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ABSTRACT: Thermal processing and hydrotreatment are used to
decrease the viscosity of Alberta bitumen. However, changes in
bulk properties, such as API gravity and viscosity, do not correlate
to the gravimetric content of maltenes and asphaltenes. Thus, the
work herein employs an extrography separation that yields
asphaltene fractions enriched with distinct structural motifs and
aggregation tendencies to investigate if changes in viscosity could
be linked to the transformation or survival of specific asphaltene
compounds and/or extrography fractions. Samples with limited
change in viscosity upon thermal processing display minor changes
in the gravimetric distribution of the extrography fractions,
specifically polarizable species (Tol/THF/MeOH fraction). Ultra-
high-resolution mass spectrometry analysis demonstrates that such
samples reveal neither a significant decrease in chemical polydispersity nor a change in the relative content of multicore/archipelago
structural motifs post thermal treatment. Conversely, hydroprocessed samples with a pronounced viscosity reduction feature a
remarkably lower chemical polydispersity and increased content of single-core (island) structural motifs. Polarizable asphaltene
fractions from severely hydrotreated samples feature S-containing species with a low aromaticity, which on the basis of their
molecular composition suggests that they are composed of the expected, alkyl substituted, geologically stable thiophenic cores (e.g.,
benzothiophene) as well as “unexpected” sulfides and sulfoxides. Collectively, the results suggest that the high viscosity of thermally
upgraded samples could be correlated to the survival of asphaltene species with high heteroatom content (up to five heteroatoms per
molecule) and persistent, high abundance of archipelago structural motifs. Thus, it is suspected that nanoaggregation of such
fractions prevents their transformation into lighter products.

■ INTRODUCTION
Currently, continued petroleum industry efforts are focused on
extra-heavy oils and oil sand bitumens due to the drastic
depletion of light-to-medium oil reserves.1 Furthermore, as the
global energy sector aims to transition from fossil-based energy
to renewable sources, asphaltene-enriched feedstocks are
gaining interest due to their potential applications in material
science, such as the production of low-cost carbon fibers.2

However, the efficient use of extra-heavy fossil fuels has a
fundamental constraint: their ultrahigh viscosity makes the
recovery and transportation from production to processing
facilities a challenging task in terms of required viscosity
reduction and the effectiveness of simple dilution versus
economic cost.3

Extra-heavy crude oils and bitumens feature high viscosity
(>10 000 cPs) and high density (>1.0 g/mL) or low API
gravity (<10.0), which is usually attributed to their high
content of heteroatoms (O, N, S, V, and Ni) and increased

asphaltene concentration compared to light and medium
oils.4,5 Therefore, petroleum companies usually perform in situ
upgrading to improve the mobility of extra-heavy fossil fuels.6

Generally, the goal of upgrading extra-heavy oils, via methods
such as visbreaking and hydroconversion, is viscosity
reduction, via cracking reactions to decrease molecular weight
and/or disruption of intermolecular interactions that likely
promote strong aggregation among specific petroleum
fractions (e.g., asphaltenes).7−13 Therefore, it is likely that
viscosity reduction upon upgrading results from a decrease in
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the concentration of asphaltenes and resins, known for their
higher heteroatom content and stronger aggregation tenden-
cies. Viscosity improvement also arises from increasing the
content of saturates and aromatics, with a concurrent decrease
of the concentration of sulfur and other molecular features
such as aromaticity.14,15

The improvement of methods for viscosity reduction via in
situ upgrading requires comprehensive investigation of the
molecular changes induced by cracking and addition reactions
that occur during common processes such as thermal
treatment and hydroprocessing. It is also critical to understand
how these changes correlate with petroleum bulk properties
(i.e., viscosity and API gravity). Indeed, there have been several
attempts to establish correlations between viscosity and
compositional features of crude oils.16,17 Nevertheless, the
prediction of the viscosity of complex mixtures, such as extra-
heavy oils and their blends with lighter solvents, as a function
of molecular composition, has been regarded as a highly
complex task. For instance, Sjöblom et al.17 reported
correlations between viscosity values and the concentrations
of the main components (saturates, aromatics, resins, and
asphaltenes, SARA fractions) for 200 crude oil samples from
various regions of Russia and the Norwegian continental shelf.
The authors demonstrate a lack of consistent correlations
between viscosity and the gravimetric distribution of SARA
fractions for several groups of samples. For some crude oils,
viscosity barely revealed even a general trend as a function of
SARA composition. In other cases, for oils from different
geological origins, there were strong correlations. For such oils,
the viscosity increased as a function of increasing the content
of asphaltenes, resins, and aromatics. Conversely, a higher
concentration of saturates appeared to correlate with much
lower viscosities. For some oils, asphaltenes, even at low
concentrations (<2 wt %), appeared to be the major driver for
high viscosity or low API.17 Thus, asphaltenes are recognized
for their possible central role in crude oil viscosity. It is
believed that the nanoaggregates, the product of asphaltene
self-association, are the main factor for the high viscosity of
extra-heavy petroleum. However, Sjöblom et al.17 also pointed
out that the viscosity of asphaltene solutions (7−8 wt %) is
only ∼60% higher than the viscosity of the respective pure
solvent; therefore, the authors suggested that asphaltenes
should be considered as moderate viscosity actors.
The work herein aims to understand the molecular

composition of asphaltenes as a function of thermal conversion
and hydroprocessing, and the role of specific asphaltene
extrography fractions in viscosity changes observed upon
upgrading. Alberta bitumen was upgraded via thermal cracking
and hydroprocessing, under low, medium, and high severity
conversion conditions for each. The feed and the upgraded oils
were characterized by bulk measurements, including viscosity
and density/API gravity measurements, and separated by
solubility in n-heptane (maltenes vs asphaltenes content). This
work focuses on a comprehensive characterization of
asphaltenes to understand the effect of specific structural
motifs and compound families on viscosity. For this purpose,
n-heptane asphaltenes were isolated from the feed and the
upgraded oils and subsequently fractionated by extrography. In
this separation, asphaltenes are absorbed on silica gel and
sequentially extracted in a Soxhlet apparatus with acetone,
heptane/toluene, and toluene/tetrahydrofuran/methanol.18

