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ABSTRACT: Asphaltenes challenge nearly all analytical techniques because of their immense polydispersity in molecular
composition and structure. This operationally defined fraction of crude oil, insoluble in n-alkanes but soluble in aromatic
solvents, is known to concentrate in vacuum residues and islinked to fouling and deposition issues. However, presence and
subsequent characterization of asphaltenes are seldom discussed in conventional/unconventional distillate fractions. Here, we
isolate asphaltenes from conventional (<593 °C/1099 F) and unconventional (>593 °C) distillation cuts and provide
molecular-level characterization by electrospray ionization and atmospheric pressure photoionization Fourier transform ion
cyclotron resonance mass spectrometry as a function of boiling point. Our results indicate that asphaltene molecular
composition starts in the vacuum gas oil range and extends into vacuum residues. Moreover, we report that distillable
asphaltene composition exists as both highly polar (heteroatom rich), aliphatic (atypical asphaltenes) species as well as
condensed aromatic structures (classical asphaltenes). As a function of distillation temperature, asphaltene compounds exhibit
structural trends consistent with thermal cracking that starts between 510 and 538 °C, increases between 538 and 593 °C, and is
readily observed at temperatures up to 700 °C. Above 600 °C, low molecular weight compounds (expected to boil at much
lower temperatures) that are n-heptane insoluble are detected across all heteroatom classes. Results herein suggest that these
compounds are formed through structural rearrangement of archipelago asphaltenes because of thermal cracking reactions that
occur during distillation and precipitate as asphaltenes. We report the isolation and mass spectral characterization of asphaltenes
isolated from distillation cuts and propose that quantification of asphaltenes in distillates is critical to predict and prevent

problems related to catalyst deactivation.

B INTRODUCTION

Asphaltenes are the fraction of crude oil that is insoluble in
paraffinic solvents (e.g., n-heptane and n-pentane) and soluble
in aromatic solvents (e.g, toluene and benzene) and comprise
one of the most analytically challenging fractions of oil and
thus, controversy continues over fundamental properties such
as asphaltene molecular weight and structure.' "' Undisputed,
however, is this solubility-defined petroleum fraction’s role in
flow impedance in pipelines, deposition formation during
crude oil transport, catalyst deactivation in refinery processes,
well-bore plugging during oil recovery/transport, and water
contamination during storage because of asphaltene stabiliza-
tion of emulsions.'”” '® Thus, the development of efficient
methods to solve asphaltene-related problems will benefit from
a molecular-level understanding of asphaltene composition and
structure,” ™"

The bulk elemental composition of asphaltenes has been
historically less controversial, with agreement that asphaltenes
exhibit bulk H/C ratios between ~0.90 and 1.15.°°7%°
Asphaltene molecular weight was addressed in the work of
Dickie and Yen® and revised in the 1980s by Boduszynski, who
demonstrated that petroleum aromaticity, molecular weight,
and heteroatom content increases concurrently with boilin§
point,””~** but remained highly controversial.>”****~*
Combined, these works with others that followed led
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petroleum researchers to agree that asphaltene molecular
weight ranges between ~250 and 1200 g/mol with an average
of ~750 g/m01.9,31738,49754

The definition of these enigmatic species, rooted in terms of
their solubility properties rather than their molecular structure,
imparts an intrinsic ultracomplexity to this problematic
fraction. Isolation of asphaltenes from crude oil yields a
polydispersed mixture that may exhibit over 50 000 different
elemental compositions that are enriched in pericondensed
aromatic structures and contain structural cores connected by
aryl, alkyl/cycloalkyl bridges.”*****~®" The structural con-
troversy of asphaltenes arises from the inconsistency between
the island model and asphaltene pyrolysis/thermal cracking
products but has recently been resolved by high resolution
mass spectrometry and tandem MS expoariments.5’32’59’62_67
Aromatic structures are more stable during thermal cracking
reactions; therefore, the generation of low molecular weight
products is indicative of the breakage of covalent bonds across
more complex bridged structures, where aromatic cores are
connected via alkyl-chains, biomarker-like bridges (cycloalkane
rings), sulfides, esters, and aryl bridges.9’32’68_ These cracked
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products, along with island-type asphaltene structures, can
undergo condensation reactions that lead to coke formation.”!
Asphaltene structural motifs are of significant concern in the
work presented herein, as unconventional, short path
distillation temperatures exceed those in conventional refinery
operations. As a result, thermal cracking products must be
considered.

