituents of 
petroleum (Publication 3 and 4) 

Electrospray ionisation is able to sensitively and selectively ionise polar 
constituents in a wide mass range. Polar components are not only 
import in shipping fuel but also in research concerning other 
transportation fuels, such as for middle distillates, e.g., diesel fuel. 

Among other techniques (see 4.3.1. GC-APCI), ESI was deployed for 
investigating polar components in a variety of diesel fuels. Nine South 

African commercial diesel fuels with a sulphur content of 50 to 500 mg/kg-fuel and four reference diesel 
fuels (Europe EN590, Swedish MK1, United States 2-D and California) were investigated. Complementary to 
the ultra-high resolution FT-ICR mass analyser measurements were performed on a quadrupole time-of-
flight (TOF) instrument delivering a resolving power of roughly 20,000 at m/z 200. The somewhat limited 
sample complexity of the diesel fuel led to the result that the TOF can determine the mass spectrometric 
pattern for the lower m/z range. At higher m/z-values, the TOF performance is not sufficient anymore, and 
intense peak coalescence occurs (Figure 22a). Nonetheless, complementary information can be obtained 
between the two techniques: The TOF system exhibits a nearly constant ion transmission and detection 
efficiency, revealing the m/z distribution with minimal bias, whereas the ultra-high resolving power, 
obtained with the FT-MS, provides valuable information for the high mass range. 

 

Figure 22: a) Comparison of mass resolution and mass accuracy at a low (top) and high (bottom) m/z for FT-ICR 
and time-of-flight (TOF) MS. Data are shown for a South African commercial diesel with 50 mg/kg-fuel sulphur. b) 
Ternary diagram for the abundance of the CHN-, CHO2- and sum of other classes in the positive polarity ESI 
measurements of all diesel fuels investigated as triplicates. [103] 

Analysis of the elemental compositions revealed high abundant signals for CHN- and CHO2-class 
compounds with DBE values corresponding to one to three-ring aromatics for positive polarity; in negative 
polarity, on the other hand, CHO2- and CHO1-class constituents with low DBE were predominant 
(Figure 23). Sulphur species could be mainly detected as a CHSOx-class, but their abundance did not 
correlate with the sulphur content. Reproducibility was found to be better than 10 % of relative intensity. 
The three replicates of the individual diesel samples grouped well in a ternary compound class visualisation, 
as provided in Figure 22b. 
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Figure 23: Double bond equivalent (DBE) distribution of the main compound classes for a South African 
commercial diesel with 50 mg/kg sulphur for a) positive and b) negative ions detected by ESI FT-MS. Circle size 
correlates with the relative abundance. [103] 

In Publication three, we successfully applied ESI FT-MS for to access the trace polar species in diesel fuels 
with varying sulphur content. Positive-ion mass spectra revealed information about the inherent fuel 
composition, whereas negative-ion mass spectra represented mainly fuel additives. Thus, complementary 
information from both polarities was obtained, and the advantages and limitations of TOF-MS and FT-MS 
were discussed. 

For the purpose of increasing selectivity toward acidic species, the concept of "proton sponges“ as 
introduced in MALDI, was transferred, adapted and optimised as a dopant in negative-mode ESI 
(Publication four). Proton sponges are highly basic structures with a cavity that can efficiently coordinate a 
proton. We showed that 1,8-Bis(dimethylamino) naphthalene (DMAN) is superior to 1,8-
bis(tetramethylguanidino) naphthalene (TMGN) and exhibits a significant increase in overall ion yield. 
TMGN decomposes rapidly in common ESI solvents, and some decomposition products were investigated 
via tandem MS (Figure 24). All compound classes which were detected in the selected reference diesel fuel 
(CH- and CHOx-class) received higher signal intensities when using DMAN as a dopant. Furthermore, the 
number of detected compounds, as well as the DBE of the identified compounds, increased. The overall 
findings depict DMAN as a promising additive for ESI in negative polarity, of at least weak acidic 
compounds, even in complex sample material. 

Figure 24: ESI(-) tandem 
mass spectrometric 
investigation of the aged 
TMGN solution. A stable 
decomposition product 
with m/z 210 is formed. A 
tentative pathway for the 
ageing as well as CID 
fragmentation into the 
main fragment channels 
m/z 180 and 167 is given 
as inset.  
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4.4. Gas chromatography of combustion aerosol and 
petroleum (Publication 3, 5 and 6) 

Gas chromatography separates a given complex sample and thus 
reduces matrix effects in API as well as provides valuable retention 
time information. Coupled to APCI polar and medium-polar 
constituents can be efficiently analysed (Figure 8). To examine this 
less polar chemical space, compared to ESI, and acquire more volatile 
species, compared to LDI, GC-APCI is a promising technique. 
Therefore, GC-APCI hyphenated to FT-MS, as a relatively new 

technique and firstly introduced by Barrow et al. in 2014 [266], was further developed and optimised. Data 
processing and analysis strategies were of particular focus and contributed to the field. [102–104] 

4.4.1. GC-APCI analysis of diesel fuels (Publication 3) 

The ESI measurements of diesel fuels selectively revealed the molecular pattern for the polar fraction and 
were dominated by CHN-class constituents in positive polarity. Nonetheless, medium-polar components 
such as aromatic hydrocarbons were missed. For this purpose, GC-APCI FT-MS measurements were 
conducted using the same sample material as for the ESI investigations. A specialised gas-phase APCI 
source was utilised and hyphenated to a gas chromatograph equipped with a 15 m BPX5 column (250 µm 
ID, 0.1 µm film thickness). [102,182] The temperature programme was ramped from 50 °C to 330 °C with a 
total analysis time of 52 min. As a compromise between resolving power and scan frequency, a 2 million 
data point transient was chosen for the FT-MS, resulting in an acquisition speed of 0.8 Hz and a resolving 
power of roughly 340,000 at m/z 200. The average mass spectra cover a molecular mass range from 
approximately m/z 120 to 480 for all investigated diesel fuels (Figure 25). The Kendrick mass defect was 
found to be relatively low for all detected compounds, particularly when compared to the ESI direct-
infusion data. Elemental composition assignment revealed the spectra to be dominated by CH-, CHO1- and 
CHO2-class compounds (Figure 26). In contrast to the direct infusion ESI measurements, a large proportion 
of unsaturated species were detected with a DBE of 3-13. Interestingly, the oxygenated species were more 
saturated. The following findings are typically for APCI: 1) pure hydrocarbons with a high degree of 
saturation are not or less efficiently ionised, whereas 2) oxygenated aromatic species, which are present to 
a very low extent in the diesel fuels, can be effectively ionised. 

 

Figure 25: a) Average GC-APCI mass spectrum of a 50 ppm South African commercial diesel fuel (CD5). b) 
Kendrick mass defect plot with colour coding normalised to the base peak intensity (BIC). Horizontal lines of 
alkylated series can be seen, whereas only a few outliers of the dense chemical space are revealed. [103] 
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Figure 26: a) Compound class heat map for the results of all diesel fuels investigated by the GC-APCI FT-MS 
setup. b) Compound class distribution versus double bond equivalent (DBE) representation for CD5. [103] 

As the separation on a nonpolar column is mainly based on the vapour pressure, a linear association 
between the m/z and retention index was found. Nonetheless, visualisation of the KMD and the retention 
time created a nonlinear relationship, or an orthogonal system, with distribution throughout the two-
dimensional space. Independent of their alkylation degree, subclasses are grouped in a single horizontal 
line. This novel visualisation technique can be regarded as a variation of the traditional Kendrick plot with 
incorporated structural information on the abscissa. As an example, for the +1O1 subclass, 13 peaks were 
identified using the classic Kendrick plot, and 42 peaks when retention time-resolved data were taken into 
account (Figure 27). Thus, we show in Publication three that even for a sample with moderate complexity, 
such as diesel fuel, the GC separation tremendously increases the amount of information by adding 
structural features of isobaric compounds. 

 

Figure 27: a) Survey view of the GC-APCI measurement of a 50 ppm South African commercial diesel fuel. 
Members of the +1O1 homologous series are highlighted in black. b) New introduced visualisation approach 
combining the retention time information (Kovats Index - KI) and Kendrick mass defect (KMD). The individual 
classes are separated on the ordinate, whereas the different isomeric species lay horizontally. [103] 
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4.4.2. Advanced data processing (Publication 5 and 6) 
By linking gas chromatography to soft API, high-resolution MS we were able to successfully study the semi-
polar constituents in various diesel fuels on the molecular level (Publication three). Nonetheless, solely CH- 
and CHO1-4-class compounds were observed, and thus the overall complexity was found to be moderate. In 
Publication one we showed that heavy fuel oil and combustion aerosol exhibit an ultra-complex molecular 
profile. Hence, these were deployed to investigate the limitations and boundaries of the GC-APCI FT-MS 
coupling. A first glance at the survey visualisation (m/z versus retention time versus abundance) points out 
the vast complexity (Figure 28). Moreover, particular chemical (inherent from the coupling and column 
bleeding at higher temperatures) and instrumental-frequency noise, can be seen. Consequently, 
sophisticated data analysis and processing routines were developed for the time-resolved data analysis. 
These algorithms were based on MATLAB and applied to study the transformation processes from feed fuel 
to the primary combustion aerosol of a diesel engine utilised for ships. 

 

Figure 28: Gas chromatography atmospheric pressure chemical ionisation FT-MS measurement of a heavy fuel 
oil visualising the tremendous complexity. Over 3,000 unique m/z signals were observed and over 10,000 signals, 
if chromatographic separation is included in data processing routines. 

The amount of data from the GC APCI FT-MS, by means of the FID raw data, is in the order of 10 to 20 GB 
per run. If both gas chromatographic and ultra-high resolution mass spectrometric information are 
concerned, existing peak picking and deconvolution algorithms are extremely time-consuming or require 
sophisticated optimisation of the processing parameters. Hence, automatic feature detection based on the 
approach established by Tautenhahn et al. was deployed. [267] This algorithm determines the so-called 
region of interests (ROI) on the m/z and retention-time scale. Briefly, a moving m/z, where the centre is 
calculated as the average m/z-position of the peaks, along the retention time is utilised. An m/z-relative 
error range, typically 5 ppm, is applied to the moving m/z-position. Beneficially, no fixed binning size has to 
be specified. Figure 29 a visualises the concept of this fast and robust algorithm schematically. 
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Figure 29: a) Concept of the deployed fast and reliable feature detection. b) Enlargement of the processed 
retention time versus m/z data to a 700 s and 180 mDa excerpt for a particulate matter extract, measured with 
the GC-APCI set-up. Despite the gas chromatographic separation, the ultra-complex mixture results in several 
mass traces per nominal mass and time segment. Typical mass splits such as the 3.4 mDa (C3/32SH4) can be 
observed. [104] 

In API water adducts, oxidative-ionisation, dealkylation, decarboxylation and dehydrogenation reactions 
can occur. [268,269] If these occur during ionisation, compound- and compound class assignments of ion 
signals to the original samples will are incorrect. Thus, based on the accurate m/z and time profile of the 
features, automatic routines are developed that allow the identification and removal of these ionisation 
artefacts. For this purpose, the time profiles of features with a defined difference in accurate m/z 
(2.0157 Da for hydrogen, 15.0235 Da for a methyl group, 15.9949 Da for oxygen, 18.0106 Da for water, and 
43.9893 Da for carbon dioxide) were compared. As the feature detection calculates a weighted average 
m/z, a relatively low m/z-error of 1 ppm was deployed, which ensured a low false-positive rate. For each of 
the paired ion traces, a Pearson correlation was determined. If the probable ionisation artefact had a lower 
abundance than the molecular ion and the correlation coefficient exceeded 85 %, the compound was 
discarded. By applying the algorithm to the crude oil and aerosol sample data, only oxidative ionisation and 
dealkylation were found to be significant. Furthermore, an estimated retention index was introduced. This 
retention index estimation was calculated simply from the accurate mass data combined with a DBE 
correction. The DBE values were taken from the list of mathematical possible elemental composition 
assignments. The retention indices were compared to the entries in a subset of the National Institute of 
Standards and Technology (NIST) library. [270] The subset considers column type (5 % 
Phenylmethylsilicone) and a restriction of hetero elements (N, O, S). Assignments beyond a given error 
width were discarded. Thus, the estimated retention index was used to identify mismatched elemental 
compositions and improve the quality of the assignments. Deployed to the sample dataset, 10−28 % of the 
detected compounds, mainly low-abundant species classically assigned by using only the accurate m/z, 
were identified as not valid and removed. 

In summary, Publication five introduced efficient data-handling strategies for API high-resolution mass 
spectrometric information, which was particularly useful for ultra-complex mixtures. It is the first study, 
which deeply exploits the retention time information in GC APCI FT-MS data analysis. The routines allowed 
for an improvement in data reliability by automatically reducing incorrect assignments and discarding 
ionisation artefacts. Combustion aerosol extracts and their respective feed fuels were successfully 
deployed as model samples. In a second study (Publication six) these routines were further optimised and 
applied for an in-depth analysis of petroleum and combustion aerosol. 
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Figure 30: The schematic flowchart for the GC-API data analysis and processing consisting of data import and 
preparation, feature detection and correction as well as export and database comparison. The insets represent 
typical results or the concept behind each processing stage. [104] 

The advanced and improved data analysis presented in Publication six relies on the utilisation of the raw 
transient (mass spectrometric) and chromatographic information. An efficient import routine loads and 
partitions the transient, followed by apodisation, zero-filling and fast FT of the spectra. The import section 
is finalised by m/z-calibration, deploying a quadratic correction, peak picking and signal-to-noise-
calculation. The noise level in FT-MS is not constant over the mass range; hence, the noise level was 
calculated for each nominal mass. The main processing stage was composed of the feature detection, 
adduct correction, retention index calculation and elemental composition assignments. Finally, the features 
were compared to the NIST retention time library. [270] Library entries within a retention index acceptance 
width were added as tentative structural information to the elemental composition. (Figure 30) 

The investigation of the aerosol extracts and feed fuels revealed that the PM samples were two to three 
times more complex than the respective feed fuels and incorporated a broader chemical space. The 
constituents of the diesel fuel (DF) and DF-PM eluted on average earlier than the HFO and HFO-PM 
compounds. Furthermore, the mean m/z and carbon number were significantly higher for HFO and HFO-
PM than for DF and DF-PM. Regarding chemical nature, oxygen species significantly increased in 
abundance and appearance. In HFO-PM, these oxygenated classes were mainly CHSOx and CHNOx, as a 
result of the incomplete oxidation of CHN and CHS feed precursors. In DF and DF-PM, sulphur-containing 
classes were minorly abundant, whereas in HFO and HFO-PM these species were highly abundant and 
represented one-third of the overall mass spectrometric response (Figure 31). Species solely occurring in 
DF were CH- and CHO2-class species, whereas for HFO, they were are mainly CHS- and CHN-class 
compounds. Unique constituents in DF-PM were more highly oxidised CHOx-class compounds, and in HFO-
PM, they were particular species from the CHSOx- and CHNOx-class. Similar assignments between the feeds 
were found to be primarily CH-class species, and between the PMs, they were higher-oxygenated classes. 
In summary, the DF feed undergoes the largest chemical change in the combustion process. 
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Figure 31: Result of the GC-APCI FT-ICR MS measurement and data processing for the diesel fuel combustion 
aerosol (DF-PM) and the heavy fuel oil combustion aerosol (HFO-PM). On the left side, the survey view (time 
versus m/z) of the raw data is presented. The detected features are given as circles colour-coded to the 
compound class and size proportional to the relative intensity. On the corresponding axes, the mean m/z 
spectrum and total ion count chromatogram are plotted. On the right side, a hexagonal representation of the 
average compound class distribution in logarithmic colour coding is provided. [104] 

Publication six shows the advanced data-processing routines used to analyse the complex datasets 
acquired by GC coupled to ultra-high resolution MS and soft APCI. These further improved methods were 
applied to the mass spectrometric data of PM extracts from a ship-diesel engine and the corresponding 
feed fuels. The results allowed a detailed comparison on a molecular level. Visualisation approaches, such 
as survey view and compound-class representation and multivariate statistics, e.g. a principal component 
analysis, were successfully utilised to point out the significant chemical differences and transformation 
processes. Most importantly, the comparable complexity of DF-PM and HFO-PM regarding detected 
features and the high abundance of oxygenated species in the aerosol extracts had to be noted. First 
attempts at database matching allowed structural aspects beyond elemental composition information. 
Furthermore, the effect of lubrication oil on the DF-PM regarding the presence of larger low-volatile 
components in the extract was discussed.  
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4.5. Thermal analysis coupling (Publication 7, 8 and 9) 
Laser desorption ionisation (Publication one and two) was shown to 
be able to analyse high molecular weight components, but it required 
sophisticated parameter optimisation, and high volatile compounds 
were not detectable. Electrospray ionisation (Publication three and 
four) was also found to access high-molecular-weight species but 
suffered from matrix effects and primarily gave information on polar 
constituents. In contrast, GC coupled to APCI (Publication three, five 

and six) delivered structural information but was limited in the temperature range. Alternatively, thermal 
analysis could be used to investigate macromolecular species by detection of thermal decomposition 
products emitted in pyrolysis. At lower temperatures, evaporation of volatile and semi-volatile species 
occurred in the desorption regime. To access macromolecular structures by API, a thermobalance was 
hyphenated to the specialised gas-phase API source. [93] Thus, a more gentle desorption could be 
achieved, which allowed for the analysis of less volatile constituents. Additionally, pyrolysis at elevated 
temperatures allowed for the analysis of larger non-volatile components. 