Thus, the separation yields three fractions with distinct
composition and aggregation/precipitation behavior. Previous

works demonstrate that acetone, a polar aprotic solvent with
predominant dipolar interactions, assists the extraction of
highly aromatic/alkyl-depleted asphaltenes with an increased
content of single-core motifs, also known as island.19 The
intermediate solvent, heptane/toluene (1:1), enables the
isolation of alkyl-aromatic species that experience no
significant “polar” interactions with the silanol groups of the
silica gel, with intermediate aromaticity. Finally, the protic
mixture toluene/tetrahydrofuran/methanol (4:4:1) facilitates
the extraction of species rich in polarizable functionalities, in
some cases with much lower aromaticity than the preceding
fractions, that are capable of hydrogen bonding to the SiO2
silanol groups. This fraction has revealed increased amounts of
multicore structural motifs, also known as archipelagos.
Previous studies demonstrate that the acetone fractions
extracted from asphaltenes obtained from diverse oils
(Canadian bitumens, Wyoming, Venezuelan, Arabian Heavy,
and Gulf of Mexico) feature weaker aggregation trends than
Tol/THF/MeOH fractions, as revealed by size exclusion
chromatography. Toluene solutions of the acetone extrography
fractions were also shown to be the most stable when
subsequently titrated with n-heptane.20 The work presented
herein investigates whether or not specific asphaltene fractions
are dominant in upgraded samples with respect to changes/
lack of changes in their viscosity relative to that of the feed.
Ultrahigh-resolution mass spectrometry, specifically Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS), is used as a molecular-level elemental analyzer as it
provides the molecular formula for tens-of-thousands of ions
and enables access to general trends between viscosity changes
and molecular features such as aromaticity, heteroatom
content, and atomic ratios such as H/C and S/C. The relative
abundance of structural motifs, i.e., single-core vs multicore, is
also accessed via gas-phase fragmentation, or tandem-MS via
infrared multi-photon dissociation (IRMPD). The results
suggest that the high viscosity of thermally upgraded samples
could be due to the survival of species with high heteroatom
content and increased levels of archipelago structural motifs. It
is well-documented that such species concentrate in the Tol/
THF/MeOH extrography fraction, which has revealed much
stronger aggregation trends than the acetone and Hep/Tol
fractions. Thus, it is likely that nanoaggregation prevents the
transformation of these species into lighter products and
ultimately impacts the ability of upgrading processes to
decrease bitumen viscosity.

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

grade n-heptane (Hep or nC7), dichloromethane (DCM), toluene
(Tol), acetone, and methanol (MeOH) were obtained from J.T.
Baker (Phillipsburg, NJ) and used as received. Tetrahydrofuran
(THF) with no solvent stabilizer was purchased from Alfa Aesar
(Ward Hill, MA). Whatman filter paper grade 42 was used for
asphaltene isolation from crude oils. High-purity glass microfiber
thimbles were utilized for Soxhlet extractions (Whatman, GE
Healthcare, Little Chalfont, U.K.). Chromatographic-grade silica gel
(100−200 mesh, type 60 Å, Fisher Scientific) was used for
extrography. Alberta bitumen (feed) and the liquid products from
upgrading (i.e., thermal-processing TP and hydroprocessing HP) were
supplied by CanmetENERGY Devon (Alberta, Canada).

Thermal-Processing (TP) and Hydroprocessing (HP). Ther-
mal cracking of bitumen was conducted in a visbreaking pilot plant
equipped with a 2 L/h continuously stirred tank reactor. These
experiments were performed at cracking temperatures of 390−410 °C
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and residence times of ∼15−45 min in the reactor. Under these
conditions, the conversion of material boiling above 525 °C (525 °C+
conversion) was maintained below 30% with the goal of coke
management. The hydroprocessing of bitumen was carried out in a
continuous pilot plant equipped with a tubular reactor packed with a
commercial hydrotreating catalyst. The operating conditions were
such that API gravity and viscosity were substantially improved, while
minimizing fouling issues by sediment formation: temperature 380−
400 °C, liquid hourly space velocity (LHSV) 0.3−1.0 h−1, and
pressure 6.9 MPa. The level of 525 °C+ conversion achieved through
hydroprocessing was in the order of 25−54%. Feed and product
analysis was done using standard methods: liquid density at 15.6 °C
(ASTM D4052),21 viscosity (ASTM D7042),22 elemental analysis C/
H/N (ASTM D5291),23 and sulfur content (D4294).24

Asphaltene Precipitation from Feed and Upgraded Prod-
ucts, and Extrography Separation. nC7 asphaltenes were isolated
from the feed and the upgraded oils through a method reported
elsewhere.25 In short, the dropwise addition of n-heptane (400 mL) to
the crude oil (10 mL) was carried out under sonication (Branson
Ultrasonics, Danbury, CT, 22 kHz, and 130 W) and refluxed heating
(∼90 °C). The mixture was allowed to stand for 12 h, and asphaltenes
were subsequently collected by filtration, placed in a Soxhlet
apparatus, and extracted with nC7 for 72 h. Asphaltenes were
recovered by dissolution in hot toluene (∼70 °C) and further cleaned
via four cycles of asphaltene “crushing” and additional Soxhlet
extraction with nC7. This process aims to decrease the amount of
coprecipitated/occluded maltenes in the asphaltene fraction.25−27

nC7 asphaltenes from the feed and upgraded products were
separated into fractions enriched in single-core or multicore motifs, by
a shortened version of the extrography separation previously
reported.19 Briefly, 100 mg of asphaltenes was dissolved in DCM
and mixed with 10 g of silica gel. The mixture was dried under a N2
atmosphere. The solid mixture was placed in a Soxhlet apparatus and
sequentially extracted with three solvents: acetone (100%), heptane/
toluene (1:1, Hep/Tol), and toluene/THF/MeOH (4:4:1). Fractions
were dried under N2 and stored in amber vials for subsequent MS
analyses.