Asphaltenes accumulate in vacuum residues and have long
been considered “nondistillable” due to inherently low
volatility.”””> However, Boduszynski challenged this assump-
tion 30 years ago and demonstrated that “nondistillable”
residues can be further fractionated on the basis of solubility
and that a portion of the subfractions may exhibit a distillable
nature.”*'™** Moreover, Boduszynski et al. hypothesized that
all nonaggregated petroleum compounds are soluble in
heptane and concluded that asphaltenes were only insoluble
due to aggregation.® In other words, only the aggregates that
result from cooperative and strong intermolecular interactions
between the individual petroleum compounds exhibit insol-
ubility in paraffinic solvents.”

Asphaltenes, widely known to cause catalyst deactivation, are
coke precursors and contain higher concentrations of heavy
metals (e.g, nickel and vanadium).”*~”? Thus, the detection
and characterization of asphaltenic species in high-boiling
distillation cuts is critical for maximizing the yield of valuable
refinery products and minimizing costs that arise from catalyst
deactivation and sludge/sediment formation, which can cause
deposition and plugging.®*

Here, we present the isolation, detection, and character-
ization of asphaltenes isolated from distillate fractions from
three geographically unique crudes: South American extra-
heavy crude (482—533 °C), Middle Eastern heavy crude
(510—538 and 538—593 °C), and Mackay bitumen (550—600,
600—650, and 650—700 °C) and report the molecular
characterization of two distinct types of “distillable asphal-
tenes” by Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS).

B EXPERIMENTAL METHODS

Sample Preparation. The Middle Eastern heavy oil was supplied
by General Electric Global Research (Niskayuna, NY), and distillation
was performed in a still pot as previously reported.*® Distillation cuts
from South American extra heavy crude (482—533 °C), Middle
Eastern heavy crude (510—538, $38—593, and residue 593" °C)
Mackay bitumen (550—600, 600—650, 650—700, and 700" °C), were
fractionated into n-C, asphaltenes and C;_4 asphaltenes as noted
below.”**"® High-performance liquid chromatography-grade n-
heptane (n-C,), n-pentane (n-C;), and toluene (J.T. Baker Chemicals,
Phillipsburg, NJ, U.S.A.) and Whatman #2 filter paper (30 gm, 150
mm diameter, GE Healthcare Bio-Sciences, Pittsburgh, PA, U.S.A.)
were used as received. All samples were dissolved in toluene to
produce a stock solution of 1 mg/mL and further diluted to 250 ug/
mL in 25:75 methanol/toluene (vol/vol) methanol spiked with 2%
(by volume) formic acid for positive-ion electrospray ionization (ESI)
or 0.25% (by volume) tetramethylammonium hydroxide (25% by
weight in methanol) for negative-ion ESI (250 ug/mL) or further
diluted to 200 ug/mL in toluene for atmospheric pressure
photoionization (APPI) FT-ICR mass spectral analysis unless
otherwise noted.

