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ABSTRACT: The role of archipelago asphaltene structure in the
reactions of petroleum asphaltenes was investigated by comparing
yields of products from the conversion of archipelago-rich heavy
oils and bitumen to the yields from a sample with predominant
island-type structures. The archipelago content of the asphaltenes
was positively correlated with the yield of liquid products boiling
below 524 °C. The yield of coke solids increased with the fraction
of island structures in the asphaltenes. Furthermore, catalytic
hydroconversion of Athabasca bitumen gave a residual asphaltene
fraction that was highly enriched in weakly aggregating
components, on the basis of extrographic separation, and very
low content of archipelago structures. High-resolution Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) analysis showed that the heteroatom polydispersity of the asphaltenes after conversion was dramatically reduced, and the range
of double-bond equivalents and carbon number was close to the limiting boundary of planar polynuclear aromatic hydrocarbons
(PAHs). The radical cations from the converted asphaltenes showed significant concentration of high-ring-number/known PAH
structures. The results highlight the existence of a positive correlation between the amount of archipelago structural motifs in
asphaltenes and the yield of products with a range of boiling points below 524 °C. Moreover, the data demonstrates that advanced
hydroconversion methods can be used to obtain asphaltene fractions with decreased polydispersity in terms of heteroatom content,
alkyl-substitution, and molecular structure, which could be eventually exploited for material science applications.

■ INTRODUCTION

Asphaltenes are the most complex fraction of petroleum that
contain molecules of diverse heteroatomic functional groups,
aromatic ring sizes, and attached alkyl chains. Evidence from
thermal cracking of asphaltenes from heavy oils and bitumens
has been consistent and unambiguously demonstrates the
presence of reactive bridges between aromatic groups. The
volatile products from thermal cracking at ∼400−500 °C show
high yields of one- to four-ring aromatics and heteroaromatics,
along with one-to four-ring cycloalkanes, alkanes, and
alkenes.1−5 The recent application of infrared multiphoton
dissociation (IRMPD/gas-phase fragmentation) to ions
trapped in ion cyclotron resonance mass spectrometers has
confirmed the presence of both bridged aromatics, known as
multicore or “archipelago” structures,6 and large aromatic ring
groups with alkyl side chains, defined as single-core or “island”
structures. Chaco ́n-Patiño et al. recently reviewed the
validation of these fragmentation studies.7 The observation
of mixtures of island and archipelago structures was
independently confirmed by high-energy collision-induced
dissociation of narrow mass ranges of asphaltene ions.8,9

Recent work suggests that, in heavy crudes such as Athabasca,
Safaniya, and Maya, archipelago structures dominate, but in at
least one sample from a Wyoming wellbore deposit, island

structures are dominant.7,10 Thermal cracking of Wyoming
deposit asphaltenes in a thermogravimetric analyzer gave
significant yields of cracked side chains and dealkylated
aromatics, consistent with island structures and distinctly
different from asphaltenes from heavy oils and bitumens.11

These results suggest that the reaction properties of
asphaltenes may depend strongly on the abundance of
archipelago versus island structures.
When petroleum is processed in a refinery, distillation at

atmospheric and vacuum conditions removes the more volatile
components, producing a residue from vacuum distillation that
is dominated by components boiling point over 524 °C. This
vacuum residue contains C7-asphaltenes at a concentration of
up to 20 wt % and C5-asphaltenes up to 30 wt % for crude oils
such as Safaniya and Athabasca.12 Three main types of
technology can convert this vacuum residue to distillable
products: coking, catalytic hydroconversion, and fluid catalytic
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cracking. At low pressure and high temperatures over 480 °C,
coking yields cracked fragments of the vacuum residue
components and a solid highly aromatic product called
“coke”. Catalytic hydroconversion uses high-pressure hydrogen
and a catalyst to suppress the formation of coke, producing
only liquid and gas products.13 Fluid catalytic cracking is
suitable for lighter feeds that are mixtures of gas oil and
vacuum residue with vanadium and nickel content below 30−
40 ppm, restricting the concentration of asphaltenes.14 Insights
from the analysis of asphaltene structure have the potential to
link the performance of coking and hydroconversion processes
in the refinery to the underlying chemistry of the feed. For
instance, Ovalles et al.15 proposed that the reaction behavior of
the asphaltene fraction alone is predictive of the entire vacuum
residue fraction, even though the asphaltenes are only a
fraction of the material. Understanding the relationship
between the reactivity of the asphaltenes and their structural
types can give insight into their behavior in refinery processes,
as well as suggesting structure−reaction relationships for the
broader vacuum residue fraction. This knowledge is central for
the prediction of the chemistry of the products, which could
guide novel applications such as the use of asphaltenes as
precursor to carbon fibers.
The major reaction pathways for vacuum residues, including