Positive-Ion Atmospheric Pressure Photoionization
Coupled to 9.4 T Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry [(+) APPI 9.4 T FT-ICR MS] and Infrared
Multi-Photon Dissociation (IRMPD). Asphaltene samples were
dissolved in toluene at a concentration of 100 μg/mL and directly
infused into a Thermo-Fisher Ion Max APPI source (Thermo-Fisher
Scientific, Inc., San Jose, CA). The APPI vaporizer was operated at
340 °C, N2 sheath gas was used at 50 psi, and N2 auxiliary gas was set
at 32 mL/min. Gas-phase neutrals were photoionized by an ultraviolet
Krypton lamp (∼10 eV). MS analyses were performed with a custom-
built 9.4 T FT-ICR mass spectrometer equipped with a dynamically
harmonized ICR cell.28 Data collection and mass spectra calibration
were assisted by custom PREDATOR software.29 Selective isolation
of high-DBE precursor ions for gas-phase fragmentation, or tandem-
MS, was carried out by stored waveform inverse Fourier transform
(SWIFT) as reported elsewhere.30 The conditions for MS and
IRMPD/MS analyses are reported in detail in the series Advances in
Asphaltene Petroleomics.26,30,31 Molecular formula assignment and data
visualization were performed with PetroOrg N-18.3 Software.32

■ RESULTS AND DISCUSSION
Correlations Between Bulk Composition (maltene vs

asphaltene content) and Viscosity Changes Upon
Processing. Table 1 presents the API gravity and viscosity
for the bitumen feed and the upgraded products from both
thermal processing (TP) and hydroprocessing (HP), with each
process performed under three conditions that yielded low/
mild, medium, and high conversion. The results suggest that
thermal processing is less effective in bitumen viscosity
reduction than hydroprocessing, because in the former, the
525 °C+ conversion efficiency is restricted by coking and
product stability. TP samples displayed only up to ∼1.5-fold

decrease in viscosity, relative to the feed. Conversely,
hydroprocessed samples, in particular HP-3, resulted in a
viscosity reduction of ∼50-fold.
It is well-known that viscosity, in most cases, dramatically

increases with asphaltene concentration. Moreover, several
works suggest that viscosity/API gravity are directly correlated
to the extent of asphaltene nanoaggregation.33 Thus, to
determine whether or not changes in viscosity, upon bitumen
upgrading, are due to variations in asphaltene and maltene
content, the feed and the upgrading products were separated
into maltenes (toluene, nC7 soluble) and asphaltenes (toluene
soluble, nC7 insoluble). Figure 1a presents the gravimetric
yields for maltenes (yellow) and asphaltenes (black) and
demonstrates that hydroprocessing produces higher amounts
of maltenes than thermal treatment. Indeed, the TP-3 sample,
with a viscosity of ∼10 793 cSt, reveals a ∼1.1-fold decrease in
maltene concentration compared to the feed. On the contrary,
the HP-2 and HP-3 samples, with much lower viscosities of
1220 and 300 cSt, present a ∼1.1-fold increase in maltene
content. Albeit significant, such changes in the gravimetric
content for maltenes and asphaltenes do not explain the
dramatic viscosity variations for HP-2 (∼13-fold decrease) and
HP-3 (∼54-fold decrease).
To access compositional trends that might explain such

changes in viscosity upon processing, nC7 asphaltenes were
fractionated via extrography. Importantly, asphaltenes are
ultracomplex mixtures whose direct characterization by MS is
hindered by selective ionization.34−39 Thus, a more compre-
hensive, molecular investigation is uniquely provided by
coupling separation methods (e.g., extrography and chroma-
tography) to FT-ICR MS. The extrography separation used in
this work is based on the sample adsorption on SiO2, and
subsequent extraction with three solvents, i.e., acetone, Hep/
Tol, and Tol/THF/MeOH. Acetone assists the isolation of
highly aromatic/alkyl-depleted compounds with a predom-
inant single-core (island) structure. The intermediate solvent,
Hep/Tol, allows for the extraction of alkyl-aromatics. Finally,
Tol/THF/MeOH targets the species that feature a higher
polarizability and increased concentration of multicore
(archipelago) structural motifs. It should be noted that there

Table 1. API Gravity and Viscosity for the Bitumen Feed
and the Upgrading Products upon Thermal Processing (TP)
and Hydroprocessing (HP)

sample #
API

gravity

density
(g/mL) at
15.6 °C

viscosity
(cSt) at
7 °C 525 °C+ conversion

feed 8.0 1.0146 ∼16 100a NA
TP-1 10.2 0.9987 11 811 16% (low severity)
TP-2 10.1 0.9993 12 260 20% (mid severity)
TP-3 10.1 0.9991 10 793 24% (high severity)
HP-1 15.6 0.9610 15 000 25% (low severity)
HP-2 18.9 0.9401 1200 39% conversion (mid

severity)
HP-3 20.4 0.9307 300 54% conversion (high

severity), on spec
product

aFeed’s viscosity was not determined at 7 °C. The lowest possible
temperature for viscosity determination, for the studied feed, is 40 °C
(∼16 100 cSt). Theoretical calculations by the standard method
ASTM D341-03, on the basis of measured viscosity values at 40, 60,
and 80 °C, predicted a viscosity of 2 068 686 cSt at 7 °C. Here, we
report the viscosity of the studied Alberta bitumen at 40 °C for
comparison purposes.
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is an asphaltene fraction that remains irreversibly adsorbed on
the silica gel; the gravimetric yield of such species is sample
dependent. In this study, the amount of irreversibly adsorbed
material ranges from ∼1 to 9 wt %. Figure 1b presents the
gravimetric yields for the extrography fractions and exposes
significant changes in samples that had a dramatic decrease
(>10×) in viscosity. Specifically, Figure 1b points to a marked
increase in concentration for the acetone fraction for the HP-3
sample (∼6.8-fold), with a concurrent decrease for Hep/Tol
(∼26.5-fold) and Tol/THF/MeOH (∼1.7-fold) as compared
to the feed. In contrast, the upgraded sample with the lowest
change in viscosity, HT-1, revealed a ∼2.0-fold increase for the
acetone fraction, a 2.5-fold decrease for Hep/Tol, and a slight
increase in the Tol/THF/MeOH fraction.
Clearly, Figure 1b shows that, in asphaltenes from the

hydroprocessed samples (HP-1−HP-3), the mass of the Tol/
THF/MeOH fraction decreases consistently, even when the
process is performed under high-severity conditions (HP-3).
Note, the content of the Tol/THF/MeOH fraction (HP-1)
initially increases ∼1.2-fold compared to the feed. We
hypothesize that such an increase could be due to the
occurrence of secondary reactions between polar alkyl-
aromatics,40 which may yield asphaltene species with solubility
parameters compatible with the Tol/THF/MeOH fraction.
Although the upgrading process was performed on whole oils
(mixture of maltenes and asphaltenes), the results suggest the
interconversion between extrography-defined asphaltene sub-
fractions: the decrease in Hep/Tol species (from feed to HP-
1) is accompanied by an increase in both the acetone and Tol/
THF/MeOH fractions.