Isolation and Purification of C, Asphaltenes and C;_g
Asphaltenes. Asphaltenes were isolated from distillation cuts and
residues from South American crude (482—533 °C), Middle Eastern
heavy crude (510—538 and 538—593 °C), and Mackay bitumen
(550—600, 600—650, 650—700 °C) based on a modified ASTM
D6560-12 method.** In brief, 400 mL of n-C, was added dropwise
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(~60 min) to 10 g (bitumen) and to 20 g (Middle Eastern heavy) of
each distillation cut under sonication, followed by reflux at 110 °C for
1 h. For the Mackay bitumen vacuum residue, 1000 mg of material
was used. The mixtures were allowed to stand overnight. The n-C,
insoluble material was recovered by filtration and Soxhlet extracted
with n-heptane until the washing solvent was colorless. n-C,
asphaltenes were recovered by dissolution in toluene and desolvated
under dry nitrogen (N,(,)) at room temperature. Asphaltenes were
crushed and rewashed with hot n-heptane for additional purification
to decrease the concentration of entrained/occluded maltenes (C,-
soluble). Additionally, n-Cs asphaltenes were isolated from each
distillate, which were then washed with n-heptane for 50 h to isolate
the asphaltene fraction insoluble in #-Cs and soluble in #-C,,
technically known as C_g asphaltenes. The samples were dried under
N,(g), weighed, and stored in the dark to avoid photo-oxidation.
Linear lon Trap Mass Spectrometry. Positive-ion APPI
broadband mass spectra were acquired with a linear ion-trap mass
spectrometer (Thermo-Fisher Scientific Inc., San Jose, CA, U.S.A.)
under experimental conditions similar to those described below.
FT-ICR Mass Spectrometry and Data Analysis. Ions were
generated at atmospheric pressure via an APPI source (Ion Max APPI
source, Thermo-Fisher Scientific Inc., San Jose, CA, U.S.A.) or via
micro electrospray.®* All samgjles were analyzed by 9.4 T FT-ICR
MS® and 21 T FT-ICR MS.***” The ions were initially accumulated
in an external multipole ion guide (9.4 T: S0—500 ms, 21 T: 1—S ms)
and released m/z-dependently by decrease of an auxiliary radio
frequency gpotential between the multipole rods and the end-cap
electrode.®® The ions were excited to m/z-dependent radius to
maximize the dynamic range and number of observed mass spectral
peaks (m/z 200—1500; 9.4 T: 25—47%, 21 T: 32—64%),” and
excitation and detection were performed on the same pair of
electrodes.”® The seven-segment compensated open cylindrical ICR
cell in the 9.4 T FT-ICR is operated with 0.75—1 V trapping
potential,”"** and the dynamically harmonized ICR cell in the 21 T
FT-ICR is operated with 6 V trapping potential.****> Time-domain
transients of 6.8 (9.4 T) and 4.2 (21 T) s were acquired with the
Predator data station with 100 (21 T) to 300 (9.4 T) time-domain
acquisitions averaged for all experiments.”* For 21 T FT-ICR MS, the
Predator data station handled excitation and detection only, which
were initiated by a TTL trigger from the commercial Thermo data
station.®” Mass spectra were phase-corrected” and internally
calibrated with a high-abundance homologous series based on the
“walking” calibration method.”® Experimentally measured masses
were converted from the International Union of Pure and Applied
Chemistry (IUPAC) mass scale to the Kendrick mass scale”” for rapid
identification of homologous series for each heteroatom class (i.e.,
species with the same C_H;N, O,S, content, differing only be degree of
alkylation).”® For each elemental composition, CH;N,O,S, the
heteroatom class, type (double bond equivalents, DBE = number of
rings plus double bonds to carbon, DBE = C — h/2 + n/2 + 1),99 and
carbon number, ¢, were tabulated for subsequent generation of
heteroatom class relative abundance distributions and graphical
relative-abundance weighted DBE versus carbon number images.
Peaks with signal magnitude greater than 6 times the baseline root-
mean-square noise at m/z 500 were exported to peak lists, and
molecular formula assignments and data visualization were performed
with PetroOrg software.'”” Molecular formula assignments with an
error >0.5 ppm were discarded, and only chemical classes with a
combined relative abundance of >0.15% of the total were considered.

B RESULTS AND DISCUSSION

Asphaltenes Isolated from Distillation Cuts. Table 1
shows the geographic origin and distillation range for each
distillation cut, its API gravity (when possible), and weight
percent yield of Cs_g, and C, asphaltenes.

Molecular Weight Distribution of Distillable Asphal-
tenes. Figure 1 shows the broadband positive-ion APPI LTQ
mass spectrum for C, asphaltenes isolated from the 538—593
°C distillate of the Middle Eastern heavy crude oil at three
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Table 1. Weight Percent for n-C, and n-C;_g4 Asphaltenes
Isolated from South American Extra Heavy, Middle Eastern
Heavy, and Mackay Bitumen Distillates

distillation mass yield  mass yield
temperature ~ API  (wt%) Cs_s (wt %) C,
geographic origin °C) gravity  asphaltenes  asphaltenes
South American 482—-533 17.7 0.23
Middle Eastern heavy 510—-538 15.6 0.04 0.55
Middle Eastern heavy 538-593 14.1 0.25 0.33
Mackay bitumen 550—-600 0.30 0.04
Mackay bitumen 600—650 0.59 0.08
Mackay bitumen 650—700 1.1 1.15
Mackay bitumen 700" 3.7 16.6
Positive-lon APPI LTQ-MS
Distillable Asphaltenes (538 - 593°C)
100 pg/mL
250 pg/mL