4.5.1. Initial hyphenation and proof-of-principle 
(Publication 7) 

For evolved gas analysis at an elevated temperature above gas chromatographic boundaries, a commercial 
thermobalance (STA 409 PG Luxx, Netzsch Gerätebau) was connected to the gas-phase API source by a 
custom interface and a heated transfer line. [93,182] The interface ensured a split of the effluent into one 
part flowing through a heated deactivated capillary (length: 2.5 m, 320 µm ID, 450 µm OD) into the MS, 
and the other major part vented into the waste. 

Figure 32: Time-resolved response of the mass 
spectrometric set-up for a wood sample at an overpressure 
of 7 and 50 mbar compared to the differential 
thermogravimetric (DTG) mass loss information. A too low 
pressure will cause delay and carry-over phenomena. 

 

 

 

The driving force for the transport of the effluent from the thermobalance to the ionisation source is a 
pressure difference. This force is inherently given when combining an ambient pressure thermobalance 
and a vacuum ionisation source. [271] Apparently, this advantage is not given when coupling to an 
atmospheric pressure source. This problem was overcome by applying a known, constant overpressure on 
the thermobalance side. For this purpose, the vent line was restricted by a needle valve. An overpressure 
of 50 mbar had already been found to give good results for mass spectrometric quality and sensitivity 
(Figure 32). Investigations reducing the pressure in the ionisation source have been conducted showing 
worse performance, most probably due to a significant influence on the gas flow trajectories in the API 
source. Therefore, an operation of the ion source at reduced pressure was dismissed for the set-up utilised 
in this work. The value of 50 mbar can be assumed to be far too weak to influence emission characteristics 
significantly. 

se
pa

ra
tio

n

high

low

low

high

high

low

polarity

high

low



Results  32 

 

 

For method validation and evaluation purposes three different petrochemical samples: a HFO, a EN ISO 590 
diesel fuel (LFO) and a North Sea crude oil (NSO); Nine different lignocellulosic biomass-based samples 
were also used: a beech, birch, oak, ash, pine and spruce logwood, birch bark pellets and two charges of 
softwood pellets. These were analysed in the first proof-of-concept study. [93] It was found that two 
important aspects limit the observable mass and volatility range: The lower mass end of roughly m/z 100 is 
constrained by the mass spectrometer, i.e. ion transfer and transmission optics. Consequently, small 
pyrolysis products are not observed. The upper-end limit is caused by the temperature of the transfer line 
and interface. Even at 300 °C, very low-volatile species can partially condensate at surfaces and cause 
carry-over effects. 

 

Figure 33: Mass-to-charge versus temperature survey view of selected thermal analysis APCI FT-MS 
measurements. The North Sea crude oil (a) exhibit a complex desorption as well as pyrolysis pattern, whereas 
the biomass samples (birch bark pellets - b, oak - c and pine - d) reveal only a small proportion of desorption 
(strongest for pine ) and a defined pyrolysis behaviour between roughly 300-400 °C. [93] 

The petrochemical samples exhibited repeating units of m/z 14.016 and m/z 15.994 caused by alkylation 
(CH2) and oxidation (O), in contrast to the biomass samples, which exhibited building blocks of m/z 30.0106 
(CH2O). The most intense homologue row in the crude oil was found to be benzothiophene. Besides the 
total ion count (TIC) and emission profile for one selected elemental composition, Figure 17 visualises the 
change in the compound class distribution from desorption (<250-300 C) to the pyrolysis phase (>300 °C) 
for an exemplary thermal analysis of pine wood. Higher-oxygenated species (CHO4-8) were purely observed 
in pyrolysis as decomposition products of the macromolecular lignin structure, whereas hydrocarbons and 
CHO1-2 were mainly found during the evaporation of volatiles at lower temperatures. Besides these 
temperature characteristics, distinct differences between the molecular patterns of the wood and 
petroleum types were found. Typical pyrolysis biomass markers were confirmed by their elemental 
composition, such as coniferyl aldehyde (C10H10O3), sinapyl aldehyde (C11H12O4), retene (C18H18) and abietic 
acid (C20H30O2). (Figure33) [272–280] 
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The main advantages of coupling thermal analysis to API FT-MS was found to be a selective and soft 
ionisation together with a high resolving power and high mass accuracy, which enabled the calculation of 
emission profiles for individual elemental compositions (Figure 34). Potential drawbacks were the lack of 
structural information and the need for creating a gas sampling driving force. The rather slow processes in 
thermal analysis at a heating rate of 5-10 K/min caused the applied scan rate of 1 Hz to be appropriate and 
structural information could be accessed via mass spectrometric fragmentation. An efficient fragmentation 
approach, i.e. dissociation, was introduced in the next study together with detailed applicative 
investigations (Publication eight). 

Figure 34: Time-resolved profile of 
the total ion count (TIC), a selected 
mass trace that can be found in 
desorption and pyrolysis (m/z 
179.1066 - protonated C11H14O2) 
as well as of the compound class 
distribution for TG APCI FT-MS 
measurement of pine wood. The 
temperature ramp was set to 
10 K/min starting at 50 °C, i.e. 
20 min corresponds to 200 °C and 
40 min to 400 °C. 

4.5.2. Investigation of heavy oils and asphaltenes 
(Publication 8) 

Subsequently, the introduction of thermal analysis coupled to API FT-MS as a powerful tool for the 
comprehensive characterisation of the pyrolysis effluent was followed by applicative studies. The molecular 
composition of heavy oils and in particular of their fractions, such as asphaltenes, is of crucial interest 
concerning flow assurance and processing aspects. 

Prior to undergoing the TA described later, asphaltenes and their parent crude oils were investigated by 
direct infusion APPI measurements (not published yet). As pointed out above, in FT-ICR MS, the higher the 
magnetic field, the better the performance, especially for adjacent high m/z values. Hereby, ion capacity is 
the key factor that limits the dynamic range. Therefore, the investigations on these ultra-high complex 
samples were conducted using a 12 T FT-ICR MS in the group of Prof. O'Connor and Dr Barrow at the 
University of Warwick. The tremendous number of ionised species cause the ion clouds to be less stable 
and transient decays relatively fast. Even with this high-field instrumentation space charge effects occur, 
and the ion capacity might not be high enough. As a result, many of the signals dropped below the noise 
level. Highly resolved broadband spectra were not accessible. Therefore, mass spectrometric segments 
with a width of m/z 100 were recorded and stitched afterwards. An overview of the results is given in figure 
35. Over 50 signals per nominal mass were found. (Figure 35) 

In summary, the complexity of heavy oils, and in particular of asphaltenes is too high for direct infusion 
experiments conducted with the 7 T FT-ICR MS available at the University of Rostock. Thermal analysis is 
one approach to partially solve this difficulty. Thermal decomposition by pyrolysis reduces the complexity 
to the building blocks of the larger constituents and shifts the mass range to lower value, where sufficient 
resolving power and mass accuracy can be achieved. 
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Figure 35: APPI direct infusion analysis of a C7 heavy oil asphaltene. a) The stitched mass spectrum of 5 segments 
covering a range from m/z 500 - 1000. The inset shows a low resolved broadband spectrum. b) IRMPD spectrum 
of a selected mass segment. c)Enlarged section of m/z 505 with over 50 individual resolved signals and d) 
m/z 309 of the IRMPD spectrum. Please note that structural assignments for selected elemental compositions 
are tentative. 

As a consequence of the complications from the direct infusion investigation, the TA API coupling, 
introduced to the field in Publication seven, was applied. Briefly, the thermal desorption and pyrolysis 
effluents of SARA fractions generated from a HFO as well as of five heavy oils and nine asphaltenes were 
studied. The asphaltenes were precipitated from the investigated heavy oils with three different paraffinic 
solvents: n-pentane (C5), n-hexane (C6) and n-heptane (C7). 

FT-MS is a rather slow mass analyser with a normal acquisition rate of 0.5-2 Hz, but the release processes 
occurring in thermal gravimetry with 10 K/min revealed it to be even slower. Hence, an additional 
fragmentation step could be included without significant loss of information. At the University of Warwick, 
the dissociation of the quasi-molecular ions by infrared multiphoton dissociation (IRMPD) was found to be 
a promising tool for deeper structural insights. Thus, in Publication eight collision-induced dissociation (CID) 
as a feature of the FT-MS at the University of Rostock was deployed. It was the first study to use CID for 
evolved gas analysis coupled to high-resolution MS. The schematic composition of the whole set-up is given 
in Figure 36. The capability of measuring small amounts (< 2 mg) of viscose or solid samples directly was 
found to be an advantage for the solid asphaltene samples limited in sample mass. Each of the SARA 
fractions (maltenes, saturated, aromatics, resins and asphaltenes) exhibits a high-complex molecular 
effluent pattern. The sum of the assigned elemental compositions and the covered chemical space was 
found to be drastically enlarged compared to the investigation of non-fractionated HFO. The evolved 
species covered a detected mass range from m/z 100-750. Exemplarily for the heavy oil and asphaltene 
sample, a high abundance of CH-, CHS- and CHN-class compounds were found. The corresponding CID 
spectra revealed a lower abundance of oxygenated species compared to the non-fragmented constituents. 

d)

b)

c)

a)
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Figure 36: Scheme of the thermal analysis (TA) atmospheric pressure ionisation FT-MS set-up. As the 
temperature of the balance is raised by a constant ramp, desorption and subsequently pyrolysis of the sample 
material occurs. The emitted species are ionised and analysed according to their m/z values (parent spectra), 
alternated by collision-induced dissociation (CID), yielding structural information. 

The temperature profile of the evolved constituents revealed two phases of TA: desorption (evaporation of 
intact components) and pyrolysis (thermal decomposition and emission of the fragments). Both phases 
transit at roughly 300-350 °C with a substantial overlap in the molecular pattern of the evolved gas mixture 
(Figure 37). For the heavy oils and their asphaltene precipitates, the physicochemical properties were 
correlated to the molecular response. Significant correlations between sulphur weight content of the heavy 
oil and abundance of CHSx-class compounds and between DBE and API gravity were found. The time-
resolved data analysis on the single spectrum level enabled a temperature-resolved tracking of the CID-
induced dealkylation. This information is an estimate for the average alkylation side length of the 
constituents evolved thermally or by pyrolytic processes. It was found, that the desorption phase exhibited 
a steady increase of dealkylation with rising temperature. During the transition to pyrolysis, the average 
dealkylation decreases and increases again in the pyrolysis. At roughly 500 °C, a stable plateau is reached. 
This thermal behaviour was found for all investigated asphaltenes. 

Figure 37: a) Temperature resolved total 
ion count for the investigation of an 
asphaltene precipitated with n-heptane, 
n-hexane and n-pentane. The solid line (-) 
represent the intact mass spectral pattern, 
whereas the broken lines (- - -) represent 
the TIC after collision-induced 
dissociation. b) Survey view of the thermal 
analysis APCI FT-MS measurement of a C5 
asphaltene. The desorption and pyrolysis 
phase, as well as the overlap area, can be 
seen. 
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Concerning the solvent effect, we found that the precipitation solvent 1) does not significantly change the 
pattern of the asphaltene core structures observed via TA-APCI/CID; 2) has a significant effect on species 
adsorbed on or incorporated in the asphaltenes, most probably maltenes; and 3) has a weak effect on the 
asphaltene molecular pattern in the pyrolysis phase. When deploying a lighter paraffin for asphaltene 
precipitation, a higher abundance of species emitted during the desorption phase was found, which can be 
mainly attributed to the CHOx-class (Figure 37a). The phenomenon might be caused by maltene 
constituents occluded and co-precipitated with the asphaltene. The overlap of desorption and pyrolysis 
(Figure 38b) was separated by applying statistical data evaluation by matrix factorization, and elemental 
composition patterns of the individual phases could be calculated (Figure 38c/d). Combining the 
information from the CID and pyrolysis data, core structures with one to four condensed aromatic rings 
were exhibited, and a predominance of the archipelago asphaltene molecular architecture was indicated. 

 

Figure 38: a) Compound class diagram for three asphaltenes (pentane, hexane and heptane) from the same 
heavy oil manually divided into the desorption and pyrolysis phase. b) Partitioning of the temperature resolved 
molecular emission profile with non-negative matrix factorisation utilising a three-factor model. c/d) Sulphur Van 
Krevelen and carbon number versus double bond equivalents diagram for a heptane asphaltene visualising the 
molecular pattern during the desorption and pyrolysis. 

Publication eight extensively addresses the investigation of various petrochemical materials by coupling 
thermal analysis to ultra-high resolution MS. It is the first study deploying temperature resolved CID and 
examining the pyrolysis products of asphaltenes via ultra-high resolution MS evolved gas analysis. The CID 
caused a partial dealkylation, and the chemical nature of the aromatic cores could be investigated. For a 
data-driven separation of the temporal overlap in molecular pattern matrix factorisation (NNMF) was 
successfully deployed. Residues and occluded compounds on asphaltenes can be studied on the molecular 
level. Identification of desorption products and thermal fragments formed during pyrolysis allow for 
complementary and data in addition to those obtained by classical GC, liquid chromatography or direct 
liquid injection high-resolution MS. Complementary mass spectrometric approaches and the advantage of 
combining their data were addressed in the most recent manuscript of this PhD thesis (Publication nine). 
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4.5.3. Combination of thermal analysis approaches for 
the analysis of asphaltenes (Publication 9) 

Publication nine and eight have shown that API ultra-high resolution MS coupled to TA is a high-
performance analytical approach. The temperature-resolved effluents of biomass, heavy oils, and 
asphaltenes were studied on a molecular level with a minimum of sample preparation. However, as APCI 
only detects a particular portion of the chemical space (Figure 8), different approaches are needed for a 
more comprehensive characterisation. 

For the purpose of a broader and more detailed chemical characterisation, different TA methods equipped 
with various ionisation techniques were utilised. Namely pyrolysis-GC low-resolution MS; thermal 
gravimetry single photon and resonance enhanced multiphoton ionisation (SPI/REMPI) low-resolution MS; 
and APCI/APPI high-resolution MS were applied. The same crude oil and asphaltene sample were 
investigated using all methods. This research was conducted within the scope of the PetroPhase 
Interlaboratory Study, which aims to extend the knowledge about asphaltenes, by passing around a 
specially purified asphaltene to over 20 laboratories all over the world. Five different ionisation techniques 
were deployed and their results compared. The stepwise data evaluation of the particular method is given 
in the flowchart in Figure 39. 

 Figure 39: Flow process 
chart for the evaluation of 
the several thermal analysis 
mass spectrometric data 
sets. The data from 
techniques, which does not 
involve chromatographic 
separation, are backed up 
partially with information 
from the GC and among 
themselves. 