asphaltenes, during catalytic hydroconversion have been
reported for many years.13,16−20 Reactions of model com-
pounds of known molecular structures defined how each
subunit of large molecules would behave, including aromatic,
heteroatomic, cycloalkyl, and alkyl groups. Analytical data for
the products of reaction was chained backward through the
reaction pathways to construct consistent molecular represen-
tations for the starting vacuum residue. As more and more of
the initial mass of vacuum residue is converted to volatile
material, the remaining molecules are enriched in the least
reactive structures and the rate of conversion with time
declines.21 Similarly, the initial mass of asphaltenes is reduced
by cracking reactions that remove attached aromatic, cyclo-
alkyl, and alkyl groups, by catalytic hydrogenation that
increases solubility in n-heptane and by hydrodesulfurization
that increases solubility and reduces mass. The removal of side
chains from n-heptane-soluble components will give some
formation of new asphaltenes due to the reduced solubility of
the remaining aromatic ring groups,22 but the net direction of
reaction is a reduction in asphaltene content.
Thermal cracking of asphaltenes without a catalyst also

removes attached aromatic, cycloalkyl, and alkyl groups.3

Without hydrogenation, the solubility of the asphaltenes

decreases with the time of reaction due to the loss of attached
groups, formation of new molecules of low solubility from
molecules in the maltene fraction,22 and by addition reactions
within the asphaltene fraction.23−25 Eventually, the asphaltenes
become insoluble in the liquid phase and solid coke forms very
rapidly.22 The yield of coke has a complex dependence on the
initial aromatic structures in the asphaltenes and vacuum
residue, the rate of evaporation of molecular fragments from
the liquid, and the rate of addition reactions.26

Prior studies on asphaltene−reaction relationships examined
reaction behavior as a function of H/C ratio,5,27 content of
sulfur in sulfide groups,28 and concentration of carbon and
hydrogen types from nuclear magnetic resonance (NMR)
spectroscopy.28,29 The rate of cracking of asphaltenes from
different crude oils was most dependent on the concentration
of sulfur in sulfides, one of the most reactive chemical groups
in asphaltenes after carboxylic acids.28,29 Additional contribu-
ting factors were the concentration of alkyl groups attached to
aromatic rings and the length of alkyl side chains.29 Consistent
with the importance of sulfides, the reactivity of whole vacuum
residues was correlated with total sulfur content in a group of
Venezuelan crude oils.30 The yield of coke from thermal
cracking of asphaltenes from different sources increased with
the fraction of aromatic carbon as determined by 13C NMR
spectroscopy, with coke yields determined by thermogravim-
etry5 or by cracking in batch microreactors.28 Because molar
H/C ratio is negatively correlated with the fraction of aromatic
carbon, the yield of coke increased as molar H/C decreased for
a series of asphaltenes from different crude oils.27 However,
none of these studies examined the role of archipelago versus
island structural types in reaction kinetics or yields, except the
comparison of the asphaltenes from the Wyoming deposit to
Athabasca bitumen discussed above.11

This paper examines two hypotheses regarding the reaction
pathways of asphaltenes. The first is that a mixture dominated
by archipelago structures will give more rapid conversion to
volatile fragments than will a mixture based on island types. As
illustrated in Figure 1 (right panel), the cracking of bridges
between aromatic groups in an archipelago structure can give
significant mass loss from each bond-breaking reaction, giving
products with a range of boiling points below 524 °C. In
contrast, an island-dominated mixture (structure to the left in
Figure 1) will give smaller product fragments from side chains
(i.e., gas and naphtha-range alkanes). The second hypothesis is
that cracking of an archipelago-dominated asphaltene will give
product asphaltenes that are dominated by island/single-core
type structures due to the removal of attached aromatic and

Figure 1. Products from cracking of single-core/island versus multicore/archipelago type asphaltene molecules. The red marks suggest the likely
fragmentation sites in upgrading processes (e.g., thermal cracking, catalytic hydroconversion).
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cyclo-alkyl groups. Cracking of the alkyl bridges in the
structure to the right in Figure 1 yields single core molecules.
Depending on the size of the aromatic core (ring number), the
remaining cores can be alkane insoluble/toluene soluble
(asphaltenes). The first hypothesis is examined by comparing
the structure with available data on reactivity using recent data
on the abundance of archipelago structures in asphaltenes from
different sources. The second hypothesis is tested using data
on Athabasca asphaltenes before and after conversion by
catalytic hydroconversion.

■ EXPERIMENTAL METHODS
Materials. High-performance liquid chromatography (HPLC)-

grade solvents were used as received: acetone, n-pentane (C5), n-
heptane (C7), toluene (Tol), methanol (MeOH), and dichloro-
methane (DCM) were purchased from J.T. Baker. HPLC-grade
tetrahydrofuran (THF) with no solvent stabilizer was purchased from
Alfa Aesar. Chromatographic-grade silica gel (100−200 mesh, type 60
Å, Fisher Scientific) was used for extrography separation, Whatman
filter papers grade 42 were employed for asphaltene recovery, and
high-purity glass microfiber thimbles were used for Soxhlet extraction
(Whatman, GE Healthcare, Little Chalfont, U.K.).
Precipitation of Asphaltenes. Asphaltenes were precipitated