Molecular Weight of Parent Distillate

500 pg/mL

300

400 500 600

m/z

700 800 900 1000

Figure 1. Broadband positive-ion APPI linear quadrupole ion-trap
mass spectra of C, asphaltenes isolated from the $38-593 °C
distillate of the heavy Middle Eastern crude oil at three different
concentrations (100, 250, and S00 ug/mL). For reference, the
molecular weight distribution for the parent distillate cut is shown in
gray (bottom). The molecular weight distribution of the C,
asphaltene species is clearly independent of concentration over the
mass range analyzed and is roughly half the molecular weight of the
parent distillate.

different concentrations (100, 250, and 500 ug/mL).* For
reference, the molecular weight distribution for the parent
distillate cut is shown in gray (bottom). The molecular weight
distribution of the asphaltene species, which is not detected in
the parent distillate (because of low concentration and
selective ionization),” is clearly independent of concentration
and corresponds to roughly half the molecular weight of the
parent distillate.”® The Boduszynski continuum model states
that petroleum composition is continuous in molecular weight
and heteroatom content as a function of boiling point;
therefore, compounds that are on the low end of the molecular
weight distribution within a distillate cut must exhibit a higher
content of O-, S-, and N-containing species and/or lower H/C
ratios to remain in the same boiling point cut.*"***
Conversely, nonpolar hydrocarbons (HCs) with lower
aromaticity (higher H/C) and lower heteroatom content
must correspond to compounds with higher molecular weight
in the same boiling point range.””'°" Thus, the asphaltenes
isolated from this distillation cut must be enriched in
heteroatoms and/or hydrogen deficient compounds relative
to the maltenes from this distillation cut (discussed below).
Mass Defect and Spectral Complexity of Distillable
Asphaltenes. Positive-ion ESI selectively ionizes basic
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compounds in crude oil and is dominated by pyridinic
nitrogen, which is the most abundant basic component of
heavy crude.'”™'% Asphaltenes exhibit higher bulk heter-
oatom content and increased abundance of polyheteroatomic
species compared to the parent oil and distillates. Figure 2

[CagHeoN1+HI"—>
10 DBE
H:C ratio 1.6
538-593C

[CaiHgiN;Sy+HI —>
40 peaks > 60 12 DBE

H:C ratio 1.5

C; asphaltenes CoHAN.O. + HI*
538-593 C MR
85 peaks > 60 H:C 1.2

[CatHusNOsS, + HI* —y
20 DBE
H:C ratio 1.1

600.5 600.6
Figure 2. Zoom mass inset at m/z 600 for the parent 538—593 °C
distillate (top) and corresponding C, asphaltene fraction (bottom) of
the heavy Middle Eastern crude from positive-ion APPI FT-ICR mass
spectra at 9.4 T. The C, asphaltene mass spectrum (bottom) contains
more than twice the number of mass spectral peaks than the parent
distillate cut across the same mass range, and asphaltene peaks are
shifted to lower m/z (more hydrogen deficient and thus more
aromatic or more heteroatoms per molecule) relative to the parent.
The discovery of C, asphaltenes in distillate cuts supports the
hypothesis that asphaltenes are continuous in class, type, and
structure from low boiling to higher boiling fractions.

shows a mass-scale zoom inset at m/z = 600 for the 538—593
°C fraction of the Middle Eastern heavy crude (top) and its C,
asphaltenes (bottom) and highlights the increased mass
spectral complexity in distillate asphaltenes (Figure 2, bottom)
when compared with the whole distillate (Figure 2, top). A
shift to lower mass defect (0.10—0.55) in the asphaltene
fraction occurs relative to the parent distillate (0.25—0.55) and
indicates an increase in aromaticity and lower H/C ratio due to
increased aromaticity of asphaltene core structures.”’ Specif-
ically, the exact mass of hydrogen ('H) is 1.007825 Da,
whereas the exact mass of 2C is 12.00000 Da; therefore, the
addition of one hydrogen atom to each compound (more
aliphatic) increases the mass defect by +0.007825 Da.
Saturated molecules have more hydrogen atoms and thus
higher mass defects than aromatic compounds with the same
nominal mass. For example, the two most abundant ions at m/
z 600 in the parent distillate correspond to the protonated
species C,3HgN; with 10 DBE (H/C 1.6) and C,HgN;S,;
with 12 DBE (H/C 1.5), whereas at the same nominal mass,
the two most abundant asphaltene ions correspond to the
protonated species C;;H¢;N; 0, with 18 DBE (H/C 1.2) and
C4,HyN;O,S, with 20 DBE (H/C 1.1). Thus, the asphaltene
fraction is composed of species that have an increase in
heteroatoms and a decrease in hydrogen content, which shifts
the peaks to a lower mass defect at every nominal mass
detected. An increase in compositional complexity is evident in
the asphaltene fraction, with more than twice the number of
mass spectral peaks detected across the same mass range.
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Figure 3. Summarized heteroatom class distribution for C, distillable asphaltenes (a) and C;_ distillable asphaltenes (b) derived from positive-ion
APPI FT-ICR MS. HC denotes compounds that contain only carbon and hydrogen, and N,O,V, corresponds to the vanadyl porphyrins.