 

 

 

 

Briefly, the general molecular pattern was observed with single photon ionisation (SPI), a vacuum ionisation 
source working with vacuum-ultraviolet-photons. The aromatic pattern was recorded by applying 
resonance enhanced multiphoton ionisation (REMPI) under vacuum condition. [70,76,281–283] Using the 
setup shown in Publication seven and eight, ultra-high resolution mass spectrometric investigations were 
performed. Furthermore, APPI was introduced as a second API source coupled to TA FT-MS. Pyrolysis GC, a 
type of GC where the sample material is thermally decomposed (at 500 °C) and pyrolysis products are 
injected on the column, enabled a verification of the individual pattern information and structural aspects 
[284–286]. 
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While the parent crude oil revealed a highly complex desorption pattern at temperatures below 300°C, 
neither mass loss nor evaporable species were found for the purified C7 asphaltene with any of the 
deployed techniques. At roughly 330 °C, pyrolysis starts to occur, and mass loss, and complex mass 
spectrometric patterns can also be detected for the asphaltene. A residue of roughly 50 weight percentage  
remains after pyrolysis at 600 °C of the asphaltene and is nearly completely converted to carbon dioxide 
under an oxidative atmosphere at 800–1,000 °C. Concerning asphaltene pyrolysis, SPI revealed a high 
abundance of alkenes (C3–C10), dienes (C4–C9) and H2S as well as a lower concentration of alkylated 
benzenes. These species were verified with pyrolysis-GC and are known to be caused by the cracking of 
alkylation sides. [1,283] REMPI was applied due it's high selectivity and sensitivity to aromatic compounds, 
and it proved the emission of the alkylated homologue series with one to four aromatic hydrocarbon rings 
(Figure 40). Furthermore, the alkylation series of nitrogen-containing aromatics, such as carbazole and 
acridine derivatives, could be tentatively assigned to odd-numbered m/z homologue series. APPI and APCI 
hyphenated to FT-MS exhibited CHS as the most dominant class, followed by the CH- and CHS2-class. APCI 
is sensitive to oxygenated compounds, but only a low proportion of oxygen-containing species was 
observed in the asphaltene pyrolysis effluent. All three aromatic-sensitive techniques (APPI, APCI and 
REMPI) coincided and found 2–4 ring PAHs with a DBE of 6–13 as the most abundant constituents of the 
asphaltene thermal degradation. Planar limit-assisted calculations on the carbon number versus DBE 
distributions of individual compound classes revealed aromatic core structures primarily built of nonlinear 
benzene ring addition (Figure 41). 

 

Figure 40: Average mass spectra for the asphaltene pyrolysis applying a) REMPI TOF-MS, b) APCI and c) APPI FT-
ICR MS detection. Tentative assignments of selected aromatic alkylated series, as well as their core structure and 
double bond equivalents (DBE), are given on the right side. 
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Figure 41: DBE versus carbon number visualisation for the a) APCI and c) APPI assignments of the CHS1 class as 
well as for the b) CHS1 and d) CHS2 class assignments observed via APPI-CID. Additionally, the results of the 
planar limit-assisted calculation are provided. 

In summary, the EI and SPI approaches were able to detect the side chain loss during pyrolysis as alkenes 
and alkanes, whereas the aromatic backbone motives were exposed by REMPI, APPI and APCI. APCI and the 
photoionisation techniques allowed for a characterisation of the quasi-molecular ion, in contrast to the EI 
fragmentation revealing structural information. The concluding combination of the thermal analysis data 
with elemental analysis information and average molecular weight determined by field desorption 
experiments enabled a suggestion for an intact asphaltene molecule with a strong indication toward 
archipelago molecular architecture, mainly consisting of linked 2-4 ring aromatics. Direct infusion 
measurements with APPI and CID on an ultra-high resolution mass spectrometer on the same sample 
conducted within the Interlaboratory Study give evidence for this hypothesis as well. 

Direct infusion experiments most often struggle with the high dynamic range and ultra-high complexity of 
asphaltenes, and a substantial effort has to be made to record valuable spectra. The most recent 
manuscript has first of all shown a comprehensive assessment of the asphaltene thermal degradation 
utilising different ionisation techniques and mass analyser (Publication nine). Conventional pyrolysis-GC 
delivers valuable information but alone not purely suitable for the molecular characterisation of these 
ultra-complex sample materials. Soft ionisation and, in particular, ultra-high resolution MS yield additional, 
partially orthogonal information and prove to be inevitable for the specification of the complex effluent 
from asphaltene and parent oil TA.  
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5. Summary and Outlook 

In the presented dissertation versatile methods for a comprehensive analysis of high-complex sample 
materials, such as petrochemicals and primary combustion aerosols, have been developed, optimised, 
evaluated and deployed. For this purpose, the outstanding performance of ultra-high resolution Fourier-
transform mass spectrometry equipped with various ionisation methods for solid, liquid and gaseous 
samples was utilised. Primarily, the focus was on the development and improvement of novel FT-MS 
approaches besides the established routine techniques and on an efficient analysis of the tremendous data 
amounts. 

First of all, direct laser desorption ionisation high-resolution mass spectrometry was conducted for the 
analysis of primary combustion aerosol, a method avoiding sophisticated sample treatment and also 
allowing for the description of the feed fuel and for conversion studies (Publication one and two). Secondly, 
trace polar species in diesel fuels were addressed (Publication three), and the "proton sponge" as a novel 
dopant in electrospray was introduced (Publication four). For evaluation of the semi-volatile fraction of 
complex samples, gas chromatography was coupled to atmospheric pressure ionisation. The high analytical 
potential of this method, caused by the reduction of matrix effects and additional structural information, 
was demonstrated. The data reliability is substantially improved by the development of efficient routines 
for automatised data processing. Molecular features can be efficiently detected, and ionisation artefacts 
are automatically removed. These robust routines were evaluated by the investigation of heavy fuel oil and 
its corresponding primary combustion aerosol emitted by a ship-diesel engine, exhibiting their detailed 
composition on the molecular level. (Publication five and six) Gas chromatography is limited by volatility 
and thermal stability. Thus a combination of thermal analysis and the FT-MS using atmospheric pressure 
chemical ionisation was developed and shown for the first time (Publication seven). This novel approach 
was evaluated using complex mixtures, such as lignocellulosic biomass. Subsequently, the new set-up was 
extensively utilised to study petrochemicals such as heavy oils, petroleum fractions and, in particular, 
asphaltenes. Asphaltenes and their parent crude oil were the subjects of another study, which also 
introduced CID as fragmentation approach (Publication eight). With this publication, we gained information 
on the temperature-resolved molecular progression of the thermal treatment of asphaltenes and heavy 
oils. Distinct differences for asphaltenes precipitated with different solvents or generated from different 
feedstocks are identified as well as correlations between the molecular signature and physicochemical 
properties. In the most recent study, we show the advantages of a multi-technical approach, such as cross-
validation and a combination of information among the techniques, which allows the investigation of 
structural motives and architecture for asphaltenes. (Publication nine) 

Ultra-high resolution MS is the method of choice for molecular analysis of ultra-complex mixtures and 
enable an in-depth chemical interpretation — but there is no unique technique available to describe the 
entire composition. Consequently, further development will be conducted on FT mass spectrometric 
analysis. As an outlook for future studies, additional ionisation schemes, such as laser ionisation at 
atmospheric pressure and APPI deploying other photon energies are promising. Publication nine and eight, 
as well as the measurements done at the University of Warwick, exhibited the benefit of dissociation 
techniques, and, in particular, the advantage of photo-dissociation. Thus, investigations on multiple photo-
dissociation methods, varying the laser wavelength are planned. Data analysis that includes the effective 
integration of dissociation spectra and multivariate statistics is a strong prospect for the future, too. Finally, 
applicative studies on trouble-makers in the petrochemical industry, such as resins, naphthenates and 
other deposits, as well as renewable feedstocks are of interest. These studies will benefit substantially from 
the novel developments discussed in this dissertation.  
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Abstract 

Thermal desorption and pyrolysis of various heavy oils and asphaltenes (precipitated with different 

paraffinic solvents) were studied. For this purpose evolved gas analysis was realized by hyphenation 

of a thermo balance to ultra high-resolution mass spectrometry (FT-ICR MS). The chemical pattern 

was preserved by applying soft atmospheric pressure chemical ionization (APCI). Collision induced 

dissociation (CID) was performed for deeper structural insights. Viscous or solid petroleum samples 

and fractions can be easily measured by the setup. The SARA fractions, deployed for evaluation 

purposes, revealed a very complex molecular pattern, and fractionation drastically increased the 

number of assigned elemental compositions. Species from 150—700 m/z and two main phases 

(desorption and pyrolysis), which transits at roughly 300—350 °C, are observed. Both phases overlap 

partially but can be separated by applying matrix factorization. The heavy oil and asphaltene mass 

spectra are dominated by CH-, CHS- and CHN-class compounds, whereas for the CID spectra a lower 

abundance of oxygenated species was found. Furthermore, physico-chemical properties and the 

molecular response were correlated for the heavy oils and asphaltene samples, finding a strong 

correlation between sulfur content and abundance of CHSx-class compounds as well as between DBE 

and API gravity. As the CID leads mainly to dealkylation, the length of alkylated side chains of 

components evolved thermally or by pyrolytic processes can be traced during the temperature ramp. 

In general, an increase of dealkylation in the desorption-phase, followed by a decrease during the 

transition to pyrolysis and an increase reaching a stable plateau for stable pyrolysis was detected. 

This behavior was found to be similar for all asphaltenes and for the mean DBE progression. 

Deploying a lighter paraffinic solvent for asphaltenes precipitation causes a higher abundance species 

emitted in the desorption phase. They belong mainly to CHOx-class compounds from the maltene 

fraction occluded and co-precipitated with the asphaltenes. Besides this, no significant effect of the 

precipitation solvent on the asphaltenic core structures and molecular pattern in the pyrolysis phase 

was observed. The DBE distribution indicates the presence of the archipelago asphaltenes molecular 

architecture.  



Introduction 

Fossil fuels represent one of the world’s most important energy sources. Due to the extensive usage 

of crude oil reserves, reservoirs containing lower quality petroleum, e.g., heavy crude oils, shale oils, 

and bitumen, gain in importance.1 In comparison to light crude oils, heavy crude oils typically have 

higher viscosity, a low API gravity of less than 20 °API2, a high heteroatom/metal content and may 

contain significant amounts of asphaltenes. The critical aspects of the production, transportation, 

refining, and upgrading of heavy petroleum fractions are often related to asphaltenes regarding their 

highly complex and polar nature.3,4 Asphaltenes are defined as the oil fraction soluble in toluene but 

insoluble in paraffinic solvents such as n-heptane (C7), n-hexane (C6) or n-pentane (C5). 5 

Characteristically, the asphaltene fraction consists of compounds with high molecular weight, 

containing multiple fused aromatic rings with alkyl side chains, high heteroatom content as well as 

metals. 5 The determination of the molecular weight of asphaltenes with various techniques is 

controversially discussed for decades concerning the occurrence of monomeric asphaltene species 

versus aggregates. For describing of asphaltene aggregation behavior, the Yen-Mullins model is often 

used.5–7 As indicated by spectroscopy and mass spectrometry, monomeric asphaltenes have an 

average molecular weight of m/z 500 to 900. 8–10 For the asphaltene’s molecular structure, two 

contrary architectures are proposed: The island and the archipelago model. In accordance with the 

island model, asphaltenes have one aromatic core with multiple fused rings, and peripheral alkyl side 

chains,9 whereas the archipelago model predicts multiple aromatic cores linked via alkyl chains.11–14 

As shown by the Boduszynski model, there is a severe increase in complexity for heavier fractions, 

which complicates the determination of the chemical composition at the molecular level. 15–18 A 

comprehensive characterization is still a challenging analytical task and requires complex 

instrumentation. Various analytical techniques have been applied for investigating bulk properties 

and for structural elucidation of petroleum components; in particular of the asphaltene fraction. For 

example, X-ray absorption near edge structure (XANES) showed that sulfur and nitrogen 

heteroatoms are mostly present in asphaltenes as part of thiophenes respectively pyrroles and 

pyridines. 19,20 Nuclear magnetic resonance (NMR) provides general parameters as the average size of 

alkyl side chains and the number of fused rings. 21 Recently, NMR techniques have been shown 

promising results supporting the island molecular architecture theory. 22,23 Pericondensed aromatic 

core structures of asphaltenes were investigated with X-ray Raman spectroscopy (XRRS). 24 The ring 

size of these polyaromatics was determined to 3-9 fused rings with a variety of techniques such as 

NMR 21, scanning tunneling microscopy (STM) 25, high resolution tunneling electron microscopy 

(HRTEM) 26, and several mass spectrometric methods9. Recently, Schuler et al. applied STM in 

combination with atomic force microscopy (AFM) investigating ring structures of single asphaltene 



molecules. It was shown that the island structure is predominant, whereas archipelago type 

asphaltenes occur as the minor part. 27 Nonetheless, sample preparation for AFM requires a 

specialized deposition and the molecular architecture of asphaltenes is still under discussion. The 

initial basis to receive the sample material is to precipitate the asphaltene fraction using a paraffinic 

solvent. Nonetheless, several strategies applying different aliphatic solvents, such as n-hexane, n-

heptane, and n-pentane, exist. Studying the chemical composition of these asphaltenes is important 

for understanding the precipitation and agglomeration processes as well as inter-laboratory 

comparability. 

Mass spectrometry is the dominant technique for chemical characterization of petroleum samples. 

High boiling point petroleum fractions are very complex mixtures of thousands of different 

components. 28 To address their composition at the molecular level, the ultra-high resolution and 

high mass accuracy of Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is 

required and was applied extensively in combination with different atmospheric pressure ionization 

techniques for the last two decades. Asphaltenes were investigated by FT-ICR MS using different 

direct infusion spray techniques such as electrospray ionization (ESI) 29, atmospheric pressure photo 

ionization (APPI) 30,31, and atmospheric pressure chemical ionization (APCI). 32 Furthermore, also 

various separation techniques were deployed with FT-ICR MS for the analysis of petroleum, such as 

gas chromatography 33–38, liquid chromatography, 39,40 and ion mobility 41,42. 

Thermal analysis, an analytical approach where the properties of materials are studied as a function 

of temperature, was successfully coupled to mass spectrometry for evolved gas analysis in various 

studies, utilizing soft ionization as well as electron ionization. 43–48 The obtained chemical information 

can be correlated with thermal analysis related information, such as mass loss (TG - thermo 

gravimetry) or heat flux (calorimetry). Fossil fuels release considerable amounts of organic 

compounds during evaporation and its thermal decomposition (pyrolysis). Pyrolysis is the thermal 

decomposition under oxygen free conditions. The evolution profile of the evolved gas mixture can be 

used for petroleum classification. 45 Furthermore, products from pyrolysis can be utilized for 

structural characterization of larger molecular species. 49–51 Already in the early 1970s, Speight et al. 

investigated the thermal decomposition of asphaltenes revealing that only a small proportion is 

desorbed below 350 °C and the main mass loss occurs during pyrolysis. 52 

The presented study focuses on the comparison of five heavy oils with their corresponding 

asphaltenes, precipitated with different solvents (n-pentane, n-hexane, n-heptane) and resulting 

solvent effects. For this purpose, thermal analysis (TA) in combination with high resolution mass 

spectrometry, employing a thermo balance hyphenated to a 7 T FT-ICR MS, was applied. Soft 

atmospheric pressure chemical ionization (APCI) is deployed to preserve the molecular pattern and 



to selectively address semi-polar to polar as well as aromatic species. 53–56 Besides broadband mass 

spectra, collision induced dissociation (CID) was performed for fragmentation. The combination of 

desorption and pyrolysis in the TA, CID fragments and the elemental composition information of the 

high resolution should give access to additional structural aspects. Pyrolysis will break larger 

asphaltenic molecular structures observed in the broad band mass spectra, whereas the CID 

dealkylates the thermal decomposition products to decipher alkylation pattern and core structural 

elements. The study also aims to show the capability of evolved gas analysis coupled to APCI FT-ICR 

MS investigating heavy petroleum samples on the molecular level in general. We wanted to show the 

value of temperature resolved evolution profiles of different sample types as well as alternating 

collision induced dissociation experiments and thermal decomposition for structural insights of 

asphaltenes. Therefore, several samples sets were presented here: 1) SARA fractions for evaluation 

and showing the capability of the setup to investigate high complex mixtures, 2) five different heavy 

oil samples, and 3) several asphaltene samples derived from the heavy oils showing differences 

occurring from varying precipitation solvent.  



Method and Material 

Material 

In this work, three different sample sets are investigated: 1) For evaluation the SARA-fractions 

(maltenes, C7-asphaltenes, aromatics, saturated and resins) of a heavy fuel oil (HFO), 2) five different 

heavy oils (HO) and 3) their corresponding asphaltenes samples precipitated with various aliphatic 

solvents (samples provided by Schlumberger N.V.). Additional information are given in the 

supporting information (Table S1). The SARA fractions were generated as described in detail 

elsewhere. 57The asphaltene fractions of the heavy oils were received by a modified ASTM D6560 

method carried out by Schlumberger N.V. Briefly, oil was added to a 40-fold excess of either n-

pentane, n-hexane or n-heptane, heated to reflux for 2 h, and hot filtered (0.45 µm Teflon filter). 

Asphaltenes were received from the filter by extraction with dichloromethane and drying by rotary 

evaporator as well as heating under nitrogen atmosphere. 58,59 Throughout the study, asphaltenes 

precipitated with n-pentane (C5), n-hexane (C6) and n-heptane (C7) of a particular heavy oil are 

referred as HOXC5, HOXC6, and HOXC7, respectively. 