from Wyoming deposit and Athabasca bitumen oils, before (un-
treated) and after hydroconversion, using a slightly modified ASTM
method, as described elsewhere.31 Crude oils (∼10 g) were sonicated
at 60 °C, meanwhile 400 mL of n-heptane was added dropwise. The
mixture was allowed to stand overnight, and precipitated solids
(unclean asphaltenes) were separated from maltenes by filtration and
extracted with C7 in a Soxhlet apparatus for 168 h. C7-asphaltenes
were recovered by dissolution in hot toluene (∼98 °C), which was
evaporated under nitrogen to yield solid C7-asphaltenes. Subse-
quently, C7-asphaltenes were cleaned by four cycles of crushing-
extraction, as previously reported, to decrease the content of occluded
maltenes.31

Extrography Fractionation Method. Asphaltenes were dis-
solved in DCM (200 μg/mL) and mixed with silica gel (10 mg of
asphaltenes/1 g of SiO2). The mixture was dried under nitrogen and
subsequently placed into glass microfiber thimbles in a Soxhlet
apparatus. Asphaltene fractions were extracted using acetone, Hep/
Tol (1/1), and Tol/THF/MeOH (5/5/1). Extraction with each of
the solvents lasted 24 h and was performed under a N2 atmosphere to
prevent oxidation. Fractions were dried under nitrogen, weighted, and
stored in the dark for subsequent mass spectrometry analysis via
positive-ion atmospheric pressure photoionization (+APPI) coupled
to Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS).
(+) APPI FT-ICR MS Analysis. Asphaltenes and extrography

fractions were dissolved in toluene (50 μg/mL) and directly infused at
50 μL/min into a Thermo-Fisher Ion Max APPI source (Thermo-
Fisher Scientific, Inc., San Jose, CA) operated with a vaporizer
temperature of 340 °C and supplied with N2 sheath gas (50 psi) and

N2 auxiliary gas (16 mL/min). Gas-phase neutrals were photoionized
by a 10 eV (120 nm) ultraviolet krypton lamp. Samples were analyzed
with a custom-built 21 T FT-ICR mass spectrometer, where the
application for complex mixtures is described elsewhere.32 Approx-
imately ∼150 (APPI) time-domain acquisitions were coadded,
Hanning-apodized, and zero-filled once before Fourier transform
and magnitude calculation. Spectra were internally calibrated using
extended homologous alkylation series of high/medium relative
abundance before peak detection [>6σ baseline root-mean-square
(RMS) noise] and automated elemental composition assignment.
PetroOrg Software provided molecular formula assignments and data
visualization via plots of double bond equivalents (DBE = number of
rings plus double bonds to carbon, also referred as aromaticity in
petroleomics33) versus carbon number.

Stored Waveform Inverse Fourier Transform (SWIFT)
Excitation and Infrared Multiphoton Dissociation (IRMPD) of
Asphaltenes. Mass segments of 4 Da width were isolated via a
quadrupole ion guide before external ion accumulation (accumulation
period = 2−10 s) and subsequently transferred to the 9.4 T FT-ICR
cell for selective isolation of high DBE precursor ions, mass
measurement, and infrared multiphoton dissociation (IRMPD). The
method was described in detail by Niles et al.34 IRMPD (λ = 10.6 μm,
40 W, 50−1000 ms irradiation, Synrad CO2 laser, Mukilteo, WA)
provided gas-phase dissociation of the isolated precursor ions inside
the FT-ICR cell (pressure <10−10 Torr). PetroOrg Software provided
molecular formula assignment for precursor ions and the fragment
ions.

■ RESULTS AND DISCUSSION

Hydroconversion of Asphaltenes from Different
Sources. Four asphaltene samples with a wide range of
archipelago content that were subjected to catalytic hydro-
conversion in a batch reactor at 450 °C. The conditions were
selected to give maximal yield of liquid products with minimal
yield of solid coke.4 The addition of an iron catalyst suppressed
coke formation but gave low activity for sulfur and nitrogen
removal, and tetralin helped to maintain soluble products.
The data of Table 1 present some chemical features (e.g.,

bulk H/C ratios) of the reacted asphaltenes. The yield of coke
was significantly higher for C7-asphaltenes from the Wyoming
deposit sample than from the heavy crude oils, and the yield of
distillable products for Wyoming deposit was less than one-half
the yield from the heavy oils, as illustrated in Figure 2, which
presents the yield of coke (black marker) and distillable
products (white) as a function of an approximated archipelago
content. The fraction of archipelago was estimated from the
fragmentation spectra of precursor ions. Here, we focused on
ions containing C, H, and one S atom (S1 class) with m/z
values between 450 and 455.
The selection of higher MW ranges results in increased

proportions of multicore/archipelagos in all asphaltene

Table 1. Properties of C7-Asphaltenes from Different Sources Reacted by Catalytic Hydroconversion4,37 and Thermal
Cracking28a