HP-3 asphaltenes, from the products of the hydroprocessed
bitumen under high severity conversion conditions, show a
pronounced change in the gravimetric distribution of the
extrographic fractions. Notably, the HP-3 sample reveals the
lowest viscosity (∼54-fold lower than that of the feed) and
features the lowest levels of Hep/Tol and Tol/THF/MeOH
fractions. This suggests a possible correlation between viscosity
and the concentration of highly polarizable asphaltene species
(i.e., Tol/THF/MeOH). It should be noted that the HP-1
sample, with a viscosity of ∼15 000 cSt, has a Tol/THF/
MeOH content of ∼50 wt %. The HP-2 sample contains ∼34
wt % of this extrography fraction and features a marked
decrease in viscosity relative to HP-1 (∼12-fold decrease). The
change of the Tol/THF/MeOH content is less pronounced for
the HP-3: it contains ∼27 wt % and only reveals a ∼ 4-fold
drop in viscosity relative to HP-2. This suggests that
polarizable Tol/THF/MeOH species, previously shown to
exhibit stronger aggregation tendencies than acetone and Hep/
Tol, could act as critical viscosity modifiers in crude oils.
Furthermore, the results suggest that these species could
survive hydroconversion under severe conditions. It is also
likely that these molecules may be similar to those present in
the starting material but not identical as a result of cracking/
addition reactions. The following section focuses on the
detailed molecular characterization of the asphaltene extrog-
raphy fractions obtained from the feed and the upgraded
samples.

Molecular Composition of Feed C7 Asphaltenes
Revealed by +APPI FT-ICR MS. Figure 2 presents the
molecular composition of nC7 asphaltenes isolated from the

Figure 1. (a) Gravimetric yields for maltenes (C7 soluble) and asphaltenes (C7 insoluble) for the feed and the upgraded samples (thermally
processed (TP) and hydroprocessed (HP)). (b) Gravimetric yields for the extrography separation of C7 asphaltenes for the feed and the upgraded
samples. Panel a includes the average values for yields for maltenes and asphaltenes. Panel b includes the average recovery (wt %) for the
extrography separation, which ranges from 90.6 to 99.0 wt %.
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feed and the respective extrography fractions, analyzed by
positive-ion APPI FT-ICR MS. The detected peaks in the mass
spectra are assigned a unique molecular formula based on
ultrahigh mass accuracy, uniquely provided by FT-ICR MS.
Thus, the technique is used to directly track molecular changes
in elemental compositions. Molecular formulas are sorted in
heteroatom compound classes. For example, species with C, H,
and two N atoms belong to the N2 class. Figure 2a shows the
compound class distribution for the whole/unfractionated feed
asphaltenes, along with its acetone, Hep/Tol, and Tol/THF/
MeOH fractions. As previously reported, asphaltene acetone
fractions resemble the composition of whole/unfractionated
samples.31 It is important to point out that the acetone fraction
displays the highest ionization efficiency in +APPI (also known
as monomer−ion yield), and thus, it dominates the ionization
of the whole sample. Thus, MS analysis of whole samples
mostly reveals the species that comprise the acetone fraction.
This behavior has been attributed, in part, to the decreased
self-aggregation tendency of the acetone fraction, as compared
to Hep/Tol and Tol/THF/MeOH fractions. Several works
demonstrate that aggregation is linked to the efficiency of ion
production in atmospheric pressure ionization (e.g., APPI,
electrospray ionization).41,42

The results presented in Figure 2a highlight the wide
diversity of compound classes for the whole asphaltenes and
acetone fraction, with vanadyl porphyrins (N4O1V1 class) as
the dominant species given their efficient ionization in APPI.43

The presence of compound classes with high heteroatom
content, such as O4, S4, and O2S3, demonstrates the ultrahigh
complexity and chemical polydispersity of the samples.
Furthermore, whole asphaltenes and the acetone fraction
reveal an increased abundances of species with N and S, such
as N1S1, N1S2, and N2S1 classes (NxSy). Conversely, Hep/Tol
and Tol/THF/MeOH fractions feature lower amounts of N-
containing species, such as N1, N2, NxSy, and NxOySz, but
higher abundances of polarizable O-containing molecules such
as O2, O3, O4, and compounds containing oxygen and sulfur
atoms, such as O2S1, O3S1, and O3S2 classes. Importantly,
vanadyl porphyrins are not detected in these extrography
fractions. Previous studies suggest that vanadium complexes
are indeed present in Hep/Tol and Tol/THF/MeOH
fractions, but they remain undetected in APPI MS because
they are predominately present in aggregates.35,42,44

Figure 2b presents combined plots of double bond
equivalents (DBE) versus carbon number, commonly referred
as “compositional range”, for whole feed asphaltenes and the
extrography fractions. DBE, or level of unsaturation, is the
number of rings plus double bonds to carbon in a molecule
and is calculated from the molecular formula obtained by FT-
ICR MS. In the plots, the DBE values are presented in the y-
axis, whereas the carbon number is included in the x-axis. The
color scale represents the relative abundance of species within
the given class. Compounds with the same DBE but varying
numbers of carbon belong to the same homologous series and,

Figure 2. (a) Heteroatom class distribution for feed whole nC7 asphaltenes and their extrography fractions. (b) Combined DBE vs carbon number
plots for hydrocarbons (HC) and only N-/O-containing compounds (upper row) and all S-containing species (lower row) for whole asphaltenes
and the fractions.
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thus, have the same number of rings and double bonds but
differ in the number of saturated moieties (CH2 units). For
simplicity, Figure 2b presents combined DBE vs carbon
number plots for hydrocarbons (HC class, molecules with no
heteroatoms) and only O-/N-containing compounds (e.g.,
NxOy, Nx, and Ox, upper row). The lower row presents all the
species that contain S atoms (e.g., Sx, NxSy, and NxOySz). As
previously reported, the acetone fraction resembles the
compositional range of whole asphaltenes: both samples,
HC, N-/O-containing compounds feature high DBE values
(>10) with abundant compounds close to the polycyclic
aromatic hydrocarbon (PAH) limit, which is highlighted by the
red-dotted line. The PAH limit is a compositional boundary
for virgin fossil fuels. Species to the right, close to the PAH
limit, are highly aromatic and alkyl-depleted.45,46 An additional
feature presented by the acetone fraction and whole
asphaltenes is the “bimodal” compositional range for S-
containing compounds: the dominant distribution (blue,
green, yellow, red) is highly aromatic, with DBE values
above ∼13; it contains abundant compositions close to the
PAH line. Conversely, the less abundant (black/gray)
distribution reveals much lower DBEs, with carbon numbers
far from the PAH limit. This suggests the likely presence of
different S-containing chemical functionalities, such as
thiophene, which tends to be highly aromatic, and
sulfoxides/sulfides, known for their much lower aromatic-
ity.47,48