Thermal analysis 

Thermal analyses were carried out with 0.5-0.8 mg of the asphaltene samples and with 

approximately 0.3-0.5 mg of the heavy oil feedstock and SARA fractions. All samples were analyzed 

without prior treatment, except the asphaltene samples. The solid asphaltenes were dissolved by 

adding 50 µL dichloromethane directly in the crucible for homogenization prior analysis. After 

evaporation of the solvent (5 min at room temperature), the sample was placed in the thermo 

balance. 

For thermal analysis, a TG 209 thermo balance (Netzsch Gerätebau GmbH, Selb, Germany) was used. 

The samples were heated from 40 °C to 600 °C in an aluminum crucible under nitrogen atmosphere 

(99.999% purity). For the heavy oils, a temperature ramp of 10 K/min was applied, whereas for the 

asphaltenes and the SARA fractionations a temperature ramp of 5 K/min was employed. The nitrogen 

flow through the sample chamber was set to 200 mL/min with 10 mL/min protection gas and 

190 mL/min purge gas. The evolved gas mixture was split, and a small gas stream was sampled with a 

heated deactivated silica capillary (2m long, ID 530 µm) for mass spectrometric analysis. The high 

nitrogen flow allowed an efficient transport of the sample material through the capillary into the 

ionization chamber of the mass spectrometer. The aspect of cold spots was minimized by applying a 

slow heating rate and an elevated water bath temperature. The transferline at the TG side was set to 

260 °C and the transferline at the APCI source side to 300 °C. The applicability of this configuration 

even for high boiling point and complex petroleum sample material was shown in previous work for 



vacuum ionization sources. 44,60,61 A slight overpressure at the TG side is needed for the mass flow 

into the atmospheric pressure source. 62 In this study, an over pressure of roughly 8 mbar was 

applied. The complete instrumental scheme is provided in Figure 1 A. 

Mass spectrometry 

Mass spectrometric analysis of the evolved gas mixture was conducted with an Apex II FT-ICR MS 

equipped with a 7 Tesla superconducting magnet. For ionization a Bruker GC-APCI II source was used 

applying the following settings: 3,000 nA corona needle current, 2 L/min nebulizer gas flow, 3 L/min 

dry gas flow, 220 °C dry gas temperature and 300 °C source temperature. Ionization oxidation is a 

commonly observed artifact in API 63,64 but was proven with standard substances and found to be 

below max. 5 % of the quasi molecular ion count. Mass spectra were acquired from m/z 100 - 2000 

with a transient size of 4 mega words (approximately 2 s), a time of flight of 0.7 ms and a resolving 

power of roughly 300,000 at m/z 400 (Figure S7). Five transients were averaged per scan to increase 

the signal to noise ratio. After the acquisition of an averaged broadband mass spectrum of five 

microscans, five MS/MS experiments were conducted and averaged. MS/MS experiments were 

performed by CID (30 V) in the collision cell prior to the mass analyzer cell of the FT-MS. To increase 

the sensitivity of the fragmentation, a MS/MS accumulation of 1 s was applied. In summary, every 

20 s (0.05 Hz) an ultra high resolved mass spectrum of the intact and the fragmented mixture was 

generated.  

Data analysis 

The mass loss curves from the thermo balance including all data points were exported into txt-files. 

The time resolved temperature measurement was forwarded to the processing routines of the time 

resolved mass spectrometric data analysis implemented in MATLAB. 

The mass spectra were externally calibrated utilizing a FAME standard mixture and internally 

calibrated using different alkylated homolog rows for the broadband mass spectra and aromatic core 

structures from various classes, e.g., thiophenes (CHS-class) and polycyclic aromatic hydrocarbons 

(CH-class), for the CID spectra. For processing of the data, Visual Basic scripting in the Bruker Data 

Analysis software was used for peak picking, m/z calibration, and export of the individual spectra. 

The scripts for batch analysis are accessible in the supplemental material (Figure S1). 

Feature detection, elemental composition assignment, and data visualization were implemented by 

self-written MATLAB scripts. 34,35,62. An error of 2 ppm for elemental composition assignment was 

applied. The possibilities were restricted utilizing the following constraints C6-100H6-200N0-2O0-10S0-2. The 

boundaries were determined by careful manual inspection of the mass spectra. Furthermore, 



isotopic peaks (13C, 34S) and their intensity as well as chemical rules (nitrogen rule, DBE < carbon 

number + 1) were applied reducing multiple assignments for one observed signal. The data of the 

non-fragmented scans (MS) and the fragmented spectra (CID) were processed separately and their 

results combined afterward. Root-mean-square-error (RMSE) of the final assignment was found to be 

below 0.5 ppm for all samples (Figure S2 and S3). All Venn analyses were carried out utilizing the 

Interactive Venn web page. 65  



Results and Discussion 

Evaluation analysis of SARA fractions 

SARA fractions (saturated, aromatics, resins, asphaltenes and maltenes fraction), as well as the 

unfractionated HFO, were investigated for evaluation purpose showing the capability of the method 

to investigate high complex mixtures such as asphaltenes. 

The total ion count (TIC) temperature profiles of the MS and MSMS (CID) spectra exhibit a distinctive 

behavior for each fraction enabling the identification of the desorption and the pyrolysis phase. In 

Figure 2 A), the contrastive profiles for the MS and CID spectra of the saturated and the asphaltenes 

are given exemplarily. The remaining fraction profiles are provided in the supplement (Figure S4). 

The saturated show a clear desorption phase below 300 °C, but no pyrolysis. In contrast, there is only 

a little desorption for the asphaltenes, but the highest amount of species occurring at temperatures 

above 250 °C among all fractions. Asphaltenes also reveal a high signal in the CID spectra, whereas 

fragments of the saturated were not detected. These findings can be explained as follows: The 

saturated fraction is composed of lighter species with low double bond equivalent (DBE) and low 

heteroatom content. In CID, no stable core structures can be formed, and the species will fragment 

below the m/z detection range. Asphaltenes are composed of high boiling point, polar molecules 

containing a high amount of aromatic ring structures as well as heteroatoms. Only a few of these 

complex compounds may desorb intact, while the majority decompose at pyrolysis temperature into 

smaller products. The high CID signal can be explained by dealkylated core structures of the 

asphaltenes, which result from dissociation.  

The overall compound class distributions (Figure 2 B) of the different fractions show clear differences 

despite the CH- and CHS-class reveals to be dominant for all. The distribution of the HFO feed fuel 

matches to the maltene fraction. CHS2 compounds were purely observed for the asphaltenes. This 

phenomenon might be caused by dynamical range aspects and matrix effects. 66 The resin fraction 

reveals a low number of CHO2-4 constituents with substantial abundance. As predicted, the intensity 

weighted average DBE is highest for the asphaltene fraction and lowest for the saturated (Table 1). In 

contrast, the average O/C is highest for the resin fraction and lowest for the saturated fraction, 

whereas the average S/C is highest for the aromatics and asphaltene fraction and lowest for the 

saturated fraction. The S/C and N/C ratios increase for the CID measurements. Based on the 

assumption that CID mainly cause bond cleavage of the side chains 67,68, this result leads to the 

hypothesis that nitrogen and sulfur are primarily present in the aromatic core structure rather than 

in the side chains. On the other hand, as the average O/C value decreases, oxygen is partly bound to 

aliphatic side chains. Furthermore, the asphaltene fraction revealed the highest intensity weighted 



mean m/z for the CID experiment and the lowest mean m/z for the non-dissociated measurement. 

An explanation might be the predominance of the pyrolysis thermal decomposition for the 

asphaltenes. 

In Figure 2 C the DBE profile versus temperature is shown for the CH-class of the asphaltene. Three 

distinct regions occur: an abundant pattern of species 1) between 220-330 °C with DBE 11-15, 2) 

between 330-430 °C with DBE 4-10 and 3) between 400-550 °C with DBE 14-18. In the section 

discussing asphaltene precipitation effects, we discuss a statistical approach for a clearer separation 

of the overlapped molecular profiles. Figure 2 D provides the mean DBE versus carbon number 

distribution of the asphaltenes MS and CID spectra. High molecular species fragment into detectable 

m/z, whereas low molecular constituents fragment into species below the observed m/z range. All 

other DBE versus carbon number diagrams are given in the supplemental material (Figure S5). 

The sum of the detected molecular species in the MS and CID data of the SARA fractions was found 

to be higher than analyzing the pure unfractionated heavy fuel oil. Already the separation in 

maltenes and asphaltenes increases the coverage of the chemical space about a factor of two to 

three due to fewer matrix effects. The benefit of SARA fractionation for in depth characterization of 

petroleum was thoroughly discussed in the literature. 29,57,69–71 Nonetheless, for heavier fractions 

with a high proportion of non-evaporable constituents, the thermal decomposition might not reflect 

the original complexity due to decomposition of larger species into several smaller compounds. 

Summarizing, the setup has been shown to be applicable to all SARA fractions, in particular, 

asphaltenes exhibited a unique pyrolysis behavior. 

Heavy oils 

In the second part, the results of the investigated heavy crude oil samples are discussed concerning 

their characteristic differences, focused in particular on the CID spectra. Although the heavy oils have 

a more comparable matrix as the individual SARA fractions, they differ in their physicochemical 

properties and SARA composition (Table S1). 59 

The qualitative mass loss curves of the HOs differ only slightly and are comparable to literature data 

(Figure S6). 72–74 Also the total ion count temperature profiles of the MS and CID spectra are quite 

similar revealing maxima in signal intensity at roughly 210 °C (MS) and 255 °C (CID). The shifted 

maximum in CID is presumably caused by light species evolving at lower temperatures decomposing 

into fragments below the observed mass range. The desorption phase is dominant for all heavy oils, 

but also pyrolysis occurs. An intense mass range of m/z 200 up to 600 is detected in the MS spectra 

and m/z 150 up to 400 for the CID spectra (Figure 3). The averaged spectra differ significantly 

between the oils (Figure S10). In Figure 3 exemplary for the HO1 and HO6 the m/z temperature 



profile as well as the mean mass spectra are presented. HO6 is dominated by a high abundant series 

of CHS species with a DBE of 6, tentatively assigned to alkylated benzothiophenes, whereas HO2, 

HO4, and HO8 show a more uniform distribution with several intense homolog rows of pure 

polycyclic aromatic hydrocarbons, as well as sulfur- and nitrogen-containing analogs. These findings 

correlate with the high content of sulfur found in HO6 of 5.33 w-%. Similar to all heavy oils is a 

bimodal pattern caused by averaging the desorption phase (evaporation/distillation behavior) and 

the decomposition phase (smaller pyrolysis products/heavier low volatile desorbed compounds). 

Although applying the same CID voltage, different fragmentation efficiencies are revealed. This 

finding is in accordance with the literature, where the fragmentation pattern strongly dependent on 

the sample material. 67,75–77 Applying the same voltage, as done in this study, is most beneficial for 

comparison. HO1 and HO8 show a distinct bimodal distribution during CID, i.e., a significant part of 

the parent ions were not dissociated. In contrast, HO2, HO4, and HO6 are more readily fragmented, 

resulting in a unimodal distribution with a maximum at m/z 230. Using the shared chemical space 

between CID and MS, a qualitative rank order for the increasing fragmentation efficiency can be 

given: HO1, HO8, HO6, HO4, and HO2. Therefore, we assume that evolved species from the HO1 are 

more stable than from the HO2. However, the ranking order does not correlate directly with given 

physicochemical data. 

Although the heavy oils are comparable complex, the complexity is not directly linked to the complex 

nature of the CID spectra. The fragmented spectra reveal 2,200 to 2,400 different elemental 

compositions in comparison to 2,600 to 3,100 assignments for the heavy oils. Venn analysis shows 

that roughly 800 (25-30 %) species can be found in all heavy oil non-fragmented spectra, whereas 

with around 1,000 common species between the CID data sets the proportion is significantly higher 

(42-45 %). Common between all MS scans are mainly CH- and CHOx-class compounds with an average 

DBE of 9.4, while in the CID scans CHN- and CHS-class compounds with an average DBE of 11 are 

common. An analysis of the MS and CID results of the same heavy oil reveal that roughly half of the 

species found in the CID spectra can also be found in the MS data, but it has to be kept in mind that 

the identical molecular formula may belong to different isomeric species. Nonetheless, the 

fragmented data exhibit a proportion of unique species, which mainly belong to partially dealkylated 

aromatic core structures. 

A HO with a high mean DBE in the MS spectra also exhibits a high mean DBE in the CID spectra, which 

implies that spectra with non-fragmented high aromatic compounds will result in dissociation spectra 

with high aromaticity, too. In general, for the CID spectra, a 3 to 4 higher DBE value was found. This 

finding can be explained by the dissociation process and the intensity threshold for signal detection. 



Employing CID, several different species with the same core structure will result in the same m/z-

fragment. Consequently, they are summed into one channel and can be detected. 

Different processes occur during the collision induced dissociation. The most important reactions for 

petrochemical application are de-alkylation, i.e., (A) loss of pure alkyl side chains (CxHy), (B) loss of 

side chains with chemical functionalities, and more unlikely (C) fragmentation of the core structure, 

e.g., ring opening at partially saturated positions. 55,62–64 Process A does not change the compound 

class, and the DBE value, whereas process B will lower the heteroatom number of the compound 

class, e.g., CHOx to CH, and can decrease the DBE. Process C can change the compound class and will 

decrease the DBE. Nonetheless, process C is usually only observed at higher collision energies. Figure 

4 A) and B) show the compound class distribution for the different heavy oils as well as the separated 

distribution for phase 1 (< 350 °C) and phase 2 (> 350 °C). The spectra are dominated by CH-, CHN- 

and CHS-class species, whereas the intensity of CHO-class compounds is rather low. CHN- and CHS-

class compounds have a higher contribution in the CID spectra, whereas the percentage of CH- and 

CHO-class is lowered. Overall, only small differences between the class pattern of phase 1 and 2 can 

be found, such as a decrease of the CHO-class and an increase of the CHN-class in phase 2. The 

higher contribution of CHN-class compounds in the CID spectra can be traced back to process A and 

heteroatom located in the aromatic core, whereas the lower abundance of CHO-class compounds for 

CID spectra of some samples indicates process B. 

The data from the mass spectrometric analysis can be used for a correlation towards 

physicochemical properties. 67,78–81 Figure 4 C and D visualize the correlation coefficients for a direct 

positive and negative linear correlation above 0.85 and below -0.85 (p < 0.05) as Cortis diagram. The 

total sulfur weight content strongly correlates positively with the abundance of sulfur containing 

species (CHS, CHS2) determined by mass spectrometry in the MS and CID spectra. A similar result is 

reported in the literature for direct infusion APPI of crude oil samples. 81 The relationship of total 

nitrogen weight content to the abundance of CHN-class species is much weaker. The API gravity 

correlates negatively with the DBE of the desorption phase, i.e., a higher content of aromatics will 

cause a lower API value. A higher content of saturated compounds (lowering the DBE) leads to an 

increase in API. The content of asphaltenes is linked negatively to the CH-class relative abundance in 

the phase 1 MS data. This finding can be explained by an increased content of heteroaromatic 

species in the asphaltene fraction, lowering the relative abundance of pure hydrocarbons. For the 

resin content, a positive relationship towards the average m/z in the phase 2 CID spectra were found, 

indicating relatively stable larger structures released during pyrolysis. The content of the aromatic 

fraction is positively correlated to the DBE value of the complete MS data and to the CH-class in the 



phase 2 CID data. Poly aromatic hydrocarbons with high DBE values dominate the aromatic fraction 

and have stable CH-class fragments in the CID, thus explaining both correlations. 

Asphaltenes 

The third section focuses on the data of the asphaltenes generated from different feed oils and with 

different solvents. Some heavy oils cause flow assurance issues and contain only traces of C7-

asphaltenes, but higher amounts of C5- and C6-asphaltenes, which particularly motivates studying 

asphaltene precipitation with different solvents. 