source crude oil molar H/C sulfur, wt %
sulfide S by
XPSb, wt % aromaticityc, %

fraction of
archipelagod, %

rate constant for thermal cracking at
430 °Ce, min−1

Athabasca4 1.11 8.0 1.5 50 86 0.15 ± 0.03
Maya4 1.12 7.5 1.7 50 72 0.20 ± 0.09
Safaniya4 1.12 7.9 1.1 51 67 0.17 ± 0.04
Wyoming Deposit37 1.06 1.8 na na <1 na

ana − Not available. bWeight fraction of total sample as sulfur in sulfide groups, as determined by X-ray photoelectron spectroscopy using the
method of Siskin et al.38 cCarbon in aromatic rings as a percentage of total carbon, determined by 13C NMR spectrometry as described by
Sheremata et al.39 dFraction of archipelago estimated from fragmentation spectra of precursor ions at m/z 453−457 for the extrography fractions, as
illustrated in Figure 8, added in proportion to the yield of each fraction10,35,36 eApparent first order rate constant for thermal cracking in 1-
methylnaphthalene, from fitting of yields from 10−60 min of reaction at 430 °C to the kinetic model of Wiehe22
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samples studied by IRMPD7 and other dissociation meth-
ods,8,9 and thus, interrogation of higher m/z species maintains
the observed relative trends. When precursor ions belong to
compound classes with a higher heteroatom content, the
complexity of the data analysis is dramatically increased, as
heteroatoms might be present in different cores, and after
fragmentation, precursor ions belonging to one compound
class can yield fragments of several classes. Previously, it was
reported that precursor ions that are enriched in polyheter-
oatomic species (e.g., N1O2, S2, S3, N1O1S1) tend to produce
IRMPD fragments with increased relative abundances of
hydrocarbons and monoheteroatomic classes (i.e., S1, N1,
O1).

35 This result is due to the fragmentation of polyheter-
oatomic archipelago precursor ions, with heteroatoms present
in different cores, which reveal a tendency to produce a lower
carbon number and lower DBE fragment ions with fewer
heteroatoms.
Details for the calculation of the relative content of island vs

archipelago are reported elsewhere and rely on APPI FT-ICR
MS and IRMPD characterization of asphaltene samples.36 In
short, the mass spectra for the selected precursor ions provide
an island/archipelago boundary, defined as the abundance
weighted average of DBE values for the precursor ions minus
the weighted standard deviation. Fragmentation mass spectra
provide the relative abundance of fragments with an island or
archipelago structure: fragment ions below the island/
archipelago boundary, with much lower DBE values than
those of the precursor ions, are derived from archipelago
species because substantial loss of DBE is only possible when
multicore structures are present.36 In this work, the fraction of
archipelago was reported for S1 compounds; the reason for
selecting this compound class is based on reports that suggest
that a low sulfur content in heavy feedstocks (i.e., sulfide
groups) has been noted for samples with low conversion
yields.29,30

The data of Figure 2 suggest a high correlation between
conversion yields at constant hydroconversion conditions and
the fraction of archipelago S1 structures in the starting sample.
Although the data are persuasive, the sample set is limited and
samples in the range 1−60% archipelago fraction are lacking to
confirm the linear correlation. The low concentration of sulfur
in the Wyoming deposit (Table 1) suggests a much lower
concentration of reactive sulfide groups, given one-quarter as

much total sulfur and assuming a fraction of sulfide sulfur (14−
22%4) comparable to the other samples.

Thermal Cracking and Coking of Asphaltenes from
Different Sources. The yield of coke from thermal cracking
of asphaltenes and vacuum residues can be compared using
thermogravimetric analysis (TGA) in nitrogen or argon. The
asphaltene samples listed in Table 1 were reacted to an end
temperature of 500 °C in an inert atmosphere. Figure 3

presents the amount of residue (solid coke) upon TGA versus
the estimated archipelago content. The yield of solid coke
residue was substantially higher from the Wyoming deposit
(∼68 wt %), suggesting that the much lower archipelago
content gave less evolution of cracked products to the vapor
phase. The yield of coke from asphaltenes also correlates with
the fraction of aromatic carbon5 and gives a negative
correlation with H/C ratio.27 The Wyoming sample features
the lowest H/C ratio of the samples listed in Table 1, but the
value of 1.06 gives an estimated aromatic carbon fraction of
53% from the data of Calemma and Rausa,5 very similar to the
other samples listed in Table 1. Consequently, the difference in
aromatic carbon content cannot explain the difference in
reaction yield. As in the data from catalytic hydroconversion,
the low content of reactive sulfur groups in the Wyoming
sample could be a factor contributing to the higher coke yield.
Although the idea of a linear correlation between

archipelago content for S1 species and coke yield from thermal
cracking is appealing, the data set in Figure 3 is highly limited
in terms of the number of samples and the distribution over
the range of archipelago content to allow a general conclusion.
Validation of the proposed linear correlation should include
asphaltene samples with estimated archipelago contents
between 5 and 60 wt % and TGA residue of ∼50−65 wt %.
Additionally, Rahmani et al.28 compared the thermal

cracking rates of Athabasca, Maya, and Safaniya C7-asphaltenes
in 1-methylnaphthalene solvent. The first order rate constants
fell in a narrow range from 0.15 to 0.20 min−1 with no
statistically significant differences (Table 1), consistent with
the relatively narrow range of archipelago fraction from 67 to
86%. Thus, the reported data on thermal cracking is consistent
with the extrography/MS determination of archipelago content
in the studied samples.