Asphaltenes at the Limit of Conventional Distillation.
C, Asphaltenes Contain Both Aromatic and Aliphatic
Structural Motifs. 482—533 °C South American Distillable
C, Asphaltenes. Compounds that report to the asphaltene
fraction in the 482—533 °C distillate range span a wide range
of heteroatom classes summed in Figure 3 (and shown also in
Figure S1). APPI generates ions from nonpolar and polar
compounds simultaneously, and both five-membered ring
(pyrrolic) and six-membered ring (pyridinic) species are
detected in a single mass spectrum.wé’l 7 Thus, the N; class,
as determined by APPI FT-ICR MS, includes both forms of
aromatic nitrogen in petroleum (pyrrolic and pyridinic)
plotted together as neutrals, although pyrrolic nitrogen tends
to form protonated ions, whereas pyridinic nitrogen forms
radical cations.'”® Figure 4 shows isoabundance-contoured
plots of DBE (left) and H/C ratio (right) versus carbon
number for the N, N,, and NO, classes from nC, asphaltenes
isolated from the 482—533 °C distillate of South American
crude. Relative-abundance weighted average DBE, H/C ratio,
and carbon number are shown in red for each image. The most
abundant N; compounds correspond to H/C ratio 1.0,
indicative of a single, condensed aromatic core. Compounds
that contain two nitrogen, which could be either pyridinic or
pyrrolic, cover compositional space that increases in H/C with
the increasing carbon number (Figure 3, right). A similar shift
is noted for the NO, class (Figure 3, bottom), where the
species span a wide range of H/C ratios (from 0.5 to 1.5). The
trend strongly suggests that as the heteroatom content
increases, the range of H/C ratios of the species that report
to the asphaltene fraction widens.

Asphaltene Compositional Space Changes as Oxygen
Content per Molecule Increases. C, asphaltenes distilled
between 482 and 533 °C contain a wide range of
polyoxygenated compounds. Figure 5 shows the DBE versus
carbon number images for S,0, classes. S; compounds are
dominated by aromatic compounds (C,y—Cs,) with DBE 19
(H/C ratio 1.0—1.2), and most likely correspond to thiophenic
species, given the high DBE at a low carbon number and the
high relative abundance at DBE = 15 (dinaphthothiophene)
and higher ring number thiophenes. The S,0, classes (SO,
SO,, and SO;) begin to shift to a lower DBE with the increased
oxygen content. This “tipping over” in compositional space
occurs with an increase in the heteroatom content, and the
SO, and SOj classes are more aliphatic (lower DBE) than the
S, and SO compounds. The H/C ratio gradually increases as a
function of the oxygen content for S;0, (x = 0—3) classes: S,
$,0,, S;0,, and (1.3) S,0; translate to H/C ratios of 1.2, 1.3,
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C,-Asphaltenes Isolated from South American
482-533 C Distillate
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Figure 4. Isoabundance-contoured plots of DBE (left) and H/C ratio
(right) vs carbon number for the six most abundant classes (N;, N,
NO, NO,, N,0, and NOS) obtained from positive-ion APPI FT-ICR
MS of C, asphaltenes isolated from the 482—533 °C distillate of the
South American extra heavy crude. Relative-abundance weighted
average DBE, H/C ratio, and carbon numbers calculated from neutral
elemental compositions are shown in red for each heteroatom class.