Although the asphaltenes are precipitated from different heavy oil feedstocks, the mass loss curves 

(Figure S12) reveal a comparable rapid thermal decomposition beginning at 350 °C up to roughly 

500 °C, which is consistent with literature data. 72,82–85 Asphaltenes precipitated with a lighter paraffin 

expose a significantly higher mass loss below 350 °C and exhibit a lower residue mass after 600 °C 

treatment. The sample material remaining in the crucible (40-60 w-%) can be caused by non-

vaporizable organic species, species that show a slow pyrolysis rate, coke formation (carbonization), 

and inorganic species, such as metals, or elemental carbon. 84 Similar to the gravimetric data, it was 

found for the MS data that asphaltenes precipitated with a lighter paraffin cause a more dominant 

desorption phase than asphaltenes precipitated with a heavier paraffin, where the pyrolysis phase is 

more dominant (Figure 5 A). This effect is characterized by a higher intensity in the region of 200-

300 °C and m/z 200-500  (figure 5 B). Nevertheless, a substantial overlap between both phases 

occurs with a minimum of the TIC at roughly 340 °C (dotted line in all survey diagrams). 

Regarding the number of elemental compositions, the asphaltenes are comparable complex to the 

parent oils, despite the fact that thermal decomposition is predominant. This finding is 

complementary with direct infusion experiments in the literature reporting an ultra-high complexity 

of the asphaltene fractions. 79,80,86 As for the feed oil, high nitrogen contents for HO1 and HO8 

asphaltenes as well as high sulfur contents for HO4 and HO6 asphaltenes were found. As shown for 

the heavy oils, physicochemical information and the relative abundance of the chemical classes can 

directly be correlated. The abundance of the sulfur classes (CHS-, CHS2, and CHSO-class) in the MS 

and CID mass spectra is positively linear correlated with the sulfur content (CHS, MS, R2 = 0.91). In 

contrast to the feed fuels, where the correlation with nitrogen was relatively weak, the 

corresponding asphaltenes agree better between CHNx-class abundance and elemental analysis 

(CHN, R2 = 0.80). Nonetheless, the relative low number of investigated asphaltenes (n=8) statistically 

limit this finding. 

The first phase (< 350 °C) is dominated by species with a low DBE value of 5-7 for the MS (Figure 7 D) 

and 10-11.5 (three to four ring systems) for the CID. In the pyrolysis phase (> 350 °C) species with an 



intensity weighted average DBE of 8-10 are observed for the MS (Figure 7 D) and 12-13.5 for the CID 

spectra. Up to a DBE value of 22 for the CHN-class, presumably dinapthoacridine, and 18 for the CHS-

class, most likely a polyaromatic thiophene derivative, were found in the MS spectra. Species with 

lower aromaticity are evolved in the desorption as well as in the pyrolysis phase, whereas molecular 

species with higher DBE (and molecular mass) occur purely at elevated temperatures in phase 2 

(Figure S14). The dominant DBE in the MS spectra for the CH-class is 6, corresponding to a partially 

saturated ring system of two rings, whereas for the CHN-class four- to five-ring systems with a DBE of 

12 to 16 are predominant. 

In contrast to direct infusion experiments, which can access large intact molecular structures, the 

thermal analysis will gain additional information on structural motives by the pyrolysis and 

decomposition. The dominant abundance of four to five ring structures as asphaltenes building 

blocks was also found in different direct infusion studies in literature, also with HR-MS CID. 75,87,88 The 

here presented findings from the MS data and the core structure analysis by the CID indicate the 

archipelago molecular architecture concept rather than the pure island theory. The occurrence of 

smaller aromatic fragments, such as CH-class species with a DBE below 10, and hetero-aromatics, 

support this hypothesis (compare exemplary pyrolysis pathway in Figure 1 B). Nonetheless, the 

detection of the bigger island like condensed structures with DBE values above 20 may be limited by 

thermal decomposition, coking and gas sampling. Thus, they might remain primarily as residue. 

Heteroatom and partially saturated positions can be weak points for the decomposition of 

polycondensed aromatics, i.e., lower bond dissociation energy and ring opening. 75 Nonetheless, due 

to higher energies required compared to the thermal fragmentation at linker sides or side chains, this 

process is unlikely. 

Besides core structure aspects, CID reveals information on alkylation state. Regarding the intensity 

weighted average m/z, the values are roughly 100-200 lower for the CID data, corresponding to an 

average dealkylation of 7-14 CH2 units. The difference in intensity weighted m/z between the MS and 

CID spectra (Figure 6 A) can also be used for a temperature resolved calculation of the average 

dealkylation. For the investigated asphaltenes, a progression with different phases can be found 

(Figure 6 B). With rising temperature in the desorption phase a higher dealkylation is revealed, i.e., 

species with multiple and/or longer alkylated side chains are evaporated. At roughly 300-350 °C 

transition to pyrolysis occurs and the average dealkylation decreases and reaches a minimum at 

approximately 400-450 °C. Species with a lower carbon number and/or shorter alkylated side chains 

are released at the beginning of the pyrolysis, indicating a certain degree of thermal dealkylation in 

the pyrolysis process. Dealkylation reaches a plateau at roughly 500 °C, which corresponds to a stable 

pyrolysis process. In Figure 5 B and 6 A the mean DBE temperature profile is overlaid (red line). As for 



the dealkylation, a progression with several steps is exhibited. In the desorption phase the mean DBE 

raises, passes a local maximum at roughly 300 °C, decreases in the transition to pyrolysis and 

increases to a plateau after approximately 470 °C. The progression in the desorption phase can be 

explained by a distillation like behavior of volatilizable constituents, whereas in the pyrolysis phase 

higher aromatic thermal fragments are released. The plateau is caused by reaching stable pyrolysis 

conditions. Primarily dealkylation (no influence on DBE) occurs in the CID spectra and, thus, the mean 

DBE progression follows the same trend. The general trend of the dealkylation and DBE progression 

is the same for all investigated asphaltenes, even within the individual compound classes. 

The precipitation protocol between different laboratories can vary drastically. Some differences are 

already accessible by averaged values or rough phase separation. Dividing the compound class 

distribution into the phase 1 (< 350 °C) and phase 2 (> 350 °C) especially the CH and CHO2-class show 

differences according to the precipitation solvent (Figure 7 A). Multivariate statistics is applied to 

further investigate the solvent related precipitation effect on the molecular response of the thermal 

analysis. As an initial step, a principal component analysis (PCA) was applied to all spectra, summed 

up over the whole temperature range. But the PCA failed to identify a clear solvent effect. To enable 

a data driven separation of desorption pyrolysis phase nonnegative matrix factorization (NNMF) is 

applied. 89,90 Very recently NNMF was used for the separation of coffee roasting phases by a 

systematic grouping of the m/z traces. 91 Here, we apply the same grouping concept on temperature 

traces of all individual elemental compositions. After initial variation between two and ten factors, 

deploying a three-factor model was best and results in one desorption factor and two factors in the 

pyrolysis temperature region (Figure 7 B). The second pyrolysis factor most probably results from 

high polar and high boiling point species at stable pyrolysis conditions. The minimum between the 

desorption-phase factor and pyrolysis factor is at roughly 320 °C for all investigated asphaltenes. 

Nonetheless, the first pyrolysis factor starts already at 250 °C. The onset temperature of pyrolysis 

increased if precipitation was conducted with a heavier paraffin (~ 280 °C for C7). The overlap 

between the phases (desorption and beginning pyrolysis) varies between 15-25 %-TIC. 

Since the desorption-phase is of particular interest here, the two pyrolysis factors were summed to 

one factor. The NNMF factor loadings can be interpreted as representative mass spectra for the two 

phases and were visualized as Van-Krevelen and DBE versus carbon number diagrams in Figure 7 C 

and D. The desorption factor can be partially attributed to remaining maltene species from the 

precipitation process and the second pattern to the pyrolysis phase and/or desorption of high boiling 

point compounds. Species from the first factor have higher H/C values and low DBE, i.e., are less 

aromatic, whereas the second factor reveals species with lower carbon number and higher 

aromaticity as well as larger compounds. In the Van-Krevelen diagram of the factor accounted to the 



desorption phase, the same molecular pattern for the asphaltenes precipitated with different 

solvents can be observed, in general. Despite the same pattern, higher abundances and slightly 

higher oxygenated species for the lighter paraffin precipitation were exhibited (Figure 7 E). On the 

molecular level, the differences are most pronounced for species from the CHO2-class with H/C 1.5-2 

and DBE below 4. Exemplarily, the homolog rows of C24H44O2 (DBE = 3) and C24H42O2 (DBE = 4) are 

more pronounced in the C5 samples. Due to their evaporability, these species are most probably 

occluded esters or diones, rather than acids. Although, Soxhlet purification was applied, a small 

portion of species from the maltenes remains in the asphaltenes fraction. These compounds could be 

resin molecules attached to the surface of asphaltenes particles or species trapped in bigger 

macromolecular asphaltenic structures or within particles. 92–94 Chemical interactions, such as π-π 

stacking, and van-der-Waals interactions of long-chain hydrocarbons may occur. Functional oxygen 

groups from the resin molecules can bound to the asphaltene species, e.g., by the side chains, and 

make a solvent based separation more difficult. Resins are often referred to be asphaltene 

stabilizers. 95,96 

We conclude that the ratio of the loadings of the pyrolysis phases and the desorption phase 

determined by NNMF as well as the abundance of CHOx-class species can be used as an indicator for 

washing quality or solvent type. These findings show that still methods for generating pure 

asphaltenes are needed to minimize co-precipitated material and remove occluded compounds. 97 In 

summary: the precipitation solvent 1) does not significantly change the pattern of the asphaltene 

core structures observed via thermal analysis APCI/CID; 2) has a significant effect on other species 

adsorbed on the asphaltenes; and 3) a minimal effect on the asphaltene molecular pattern in the 

pyrolysis phase.  



Conclusion 

In contrast to direct infusion experiments, separation techniques coupled to high-resolution mass 

spectrometry provide an additional dimension of information and are essential to enlarge the 

accessible chemical space. 

The results obtained by coupling thermal analysis to ultra high-resolution mass spectrometry for the 

investigation of various heavy oils, oil fractions, and asphaltenes are shown. We found that also for 

thermal analysis fractionation drastically increase the chemical coverage, regarding the number of 

assigned elemental compositions. Pyrolysis induces thermal decomposition of non-evaporated 

constituents and, thus, an increase in elemental composition assignments does not securely 

correlate with the original complexity. Physico-chemical properties could be significantly correlated 

with the molecular pattern, such as the abundance of S-class compounds and sulfur weight-content 

as well as the API gravity with the average DBE of the CID spectra in the desorption phase. The 

presented work is the first deploying temperature resolved CID as well as examining the pyrolysis of 

asphaltenes by ultra high-resolution mass spectrometry evolved gas analysis. The temperature 

resolved dealkylation and mean DBE showed a comparable behavior for all investigated samples, 

with a minimum in the transition from desorption to pyrolysis and a plateau at stable pyrolysis 

conditions. NNMF could be successfully applied for a data driven separation of the molecular pattern 

obtained during desorption and pyrolysis phase. 

For the investigated asphaltenes samples it was found that the precipitation solvent has the smallest 

influence on the molecular pattern of the asphaltene pyrolysis phase, whereas a large effect on the 

desorption phase was found. The dominant chemical classes of the parent crude oil can be 

determined in the asphaltenes pyrolysis as well. For the asphaltenes, the species emitted in the 

desorption phase could be traced back to occluded and co-precipitated maltenes, most likely resins. 

Asphaltenes precipitated with different solvents can be differentiated on the abundance of these 

CHOx-class compounds. 

The authors suppose that high resolution mass spectrometric evolved gas analysis combined with 

fragmentation tools can become a powerful and versatile tool for the in-depth chemical 

characterization for viscous or solid petroleum material. The washing quality of asphaltenes and the 

chemical composition of occluded compounds can be studied on the molecular level. Unique 

capabilities, such as the temperature resolved investigation of the alkylation state, are possible. 

Identification of desorption products and thermal fragments formed by pyrolysis allow for 

complementary and additional data to those obtained by classical GC, LC or direct infusion HR-MS. 



Future studies, will focus on other thermal analysis techniques as well as on purified asphaltenes, as 

distributed within the PetroPhase Interlaboratory Study 97. 
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Table 1. Characteristic average values calculated based on the elemental composition assignments 

from the SARA measurements. Please note, that a high proportion of the asphaltene investigation 

falls into the pyrolysis regime. The discrepancy between the average DBE of the MS and CID 

experiment are caused due to ion storage effects in the quadrupole and fragmentation below the 

observable mass range. #-SF - number of elemental composition assignments. 

Sample Type Ø DBE Ø N/C Ø O/C Ø S/C Ø m/z Ø #C #-SF 

HFO MS  0.0017 0.031 0.010 422 29.4 3214 

 CID  0.0075 0.010 0.018 286 20.9 2058 

Maltenes MS  0.0029 0.030 0.010 417 29.0 3502 

 CID  0.0088 0.008 0.017 295 21.5 2717 

Aromatics MS  0.0003 0.006 0.018 391 27.9 982 

 CID  0.0058 0.007 0.025 287 20.9 1245 

Saturated MS  0.0012 0.004 0.004 407 29.3 653 

 CID  0.0060 0.002 0.016 254 18.7 330 

Resins MS  0.0026 0.084 0.012 411 26.5 986 

 CID  0.0209 0.006 0.008 281 20.6 678 

Asphaltenes MS  0.0060 0.025 0.012 389 27.4 3537 

 CID  0.0128 0.011 0.016 307 22.5 2571 

 

  



 
Figure 1. A) Schematic overview of the instrumental setup: a hyphenation of thermal analysis to APCI 

high resolution mass spectrometry. B) Exemplary reactions during the desorption/evaporation as 

well as during the pyrolysis process and subsequent CID are given below. 
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Figure 2. A) Temperature profile of the total ion count (TIC) for the MS and CID spectra of the 

saturated and asphaltenes fraction. B) Compound class distribution for the different fractions of the 

MS and CID scans. C) Comparison of the intensity color coded DBE versus temperature profile for the 

CH-class of the asphaltene fraction. A bimodal behavior in the second phase can be observed due to 

evaporation of heavier and higher aromatic species and pyrolysis decomposition. D) DBE versus 

carbon number diagram for the average CID and MS spectra of the asphaltenes fraction. A clear shift 

of the distribution towards lower carbon number can be observed for the CID data. 
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Figure 3. Intensity color coded image plot and average MS and CID mass spectra for the heavy oils 

HO1 and HO6. Differences in fragmentation efficiency and temperature progression can be observed. 
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Figure 4. A) Relative abundance of the compound classes for the MS spectra given as average, 

phase 1 and phase 2 distribution. B) Relative abundance of the compound classes for the CID spectra 

given as average, phase 1 and phase 2 distribution. C) Cortis diagram as visualization for direct 

positive linear correlation (> 85 %) between physico-chemical properties, temperature separated 

(phase divided) class pattern, aromaticity and m/z. D) Cortis diagram as visualization for direct 

negative linear correlation (< -85 %). Please note, the color as well as line width indicates the R value. 

Darker and thicker lines stand for high correlation and vice versa. Legend: Ø MS/CID: value for the 

complete MS/CID spectra; phase 1 MS/CID: average value for the desorption phase for MS/CID; 

phase 2 : average value for the pyrolysis phase for MS/CID; average m/z: intensity weighted m/z 

value for the respective spectra; API: API gravity [°]; Asphal/Resins/Arom/Sat: weight content [w-%] 

of Asphaltenes/Resins/Aromatics/Saturated. 

  



 

Figure 5. A) Total ion count (TIC of MS and CID spectra) of the three heavy oil HO8 asphaltenes and 

B) Intensity color coded image plot of MS data. A clear solvent effect can be observed for the TIC and 

survey data leading to a lower abundance of the desorption phase (< 350 °C). Mean DBE progression 

is included as red temperature profile. 



 

Figure 6. A) Intensity color coded image plot for the data from the measurement of the heavy oil 

HO4 C7 asphaltene with and without CID. Mean DBE progression is included as red temperature 

profile. B) Temperature resolved dealkylation calculated from all assigned elemental compositions. 

Three steps can be found: A) Desorption, B) transition to pyrolysis and C) stable pyrolysis.  



