pubs.acs.org/EF

energy:fuels

@ Cite This: Energy Fuels XXXX, XXX, XXX—XXX

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

Christopher P. Riiger,*’_}_ * Christoph Grimmer,” Martin Sklorz,” Anika Neumann,” Thorsten Streibel,"*
and Ralf Zimmermann "

Joint Mass Spectrometry Centre/Chair of Analytical Chemistry, University of Rostock, 18051 Rostock, Germany

*Joint Mass Spectrometry Centre/Cooperation Group Comprehensive Molecular Analytics, Helmholtz Zentrum Miinchen,
85764 Neuherberg, Germany

SAerosols and Health, Helmholtz Virtual Institute of Complex Molecular Systems in Environmental Health (HICE),
85764 Neuherberg, Germany

© Supporting Information

ABSTRACT: In this study, the asphaltene and corresponding crude oil, distributed within the Asphaltene Characterization
Interlaboratory Study for PetroPhase 2017, were characterized on the molecular level. For this purpose, three different thermal
analysis mass spectrometry hyphenations with five diverse ionization techniques varying in selectivity were deployed: (1) thermal
desorption/pyrolysis gas chromatography electron ionization (TD/Pyr—GC—EI-QMS), (2/3) thermogravimetry single-
photon/resonance-enhanced multiphoton ionization time-of-flight (TG SPI/REMPI TOF—MS), and (4/S) thermogravimetry
atmospheric pressure photo-/chemical ionization ultrahigh-resolution mass spectrometry (TG APPI/APCI FT-ICR MS). For the
investigated C, asphaltene, no mass loss was detected at <300 °C and the pyrolysis phase was dominant, whereas the parent
crude oil exhibits a high abundant desorption phase. At roughly 330 °C, pyrolysis begins and mass loss as well as complex
mass spectrometric patterns were recorded. The resulting information on the effluent gained by the different soft ionization
mass spectrometric approaches was combined with the GC—EI-MS data for structural cross-evaluation. We showed that
the combination of the applied techniques leads to a more comprehensive chemical characterization. For the asphaltene, TG SPI
TOF—MS shows high abundances of alkanes, alkenes, and hydrogen sulfide during pyrolysis. TG REMPI TOF—MS is selective
toward aromatics and reveals clear patterns of polyaromatic hydrocarbons (PAHs) 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 for the investigated asphaltene.

B INTRODUCTION

The chemical composition of petroleum and petrochemical
products is crucial for their processing and economic
utilization.' ™ Even with state-of-the-art analytical instrumenta-
tion, the analysis of heavy petroleum and its fractions as well as
from unconventional petroleum sources, such as oil sands, is
still a challenge.“’5 Especially, for the asphaltene fraction, a part
of the petroleum that is soluble in toluene and insoluble in a
small paraffin, such as n-heptane, only a few standardized
analysis methods exist.” These ultracomplex mixtures with
high aromatic content, besides other heavy constituents, cause
particular problems for traditional approaches, e.g., chromato-
graphic 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.é’7
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State-of the art techniques for the chemical characteriza-
tion of asphaltenes on the molecular level are mainly mass
spectrometric approaches, such as direct infusion atmospheric
pressure ionization ultrahigh-resolution mass spectrometry.”*’
In addition, high-field nuclear magnetic resonance (NMR)
spectroscopy and absorption spectroscopic approaches, such as
X-ray absorption near edge structure (XANES)'%™'* as well as
high-performance liquid chromatography, are deployed."’
Thermal analysis (TA), regarding evolved gas analysis,
coupled to various analytical detectors has also become a
powerful tool in petroleum analysis and other areas."*”"’
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Besides spectroscopic approaches, such as infrared spectroscopy
for fingerprint pattern or small-molecule quantification,'>*"*!
mass spectrometry is the favored coupling technique.'”'*'®
For heavy petroleum, thermal analysis is primarily applied for
studying the evaporation pattern as well as the thermal decom-
position products at an elevated temperature during pyro-
lysis.””~** Pyrolysis gas chromatography was conducted exten-
sively with low resolving mass analyzers and hard ionization to
study thermal decomposition products since the 1980s.”*~>'