1.4, and 1.4, respectively. The shift to lower DBE species with a
concurrent increase in oxygen supports recent reports that
asphaltenes contain both classical (high DBE) compositions
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C,-Asphaltenes Isolated from South American
482-533C Distillate
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Figure S. Isoabundance-contoured plots of DBE vs carbon number
for 12 classes (HC, S;, SO, SO,, SO;, S,0, S,0,, S,0;, S,0,4 S;0,
$,0;, and $;0,) obtained from positive-ion APPI FT-ICR MS of C,
asphaltenes isolated from the 482—533 °C distillate of the South
American extra heavy crude. Relative-abundance weighted average
DBE, H/C ratio, and carbon numbers calculated from neutral
elemental compositions are shown in red for each heteroatom class.

and atypical (low DBE with high content of O and/or S)
species that span a continuum of chemical functionalities and
structural motifs.”®'® The existence of aliphatic, low
molecular weight asphaltenes that are enriched with oxygen
and sulfur functionalities suggests that the asphaltene structural
continuum begins in the vacuum gas oil (VGO)/heavy VGO
(HVGO) distillates and given the cracked products detected at
higher distillation temperatures as detailed further in the next
section, su§§ests that they contain both archipelago and island
moieties.””" "

Asphaltenes at the Onset of Thermal Cracking. G,
Asphaltenes in Middle Eastern Heavy Crude 538—593 °C
Are Heteroatom Rich. The presence of heteroatom rich,
aliphatic, and low molecular weight asphaltenes in the South
American crude oil distillate (discussed above), in combination
with the trend toward lower DBE values with increasing
oxygen content, strongly suggests that oxygen chemical
functionality is an important factor of asphaltene chemistry.
However, these species were initially detected (Figure 4) by
atmospheric pressure photo-ionization (APPI), which is
known to preferentially ionize aromatic species. Thus, to
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confirm the potential importance of oxygen chemical
functionality for asphaltenes isolated from conventional
distillation cuts, negative-ion ESI FT-ICR MS was employed,
as ionization occurs through protonation/deprotonation
reactions and selectively ionizes polar, acidic chemistries that
are difficult to access by APPL’ Figure S2 shows the
heteroatom class distribution for the parent Middle Eastern
heavy crude, the 538—593 °C distillate, and distillable C,
asphaltenes extracted from the 538—593 °C distillate derived
from negative-ion ESI FT-ICR MS. The most abundant classes
in the parent oil and distillate contain <2 heteroatoms per
molecule (HC, N;, S,, and N;S;), whereas distillable C,
asphaltenes are enriched in polyoxygenated classes (e.g., O,
S$,0,, and S,0,).

Figure 6 shows the compositional progression for several
acidic S,0, classes in 538—593 °C C; asphaltenes. H/C ratios
range between 1.2 and 1.6 with stable core structures identified
with the incorporation of each additional sulfur. S,0;
compounds span a bimodal distribution, with DBE values 1—
25 and C,s—Cs,. Addition of a second sulfur (S,0;) shifts the
DBE distribution higher, and stable core structures can be
identified at DBE 10 and 13, which strongly suggest that the
second sulfur is thiophenic. Furthermore, a third sulfur (S;05)
shifts the DBE distribution even higher, with stable core
structures at DBE 12 and 15. A similar trend is observed from
S0, to S;0,. Although the changes in DBE with increased
sulfur content are consistent with the additions of successive
thiophenic sulfur structural motifs, they are concurrent with a
shift downward in carbon number (Figure 6, top to bottom).
Thus, despite their initial (and abnormally) aliphatic nature,
these acidic, n-heptane insoluble compounds, isolated from a
conventional distillate cut, obey the distillation rules set forth
in the Boduszynski continuum model.””"'*™""* Simply, their
carbon number, DBE, and heteroatom changes are consistent
with distillation. These results demonstrate the critical role of
heteroatoms, specifically oxygen, in asphaltene behavior. Clear
evidence of compositional trends that are inconsistent with the
Boduszynski continuum model is noted at higher distillation
temperatures.

Compositional Evidence of Thermal Cracking of Asphal-
tenes. Figure 7 shows DBE versus carbon number images for
HCs, O,, O,, and O; classes for 510—538 °C (Figure 7a) and
538—593 °C (Figure 7b) C, asphaltenes from the Middle
Eastern heavy crude. The planar aromatic limit is shown as a
red dashed line on each image.'"”''"* Compounds at or near
the planar limit correspond to condensed ring aromatics. A
shift to higher carbon number and DBE occurs within a given
heteroatom class from 510 to 538 °C. Asphaltenes between
510 and 538 °C correspond to primarily condensed ring
systems for all heteroatom classes, with the most abundant
compounds near or close to the planar limit line. However, as
the temperature increases to $38—593 °C, low DBE (S < DBE
< 10) and low carbon number (~C;s—C;,) compounds are
detected (highlighted by a white dashed oval). This strongly
suggests that thermal cracking across bridged asphaltene
structures occurs as the temperature approaches ~600 °C
but starts at temperatures as low as 510—538 °C.