 

Figure 7. A) Compound class distribution for HO8C5-7 manually divided into desorption (< 340 °C) 

and pyrolysis (> 340 °C). B) NNMF separation of heavy oil 8 asphaltenes with a three factor model 

into a desorption and two pyrolysis phases. C) Van-Krevelen diagram for sulfur species occurring in 

the desorption phase (blue) and in the both pyrolysis phases (red) for the HO8C7 sample. Size is 

correlated to the factor loading. D) Carbon number versus DBE diagram for species occurring in the 

desorption phase (blue) and in the both pyrolysis phases (red) for the HO8C7 sample. Size is 

correlated to the factor loading. E) Oxygen Van-Krevelen diagram for the factor accounted to the 

desorption phase for the different HO8 asphaltenes. In general the same pattern is observed, but 

with a lower intensity for utilizing a heavier paraffin. 
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HO1 heavy oil 1 16.2 33 14 51 0 
85.18 10.23 0.59 0.69 

HO2 heavy oil 2 10.2 29 26 39 7 
84.48 10.10 0.05 3.26 

HO4 heavy oil 4 10.7 28 29 37 6 
84.19 10.17 0.32 3.79 

HO6 heavy oil 6 13.2 29 19 35 17 
81.43 10.57 0.17 5.33 

HO8 heavy oil 8 13.5 33 22 40 4 
84.94 11.35 0.54 1.88 

HO1C5 
C5 Asp of 

HO1 
- - - - - 83.91 9.46 1.77 0.78 

HO1C6 
C6 Asp of 

HO1 
- - - - - 84.38 9.28 1.99 0.80 

HO4C5 
C5 Asp of 

HO4 
- - - - - 81.40 8.88 0.93 5.83 

HO4C6 
C6 Asp of 

HO4 
- - - - - 77.81 7.98 1.04 5.55 

HO4C7 
C7 Asp of 

HO4 
- - - - - 82.51 7.78 1.02 6.10 

HO6C7 
C7 Asp of 

HO6 
- - - - - 82.36 8.82 1.17 6.96 

HO8C5 
C5 Asp of 

HO8 
- - - - - - - - - 

HO8C6 
C6 Asp of 

HO8 
- - - - - 82.33 8.70 2.05 3.11 

HO8C7 
C7 Asp of 

HO8 
- - - - - 83.35 8.34 2.37 3.12 

  







 

Figure S1. Visual basic script for the batch processing in Bruker Data Analysis. m/z-calibration was 

checked manually to ensure a high accuracy. The run time of the complete script was below 24 h and 

was done overnight/weekend. 

  



   

   

   

   

   

   

Figure S2: Histogram (left side) and m/z scatter plot (right side) of the relative error in ppm for the 

elemental composition assignments to the SARA samples and the feed heavy fuel oil. The RMSE was 

found to be lower than 0.5 ppm for all samples. 



 

Figure S3: m/z scatter plot of the relative error in ppm for the elemental composition assignments to 

the asphaltene fraction of the SARA sample set. The diagram is color coded according the major 

compound classes. Color code: CH - black, CHNx - blue, CHOx - red, CHSx - yellow, CHSxOy - orange, 

Rest - grey. No trend in relative error for the individual classes can be observed. 

  



 

Figure S4. Total ion count of the SARA fractionation samples for the non-fragmented (MS) and 

dissociation (CID) scans. 

  



 

Figure S5: DBE versus carbon number diagrams for the a) non-fractionated HFO, b) Maltene, c) 

Aromatics, d) Saturates, e) Resins and f) Asphaltenes fraction. 
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Figure S6. Qualitative mass loss curves for the five heavy oil samples. An relatively low amount of less 

than 1 mg sample was used for the mass spectrometric coupling, which causes the bad uplift 

correction, i.e. mass loss > 100 %. Nonetheless, all samples release continuously material over the 

given temperature range, which was subsequently analyzed. 

  



 

Figure S7: Average APCI mass spectrum over the whole temperature gradient for the HO1C7 

asphaltene sample is given above. The zoom-in to a nominal mass segment (m/z 457) is given below. 

This sulfur-rich sample exhibit a high number of different Sulphur-containing compound classes as 

well as CH-, CHO- and CHN-constituents. The difficult 3.4 mDa (as a result of C3 versus SH4) split can 

be good resolved up to m/z of 500. Above that limit the separation is not perfect but assignment 

rules according KMD rows and other processing aspects allow a reliable assignment. 
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Figure S8. Total ion count curve for the thermal analysis of the heavy oils. Solid lines are given for the 

MS spectra, whereas dashed lines are the data for the CID mass spectrometric response. The shift 

between MS and CID curve can be explained by the release of heavier species at higher 

temperatures, which more readily form detectable CID fragments.  
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Figure S9. Image plot visualization of the mass spectrometric pattern evolved during the thermal 

analysis of the heavy oils. Intensity is color coded. The strong shift in the pattern between the non-

fragmented MS and the fragmented CID data can be easily seen. Furthermore, the different 

fragmentation efficiency between the different heavy oils is visible.  



A) 

 

B) 

 

Figure S10. Averaged mass spectra for the heavy oils. The heavy oils reveal different pattern in the 

non-fragmented MS (A) and the fragmented CID scans (B). The bi-modal distribution in the MS data is 

caused by the average of the desorption phase (evaporation/distillation behavior) and the 

decomposition phase (smaller pyrolysis products). Furthermore, the different fragmentation 

efficiency between the different heavy oils is visible.  



  A) 

 

  B) 

 

Figure S11. A) Venn diagram for the elemental compositions found in the heavy oil CID data. Roughly 

45 % of the species are common between the five samples. B) Venn diagram for the elemental 

compositions found in the heavy oil MS data (non-fragmented). A lower proportion of roughly 25-

30 % of the species are common.  



 

Figure S12. A) Correlation of absolute sulphur content (w-%) with relative abundance [%] of sulphur 

and nitrogen containing compound classes. B) Compound class distribution for all heavy oil MS and 

CID average spectra (complete temperature range).  



 

Figure S13. Mass loss curves for the thermal analysis of the asphaltene samples. A heavier paraffin 

for precipitation leads to a lower percentage of material that can be volatilized in the inert gas 

atmosphere up to 600 °C. 

  



 

 

Figure S14. Temperature profile of the CHN-class alkylated series of DBE 10 and 15, corresponding to 

acridine and dibenzo-carbazole derivatives, from HO8C5 and C7 with MS and CID. Alkylated pattern 

intensity visualized as stacked bar plot height, were darker color indicate lower alkylation. The shift in 

the desorption phase between C5 and C7 for the acridine as well as the dealkylation in the CID is 

easily visible (darker color coding). 

  



 

Figure S15. A) - D) PCA results. A) A grouping of the different feed oils and the measurement mode 

(MS/CID) can be found in the score plot for PC 1 and 2. Even for higher PCs no separation between 

the precipitation type (applied solvent) was found. B) Loadings plot with color coded DBE. As 

expected, high aromatic species are more pronounced in the CID mode and are responsible for the 

differentiation. C) and D) Color coded loadings plot for the S/C and N/C values. The feed oil 

separation is driven by sulphur species, more pronounced in HO6 and HO4, as well as nitrogen 

species, more pronounced in HO1 and HO8.  
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Abstract 

In this study, the asphaltene and corresponding parent crude oil, distributed within the PetroPhase 

2017 Asphaltene Characterization Interlaboratory Study, were mass spectrometrically characterized 

on the molecular level. For this purpose, three different thermal analysis mass spectrometry 

hyphenations with five different ionization techniques were deployed: 1) Desorption/pyrolysis gas 

chromatography electron ionization (TD/Pyr GC-EI-QMS), 2/3) thermal gravimetry single 

photon/resonance enhanced multi-photon ionization time-of-flight (TG SPI/REMPI TOF-MS) and 4/5) 

thermal gravimetry atmospheric pressure photo/chemical ionization ultra-high resolution mass 

spectrometry (TG APPI/APCI FT-ICR MS). 

We showed that the combination of the applied techniques leads to a more comprehensive chemical 

characterization of asphaltenes. For the investigated C7-asphaltene, no mass loss was detected < 300 

°C for any of the applied thermal analysis techniques and the pyrolysis phase was dominant, whereas 

the parent crude oil exhibits a high abundant desorption phase. The ionization techniques differ in 

selectivity, which leads to complementary mass spectrometric information. This level of information 

was combined with the gas chromatographic and elemental composition data of the pyrolysis GC and 

FT-MS approach, respectively. All techniques revealed no mass loss or evaporable species below 300 

°C for the C7 asphaltene sample, whereas the parent crude oil exhibits a high abundant desorption 

phase. At roughly 330 °C pyrolysis starts to occur, and mass loss, as well as complex mass 

spectrometric patterns, were recorded. 

The resulting information on the effluent gained by different soft ionization mass spectrometric 

approaches was combined with the GC-EI-MS data for structural cross-evaluation. For the 

asphaltene, TG SPI TOF-MS shows high abundances of alkanes, alkenes, and H2S during pyrolysis. TG 

REMPI TOF-MS is selective towards aromatics and reveals clear patterns of poly aromatic 

hydrocarbons (PAH) and minor amounts of nitrogen containing aromatics tentatively identified as 

acridine- or carbazol-like structures. GC-EI-MS provides information on the average chain length of 

alkanes, alkenes, and PA(S)H. Both atmospheric pressure ionization techniques (APPI and APCI) 

hyphenated to FT-MS showed CHS (in particular benzothiophenes) and CH as dominant compound 

classes with an average number of condensed aromatic rings of 2-4. Combining the information of all 

techniques including the average asphaltene mass obtained by field desorption experiments and 

aromatic core size received by collision induced dissociation, the archipelago-type molecular 

structure seems to be dominant in the investigated asphaltene.  



Introduction 

The chemical composition of petroleum and petrochemical products is crucial for their processing 

and economic utilization.
1–3

 Even with state-of-the-art analytical instrumentation, the analysis of 

heavy petroleum and its fractions as well as from unconventional petroleum sources such as oil 

sands is still a challenge.
4,5

 Especially, for the asphaltene fraction, a part of the petroleum which is 

soluble in toluene and insoluble in a small paraffin such as heptanes, only a few standardized analysis 

methods exist.
6
 These ultra-complex mixtures with high aromatic content besides other heavy 

constituents cause particular problems for traditional approaches, e.g., chromatographic and high 

resolution mass spectrometric techniques. A molecular understanding of the asphaltene fraction is 

however of particular interest because these species are known to cause flow assurance and 

processing issues in up- and downstream processes.
6,7

 

State-of the art techniques for the chemical characterization of asphaltenes on the molecular level 

are mainly mass spectrometric approaches such as direct infusion atmospheric pressure ionization 

ultra-high resolution mass spectrometry.
4,8,9

 In addition, high-field nuclear magnetic resonance 

(NMR) spectroscopy and absorption spectroscopic approaches, such as X-ray absorption near edge 

structure (XANES)
10–12

 as well as high-performance liquid chromatography are deployed
13

. Thermal 

analysis (TA), regarding evolved gas analysis, coupled to various analytical detectors has also become 

a powerful tool in petroleum analysis and other areas.
14–19

 Besides spectroscopic approaches, such as 

infrared spectroscopy for finger print pattern or small molecule quantification
15,20,21

, mass 

spectrometry is the favored coupling technique
14,16,18

. For heavy petroleum, thermal analysis is 

primarily applied for studying the evaporation pattern as well as the thermal decomposition products 

at an elevated temperature during pyrolysis.
22–24

 Pyrolysis gas chromatography was conducted 

extensively with low resolving mass analyzers and hard ionization to study thermal decomposition 

products since the 1980s.
25–31

 

Unfortunately, until now no single mass spectrometric technique is capable of a comprehensive 

analysis of the complex pyrolysis effluent. Therefore, choosing an ionization source is crucial, and 

different methods will cover different chemical spaces.
32

 For the thermal analysis of petroleum 

fractions most often nominal resolving mass analyzers with hard ionization are used, which enable a 

robust pattern information.
15,33

 Nonetheless, soft ionization techniques become more important in 

mass spectrometry and thermal analysis coupling. The generation of molecular ions instead of an 

intense fragment pattern reduces the complexity of the mass spectra and allows for an easier 

molecular assignment. In previous studies, we applied various soft ionization techniques for thermal 

analysis such as photo ionization
23,34–37

 and chemical ionization
38–41

. With the selection of a particular 

soft ionization technique control of selectivity can be achieved. In the case of resonance enhanced 



multi photon ionization (REMPI) aromatic compounds are selectively ionized
42,43

, whereas 

atmospheric pressure photo ionization (APPI) reveals a high ionization efficiency for aromatic and 

sulfur-containing species and atmospheric pressure chemical ionization (APCI) for medium-polar and 

polar constituents
32,44–47

. We applied TA with soft ionization mass spectrometric detection for the 

investigation of a broad application field, e.g., nut and coffee roasting
36,48,49

, crude oils
23,24,37

, 

biomass/tobacco pyrolysis
34,35,41

, elemental sulfur evaporation
50

, polymers
37

, and dissolved organic 

matter
51

. Asphaltene pyrolysis has not been studied before with photo ionization (PI) techniques, 

neither with vacuum PI nor with atmospheric pressure PI. 

All ionization techniques cover a particular molecular space and exhibit a certain part of the chemical 

signature of a complex mixture. In this study, the results of three different thermal analysis 

approaches equipped with five different ionization techniques are combined for a more 

comprehensive analysis of the effluent of an asphaltene and its parent crude oil. For this purpose, 

the heptane (C7) asphaltene and parent crude oil of the PetroPhase 2017 Asphaltene 

Characterization Interlaboratory Study were investigated. Asphaltenes are one of the most complex 

natural mixtures with a variety of hetero-elements and chemical functionalities, spanning a broad 

mass range. A high effort has been taken over the last decades to decipher their molecular 

architecture, whereby two opposed models are discussed: island (large aromatic core with side 

chains) and archipelago (linker connected smaller aromatic cores). As shown for pyrolysis gas 

chromatography in literature, the thermal decomposition products of the macromolecular structure 

should give information about the respective building blocks and add valuable information to the 

molecular architecture debate. 

Five different ionization schemes were applied with electron impact (EI) as a hard and universal 

technique, single photon ionization (SPI) as a soft and universal method, REMPI as an aromatic-

selective and soft technique, as well as atmospheric pressure chemical and photo ionization 

(APCI/APPI). This study aims to show the advantages and limitations of the individual methods and 

the potential of combining their results. High-resolution mass spectrometry will give information 

about the elemental composition, whereas pyrolysis gas chromatography will add structural aspects 

and SPI information on the thermally cracked side chains. We hypothesize that thermal analysis mass 

spectrometry can contribute significantly to unravel asphaltene composition and structure when 

several techniques are combined, with the Interlaboratory asphaltene study as ideal case sample due 

to the extensive research conducted on the exact same asphaltene.  



Method and Material 

Material 

In this study, a heptane (C7) asphaltene and the corresponding parent crude oil were investigated. 

The samples were received within the PetroPhase 2017 Asphaltene Characterization Interlaboratory 

Study and had been prepared by the group of Marianny Y. Comariza at the Industrial University of 

Santander (Colombia).
52

 In brief, asphaltenes are precipitated using ASTM D6560-12 procedure with 

n-heptane under sonication (110 W, 40 kHz), which decreased co-precipitants significantly. Four 

Soxhlet extraction steps were deployed as additional cleaning procedure for an efficient removal of 

occluded compounds of the maltene fraction to receive the final cleaned asphaltene sample. 

Instrumentation 

Three thermal analysis set-ups coupled to different mass spectrometric systems were deployed 

within this study: (1) Thermo desorption/pyrolysis gas chromatography with electron ionization and 

quadrupole mass spectrometric detection (TD/Pyr-GC EI-QMS); (2/3) Thermogravimetry photo 

ionization (single photon ionization (SPI) and resonance enhanced multi photon ionization (REMPI)) 

with time-of-flight mass spectrometric detection (TG SPI/REMPI TOF MS), and (4/5) 

thermogravimetry atmospheric pressure photo and atmospheric pressure chemical ionization ultra-

high resolution mass spectrometry (TG APPI/APCI FT-ICR MS). The schematic set-up of the three 

mass spectrometric hyphenations and their corresponding ionization techniques is given in figure 1. 

Additionally, the figure depicts survey diagrams of the associated asphaltene measurements. 

For the (1) thermal desorption/pyrolysis gas chromatographic analysis 10 µL of the diluted parent 

crude oil (1:100 in dichloromethane) and roughly 0.5 to 0.9 mg of the solid asphaltene were injected 

into the pyrolyzer (Frontier Laboratories, Double-Shot-Pyrolyzer, model: PY-2020iD) mounted onto 

an HP 6890 gas chromatograph.
53,54

 The sample material undergoes two steps: (1) a thermal 

desorption process at 300 °C and (2) a pyrolysis step at 500 °C, each held for 1 min. For separating 

the evolved gas mixture, a 30 m SGE-BPX5 column (250 µm ID, 0.25 µm film, Helium 99.999 %, head 

pressure 0.4 bars) was used with the following temperature program: hold for 10 min at 50 °C, ramp 

to 330 °C with 10 K/min and hold for 20 min. The effluent from the column was ionized by a 70 eV 

electron impact source and analyzed by a quadrupole mass spectrometer. Mass spectra were 

recorded in scan mode from m/z 10 to 500. Data were analyzed by AMDIS Version 2.62 and Bruker 

Data Analysis 4.0 SP 1. In brief, Bruker Data Analysis was used for a fast assessing of the data and 

getting a qualitative overview, e.g., survey view, extracted ion chromatograms, averaging of time 

segments. Afterwards, AMDIS was used for finding chromatographic features (deconvolution) and 

validation of the fragment spectra with NIST data base (NIST MS Search 2.0, 2005). 