Hep/Tol and Tol/THF/MeOH fractions reveal much lower
DBE values, opposite to what is classically expected for
asphaltenes.49 Previous reports suggest that the low-DBE
species detected in these fractions have a solubility behavior
consistent with asphaltenes (toluene soluble/heptane insolu-
ble) due to their increased heteroatom content and stronger
aggregation tendency. These “atypical” species behave like
asphaltenes (in terms of solubility) because of their high
polarizability (molecular insolubility) and nanoaggregation
(aggregate insolubility) and not because of aromaticity.50,51

Effect of Thermal Processing on Asphaltene Compo-
sition. Figure 3 presents the compound class distribution
(panel a) and the compositional range (panel b) for the
acetone fractions isolated from the nC7 asphaltenes for the feed
and the three thermally processed samples (TP). Information
for whole TP C7 asphaltenes is not included because the
acetone fraction resembles the composition of unfractionated
asphaltenes. The results indicate that thermal processing has
no significant effect on the compound class distribution of the
acetone-extracted species, as the TP samples reveal the same
heteroatom classes, with similar relative abundances to those of
the feed. The lower panel of Figure 3 suggests that thermal
processing at high severity (TP-3) slightly broadens the
compositional range for HC and N-/O-containing species in
terms of homologous series length: TP-3 has 2−4 additional
compositions per series than the feed. Furthermore, feed
asphaltenes feature a global abundance weighted DBE of 19.5,

Figure 3. (a) Heteroatom class distribution and (b) combined DBE vs carbon number plots for hydrocarbons (HC) and only N-/O-containing
compounds (upper row) and all S-containing species (lower row), for the acetone fractions isolated from the feed asphaltenes and the thermally
processed samples.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.2c01541
Energy Fuels 2022, 36, 7542−7557

7547

https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01541?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01541?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01541?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01541?fig=fig3&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c01541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


whereas the upgraded samples (TP-1, TP-2, and TP-3) reveal
DBEs of 19.2, 20.5, and 19.9. The analysis of acetone fractions
does not reveal significant changes in the molecular
composition upon thermal processing. However, it is critical
to point out that thermal process yields low molecular weight
(LMW) species via cracking of bigger compounds originally
present in the feed. A comparison of S-containing molecules in
the feed and the TP-3 acetone fractions demonstrates, at some
extent, the increase in the relative abundance (production) of
species with lower DBE and carbon number upon processing
(circled in green, Figure 3, lower panel). However, this change
is not completely captured by Figure 3 since this works focuses
on the molecular composition of asphaltenes, and many of the
newly formed LMW species might be alkane soluble
(maltenes). Below, we focus on Hep/Tol and Tol/THF/
MeOH fractions to investigate the occurrence of reactions
caused by upgrading processes that might explain the viscosity
variations (Table 1) for the thermally processes samples.

Extrography Separation Reveals Molecular-Level
Changes Induced by Thermal Processing. The TP-3
sample reveals the most significant changes in viscosity (∼1.2-
fold decrease relative to the feed). The analysis of the acetone
fraction revealed no significant changes in terms of the
heteroatom class distribution (chemical polydispersity) and the
compositional range. Thus, to further investigate molecular-

level changes induced by thermal processing, Figure 4 presents
a comparison for the Hep/Tol and Tol/THF/MeOH fractions
isolated from the nC7 asphaltenes for the feed and TP-3 (the
thermally processed sample with the largest change in
viscosity). In Figure 4a, black/gray bars are used for the
Hep/Tol fractions, whereas green-shade bars represent the
Tol/THF/MeOH fractions. The results indicate that the
thermal process causes no significant impact in bitumen
chemical polydispersity, as the number of detected heteroatom
classes is similar for the upgraded fractions and the feed. The
major change is the decrease in the relative abundance of S1
and S2 classes for both extrography fractions. However, Figure
4b highlights extensive changes for the compositional range for
the Hep/Tol and Tol/THF/MeOH extrography fractions. The
feed features much lower DBE values (abundance weighted
DBE up to ∼12) and longer homologous series, which suggest
the dominance of compounds with higher degrees of alkyl
substitution and low aromaticity. After thermal processing, the
fractions present abundant compositions close to the PAH
limit, with much higher abundance-weighted DBE values (up
to ∼18) and shorter homologous series, which strongly
suggests that thermal processing yields hydrogen deficient
compounds with higher degrees of aromatic condensation. It
should be noted that these changes in composition are

Figure 4. (a) Heteroatom class distribution and (b) combined DBE vs carbon number plots for hydrocarbons (HC) and only N-/O-containing
compounds (upper row) and all S-containing species (lower row) for Hep/Tol and Tol/THF/MeOH extrography fractions isolated from the feed
asphaltenes and the thermally processed TP-3 samples.
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uniquely accessed via separations, due to extensive selective
ionization presented by complex petroleum samples.

Gas-Phase Fragmentation Reveals the Structural
Motifs that Survive Upon Thermal Processing. The
structural information for asphaltene ions was obtained via gas-
phase fragmentation by infrared multi-photon dissociation
(IRMPD). In this method, precursor ions from specific mass
ranges are isolated using a quadrupole mass filter. Once the
ions are transferred to the mass analyzer (i.e., ICR cell), a
multi-notch SWIFT is applied to eject precursor ions with a
low DBE. Thus, predominately high-DBE precursor ions
remain trapped in the ICR cell for subsequent fragmentation
by infrared irradiation. Figure 5 presents the fragmentation of
predominantly high-DBE precursor ions, for the acetone and
Tol/THF/MeOH fractions for the nC7 asphaltenes for the
feed (a, and b panels) and the thermally processed sample TP-
3 (c and d panels). Figure 5 presents the fragmentation mass
spectra with zoom insets that facilitate visualization for the
mass range of the fragments. In the mass spectra, the precursor
ions are highlighted with red asterisks. Two main fragmenta-
tion pathways are pointed out: the blue arrow indicates
dealkylation; thus, the fragments decrease in carbon number
but remain at the same DBE of the precursor ions, which is
indicative for single-core/island structural motifs.20 The
second fragmentation pathway results in the low molecular
weight distribution, highlighted in green. These fragments have
a lower carbon number and lower DBE values than the
precursor ions, which is indicative of multicore/archipelago
structures. Figure 5 also includes DBE vs carbon number plots