Thermal Cracking of Vacuum Residues from Differ-
ent Sources. Following the continuum concept of Bodus-
zynski,33,40 we expect similar molecular features in the heavy

Figure 2. Product yield from catalytic hydroconversion as a function
of archipelago structure.4,37 Reaction was in a batch reactor at 450 °C
and 10 MPa hydrogen pressure for 3 h with 2.5:1 tetralin and 2%
iron-based catalyst. The lines in the figure are from linear regression.

Figure 3. Yield of solid residue from reaction in a thermogravimetric
analyzer at 500 °C end temperature as a function of archipelago
content.4,37
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fractions of crude oil as the C7-asphaltenes, so that differences
in the structure of the asphaltenes between different crude oils
may predict the behavior of the whole crude.15 Such a
relationship is most likely for reactions like thermal cracking
where the heavy fractions are dominant. Although many heavy
crude oils processed in refineries fall in a narrow band of
reactivity, Rubiales crude oil from Colombia reveals an
anomalously low conversion under thermal cracking con-
ditions.29 Under conditions where Athabasca vacuum residue
gave 38% conversion, Rubiales gave almost no detectable
conversion (Table 2). The Wyoming deposit, which has an

insignificant content of archipelago structures, still gave one-
half the yield of cracked products as Athabasca (Figure 2), not
less than one-tenth as in the case of Rubiales. Thus, factors
other than the fraction of archipelagos must contribute to the
unusual behavior of Rubiales. The low sulfur content may play
a role, giving such a low content of reactive sulfide sulfur.28,30

Other features that could play a role include the nitrogen,
oxygen, and metals components, the low reactivity of the resins
in the vacuum residue, or an unusual tendency to give addition
products. The source kerogen and geological maturity may
play an important role in determining many of these features of
the asphaltene fraction.
Asphaltene Molecular Structures Before and After

Catalytic Hydroconversion. In order to test the hypothesis
that an archipelago-rich bitumen could give product
asphaltenes after catalytic hydroconversion that were rich in
island structures, we analyzed a sample of Athabasca C7-
asphaltenes after 77% conversion of the vacuum residue
fraction.42 Asphaltenes were precipitated from the untreated
bitumen and the hydroconverted products and subjected to
extrography fractionation. Extrographic separation gave three
subfractions, acetone, Hep/Tol, and Tol/THF/MeOH, which
were analyzed by FT-ICR MS, and gas-phase fragmentation of
selected precursor ions was performed via IRMPD. Ultrahigh-
resolution mass spectrometry, or FT-ICR MS, works as a
molecular-level elemental analyzer and provides the molecular
formula or elemental composition for tens-of-thousands of
ions. The ultrahigh mass accuracy enables access to the
molecular composition of ultracomplex mixtures such as heavy
petroleum and dissolved organic matter. However, it should be
noted that the analyses are limited by the ability of ions sources
(e.g., APPI) to indiscriminately volatize and ionize the
compounds within the samples.7 Additionally, for the samples
discussed herein, bulk elemental analysis suggests that cracking
reactions removed hydrogen-rich attached groups, increasing

the aromatic carbon fraction from ca. 50% in the feed to ca.
70% in the product (estimated from H/C ratios using the data
of Calemma and Rausa5). Extensive catalytic hydrodesulfuriza-
tion reduced the sulfur content by half, but hydrodenitroge-
nation was much less effective, giving significant accumulation
of unreactive nitrogen compounds in the product (Table 3).

The gravimetric results for the extrography separation
suggest that the combination of cracking and catalytic reactions
had a dramatic impact on the distribution of the extrography
fractions. Figure 4 presents the gravimetric yields for the
extrographic fractionation of several asphaltene samples. In the
ternary diagram, each coordinate axis represents one
extrography fraction: acetone, Hep/Tol, and Tol/THF/
MeOH plus unrecovered material. It has been suggested that
the sample’s clustering tendency in the ternary plot is
consistent with their compositional differences (island vs
archipelago content) and their tendency to produce coke in
upgrading processes. For example, the acetone fraction is
abundant for Wyoming deposit asphaltenes (∼37 wt %, 69% of
coke production), whereas Athabasca bitumen asphaltenes
reveal abundant Tol/THF/MeOH (∼52 wt %, 46.3% coke by
TGA) and Maya asphaltenes give abundant Hep/Tol (∼65
wt %, 46.5% coke by TGA) fractions; these samples are located
in different parts of the plot. Figure 4 highlights the dramatic
change in composition for the hydroconverted Athabasca
bitumen asphaltenes: with an acetone fraction content of
>80%, the asphaltenes from the hydroconverted bitumen shift
to the lower-right side of the ternary plot. It is critical to
highlight that previous reports show that acetone fractions
from geologically diverse asphaltenes contain abundant island
motifs, which are depleted in polyheteroatomic compounds
(e.g., oxygen rich species) and present much weaker
deposition/aggregation trends compared to whole asphaltenes
and Tol/THF/MeOH fractions.43,44 Thus, the increased
content of the least aggregating (island-rich) acetone fraction
for the hydroconverted sample is consistent with a significant
reduction in compound classes containing oxygen atoms
(Figure 5, compound class distribution derived from FT-ICR
MS analysis). There is a remarkable decrease for the Tol/
THF/MeOH fraction: from ∼52 wt % in the unreacted
Athabasca bitumen asphaltenes to ∼8 wt % for the hydro-
converted sample. This highly “polar” extrography fraction has
been shown to contribute to disproportionally high aggrega-
tion. Its decreased content in the hydroconverted sample is
consistent with the low degree of aggregation as determined by
vapor-pressure osmometry in toluene solutions over a range of
sample concentration.42