Direct comparison of the composition of HC, O,, O,, and
O; classes of distillate asphaltenes indicates that asphaltenes
are undergoing thermal cracking reactions that yield lower
boilirllg, aliphatic compounds that remain n-heptane insolu-

ble.!
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isolated from the 538—593 °C distillate of the heavy Middle Eastern crude. Relative-abundance weighted average DBE, H/C ratio, and carbon
numbers calculated from neutral elemental compositions are shown in red for each heteroatom class.
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Figure 7. Isoabundance-contoured plots of DBE vs carbon number for 16 classes obtained from positive-ion APPI FT-ICR MS of C, asphaltenes
isolated from the $10—538 °C distillate (A, left) and 538—593 °C distillate (B, right) of the heavy Middle Eastern crude. Relative-abundance
weighted average DBE, H/C ratio, and carbon numbers calculated from neutral elemental compositions are shown in red for each heteroatom class.

Definitive Evidence of Thermal Cracking in Asphal-
tenes above 600 °C. Thermal Cracking of C, Asphaltenes
Yields Low Molecular Weight Compounds. The Mackay
bitumen was distilled in 50 °C increments, and the three
highest boiling cuts (550—600, 600—650, and 650—700 °C)
and its vacuum residue (700% °C) were fractionated into C,
and C;_4 asphaltenes. The bitumen was fractionated in such a
manner because previous work suggests that archipelago
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structural motifs are enriched in the C, asphaltene fraction,
whereas island structures are enriched in the C_¢ fraction.””
Figure 8 shows DBE versus carbon number images for the four
classes (HC, S;, O; and N,) detected across all four boiling
point ranges.

Asphaltenes between 550 and 600 °C. For C, asphaltenes
in the 550—600 °C distillates, HCs and monoheteroatomic
classes (S;, Oy, and N;) contain an average of Cy5 with DBE
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values of 20—22 that convert to the H/C ratio of 0.7—0.9,
suggesting abundant condensed aromatic structures.” Asphal-
tenes within this fraction are close to the planar stability limit
across a narrow carbon number range, with H/C ratios that
correspond to condensed aromatic (island) structures.
Asphaltenes between 600 and 650 °C. Compositional
evidence of thermal cracking is presented in asphaltenes from
the 600—650 °C distillate. Across all classes, a bimodal
distribution occurs with two distinct structural components. In
the HC class, condensed aromatics are identified between
C30—Cy4, and Cs—Cj across DBE 4—15. These compounds
are thermal degradation products generated by distillation
above 600—650 °C and indicate the breaking of covalent
bonds. These compounds are volatile at lower temperatures
and would distill at lower temperatures and thus not be present
in the 600—650 °C range unless formed during the distillation
process itself. Importantly, both condensed aromatic and
“cracked back” products report to the asphaltene fraction. A
similar trend is observed for the S;, O, and N, classes.
Asphaltenes between 650 and 700 °C. Above 650 °C,
thermal degradation products begin to dominate the composi-
tional space across all classes. Low molecular weight, low DBE
asphaltene compounds are detected in nearly equal abundance
as condensed aromatic structures at higher DBE values across
all classes. For all classes, a clear bimodality exists between
classical asphaltenes, with composition at or approaching the
planar limit line.”> Both low DBE (aliphatic) and high DBE
(aromatic) species are observed across all classes, which
indicates breaking of covalent bonds through thermal
processes that create light, low boiling compounds.
Asphaltenes above 700 °C. Asphaltenes isolated from the
700" °C residue clearly show compositional validation of
thermal cracking. HCs with DBE 4—20 and carbon number
<Cyo are volatile at much lower temperatures and would be
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volatile far below 700 °C, and thus not detected in the residue.
These low molecular weight, atypical asphaltenes are formed
through thermal degradation that occurs in the distillation
process. Clear bimodality is observed in the HCs, S, O;, and
N classes and agrees with previous results that C, asphaltenes
are composed of a mixture of archipelago and island structural
motifs.”® Extension to vacuum residue C, asphaltenes further
supports the presence of two dominant structural motifs in
asphaltenes based on the different slope for the higher DBE
group (change in DBE/change in carbon number). This
bimodality in structural motifs corresponds to island-type
structures in the intermediate mass region (higher planar limit
slope, hence higher degree of pericondensation) and
archipelago-type structures in the higher mass region (lower
planar limit slope, higher structural diversity).” These low
DBE, low carbon number compounds would not be present in
the 700" °C residue unless they were formed through cracking
reactions that occur at high temperatures.