(all classes are combined) for fragments and precursor ions
(circled in red) with a relative abundance of ≤1%. The orange
dotted line included in the plots highlights the island/
archipelago boundary, which is calculated from the mass
spectra of the precursor ions. It is defined as the abundance
weighted average DBE of the precursors minus the abundance
weighted standard deviation. The percentage of fragments
above that limit (highlighted in blue) provides the relative
abundance of fragment ions originated from island structures.
Fragments below the boundary are derived from archipelago
precursors, and they feature much lower DBE values than
those of the precursor ions. A concurrent loss of DBE and
carbon number upon IRMPD is only possible when multicore
structures are present in the selected mass range of precursor
ions. For the acetone fractions, two mass ranges (m/z ∼ 450
and 600) were evaluated. For Tol/THF/MeOH, only m/z ∼
450 is presented as the isolation of precursors with a higher
molecular weight, which was challenging given their low
relative abundance for this fraction. The fragmentation
behavior of acetone fractions, for the feed and the TP-3
sample (panels a and c), indicates that the abundance of
multicore/archipelago species slightly increases as a function of
increasing m/z, which is consistent with previous reports.34,52

After thermal processing, there is a slight increase in the
relative abundance of single-core/island motifs (e.g., at m/z
450, from 70% to 83%).
The Tol/THF/MeOH fraction isolated from feed asphal-

tenes (panel b) reveals higher amounts of archipelago species
at m/z 450 than the acetone fraction, which agrees with

Figure 5. Fragmentation mass spectra and combined DBE vs carbon number plots for all compound classes with a relative abundance >1%, for
precursor ions and fragments, for the acetone and Tol/THF/MeOH fractions for feed asphaltenes (panels a and b) and TP-3 asphaltenes (panels c
and d).
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Figure 6. (a) Heteroatom class distribution and (b) combined DBE vs carbon number plots for hydrocarbons (HC) and only N-/O-containing
compounds (upper row) and all S-containing species (lower row) for the acetone fractions isolated from the feed asphaltenes and the thermally
processed TP-3 samples.

Figure 7. DBE vs carbon number plots for selected S-containing species for the acetone fraction from the (a) feed and (b) HP-3 sample. (c)
Possible S-containing aromatic cores for DBE values of 6 and 7.
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previous studies.20 After thermal treatment (sample TP-3,
panel d), the amount of detected island-type structures slightly
increased from 47% to 55%. Collectively, the results indicate
that the thermal treatment used in this work fails to decrease
asphaltene polydispersity in terms of heteroatom classes.
However, the remaining asphaltene species feature a higher
aromaticity and moderately increased content of island
structural motifs.

Effect of Hydroprocessing on Asphaltene Composi-
tion. Figure 6 presents the compound class distribution for the
acetone fractions isolated from the asphaltenes from the feed
and the hydroprocessed samples (HP). The results demon-
strate that hydroprocessing dramatically decreases the
polydispersity of the products in terms of heteroatom classes,
as the acetone fraction from feed asphaltenes contains 30
compound classes, whereas the HP sample series only has up
to 17 classes. Species with a high number of heteroatoms, such
as S3, S4, N4O1V1, O1S3, and O2S3 classes, were not detected
after hydroprocessing. Conversely, hydrocarbons with no
heteroatoms (HC class), monoheteroatomic species (such
N1, O1), and diheteroatomic classes (N2, O2, N1O1) became
dominant in the hydroconverted acetone fractions. It should be
noted that S-containing species dramatically decreased in
abundance upon hydroprocessing, which suggests efficient
hydrodesulfurization during the process.

Figure 6b shows that the compositional range for HC and
N-/O-containing species shifts to higher DBE values, closer to
the PAH limit as hydroprocessing severity increases, with the
high conversion sample, HP-3, exhibiting the shortest
homologous series. S-containing species reveal a distinctive
behavior: upon hydroprocessing, the presence of two
distributions (bimodal distribution highlighted earlier) is
more pronounced. The HP-3 sample reveals a clear gap
between both distributions, one at DBE values above 18,
clustered along the PAH line, and the second one with
predominant DBEs below 18 but displaced from the PAH
limit. To further investigate this unique compositional feature,
Figure 7 (a/b panels) highlights the compositional range of
individual S-containing classes for the acetone fractions from
the feed and the HP-3 sample. Interestingly, for both samples,
classes with only one sulfur atom, S1 and O1S1, reveal a
compositional range enriched in high DBE species. Conversely,
the O1S2 class reveals a bimodal compositional range for the
feed; after hydroprocessing, only low DBE species (<20) are
detected for this class. It is possible that, upon hydro-
conversion, high DBE O1S2 species are transformed into
molecules belonging to classes with a lower number of
heteroatoms, for instance, O1S1 and S1, as a result of S and O
atoms being contained in different aromatic cores (archipelago
motifs) that are cracked during hydrotreatment.

Figure 8. (a) Heteroatom class distribution and (b) combined DBE vs carbon number plots for hydrocarbons (HC) and only N-/O-containing
compounds (upper row) and all S-containing species (lower row) for the Tol/THF/MeOH fractions isolated from the feed asphaltenes and the
hydroprocessed (HP) samples.
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The survival of low DBE species upon severe hydro-
conversion is intriguing. However, a closer look to the DBE vs
carbon number plots, before and after treatment, indicates that
only compounds with a DBE higher ≥6 remain for O1S2 and
O2S2 classes. One possibility is the existence of both sulfur
atoms in cores such as cyclopenta-dithiophene or bithiophene,
with DBEs of 6−7, as shown in Figure 7c. It is likely that both
S moieties are protected by cycloalkyl and linear alkyl-side
groups that prevent their cracking in hydroconversion. The
lack of detection of compounds with DBE < 6−7 for the
acetone HP-3 sample, suggests that these species are likely
hydrodesulfurized and transformed into C7-soluble com-
pounds, which is consistent with previous reports.53,54