Table 2. Properties and Reactivity of Vacuum Residues
from Different Sources Reacted by Thermal Cracking29 with
Archipelago Fraction of C7-Asphaltenes

properties and conversion Athabasca Rubiales

sulfur in crude oil, wt % 4.9 1.341

aromatic carbon in crude oil, % 36 31
fraction of archipelago in C7-asphaltene fraction, %

a 86 50
conversion of vacuum residue, wt %b 38.4 0.8
coke yield, wt %b 1.7 3.3
aFraction of archipelago estimated from fragmentation spectra of S1
precursor ions at m/z 453−457 for the extrography fractions, as
illustrated in Figure 8, added in proportion to the yield of each
fraction10,35,36 bReaction in a batch reactor at 405 °C for 30 min after
reaching final temperature

Table 3. Properties of Athabasca C7-Asphaltenes before and
after Catalytic Hydroconversion42

source crude oil H/C S/C N/C

fraction of
archipelago,

%a

Athabasca 1.130 0.030 0.010 8610

hydroconverted Athabascab 0.786 0.014 0.018 4
aFraction of archipelago estimated from fragmentation spectra of
precursor ions at m/z 453−457 for the extrography fractions, as
illustrated in Figure 8, added in proportion to the yield of each
fraction.10,35,36 bSample was separated from an Athabasca residue
fraction subjected to catalytic hydroconversion to achieve 77%
conversion of the vacuum residue fraction.
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Molecular Characterization of Asphaltene Samples:
(+) APPI FT-ICR MS and IRMPD. Molecular formulas
accessed via FT-ICR MS are classified in compound classes.
For example, the HC class comprises species with only C and

H atoms. Compounds with C, H, and one S atom belong to
the S1 class. Vanadyl porphyrins, whosetetrapyrrole core
contains four N atoms and a vanadyl group (VO), are
denoted as the N4O1V1 class. Figure 5 presents the compound

Figure 4. Concentration of extrographic subfractions as weight% by extraction with acetone, heptane + toluene (Hep/Tol), and toluene +
tetrahydrofuran + methanol (Tol/THF/MeOH). Data for unreacted samples are from Chacoń-Patiño et al.7

Figure 5. Heteroatom class distribution from Athabasca C7-asphaltenes before (upper panel) and after (lower panel) catalytic hydroconversion.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.2c00486
Energy Fuels 2022, 36, 4370−4380

4375

https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00486?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00486?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00486?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00486?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00486?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00486?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00486?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00486?fig=fig5&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c00486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


class distribution for the extrography fractions from C7-
asphaltenes derived from untreated (upper panel) and
hydroconverted (lower panel) Athabasca bitumen. The results
demonstrate that hydroconverted asphaltenes are less poly-
disperse in terms of heteroatom content: after hydro-
conversion, there is an increase (∼2−10-fold) in the content
of hydrocarbons with no heteroatoms (HC class) and
monoheteroatomic classes (N1, O1), with concurrent signifi-
cant decrease, or no detection, for polyheteroatomic classes
such as N2, S2, S3, S4, O1S2, O2S2, N1O1S2, and vanadyl
porphyrins N4O1V1.
Molecular formulas accessed via FT-ICR MS can be

visualized in isoabundance contoured plots of double bond
equivalents (DBE or “aromaticity”) versus carbon number; in
those plots, the color scale represents the relative abundance. A
higher DBE indicates that the detected ions have more rings
and double bonds (higher aromaticity). At a constant DBE, a
higher carbon number denotes increased content of CH2 units
(more alkylation). Figure 6 presents the combined DBE vs