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.”” For the thermal analysis of petroleum fractions, most
often nominal resolving mass analyzers with hard ionization are
used, which enable robust pattern information.>** Nonethe-
less, 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
photoionization®”***” and chemical ionization.”*™*' With
the selection of a particular soft ionization technique, control
of selectivity can be achieved. In the case of resonance-
enhanced multiphoton ionization (REMPI), aromatic com-
pounds are selectively ionized,"*® whereas atmospheric
pressure photoionization (APPI) reveals a high ionization
efficiency for aromatic and sulfur-containing species and
atmospheric pressure chemical ionization (APCI) reveals a
high ionization efficiency for medium-polar and polar
constituents.”**~*" We applied TA with soft ionization mass
spectrometric detection for a wide range of agglications, eg,
nut and coffee roasting,%’ﬂ'g’49 crude oils,”****” biomass/
tobacco pyrolysis,***>*' elemental sulfur evaporation,™ poly-
mers,”” and dissolved organic matter.”' Asphaltene pyrolysis
has not been studied before with photoionization (PI)
techniques, with either vacuum PI or atmospheric pressure PL

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 (C,) asphaltene and parent crude oil of
the Asphaltene Characterization Interlaboratory Study for
PetroPhase 2017 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. Over the last few decades, a lot of effort has gone into
deciphering 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 the
literature, the thermal decomposition products of the macro-
molecular structure should give information about the respec-
tive building blocks and add valuable information to the
molecular architecture debate.

Five different ionization schemes were applied with electron
ionization (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 pres-
sure chemical and photoionization (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 will provide 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 an ideal case study as a result of the extensive research
conducted on the same asphaltene sample.

B MATERIALS AND METHODS

Material. In this study, a heptane (C,) asphaltene and the
corresponding parent crude oil (a Columbian heavy crude oil, with
an American Petroleum Institute (API) gravity of 12°)°” were
investigated. The samples were received within the Asphaltene
Characterization Interlaboratory Study for PetroPhase 2017 and had
been prepared by the group of Marianny Y. Comariza at the Industrial
University of Santander (Colombia).”> In brief, asphaltenes are
precipitated using the ASTM D6560-12 procedure with n-heptane
under sonication (110 W and 40 kHz), which decreased co-precipitants
significantly. Four Soxhlet extraction steps were deployed as an
additional cleaning procedure for an efficient removal of occluded
compounds of the maltene fraction to receive the final cleaned
asphaltene sample. Additional information on the elemental
composition is given in Table S1 of the Supporting Information.

Instrumentation. Three thermal analysis setups coupled to
different mass spectrometric systems were deployed within this
study: (1) thermal desorption/pyrolysis gas chromatography with
electron ionization and quadrupole mass spectrometric detection
(TD/Pyr—GC—EI-QMS); (2/3) thermogravimetry photoionization
[single-photon ionization (SPI) and resonance-enhanced multiphoton
ionization (REMPI)] with time-of-flight mass spectrometric detec-
tion (TG SPI/REMPI TOF—MS), and (4/5) thermogravimetry
atmospheric pressure photo- and atmospheric pressure chemical
ionization ultrahigh-resolution mass spectrometry (TG APPI/APCI
FT-ICR MS). The schematic setup 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 uL of the diluted parent crude oil (1:100 in dichloro-
methane) and roughly 0.5—0.9 mg of the solid asphaltene were
injected into the pyrolyzer (model PY-2020iD, double-shot pyrolyzer,
Frontier Laboratories) mounted onto a HP 6890 gas chromato-
graph.”*** The sample material undergoes two steps: (1) a thermal
desorption process at 300 °C and (2) a pyrolysis step at S00 °C, each
held for 1 min. To separate the evolved gas mixture, a 30 m
SGE-BPXS column (250 pm inner diameter, 0.25 ym film, helium at
99.999%, and head pressure at 0.4 bar) 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 ionization 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 DataAnalysis 4.0 SP 1. In brief, Bruker DataAnalysis was
used for fast assessment of the data and obtaining a qualitative over-
view, e.g,, survey view, extracted ion chromatograms, and averaging of
time segments. Afterward, AMDIS was used for finding chromato-
graphic features (deconvolution) and validation of fragment spectra
with the National Institute of Standards and Technology (NIST)
database (NIST MS Search 2.0).