Compositional Trends for Hydroconverted Polar-
izable Asphaltene Fractions. Previous works demonstrate
that the Tol/THF/MeOH fractions isolated from geologically
diverse asphaltene samples (e.g., Athabasca bitumen, Maya,
Venezuelan and Arabian heavy, and Wyoming deposit) reveal
much stronger aggregation tendencies than acetone fractions
and unfractionated asphaltenes.20 This behavior has been
attributed to the much higher polydispersity in terms of
heteroatom content, due to the higher concentration of
polyfunctional species (higher polarizability) and a higher
diversity of structural motifs (higher abundance of archipelago
motifs).55 These compositional features likely translate into an
aggregation mechanism involving several intermolecular forces,
similar to the supramolecular assembly model proposed by
Gray et al.50,51 It has been suggested that such nanoaggregation
can protect labile molecules, such as reactive biomarkers, from
thermal degradation.56,57 Indeed, it has been hypothesized that
labile biomarkers were effectively protected inside asphaltene
nanoaggregates, which contributed to their stability over
geological time.58,59

Figure 8a presents the compound class distribution and
compositional range for the Tol/THF/MeOH fractions
isolated from the asphaltenes for the feed and the hydro-
processed (HP) samples. The results are in stark contrast to
that of the acetone fractions (Figure 6) and indicate that all
samples reveal a high complexity in terms of the number of
heteroatom classes. Only the S-containing classes reveal the

major changes due to processing, as they gradually decrease in
relative abundance as a function of the process severity. In
terms of the compositional range (Figure 8b), hydroconverted
HC and N-/O-containing compounds reveal much higher
DBE values than the feed. This could suggest the occurrence of
dehydrogenation and/or addition reactions between alkyl-
substituted aromatics of a lower molecular weight, which
increases the DBE via hydrogen abstraction and/or production
of multicore motifs. Moreover, the compositional range for the
HP-3 reveals shorter homologous series than those of HP-1. In
this regard, Gray et al.40 reported that, upon upgrading, alkyl-
substituted pyrene compounds undergo addition reactions
through the alkyl-side groups, which originates bridged
aromatic cores or archipelago products. Thus, the results
indicate that alkyl-side groups constitute reactive moieties for
thermal reactions, both cracking (dealkylation) and addition
(production of multicore motifs).
On the contrary, hydroconverted S-containing compounds

remain in the DBE range of the feed asphaltenes. However, it
should be noted that abundant species with DBE from 2 to 5
also survive the upgrading process. Importantly, S-containing
compounds in the Tol/THF/MeOH fraction reveal a bimodal
compositional range: the dominant distribution for HP-1 and
HP-2 samples is highly aromatic, clustered along the PAH line;
the less abundant distribution (with lower DBE and higher
carbon number) is highlighted in yellow. The presence of low
DBE S-containing species before and after treatment, with a
higher relative abundance than that of HC/N-/O-containing
compounds, might suggest a selective occlusion of low-DBE S-
containing molecules inside asphaltene networks. It is likely
that the stronger nanoaggregation of Tol/THF/MeOH,
highlighted in previous reports,20,35,60 protects them from
cracking into lighter fractions (e.g., gas, C5−C20 alkanes).
To clarify compositional changes for S-containing com-

pounds, Figure 9 highlights the DBE vs carbon number plots
for selected compound classes. The results suggest that species
with several S atoms (i.e., O1S2 and O2S2) are nearly
eliminated, as their compositional range gets much narrower
after hydroprocessing, and their relative abundance drops to
near the limit of detection. Furthermore, the trends for S1 and

Figure 9. DBE vs carbon number plots for selected S-containing species for the Tol/THF/MeOH fractions from the (a) the feed and (b) HP-3
sample.
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O1S1 compounds point to dealkylation as the main reaction
pathway. It should be noted that the presence of low-DBE
(<6) species for the O1S1 class after severe hydrotreatment
suggests protection by nanoaggregation. It is likely that O1S1
compounds with DBEs of 2−5 are sulfoxides or O-containing
sulfides. Indeed, when O atoms are not present (S1 class),
there is a detection of abundant homologous series with DBE
values that correspond to well-known geologically stable
structures such as alkyl-substituted benzo/dibenzothiophene.
It is important to take into account that the upgrading process
was carried out on whole bitumen and the reaction products
are mixture of maltenes and asphaltenes; occlusion of heptane-
soluble compounds inside asphaltene aggregates during sample
preparation is possible and well-documented.25,61,62

Global Trends for Compositional Features Before
and After Upgrading. Abundance weighted average
molecular features, derived from FT-ICR MS data, such as
DBE and atomic ratios (e.g., H/C, O/C) facilitate visualization
of the compositional trends. Figure 10 presents the global
abundance weighted S/C ratios, derived from all molecular
formulas with their respective relative abundance, for each of

the samples. The data is presented in gray and blue bars and
includes the three extrography fractions (panels a−c) obtained
from the nC7 asphaltenes from the feed, the thermally
processed samples, and the hydroconverted samples. Figure
10 also includes an abundance-weighted aromaticity factor,
defined as the ratio of abundance-weighted DBE to
abundance-weighted H/C. Thus, aromaticity is higher for
species with a high DBE but a lower content of CH2/saturated
moieties (lower H/C).
Figure 10 shows that the acetone fractions exhibit the most

pronounced changes upon processing. The hydroconverted
acetone fractions feature the highest aromaticity; importantly,
these samples presented the highest ionization efficiency
during APPI MS analysis. Furthermore, the data shows that
hydroprocessing yields a stronger decrease in S/C for all
extrography fractions. Hydroconverted Hep/Tol and Tol/
THF/MeOH fractions also reveal a stepwise decrease in S/C
as a function of increasing process severity, and the most
noticeable changes in aromaticity are presented by the HP-2
derived fractions, being ∼1.5-fold higher than the respective
extrographic fraction from feed. It should be noted that
thermal processing had a stronger effect on the aromaticity of
the Hep/Tol and Tol/THF/MeOH fractions. During hydro-
processing, the aromaticity of these two fractions increases
from HP-1 to HP-2, and then, it decreases for HP-3. This
suggests that hydroprocessing under midseverity conditions
likely causes addition reactions, which increases the fraction’s
aromaticity. However, high-severity conditions likely induce
cracking of alkyl-bridges between aromatic cores of archipe-
lagos, which, in the end, decreases aromaticity.