carbon number plots for all detected compound classes (except
vanadyl porphyrins) for all the extrography fractions derived
from C7-asphaltenes from Athabasca bitumen (upper row),
hydroconverted Athabasca bitumen (middle row), and
Wyoming deposit (lower row). Classes have been grouped
into HC + N-/O-containing species (plots to the left) and all
S-containing compounds (plots to the right). The results
indicate that S-containing classes have a multimodal composi-
tional range: there are compounds with low carbon number/
high DBE and species with much lower aromaticity (circled in
orange). This feature is more prominent for untreated
Athabasca bitumen asphaltenes, for which the abundant
detection of low-DBE/high-carbon number S-containing
compounds (DBE < 5, C# >35) suggests the presence of
reactive S functionalities, e.g., sulfides/sulfoxides, as previously
reported by Ballard et al.6 FT-ICR MS results indicate that

these compositions are practically absent in the Wyoming
deposit asphaltenes (Figure 6, bottom, right). Interestingly,
low-DBE S-containing compounds with C# < 35, are detected
for the hydroconverted sample, but with a much lower relative
abundance/carbon number(s) than the untreated asphaltenes.
Furthermore, for Athabasca bitumen, the asphaltene compo-
nents that remained after hydroconversion reveal higher
double-bond equivalents (DBE) than the feed and had DBE
and carbon number values that were much closer to the
polyaromatic hydrocarbon (PAH) limit (Figure 6, red dotted
line). The PAH limit is a compositional boundary for fossil fuel
compounds that dictates the highest possible DBE value, at a
given carbon number, for planar/near planar petroleum
molecules (pericondensed PAHs). DBE values above this
limit correspond to nonplanar species (fullerene-like com-
pounds).45 Table 4 includes the abundance-weighted average

DBE values and H/C ratios derived from the APPI FT-ICR
MS characterization of the extrography fractions for the three
samples, calculated as previously reported.7 The results prove
that hydroconversion yields asphaltene species with a much
higher aromaticity (DBE values), consistent with prior analysis
of asphaltenes after hydroconversion.8,20,46 The hydrocon-
verted asphaltenes reveal an average DBE and H/C ratio
comparable to Wyoming deposit asphaltenes. However, as
further discussed below, both samples reveal marked
molecular-level differences uniquely detected by FT-ICR MS.
A zoom-inset to the compositional range for selected classes

for the acetone fraction for the three asphaltene samples
(radical cations [M·+] for HC and N1 classes), shown in
Figure 7, suggests that the distribution of components for
asphaltenes derived from the hydroconverted bitumen was
much closer to the PAH limit than the Wyoming deposit
sample. Importantly, Wyoming asphaltenes are rich in island
structures.10 Figure 7, right panel, highlights the presence of
abundant known PAHs in the hydroconverted asphaltenes.47,48

Understanding the effect of upgrading (i.e., thermal cracking
and hydroconversion) on asphaltene structure is central to
optimal use of petroleum residues for production of carbon
fibers. Critical properties such as pitch spinnability should be
highly dependent on sample’s molecular structure and the
presence of alkyl-depleted PAHs,49 which are highly abundant
in heavy fractions from upgraded petroleum residues.

Gas-Phase Fragmentation via IRPMD. The gravimetric
results for the extrography fractionation suggest that hydro-
converted Athabasca bitumen asphaltenes contain abundant
island structures that result in weak aggregation in solution,
which is characteristic for the acetone extracted species.
Furthermore, the gas-phase fragmentation of the extrographic
fractions of hydroconverted Athabasca confirmed the hypoth-
esis that catalytic hydroconversion would convert an
archipelago-rich mixture to an island-rich mixture. Figure 8
presents the compositional range for the extrography fractions
for C7-asphaltenes from untreated and hydroconverted

Figure 6. Combined isoabundance color-contoured plots of DBE vs
carbon number for HC- and N-/O-containing species (plots to the
left) and S-containing compounds (plots to the right) for all
extrography fractions from raw Athabasca C7-asphaltenes, hydro-
converted Athabasca C7-asphaltenes, and Wyoming deposit C7-
asphaltenes.

Table 4. Abundance-Weighted Average DBE Values and H/
C Ratios Derived from the APPI FT-ICR MS
Characterization of the Extrography Fractions

sample DBE H/C

untreated Athabasca bitumen asphaltenes 15.2 1.21
hydroconverted Athabasca bitumen asphaltenes 21.0 0.78
Wyoming Deposit asphaltenes 21.3 0.84
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Athabasca bitumen (all compound classes combined except
vanadyl porphyrins) and the corresponding fragmentation
mass spectra for precursor ions with m/z ∼ 450. As previously
reported, petroleum precursor ions (red asterisks in the mass
spectra of Figure 8) reveal two major fragmentation pathways:
dealkylation, highlighted by the green arrow in the
fragmentation mass spectra, and “bridge” dissociation prod-
ucts, highlighted by the orange dashed line. Molecular formula
calculation for the fragments from dealkylation demonstrates
that the ions keep the same DBE range than precursors and
predominantly lose carbon number due to the fragmentation of
alkyl side chains. This behavior is consistent with single-core
motifs (island, Figure 1, left panel). The fragments from bridge
dissociation are diagnostic for multicore structures (archipe-
lago, Figure 1, right panel) because they present a lower carbon
number and lower DBE values than the precursor ions. The
low molecular weight distribution highlighted between m/z ∼
120 and 300 for the Tol/THF/MeOH fraction from untreated
Athabasca bitumen asphaltenes mainly consists of 1−5-ring
aromatics with various degrees of alkyl substitution. The
detection of these species from the gas-phase fragmentation of
high-DBE asphaltene precursor ions (DBE > 19) is consistent
with the presence of archipelago structures.
Furthermore, Figure 8, lower panel, suggests that hydro-