For setup 2/3, the volatile and semi-volatile constituents of the
effluent from a thermal balance were analyzed by single- and resonance-
enhanced multiphoton ionization (SPI/REMPI). For this purpose, a
thermobalance (STA 409, Netzsch Geritebau, Selb, Germany) was
directly hyphenated to the ionization source of the mass spectrometer
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Figure 1. Schematic overview of the deployed thermal analysis mass spectrometry hyphenations: (1) thermal desorption/pyrolysis gas
chromatography with electron ionization quadrupole mass spectrometric detection (TD/Pyr—GC—EI-QMS); (2/3) thermogravimetry
photoionization with time-of-flight mass spectrometric detection (TG SPI/REMPI TOF—MS), and (4/5) thermogravimetry atmospheric pressure
photo-/chemical ionization ultrahigh-resolution mass spectrometry (TG APPI/APCI FT-ICR MS). Survey views (retention time/temperature
versus m/z) are given on the right-hand side for each applied technique on the analysis of the Asphaltene Characterization Interlaboratory Study for

PetroPhase 2017 asphaltene sample.

via a heated interface and transfer line (I 2.25 m, 280 um inner
diameter, and 280 °C).>>*® A few milligrams of the sample material
were placed on 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 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 as a result of the pressure difference between
the balance at atmospheric pressure and the ion source at vacuum
(roughly 3 x 10™* mbar). The subsequent SPI and REMPI TOF—MS
analysis is described in detail elsewhere.”>***” In brief, for SPI, 355 nm
laser pulses (25 mJ pulse energy, 10 Hz repetition rate, and S ns
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pulse width), generated from a Nd:YAG laser (Surelite III,
Continuum, Inc, Santa Clara, CA, U.S.A.), were sent through a
xenon-filled gas cell (Xe 4.0, 12 mbar), yielding vacuum ultraviolet
photons (118 nm and 10.5 V). For REMPI, the Nd:YAG funda-
mental wavelength is frequency-quadrupled (4.7 eV and 266 nm).
The molecular ions formed by either REMPI or SPI are recorded from
m/z 5 to 500 with 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 setup (4/5) is composed of a
thermobalance (TG 209, Netzsch Geritebau, Selb, Germany) coupled
to a modified Bruker GC-APCI II source, which allows us to carry out
APCI with a stainless-steel corona needle (3 A corona current) as
well as APPI with a Kr vacuum ultraviolet (VUV) lamp (10/10.6 eV
and 124/117 nm).*® The temperature program of the thermobalance
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 setup 2/3, the gas
sampling was achieved by a slight overpressure of 8—10 mbar in the
thermobalance 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 megaword
transient, resulting in a resolving power of roughly 300 000 at m/z 400.
A broad band spectrum with five microscans was recorded, alternating
with a collision-induced dissociation (CID) spectrum of the whole
mass range at 30 V with five microscans, resulting in an overall

acquisition rate of 0.2 Hz. A detailed description of the APCI setup can
be found elsewhere.*' 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 APPI, 3—5 mg of the sample was placed into the aluminum
crucible. Please note that the source was optimized for gas chromato-
graphy APCI, leading to a lower sensitivity in APPI mode.

B RESULTS AND DISCUSSION

All of the applied techniques exhibit certain characteristics, such
as high mass resolving power and accuracy for the hyphena-
tion of thermogravimetry to atmospheric pressure ionization
FT—MS, vacuum ionization avoiding matrix effects, or addi-
tional 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 roadmap for the analysis
throughout this study.