Effect of Hydroprocessing on Molecular Structure.
Figure 11 presents the gas-phase fragmentation results for the
hydroconverted acetone and Tol/THF/MeOH fractions.
Again, the isolation of precursor ions at m/z ∼ 600 for Tol/
THF/MeOH was not possible due to a low relative abundance.
The results demonstrate that hydroconversion is more efficient
in the transformation of archipelago structural motifs,
originally present in the feed, into island species. Specifically,
IRMPD of precursor ions for the acetone fraction, with m/z
around 450 and 600, revealed mostly island-derived fragments
(100% and 98%). The results for Tol/THF/MeOH suggest
that hydroconversion is more efficient in transforming highly
“polar” multicore motifs into single core species, as the HP-3
Tol/THF/MeOH fraction revealed 79% of island-derived
structural motifs, compared to only 55% detected for the
thermally processed sample TP-3. Nevertheless, the results
indicate the survival of some archipelago motifs (21%) that
remain “intact” the in HP-3 Tol/THF/MeOH fraction.

■ CONCLUSIONS
Two upgrading methods, thermal processing and hydro-
conversion, were used to decrease the viscosity of Alberta
bitumen. Changes in viscosity reveal no clear correlations to
the gravimetric content of maltenes and asphaltenes. Thus,
asphaltenes were fractionated by an extrography separation to
investigate if changes in viscosity could be correlated to the
transformation or survival of specific fractions and structural
motifs.
The thermally processed bitumen, transformed under high-

severity conditions, revealed a ∼1.5-fold decrease in viscosity.
The thermal processed samples featured minor changes in the
gravimetric distribution of the extrography fractions, in
particular for polarizable species (Tol/THF/MeOH fraction).

Figure 10. Global abundance weighted S/C ratios, for each of the
samples (feed, thermally processed, and hydroconverted). The three
extrography fractions are presented in panels a−c, obtained from the
nC7 asphaltenes. The right y-axis is an abundance-weighted
aromaticity factor.
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Molecular characterization of samples and extrography
fractions, accessed via +APPI FT-ICR MS and IRMPD,
demonstrates that the thermal process had no significant effect
on the chemical polydispersity of the upgraded bitumen. The
compound class distributions for all the extrography fractions
after treatment revealed almost identical heteroatom classes
with similar relative abundances as compared to the feed.
However, thermal processing did produce changes in the
compositional range of polarizable asphaltene species (Tol/
THF/MeOH fraction). The process yielded abundant
compositions closer to the PAH limit, with much higher
abundance-weighted DBE values and shorter homologous
series than those for the feed. These changes in composition
were uniquely accessed via separations, due to extensive
selective ionization in whole/unfractionated samples during
direct MS analysis. Furthermore, gas-phase fragmentation
demonstrated that thermal processing slightly increased the
content of island structural motifs, e.g., from 70% to 83%, for
acetone species.
Conversely, hydroprocessing caused significant changes in

the gravimetric distribution of the asphaltene extrography
fractions. In particular, there was a pronounced increase for
acetone and decrease for Tol/THF/MeOH fractions. These
changes may explain the dramatic drop in viscosity for the
severely hydrotreated sample (>50-fold decrease compared to
the feed). FT-ICR MS results demonstrate that hydro-
processing diminished the chemical polydispersity of acetone
species; the fraction from the feed asphaltenes revealed 30
compound classes, whereas the hydroprocessed species only
contained up to 17 classes. S-containing compounds revealed a
unique feature upon hydroprocessing: the results highlighted
the survival of low DBE species. A closer examination of the
DBE vs carbon number plots, before and after treatment,
indicates that molecules with DBEs higher ≥6 remain for
classes with several S atoms, e.g., O1S2 and O2S2. We
hypothesize the existence of both sulfur atoms in cores such
as cyclopenta-dithiophene or bithiophene, likely protected by
cycloalkyl/alkyl-side groups that prevent their cracking in
hydroconversion.
The characterization of the hydroprocessed Hep/Tol and

Tol/THF/MeOH extrography fractions indicates that the
upgrading process was less effective in decreasing the chemical
polydispersity of these species. Their compositional range
suggests the occurrence of dehydrogenation and addition
reactions between low-molecular-weight alkyl-substituted

aromatics, which likely increases the DBE via hydrogen
abstraction and production of multicore motifs. Furthermore,
abundant O1S1 species with DBEs from 2 to 5 survived the
process. It is likely that those O1S1 compounds are sulfoxides
or O-containing sulfides, which remain intact under severe
treatment conditions because the stronger nanoaggregation of
Tol/THF/MeOH protects them from cracking and producing
gas or C5−C20 alkanes. Furthermore, gas-phase fragmentation
demonstrates that hydroprocessing was more effective in
transforming archipelago structural motifs into island species.
For instance, the acetone fraction for the severely hydrotreated
sample revealed ≥98% of island structural motifs.
Collectively, the results suggest that the high viscosity of the

thermally processed bitumen could be correlated to the
survival of species with high heteroatom content and increased
abundance of archipelago structural motifs. Previous reports
demonstrate that such species display much stronger
aggregation trends than acetone and Hep/Tol and concentrate
in the Tol/THF/MeOH extrography fraction, which was
relatively constant regardless of the thermal processing severity
and yielded only a slight decrease in viscosity. Thus, it is likely
that nanoaggregation prevents the transformation of these
species into lighter products.
Finally, the most intriguing results were noted for the

hydroprocessed samples, where dramatic conversion/intercon-
version in and between extrography-defined asphaltene
fractions was accompanied by large (up to ∼50-fold) changes
in viscosity. The most severe hydroprocessing condition led to
the near disappearance of the intermediate Hep/Tol
extrography fraction, highest level of the acetone fraction,
and continued reduction of the Tol/THF/MeOH species
relative to less severe conditions. Although these dramatic
changes in the extrography fractions are accompanied by
equally dramatic changes in viscosity, linking changes in the
molecular/supermolecular composition/structure with changes
in viscosity is clearly still challenging. The current results
suggest that, if the most aggregated material (Tol/THF/
MeOH fraction) is a dominant contributor to increased
viscosity, some subfraction of it remains susceptible to
hydroconversion that alters the abundance of archipelago
structures to produce unaggregated, acetone soluble species
and near elimination of the intermediate Hep/Tol fraction.

Figure 11. Gas-phase fragmentation spectra and compositional range for hydroconverted HP-3 asphaltene extrography fractions: (a) acetone and
(b) Tol/THF/MeOH.
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