For set-up 2/3 the volatile and semi-volatile constituents of the effluent from a thermal balance was 

analyzed by single and resonance enhanced multi photon ionization (SPI/REMPI). For this purpose a 

thermo balance (STA 409, Netzsch Gerätebau, Selb, Germany) was directly hyphenated to the 

ionization source of the mass spectrometer via a heated interface and transfer line (l 2.25 m, 280 µm 

ID, 280 °C).
55,56

 A few mg of the sample material were placed in an aluminum oxide crucible without 

any sample pretreatment. Thermal analysis was carried out with a heating rate of 10 K/min under a 

nitrogen atmosphere (60 ml/min) from 30 °C to 800 °C. At 800 °C, nitrogen is partially replaced by air 

(40 ml/min synthetic air and 20 ml/min nitrogen) yielding an oxidative atmosphere. Evolved gas was 

sampled due to the pressure difference between the balance at atmospheric pressure and the ion 

source at vacuum (roughly 3 x 10
-4

 mbar). The subsequent SPI- and REMPI-TOF-MS analysis is 

described in detail elsewhere.
23,34,57

 In brief, for SPI 355 nm laser pulses (25 mJ pulse energy, 10 Hz 

repetition rate, 5 ns pulse width), generated from a Nd:YAG laser (, Surelite III, Continuum Inc., Santa 

Clara, USA), were sent through a xenon-filled gas cell (Xe 4.0, 12 mbar) yielding vacuum ultraviolet 

photons (118 nm, 10.5 eV). For REMPI the Nd:YAG fundamental wavelength is frequency-quadrupled 

(4.7 eV, 266 nm). The molecular ions formed by either REMPI or SPI are recorded from m/z 5 to 500 

with the TOF-MS using a multichannel plate detector. Data processing and analysis were carried out 

with the instrument specific LabView graphical user interface and self-written MATLAB scripts. 

The third mass spectrometric set-up (4/5) is composed of a thermo balance (TG 209, Netzsch 

Gerätebau, Selb) coupled to a modified Bruker GC-APCI II source, which allows to carry out APCI with 

a stainless steel corona needle (3 µA corona current) as well as APPI with a Kr-VUV lamp (10/10.6 eV, 

124/117 nm).
58

 The temperature program of the thermo balance with a constant flow of 200 ml/min 

nitrogen was: 2 min isothermal at 20 °C, ramp to 600 °C with 10 K/min and hold for 10 min at 600 °C. 

The evolved mixture was sampled via a 300 °C interface and 280 °C transfer line into the ion source. 

In contrast to set-up 2/3, the gas sampling was achieved by a slight over pressure of 8–10 mbar in the 

thermo balance compared to the atmospheric pressure in the ionization source. For mass 

spectrometric detection, a Bruker Apex II ultra FT-MS equipped with a 7 T superconducting magnet 

was used. Mass spectra were recorded from m/z 100 to 2000 with a four mega word transient, 

resulting in a resolving power of roughly 300,000 at m/z 400. A broad band spectrum with five micro 

scans was recorded alternating with a collision induced dissociation spectrum of the whole mass 

range at 30 V with five micro scans, resulting in an overall acquisition rate of 0.2 Hz. A detailed 

description of the APCI set-up can be found elsewhere.
41

 Atmospheric pressure chemical and photo 

ionization were deployed in positive ion mode. For APCI, roughly 1–2 mg of the parent crude oil and 

asphaltene were analyzed, whereas for the APPI 3–5 mg of the sample was placed into the aluminum 

crucible. Please note, that the source was optimized for gas chromatography APCI, leading to a lower 

sensitivity in APPI mode.  



Results and Discussion 

All of the applied techniques exhibit certain characteristics and specifics, such as high mass resolving 

power and accuracy for the hyphenation of thermal gravimetry to an atmospheric pressure 

ionization FT-MS, vacuum ionization avoiding matrix effects or additional gas chromatographic 

information from the two-step desorption/pyrolysis system. This diversity results in five complex and 

diverse data sets (see figure 1) and their information has to be efficiently combined to allow for a 

comprehensive description of the effluent. In figure 2, a simplified schematic of one possible data 

analysis route is given as a road map for the analysis throughout this study. 

One advantage of the thermal gravimetric assemblies (2/3 and 4/5) is the recording of the 

temperature dependent mass loss curve, which reveals quantitative information on the volatility and 

decomposition and which is not accessible with the TD/Pyr-GC set-up. The mass loss curves showed 

no significant desorption step and a relatively sharp pyrolysis signal peaking at 435-460 °C with a 

mass loss of 47-49 w-% (Figure S1). The thermal behavior is in good agreement with the chemical 

evolved gas analysis data from the TD/Pyr-GC as well as with the mass spectrometric response of the 

TG coupled spectrometer. In contrast, the parent crude oil exhibits an intense desorption phase with 

a mass loss of roughly 60 w-% before 300 °C and a further mass loss of approximately 30 w-% in the 

pyrolysis phase (300–600 °C). An amount of approximately 49 w-% for the asphaltene and 5 w-% for 

the parent crude oil remained as deposit and is rapidly decomposed under an oxidative atmosphere 

at 800 °C. This deposit can be assigned to carbonized species formed during pyrolysis, e.g., graphite. 

Literature shows that the yield of volatile matter in the pyrolysis phase correlates with the aliphatic 

content in petrochemicals, and therefore a high proportion of the mass loss will be caused by 

dealkylation of aromatic species.
59

 In summary, the hypothesis that the Interlaboratory asphaltene 

sample does not contain significant amounts of volatile or semi-volatile species can be stated and is 

in agreement with literature for other asphaltenes.
60

 

Pyrolysis gas chromatography 

The pyrograms obtained by pyrolysis gas chromatography at 500 °C were analyzed as shown in 

literature to obtain the average side-chain length, sulfur compounds versus aliphatic compounds and 

the presence of SO2 as well as CO2.
28,61

 The low ionisation efficiency dependence of the EI concerning 

the molecular structure and size is a useful advantage compared to chemical and photo ionisation. 

Primary pyrolysis signals were aliphatic side chains up to a length of 37 carbons (C37). SO2 (m/z 64) 

was found to a very low extent compared to H2S (m/z 34). This finding indicates nearly oxygen-free 

conditions. Thiophenic species were found to be higher abundant than H2S, indicating thiophene 

sulfur constituents dominant compared to thiols. The comparison between sulfur compounds and 

aliphatic species revealed a strong dominance of aliphatic species with two orders of magnitude 



higher abundance. The average aliphatic side-chain length turned out to be 8.2 (~ m/z 120), 

identified by the alkane and alkene main fragments m/z 55 and 57, which is slightly higher than 

values from the literature.
28,61

 Branched-alkane/alkene species were only present in minor 

abundance in the effluent compared to the n-isomeric species. Nonetheless, for larger carbon 

numbers, the separation power is insufficient for a complete separation, and no clear isomeric 

information can be given on species larger than C18. They may have a higher proportion of branched 

isomers as the ratio of branched/linear-species increases with increasing m/z. The investigation of 

the aromatics, based on m/z 91 for the alkyl benzene species and m/z 162 and 176 for benzo- and 

dibenzothiophenes, revealed an intricate pattern of sulfur species, accessed more in detail with APPI 

and APCI. Furthermore, the thiophene species with lowest molecular weight were found to be 2-ring 

benzothiophenes, whereas for hydrocarbons alkylated benzene species (1-ring) were found. These 1-

ring aromatics can be eventually formed during pyrolysis from naphthenic derivatives and moreover 

might be overrepresented due to their GC optimal volatility range. The fragmentation of the EI 

hinders the detection of the molecular ion and in addition to that a more detailed assignment, e.g. of 

naphthenic constituents. 

Single photon ionization 

For the single photon ionization, a universal and soft ionization technique
43,62

, typical petroleum 

patterns with homolog series of m/z 14 (CH2) and 2 (H2) spacing were observed for the parent crude 

as well as for the asphaltene. The spectra (Figure S2) covered a mass range from m/z 34 to 

approximately 450. The higher contribution of intact desorbed species in the total average parent 

crude spectra (89 % TIC < 350 °C) leads to a higher intensity weighted molecular weight (m/z 147.9), 

whereas the asphaltene spectrum is dominated by thermally induced dealkylation products (average 

m/z 100.8, 97.3 % TIC > 350 °C) partially identified by pyrolysis GC. The asphaltene pattern peaks at 

m/z 42 (C3-alkene, propene) with m/z 34 (H2S) the second dominant, whereas the crude pattern 

peaks at m/z 120 (C3-alkylated benzene) with m/z 156 (C3-alkylated benzene) as second dominant. 

When comparing only the pyrolysis pattern of the parent crude and the asphaltene, SPI shows a high 

similarity. More in detail, the abundance of the alkene pattern in the asphaltene spectra 

exponentially decreases for heavier alkenes. This finding is in good agreement with the pyrolysis GC, 

for which the C5 alkene was found to be the most abundant alkene (as C4 was too volatile for 

detection). Assuming an alkylated homologous series starting at m/z 42 (m/z 42 + n x 14) for the 

alkenes and isobaric cycloalkanes an average alkene length of C9.1 can be calculated for the 

asphaltene. Isobaric species for this series can be alkylated cycloalkanes with one saturated ring, 

which were found only in minor abundance in the GC pyrograms and are less common as stable 

products in pyrolysis.
59,63

 The average alkene length estimated with the universal soft SPI is 



congruent to the pyrolysis GC data obtained with the universal hard electron ionization, although the 

photo ionization cross section has to be taken into account. Fortunately, in SPI the cross sections 

range only between a factor of 2–3 within one compound class.
64

 The substantial occurrence of H2S is 

caused by the decomposition of organic sulfur constituents, mainly thiols. Based on this signal, the 

sulfur content of the asphaltene is far higher compared to the parent crude oil, which was also found 

in the respective GC data. The pyrolysis GC EI-QMS was optimized for larger constituents; hence 

species below C9 do not reveal a good peak shape (Figure 3). Nonetheless, the main effluent 

components can be verified by the electron impact fragment spectrum as starting from the C5 

alkane/alkene at a retention time of roughly 2 min. As of a retention time of 15 min, the gas 

chromatogram exhibits a clear pattern for alkanes and alkenes, peaking at C13. Pyrolysis of the 

macromolecular asphaltene structures results to a large extent in the release of smaller alkyl chains 

below C7 by cracking as well as notable amounts of larger alkenes above C10. Nonetheless, also very 

long alkyl chains, which can be either originated from a linker or more likely from a core structure 

alkylation side, can be found (up to C37, m/z ~520). The cracking process during pyrolysis is a complex 

mixture of reactions economically utilized by refineries (thermal cracking/visbreaking, 450-750 °C, 

usually at high pressures around 70 bars). Carbon-carbon single bonds are broken, and free radicals 

are formed. A series of reactions then lead to a high proportion of terminal alkenes. We can assume 

that long side chains more readily undergo cracking than sterically hindered linker sites. Besides the 

dominant alkene pattern, a less abundant distribution pattern of thermal decomposition products 

with higher m/z can be seen in the survey view of the SPI TOF MS (Figure 1). These patterns can be 

partially attributed to aromatic species, which were already briefly discussed in the pyrolysis GC data. 

A more specific approach such as REMPI, which is highly selective for aromatic constituents, can be 

beneficial, particularly because the m/z values of alkane and alkene/cycloalkane species coincide 

with aromatic alkylation series. Alkenes formed by cracking are highly abundant. Thus, due to 

dynamic range aspects, a more selective technique is advantageous too. 

Resonance enhanced multi photon ionization 

Figure 4 visualizes the preference of a selected view on the complex asphaltene pyrolysis mixture. 

The two-photon process ionizes species with an ionization energy (IE) below 9.32 eV (2 x 4.66 eV) 

and a stable intermediate state. Consequently, solely aromatics can be found. A pattern with the 

same characteristic CH2-group spacing as with SPI can be observed. The spectrum peaks at m/z 226, 

most probably C7-alkylated naphthalenes. Two to four ring polycyclic aromatic hydrocarbons 

dominate the spectrum. At higher masses, the series overlap and no clear assignments are possible. 

It must be kept in mind, that REMPI ionization efficiencies span orders of magnitude 
65,66

: Compared 

to, e.g., naphthalene, sulfur containing benzothiophenes are ionized with a 100fold lower efficiency, 



whereas alkanes overlapping the aromatic alkylation series are not ionized at all. Nitrogen containing 

species will be found on odd m/z values (nitrogen rule), and carbazole and acridine homolog 

alkylation rows were tentatively identified. As of the relative measured abundances, an aromatic ring 

size of 3-4 with a main alkylation length of C3-10 can be revealed for the asphaltene. Average 

alkylation length of the individual ring sizes was found to be 2–3 for benzene, 8–9 for naphthalene 

and slightly lower for condensed aromatics with three to five rings (6–8). The relatively low average 

alkylation length results from the cracking process during the pyrolysis. 

Atmospheric pressure ionization 

For REMPI, assignments of probable chemical structures rely on literature knowledge and the 

ionizable chemical space, e.g., selectivity to aromatics and cross-sections. Ultra-high mass resolution 

and mass accuracy, as routinely delivered by FT-MS instruments, allow for a mathematical calculation 

of the elemental composition. Assignment to the summed APPI and APCI FT-ICR MS spectra revealed 

roughly 800 and 1,250 distinct chemical formulae. Grouped into compound classes, it was found for 

both techniques, that CHS-species are most dominant (APCI: 58 %-TIC, APPI: 58%-TIC), whereas the 

CH-class is second dominant (APCI: 25 %-TIC, APPI: 21%-TIC) followed by the CHS2 class (APCI: 10 %-

TIC, APPI: 18 %-TIC). In APCI oxygenated species are present with a higher abundance compared to 

APPI, but still only account for approximately 5 %-TIC (CHSO: 2.5 %-TIC, CHO: 1.9 %-TIC). The low 

abundance of oxygenated species in asphaltene analysis was also reported in the literature.
45,67

 In 

both spectra, CHS0-2O0-3 class species account for more than 97 % of the overall intensity. CHN class 

species were only found with a very low abundance (< 1 %-TIC). This phenomenon can be explained 

by the high ionization efficiency of CH and CHS class constituents in positive polarity mode. 

Compared to the complete temperature range of the parent crude oil, the asphaltene exhibits a 

higher abundance of sulfur species and a decreased proportion of CH, CHSO, and CHO1-2. 

Nonetheless, if only the pyrolysis phase of the parent crude oil is taking into account, the data are 

consistent with the asphaltene compound class pattern. 

Aside from that, the elemental composition assignment allows an assessment of the aromaticity by 

the double bond equivalent (DBE).
68

 For APCI an intensity averaged DBE of roughly 7.8 was detected, 

whereas for the APPI the value is 9.1, corresponding to a 2–3 ring system. Figure 4 visualizes the 

dominant homolog row of three selected CHS class members. Both API spectra reveal a pattern 

peaking at m/z 320–360, corresponding to an alkylation grade of 8–14. The average DBE is slightly 

higher for the CHS2 class and similar between CHS and CH constituents. The deviation in average DBE 

between the API techniques is caused by the slightly shifted observed chemical space. Furthermore, 

the biased molecular weight distribution of FT-MS compared to TOF data has to be mentioned. A 

longer storage time for the CID experiments revealed the presence of larger aromatic moieties with 



an average DBE value of 13 and 11.7 for APCI and APPI, respectively. With CID the different tentative 

assignments, i.e., 1) small aromatics with alkene side chains versus 2) larger ring systems with 

saturated positions, can be proven. If the double bond is located in the side chain (case 1), the DBE 7 

homologous row should decrease significantly in the fragmented spectra compared to the DBE 6 or 9 

row. This reduction was not observed, leading to the hypothesis that a large proportion is given by 

partially saturated ring systems (case 2) rather than the particular alkene isomer (case 1). Compared 

to the pyrolysis phase of the parent crude, the DBE pattern resembles with the asphaltene pyrolysis. 