One advantage of the thermogravimetric 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, which is not accessible with the TD/Pyr—GC
setup. The mass loss curves showed no significant desorption step
and a relatively sharp pyrolysis signal peaking at 435—460 °C with
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Figure 3. (a) Total ion count gas chromatogram for the S00 °C pyrolysis EI-QMS measurement of the asphaltene. Low mass hydrocarbons down
to C, were detected, but chromatographic separation was insufficient. Starting with C,,, 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 a high abundance
alkene pattern. Within the expanded part of the SPI mass spectrum, a continuing benzene, alkane, and alkene pattern can be observed.

a mass loss of 47—49 wt % (Figure S1 of the Supporting
Information). The thermal behavior is in good agree-
ment with the chemical evolved gas analysis data from
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 wt % before 300 °C and a further
mass loss of approximately 30 wt % in the pyrolysis phase
(300—600 °C). An amount of approximately 49 wt % for the
asphaltene and 5 wt % for the parent crude oil remained as a
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 petro-
chemicals, and therefore, a high proportion of the mass
loss will be caused by dealkylation of aromatic species.’”
In summary, the hypothesis that the interlaboratory aspha-
Itene sample does not contain significant amounts of volatile

or semi-volatile species can be stated and is in agreement with
the literature for other asphaltenes.*’

Pyrolysis Gas Chromatography. The pyrograms obtained
by pyrolysis gas chromatography at 500 °C were analyzed as
shown in the literature to obtain the average side-chain length,
sulfur compounds versus aliphatic compounds, and to indicate
the presence of SO, as well as CO0,.**°" The low ionization
efficiency dependence of the EI concerning the molecular
structure and size is a useful advantage compared to chemical
and photoionization. Primary pyrolysis signals were aliphatic
side chains up to a length of 37 carbons (Cy;). SO, (m/z 64)
was found to a very low extent compared to H,S (m/z 34).
This finding indicates nearly oxygen-free conditions. Thio-
phenic species were found to be more abundant than H,S,
indicating thiophene sulfur constituents dominant compared to
thiols. The comparison between sulfur compounds and aliphatic
species revealed a strong dominance of aliphatic species, with 2
orders of magnitude higher abundance. The average aliphatic
side-chain length turned out to be 8.2 (m/z ~120), identified by

DOI: 10.1021/acs.energyfuels.7b02762
Energy Fuels XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.7b02762/suppl_file/ef7b02762_si_001.pdf
http://dx.doi.org/10.1021/acs.energyfuels.7b02762

Energy & Fuels

a) 15
DBE
4
3
5,
-y 7
]
8
£
10
b) 12
3 13
S,
2
@
8
£ 12
100 150 200 250 300 350 400 450 500 556 \
miz o \ /\CH 6
Xml — 3
c) 2 T T 1 T T 1 1 T 1
: L] \
15 _‘(.(m < Q_@Cm
- 7
3 °* W
I . >\\
K \CHZ
_:‘2 05 | 4 N
ol L Ll

100 150 200 250 300

miz

350

400

450 500 550

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 DBE are given on the right side. PAXH = heteroatom (X = N, S, and O)-containing

polycyclic aromatic hydrocarbons (PAHs).

the alkane and alkene main fragments m/z 55 and 57, which is
slightly higher than values from the literature (Figures S2—S$
of the Supporting Information).”®" 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 C;. 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 on the basis of 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, captured in more
detail with APPI and APCI. Furthermore, the thiophene species
with the 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 as a result of 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 lonization. For the single-photon ioniza-
tion, a universal and soft ionization technique,**** typical
petroleum patterns with homologue series of m/z 14 (CH,)
and m/z 2 (H,) spacing were observed for the parent crude oil