conversion cracked bridges between aromatic and cycloalkyl
groups, which decreased the archipelago content in the acetone
and Hep/Tol fractions to undetectable levels. Only the Tol/
THF/MeOH fraction retained detectable archipelago struc-
tures. Additionally, it is important to point out the remarkable
low abundance of fragments, relative to precursor ions, for the
hydroconverted asphaltenes. Under the same experimental
conditions, untreated Athabasca bitumen C7-asphaltenes
produced fragment ions with much higher relative abundance.
Thus, untreated asphaltenes reveal a higher reactivity in
IRMPD, which could be due to the higher content of longer
alkyl-side chains and oxygen-containing functionalities, such as
carboxylic acids and sulfoxides, well-known for their efficient
absorption of infrared light.

The mass-weighted sum of the archipelago content of the
fractions in Figure 8 showed a decrease from ∼86% in the feed
to only ∼4% (Table 3), which confirms the hypothesis. The
comparison between Athabasca, hydroconverted Athabasca,
and the Wyoming deposit samples demonstrates that the
combination of extrographic separation, FT-ICR MS, and
IRMPD enables the discrimination of samples rich in
archipelago structures from those rich in island structures.
The hydroconverted sample was from medium conversion

conditions, giving 77% conversion of vacuum residue. At
higher conversion levels with supported-metal catalysts, the
precipitation of the asphaltenes to form “sludge” can be a
significant issue,13,14,50 which can be circumvented by using
dispersed metal catalysts.51 The analytical methods presented
in this paper could be valuable in understanding the molecular
basis for asphaltene aggregation and precipitation at higher
levels of conversion.
The comparisons of structure and reactivity in this paper

have two limitations. The first, as discussed above, is the
limited sample set of asphaltene samples for which there are
both structural information and reaction data. While heavy oils
are well-represented, analysis of trends is hindered by the large
gap in archipelago and sulfur content between Athabasca,
Safaniya, and Maya at one extreme and Wyoming deposit at
the other. The second limitation is the metric for the
archipelago content of each asphaltene sample, using IRMPD
fragmentation of ions in a narrow band of m/z followed by
integration of the S1 fragment yields to estimate archipelago
and island structural types. The parent ions in this analysis may
also contain oxygen and nitrogen atoms, and fragments that do
not contain sulfur are not included for the archipelago
estimation presented herein. For sulfur-rich samples, these
limitations are unlikely to bias the results, but samples with
very low sulfur content may not give representative data.
Regardless of the limitations, the presented results

demonstrate the potential of chemical separations, FT-ICR
MS, and IRMPD to understand and predict petroleum
processability in catalytic hydroconversion and thermal
cracking. Furthermore, the results highlight the application of

Figure 7. Left: zoom-inset on the compositional range of HC and N1 radical cations for the acetone fractions for C7-asphaltenes from raw/
hydroconverted Athabasca bitumen and Wyoming deposit. Right: abundant polycyclic aromatic hydrocarbons (PAHs) found in the HC•+ for the
acetone fraction for the hydroconverted asphaltenes.
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upgrading processes to produce petroleum heavy fractions with
decreased polydispersity in terms of heteroatom content, alkyl-
chain content, and structural diversity. C7-asphaltenes from the
hydroconverted Athabasca bitumen reveal a disproportionally
high concentration of island/single-core motifs and high ring-
number PAHs, which could be explored for material-science
applications (e.g., carbon fibers).

■ CONCLUSIONS

The yields of products from C7-asphaltene fractions of
Athabasca, Maya, Safaniya, and Wyoming deposit under
catalytic hydroconversion and thermal cracking conditions
were highly correlated with the abundance of archipelago S1
compounds of asphaltenes. S-containing compounds were
selected for correlations because the abundant presence of
reactive S species, e.g., sulfides, has been reported for vacuum
residues with high conversion yields. Archipelago-rich
asphaltenes gave much higher yields of liquid products, and
lower yields of coke, than the island-rich Wyoming deposit

sample. At a high extent of conversion, the archipelago-rich
Athabasca asphaltenes were almost completely converted to
island structures, consistent with the removal of attached
groups by thermal cracking, fragmentation of bridges between
aromatic cores, and removal of heteroatoms. The remnant
asphaltenes after conversion dramatically reduced the poly-
dispersity of heteroatom classes and were highly enriched in
identified polynuclear aromatic hydrocarbons with a low extent
of alkyl substituents. Validations of these correlations require
the characterization of samples with estimated archipelago
contents between 5 and 60 wt % and TGA residue of ∼50−65
wt %.
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