The similarity between the pyrolysis phases of asphaltene and parent crude showed by all techniques 

suggests that asphaltenic species cause a high proportion of the crude's pyrolysis. Figure 5 visualizes 

the revealed chemical space exemplarily utilizing the CHS class and carbon number versus DBE 

diagram. Elemental compositions with a carbon number up to 37 were found (m/z ~ 520–550) 

spanning a DBE range from 2 to 22 in APCI, whereas APPI reveals a narrower DBE spread from 3 to 

16. Interestingly, thermal decomposition products identified with SPI and GC are in the same m/z 

range. Furthermore, the elemental composition assignments received by the high-resolution FT-MS 

CID spectra can be utilized for planer limit-assisted structural interpretation of the aromatic building 

blocks which give information how the rings are arranged.
69,70

 For this purpose, the lower carbon 

number limit of the distribution is fitted linearly. A slope of 0.78 for APCI and 0.76 for APPI was 

found, corresponding to a linear benzene ring addition (cata-condensed, e.g., anthracene, 

naphthalene, biphenylene) with a slight proportion of nonlinear addition (peri-condensed, e.g., 

pyrene, perylene, coronene). These values are in good agreement with the fittings observed for the 

CID spectra. The CHS2 class revealed the highest slope, which indicates condensed aromatic ring 

systems as a more dominant structural motive. 

The carbon number versus DBE diagrams show a horizontal shift for the CID spectra compared to the 

non-fragmented, due to occurring dealkylation, whereas aromaticity of the parent and the fragment 

persist. This finding proofs that the observed thermal decomposition products have a single aromatic 

core architecture, which is alkylated by side chains containing no additional ring systems. An average 

dealkylation, as calculated by the difference of the intensity weighted average m/z of the parent and 

CID spectra divided by 14 (m/z of CH2), of 2.1 for APCI and 6 for APPI was found. A more precise 

estimation of the average alkylation length can be done by subtraction of the mean carbon number 

determined for the non-fragmented spectra and the lowest carbon number found in the CID 

experiment for each DBE value. This approach results in an average alkylation length of 6–10. The CID 

voltage was kept rather low to prevent other fragmentation processes. Nonetheless, this precaution 

will not lead to a complete dealkylation, and alkylated constituents are still observed in the CID 

pattern, and, thus, the prediction may be too low. Assuming the tentative structures given in Figure 4 

and as discussed above an average alkylation state of 10–13 is more realistic. The parent crude oil 



reveals a higher value with the same approach. This finding agrees to the literature, which stated 

that the alkyl chain length decreases in the order saturates > aromatics > resins > asphaltenes.
69

 

Furthermore, it has to be kept in mind, that in this study, thermal decomposition products were 

investigated, and the intact asphaltene molecules might consist of several of the observed aromatic 

cores and alkyl chains. 

Data combination 

In the Interlaboratory Study, among many other techniques, field desorption mass spectrometry (FD-

MS), a universal and soft ionization approach, was conducted with the exact same sample. A mean 

molecular mass (Mw) of m/z 1267 and an intensity weighted molecular mass (Mn) of m/z 974 with a 

polydispersity (Mw/Mn) of 1.30 was revealed with this approach. Less stable molecules can undergo 

a certain degree of dissociation in FD-MS. Therefore, the prediction of the mean intact mass is a 

rather conservative assumption and might be higher. Nonetheless, field ionization mass 

spectrometric investigations, as well as fluorescence depolarization techniques on asphaltenes, 

obtained an average molecular weight of m/z 700-750 
71–73

, which is in the same order of magnitude 

and the dissociation effect might be very small. Depending on the type of applied ionization 

techniques, the following intensity weighted average mass for the thermal decomposition product 

were obtained: m/z 100, 270, 366 and 337 for SPI, REMPI, APPI, and APCI. DBE can be calculated 

from the molecular weight, given by FD-MS, and elemental analysis.
68

 This calculation results in an 

average DBE value of 31.6 for an average intact molecular weight of m/z 974, a carbon content of 

81.5 w-%, a hydrogen content of 7.4 w-% and a nitrogen content of 1.3 w-%. If we assume an average 

DBE of 10 (3 condensed aromatic rings) and m/z of 270 (taken from the REMPI-TOF data) for the 

aromatic pyrolysis products, and an average DBE of 1 (taken from SPI-TOF, representing mainly non-

poly-aromatic products) the intact macromolecular asphaltene structure is composed of roughly 

three aromatic cores (Figure S3). A remaining mass of approximately m/z 200 (~14 x CH2) is 

contributed by additionally alkylation sites and linkers. As mentioned above the intact mass 

assumption might be higher, consequently contributing to alkylation sites and saturated linker 

motives. Figure 6 summarizes the findings of the individual soft ionization techniques, indicating their 

overlap as well as giving a tentative asphaltene structure as revealed by the here presented pyrolysis 

approach and FD-MS. 

The chemical nature of asphaltene linker sites has been extensively discussed in the literature. It was 

stated: “If the archipelago structures are bridged by cycloalkane rather than linear alkane linkages 

much of the controversy between the molecular architecture models would be resolved”.
13

 

Unfortunately naphthenes/cycloalkanes cannot be distinguished from the corresponding alkenes via 

the soft ionization techniques, but the cycloalkanes were detected by GC EI-QMS only with a minor 



abundance (compared to alkane pyrolytic fragments). Moreover, taking into account the dominance 

of alkenes, as a product of the thermal cracking of alkylation side chains, the presence of cycloalkane 

bridging might be a less common structural motive but not fully understand. 

According to the mass loss curves discussed above, roughly 40 w-% of the asphaltene sample remains 

after 600 °C treatment. During pyrolysis, high aromatic island structures can release hydrogen and 

form a stable coke residue. This carbonization will involve various reactions.
74

 It was shown that 

aliphatic moieties reveal a higher alteration degree compared to the relatively stable aromatic core.
75

 

In this study, the evolved gas is analyzed, and the exact nature of the residue is not a relevant 

hindering. Furthermore, the reaction parameter, e.g., pressure, reaction time, etc., for which these 

pathways were shown to be significant, i.e., visbreaking/coking in the refinery, are much harsher 

than the conditions applied in this study.
76,77

 Thermal decomposition in thermogravimetry of 

asphaltenes was reported to be a first order reaction and relatively quick at temperatures above 

440 °C. These complex thermal degradation pathways potentially limit the thermal analysis approach 

applied upon asphaltenes. Nonetheless, direct infusion APPI FT-MS of the exact same asphaltene 

within the Interlaboratory Study revealed DBE values of 25-30 for the intact molecules and a loss of 

DBE during CID, which consolidates the presented interpretation and supports our molecular 

architecture hypothesis. The findings of thin film pyrolysis on asphaltenes also suggest bridged 

structures present in a significant concentration.
78

 

Table 1 summarizes the main aspects of the individual techniques and their respective findings. SPI 

revealed a dominant alkene/alkane pattern, caused by cracking of alkylation sites and verified with 

the Pyr-GC. REMPI exhibits the PAH pattern selectively and even-numbered m/z homolog series as 

well as tentatively assigned carbazole and acridine derivatives, indicated by even m/z values. Sulfur 

containing aromatic structures are detectable, but the short life time of their first excited state 

required for REMPI lead to a very low signal intensity. For PASH (polycyclic aromatic sulfur 

hydrocarbons) detection, APPI is the method of choice, and the sulfur species could be easily 

identified as shown above. APCI is sensitive towards oxygenated compounds, but only a minor 

proportion of thermally stable oxygen containing species was observed in the asphaltene pyrolysis 

effluent. APCI, APPI as well as REMPI enable a high-sensitive detection of aromatic hydrocarbon 

structures. All three techniques found 2–4 ring PAHs with a double bond equivalent of 6–13 as most 

abundant constituents of the asphaltene thermal degradation. 

  



Conclusion 

The thermal analysis of a C7 asphaltene as well as its parent crude oil and the comprehensive 

molecular description of the evolved gas mixture were successfully conducted deploying three 

different couplings and five different ionization techniques. We showed that no significant amount of 

material evaporates in the desorption phase (< 300 °C), whereas in the pyrolysis phase (> ~320 °C) a 

complex variety of thermal decomposition products was detected. A residue of roughly 50 w-% 

remains after pyrolysis and can be evaporated nearly completely under an oxidative atmosphere at 

800–1000 °C. Thus, the asphaltene sample, distributed within the PetroPhase Interlaboratory Study, 

was proven to be carefully prepared and removed from desorbable co-precipitates. 

The combination of different ionization schemes and mass spectrometric analyzers allowed a more 

comprehensive chemical description and validation of the pyrolysis effluent. APCI, as well as the 

photo ionization techniques, allow for a fragment-free characterization, whereas the GC EI partially 

allows the validation of structural motives. Side chain loss dominates the pyrolysis pattern, revealed 

as alkenes and alkanes via EI and SPI, as well as aromatics, detected via REMPI, APPI, and APCI. The 

thermal fragments and field desorption mass spectrometric results were used for an indirect 

assessment of the molecular architecture. The findings strongly indicate a molecular structure type 

with several aromatic cores (mainly 2–4 ring systems) linked by aliphatic side chains. Thermal 

decomposition of the aromatic core in the proposed island structure type can happen, e.g., along 

partially saturated ring systems, but is less favorable. Therefore we suggest archipelago type 

asphaltenes be dominant in the PetroPhase 2017 asphaltene. Direct infusion measurements with 

APPI and CID on ultra-high resolution mass spectrometer on the same sample give evidence for this 

hypothesis as well. 

We have proven that soft ionization is crucial for the specification of the effluent obtained from 

asphaltene and parent oil thermal analysis. Conventional TD/Pyr-GC EI-QMS delivers valuable 

information but is not solely suitable and sufficient for the molecular characterization of these ultra-

complex sample materials. Investigation of the thermal behavior of standard substances, which 

mimic one of the both suggested architecture types, will be done in future work, e.g., to access 

residue and coke formation. Additional information on nitrogen containing species is obtainable by 

applying electrospray ionization. Nonetheless, direct infusion experiments most often struggle with 

the high dynamic range and ultra-high complexity of these sample materials and a substantial effort 

has to be taken to generate valuable spectra, e.g., by deploying high-field magnets, acquisition of 

narrow m/z bands or chromatographic separation. As for the thermal analysis approaches used in 

this study, the sample can be used directly without any pretreatment. 



The high potential of evolved gas analysis coupled to mass spectrometry and in particular, the 

combination of several ionization techniques implies the conductance of further studies on trouble-

makers in the petrochemical industry, such as resins, naphthenates, and other deposits, as well as on 

asphaltenes from a different origin. Additionally, analyzing the residue formed at 600 °C thermal 

treatment, e.g., via direct infusion or laser desorption high resolution mass spectrometric techniques, 

will increase the understanding of the thermal behavior and allow further structural assignments. 
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Figure 3: a) Total ion count gas chromatogram for the 500 °C pyrolysis EI-QMS measurement. Low mass 

hydrocarbons down to C2 were detected, but chromatographic separation was insufficient. Starting with C10, a 

defined alkane and alkene pattern is observed, whereas the enlarged section reveals alkylated benzothiophene 

isomers. b). Averaged SPI mass spectrum for the asphaltene pyrolysis with high abundant alkene pattern. 

Within the expanded part of the SPI mass spectrum a continuing benzene, alkane and alkene pattern can be 

observed.  
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Figure 4: Average mass spectra of the asphaltene pyrolysis for a) REMPI TOF-MS, b) APCI and c) APPI FT-ICR 

MS. Tentative assignments of selected aromatic alkylated series as well as their structure and double bond 

equivalents (DBE) are given on the right side. PAXH - heteroatom (X = N, S, O) containing polycyclic aromatic 

hydrocarbons (PAH).  
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Figure 5: Carbon number versus double bond equivalent (DBE) visualization for the a) APCI and b) APPI 

assignments of the CHS1 class as well as c) for the CHS1 class assignments observed for the asphaltene sample 

via APPI-CID. Additionally, the results of the planar limit-assisted calculation are given.  
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Figure 6: Schematic representation of the most probable tentative assignments and the chemical space, which 

is covered by the individual techniques as well as their overlap. The molecular structures and moieties can be 

recomposed to an exemplary asphaltene structure.  
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Table 1: Compilation of the applied techniques, their essential characteristics and the most significant results of 

the investigation of the PetroPhase 2017 asphaltene and parent crude oil. 

Method (1) TD/Pyr-GC EI-

QMS 

(2) TG SPI TOF 

MS 

(3) TG REMPI 

TOF MS 

(5) TG APPI FT-

ICR MS 

(5) TG APCI FT-

ICR MS 

Full name thermal 

desorption/pyrolys

is gas 

chromatography 

electron impact 

quadrupole mass 

spectrometry 

thermogravimet

ry single photon 

ionization time-

of-flight mass 

spectrometry 

thermogravimet

ry resonance 

enhanced multi 

photon 

ionization time-

of-flight mass 

spectrometry 

thermogravimet

ry atmospheric 

pressure photo 

ionization 

Fourier 

transform ion 

cyclotron 

resonance mass 

spectrometry 

thermogravimet

ry atmospheric 

pressure 

chemical 

ionization 

Fourier 

transform ion 

cyclotron 

resonance mass 

spectrometry 

Concep

t 

Ionization 70 eV electron 

impact - hard 

118 nm single 

photon 

ionization - soft 

266 nm  

resonance 

enhanced multi 

photon 

ionization - soft 

Kr-VUV lamp 

with 10/10.6 eV 

(124/117 nm)- 

soft 

corona discharge 

chemical 

ionization at a 

3000 µA 

stainless steel 

needle - soft  

Analyzer nominal resolution 

quadrupole with 

secondary electron 

multiplier, gas 

chromatography 

with separation 

and retention time 

information 

(structure) 

reflectron time-

of-flight with 

multi channel 

plate detection, 

nominal 

resolving power, 

high acquisition 

rate 

reflectron time-

of-flight with 

multi channel 

plate detection, 

nominal 

resolving power, 

high acquisition 

rate 

ion cyclotron 

resonance with 

7 T magnet 

(Bruker, 

ParaCell™), 

ultra-high 

resolution (260k 

at m/z 400) 

ion cyclotron 

resonance with 

7 T magnet 

(Bruker, 

ParaCell™), 

ultra-high 

resolution (260k 

at m/z 400) 

Detectable 

compounds 

ionization of all 

organic and 

inorganic species 

(universal), gas 

chromatographic 

limitation in 

volatility 

species with 

ionization 

energy below 

10.5 eV, 

universal for 

most 

hydrocarbons 

aromatic 

hydrocarbons 

with stable 

intermediate 

state 

semi-polar and 

non-polar 

components, 

highly efficient 

for sulfur 

containing 

species 

polar and 

semipolar 

constituents, 

sensitive 

towards 

oxygenated 

species 

What 

was 

found? 

Petro-

Phase C7 

asphalten

e 

no signal in the 

thermo desorption 

(at 300 °C), 

dominant alkene 

and alkane 

pattern, mainly 

side chain 

information, less 

abundant (factor 

10) alkylated PAH 

and PASH 

intense alkene 

pattern (C3-35) 

peaking at 

propane and 

exponentially 

decrease, high 

abundant H2S 

signal, less 

abundant 

aromatic pattern 

1-5 ring 

aromatics and 

their alkylated 

species up to 

m/z 500 peaking 

at m/z 224, 2-3 

ring with 3-10 

alkylation as 

average  

intense homolog 

series of 

benzothiophene 

with alkane and 

alkene side 

chains 

intense homolog 

series of 

benzothiophene 

with alkane and 

alkene side 

chains, 

oxygenated 

species, e.g., 

CHO, CHSO 
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Figure S1: Mass loss curves for the investigation of the asphaltene and parent crude oil with two 

different thermo balances hyphenated to API FT-MS (TG209) and PI TOF-MS (STA 409). 
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Figure S2: Average effluent mass spectra over the complete investigated temperature range for the 

asphaltene and parent crude oil investigated with SPI and REMPI TOF-MS.  
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Figure S3: The schematic concept of the data combination from the intact information from the FD 

MS measurement and the thermal decomposition fragment information given by the thermo 

gravimetry SPI, APPI, APCI and REMPI MS approaches. 
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Figure S4. Average field desorption mass spectrum. The sample was applied to a field-desorption 

emitter by dissolving 0.66 mg of the solid sample in 3 mL dichloromethane and bringing the emitter 

in contact with a droplet of 1 uL of this solution (about 0.1 µL applied on the emitter). The emitter 

was placed in the ion source of of a double-focusing Finnigan MAT 95 magnetic sector instrument 

(emitter: 4.7 kV, counter electrode -5.5 kV). The emitter was heated at 2 mA per minute in a vacuum 

of 10
-4

 Pa and two spectra per minute were recorded at a resolution of R=3000 (m/∆m) with 

magnetic scanning between m/z 15 and 2500. 
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