as well as asphaltene. The spectra (Figure S6 of the Supporting
Information and Figure 3b) covered a mass range from m/z 34
to approximately 450. The higher contribution of intact
desorbed species in the total average parent crude oil 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 (Cj-alkene and propene), with m/z 34 (H,S) the second
dominant, whereas the crude oil pattern peaks at m/z 120
(C;-alkylated benzene) with m/z 156 (C;-alkylated benzene) as
the second dominant. Comparing only the pyrolysis pattern of
the parent crude oil and the asphaltene, SPI shows a high
similarity. In more 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 Cg alkene was found to be the most
abundant alkene (because C, 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 Cy; can be calculated for the aspha-
Itene. Isobaric species for this series can be alkylated
cycloalkanes with 1 saturated ring, which were found only in
minor abundance in the GC pyrograms and are less common
as stable products in pyrolysis.””*’ The average alkene length
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estimated with the universal soft SPI is congruent to the
pyrolysis GC data obtained with the universal hard electron
ionization, although the photoionization cross section has to be
taken into account. Fortunately, in SPI, the cross sections range
only between a factor of 2 and 3 within one compound class.”*
The substantial occurrence of H,S is caused by the decom-
position of organic sulfur constituents, mainly thiols. On the
basis of 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. Pyrolysis GC—EI-QMS was
optimized for larger constituents; hence, species below C, do
not reveal a good peak shape (Figure 3). Nonetheless, the main
effluent components can be verified by the electron ionization
fragment spectrum as starting from the Cg alkane/alkene at a
retention time of roughly 2 min. As of a retention time of
1S min, the gas chromatogram exhibits a clear pattern for alkanes
and alkenes, peaking at C,;. Pyrolysis of the macromolecular
asphaltene structures results to a large extent in the release of
smaller alkyl chains below C, by cracking as well as notable
amounts of larger alkenes above C,;. Nonetheless, also very
long alkyl chains, which can either originate from a linker or
more likely from a core structure alkylation side, can be found
(up to Cy;, m/z ~ 520). The cracking process during pyrolysis
is a complex mixture of reactions economically used by
refineries (thermal cracking/visbreaking, 450—750 °C, usually
at high pressures around 70 bar). 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 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, as a result of dynamic range aspects, a
more selective technique is advantageous too.
Resonance-Enhanced Multiphoton lonization. Figure 4
provides a more selective view on the complex asphaltene
pyrolysis mixture. The two-photon process in REMPI ionizes
species with an ionization energy (IE) below 9.32 eV (2 X 4.66 V)
and a stable intermediate state. Consequently, solely aromatics
can be found. A pattern with the same characteristic CH, group
spacing as with SPI can be observed. The spectrum peaks at
m/z 226, most likely C,-alkylated naphthalenes. The 2—4-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;és’66 in comparison to,
e.g., naphthalene, sulfur-containing benzothiophenes are ion-
ized with a 100-fold lower efficiency, whereas alkanes over-
lapping 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 homologue
alkylation rows were tentatively identified. With the relative
measured abundances, an aromatic ring size of 3—4 with a main
alkylation length of C;_;, can be revealed for the asphaltene.
The 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 3—S rings (6—8). The
relatively low average alkylation length results from the cracking
process during the pyrolysis.

Atmospheric Pressure lonization. For REMPI, assign-
ments of probable chemical structures rely on literature
knowledge and the ionizable chemical space, e.g., selectivity
to aromatics and cross sections. Ultrahigh mass resolution and
mass accuracy, as routinely delivered by FT—MS instruments,
allow for a mathematical calculation of the elemental com-
position. Assignment to the summed APPI and APCI FT-ICR
MS spectra revealed roughly 800 and 1250 distinct chemical
formulas. 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 the second
dominant (APCI, 25% TIC; APPI, 21% TIC), followed by the
CHS, class (APCI, 10% TIC; APPI, 18% TIC). In APCI, oxy-
genated 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.**” In both spectra, CHS,_,0,_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. In comparison 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
CHO,_, (Figure S7 of the Supporting Information). Nonethe-
less, if only the pyrolysis phase of the parent crude oil is taken
into account, the data are consistent with the asphaltene com-
pound class pattern.

Aside from that, the elemental composition assignment
allows for an assessment of the aromaticity by the double bond
equivalent (DBE) value.”® For APCI, an intensity-averaged
DBE of roughly 7.8 was detected, whereas for APPI, the
value is 9.1, corresponding to a 2—3-ring system. Figure 4
visualizes the dominant homologue 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 CHS, 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).
The DBE patterns of asphaltene pyrolysis are similar to those
from the pyrolysis phase of the parent crude oil. The similarity
between the pyrolysis phases of the asphaltene and the parent
crude oil shown by all techniques suggests that asphaltenic
species cause a high proportion of the pyrolysis of the crude oil.
Figure S visualizes the revealed chemical space by example of
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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 used for planar limit-
assisted structural interpretation of the aromatic building blocks,
which give information on how the rings are arranged.””’
For this purpose, the lower carbon number limit of the distri-
bution is fitted linearly. A slope of 0.78 for APCI and 0.76 for
APPI was found, corresponding to a linear benzene ring addi-
tion (cata-condensed, e.g, anthracene, naphthalene, and bipheny-
lene) with a slight proportion of nonlinear addition (peri-
condensed, e.g,, pyrene, perylene, and coronene). These values are
in good agreement with the fittings observed for the CID
spectra. The CHS, 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 as a
result of (neutral loss) dealkylation with preservation of the

parent aromatic structure. This finding proves 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 CH,), of 2.1 for
APCI and 6 for APPI was found. A more precise estimation
of the average alkylation length can be performed by sub-
traction 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. Nonethe-
less, this precaution will not lead to a complete dealkylation,
and alkylated constituents are still observed in the CID pattern.
Thus, the real average alkylation length may be somewhat
higher. With this in mind and assuming the structures proposed
in Figure 4, 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 with the literature that
the alkyl chain length decreases in the order of saturates >
aromatics > resins > asphaltenes.”” Furthermore, it has to be
kept in mind that, in this study, thermal decomposition prod-
ucts were investigated and the intact asphaltene molecules
might consist of several of the observed aromatic cores and
alkyl chains.

Data Combination. In the Asphaltene Characterization
Interlaboratory Study for PetroPhase 2017, among many other
techniques, field desorption mass spectrometry (FD—MS), a
universal and soft ionization approach, was conducted with the
same sample (Figure S8 of the Supporting Information).
A mean molecular mass (M,,) of m/z 1267 and an intensity-
weighted molecular mass (M,,) of m/z 974 with a polydispersity
(M,/M,) 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. Nonethe-
less, field ionization mass spectrometric investigations as well as
fluorescence depolarization techniques on asphaltenes obtained
an average molecular weight of m/z 700—750,”" " which is in
the same order of magnitude, and the dissociation effect might
be very small. Dependent upon 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, REMPIL, APPI, and APCL DBE can
be calculated from the molecular weight, given by FD—MS, and
elemental analysis.”® 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 wt %, a hydrogen content of 7.4 wt %,
and a nitrogen content of 1.3 wt %. 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-polyaromatic products), the intact
macromolecular asphaltene structure is composed of roughly
three aromatic cores (Figure 6 and Figure S9 of the Supporting
Information). A remaining mass of approximately m/z 200
(~14 CH,-units) is contributed by additional 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
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as well as giving a tentative asphaltene structure as revealed
here by the 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”."* Unfortu-
nately, 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 (in comparison to alkane pyrolytic frag-
ments). 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.

According to the mass loss curves discussed above, roughly
40 wt % 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 carbo-
nization will involve various reactions.”* It was shown that
aliphatic moieties reveal a higher alteration degree compared to
the relatively stable aromatic core.”” 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.”®”’

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 degrada-
tion pathways potentially limit the thermal analysis approach
applied upon asphaltenes. Nonetheless, direct infusion APPI
FT—MS of the exact same asphaltene within the Asphaltene
Characterization Interlaboratory Study for PetroPhase 2017
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.”®
Table 1 summarizes the main aspects of the individual tech-
niques and their respective findings. SPI revealed a dominant
alkene/alkane pattern, caused by cracking of alkylation sites and
verified with Pyr—GC. REMPI exhibits the PAH pattern
selectively and even-numbered m/z homologue 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 lifetime of their first excited state
required for REMPI leads to a very low signal intensity.
For polycyclic aromatic sulfur hydrocarbon (PASH) detection,
APPI is the method of choice, and the sulfur species could be
easily identified, as shown above. APCI is sensitive toward oxy-
genated compounds, but only a minor proportion of thermally
stable oxygen-containing species was observed in the asphaltene
pyrolysis effluent. APCI, APPI, and REMPI enable a sensitive
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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

(1) TD/Pyr—GC—EI—

method QMS (2) TG SPI TOF—MS
full name thermal thermogravimetry
desorption/pyrolysis single-photon
gas chromatography ionization time-of-flight
electron ionization mass spectrometry
quadrupole mass
spectrometry
concept ionization 70 eV electron impact, 118 nm single-photon
hard ionization, soft
analyzer nominal resolution reflectron time-of-flight

quadrupole with
secondary electron
multiplier, gas

with multichannel plate
detection, nominal
resolving power, high

(3) TG REMPI TOF— (4)TGAPPIFT-ICRM-
S

MS

thermogravimetry
resonance-enhanced
multiphoton ionization
time-of-flight mass

thermogravimetry
atmospheric pressure
photon ionization

spectrometry cyclotron resonance
mass spectrometry
266 nm Kr VUV lamp with

10/10.6 eV
(124/117 nm), soft

resonance-enhanced
multiphoton ionization,

soft

reflectron time-of-flight
with multichannel plate
detection, nominal
resolving power, high

ion cyclotron
resonance with 7 T
magnet (ParaCell,
Bruker), ultrahigh

Fourier transform ion

(5) TGAPCIFT-ICRMS

thermogravimetry
atmospheric pressure
chemical ionization
Fourier transform ion
cyclotron resonance
mass spectrometry

corona discharge
chemical ionization at a
3000 pA stainless-steel
needle, soft

ion cyclotron resonance
with 7 T magnet
(ParaCell, Bruker),
ultrahigh resolution

chromatography with
separation and
retention time
information (structure)

acquisition rate

detectable compounds ionization of all organic
and inorganic species
(universal), gas
chromatographic

limitation in volatility

universal for most
hydrocarbons

PetroPhase
C; asphaltene

what was
found? desorption (at 300 °C),
dominant alkene and
alkane pattern, mainly
side-chain information,

less abundant

(Cs-35) peaking at
propane and an

high abundant H,S

species with ionization
energy below 10.5 eV,

no signal in the thermal intense alkene pattern

exponential decrease,

resolution (260000
at m/z 400)

acquisition rate (260000 at m/z 400)

aromatic hydrocarbons
with stable intermediate
state

semi-polar and
nonpolar
components, highly
efficient for
sulfur-containing
species

polar and semi-polar
constituents, sensitive
toward oxygenated
species

1—S5-ring aromatics and intense homologue
their alkylated species  series of
up to m/z 500 peaking benzothiophene with
at m/z 224, 2—3 ring alkane and alkene
with 3—10 alkylation side chains
on average

intense homologue series
of benzothiophene
with alkane and alkene
side chains, oxygenated
species, e.g, CHO and
CHSO

detection of aromatic hydrocarbon structures. All three
techniques found 2—4-ring PAHs with a DBE of 6—13 as
the most abundant constituents of the asphaltene thermal
degradation.

Bl CONCLUSION

The thermal analysis of a C, 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 tech-
niques. 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 wt % remains after pyrolysis and can be evaporated nearly
completely under an oxidative atmosphere at 800—1000 °C.
Thus, the asphaltene sample, distributed within the Asphaltene
Characterization Interlaboratory Study for PetroPhase 2017,
was proven to be carefully prepared and devoid of desorbable
co-precipitates.

The combination of different ionization schemes and mass
spectrometric analyzers allowed for a more comprehensive
chemical description and validation of the pyrolysis effluent.
APCI as well as the photoionization techniques allow for a
fragment-free characterization, whereas GC—EI partially allows
for the validation of structural motives. Side-chain loss domi-
nates 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 spectro-
metric 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 an ultrahigh-resolution
mass spectrometer on the same sample give evidence for this
hypothesis as well.

We have proven that soft ionization is crucial for the specifi-
cation of the effluent obtained from asphaltene and parent
crude oil thermal analysis. Conventional TD/Pyr—GC—EI—
QMS delivers valuable information that is, however, not
sufficient for the molecular characterization of these ultra-
complex sample materials. Investigation of the thermal behavior
of standard substances, which mimic each of the suggested
architecture types, will be performed in future work, e.g, to
address residue and coke formation. Additional information on
nitrogen-containing species is obtainable by applying electro-
spray ionization. Nonetheless, direct infusion experiments most
often struggle with the high dynamic range and ultrahigh
complexity of these sample materials, and substantial effort has
to be taken to generate valuable spectra, e.g., by deploying high-
field magnets, acquisition of narrow m/z bands, or chromato-
graphic 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 will stimulate further studies on trouble-
makers in the petrochemical industry, such as resins, naphthe-
nates, 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
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increase the understanding of the thermal behavior and allow
for further structural assignments.
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