The Boduszynski Continuum Model Extends to asphal-
tenes. Both low DBE (more aliphatic) and high DBE (more
aromatic) species are observed for S;, Oy, and N, classes from
600 to 650 and 650—700 °C C, asphaltenes. This bimodality
becomes more defined for 650—700 °C asphaltenes with the
appearance of two groups of highly condensed, aromatic
structures that approach the planar limit between C,,—Cj;, and
C3p—Csy for all classes shown. Progression from 550 to 600 °C
to the next highest distillate cut (600—650 °C) shifts the
average carbon number in each class by 3—4 carbons and
reveals a bimodal DBE and carbon number distribution for
each class. This shift in relative abundance weighted average
carbon number as a function of boiling point and heteroatom
content agrees with the Boduszynski model.*”*'~** Detection
of C;s—C;, compounds with DBE <15 in the same boiling
point range as C3y—Cyy compounds with DBE 25—30 indicates
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heteroatom class.

both island and archipelago structural motifs. Moreover,
vacuum residue C, asphaltenes contain definitive evidence
that supports the presence of two dominant asphaltene
structural motifs based on the different slope for the higher
DBE group (change in DBE/change in carbon number)
compared to 650—700 °C asphaltenes. This bimodality in
structural motifs has recently been reported to correspond to
island-type structures in the intermediate mass region (higher
planar limit slope, hence higher degree of pericondensation)
and archipelago-type structures in the higher mass region
(lower planar limit slope, higher structural diversity).” We
predict that both archipelago and island-type structural motifs
are present in C, asphaltenes in distillation cuts from the
HVGO range to vacuum residues, and structural character-
ization based on tandem MS fragmentation patterns will be the
subject of future studies. Regardless, the presence of abundant
low DBE and low carbon number species, with boiling points
much lower than the distillate cut in which they were detected,
strongly suggests that they arise from thermally induced
cracking of higher DBE and higher carbon number
archipelago-type structures.

Island and Archipelago Structural Motifs Exist in
Distillable Asphaltenes. C;_,; Asphaltenes Are Dominated
by Island Structures. Figure 9 shows DBE versus carbon
number images for C;_¢ asphaltenes from the four bitumen-
derived samples. C;_¢4 asphaltenes have lower H/C ratios
compared to C, asphaltenes within the same class, which
suggests that independent of solubility (Cs-insoluble/C,-
soluble), these compounds are enriched in highly aromatic/
alkyl deficient compounds that resemble the classical
asphaltene structure.”” Unlike C, asphaltenes, Cs_4 asphal-
tenes do not exhibit a high relative abundance of low molecular
weight compounds below 700 °C. Thus, the majority of C_g
compounds consists of a single core structure (island-type
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asphaltenes), with little to no evidence of bimodal carbon
number and DBE distribution. Progression to higher carbon
number and DBE occurs with each successive boiling point, up
to 700 °C, but the 700" °C fraction has a lower DBE than the
previous fraction, and cracking products are clearly evident.
Thus, up to ~700 °C, the molecular level data suggests that
C;_¢ asphaltenes appear similar in heteroatom class distribu-
tion to C, asphaltenes and occupy similar compositional space.
However, recent studies demonstrate that the main difference
between C;_¢ and C, asphaltenes is rooted in molecular
structure.”® That difference is clearly evident in the number
and relative abundance of thermal cracking products, which are
obvious in the C, fraction but absent in the C_4 fraction
below 700 °C. Structural characterization through unim-
olecular fragmentation pathways inside the ICR cell will be the
subject of future studies.

Bl CONCLUSIONS

Historically, asphaltenes have been categorized as “nondistil-
lables” thought to accumulate in vacuum residues. Herein, we
identify n-heptane insoluble fractions (asphaltenes) in conven-
tional and unconventional distillation cuts that exhibit bimodal
distributions in carbon number and DBE space and indicate
two dominant structural motifs (island and archipelago).
Identification of compounds with low molecular weight and
low carbon number distributions with boiling points above
~500 °C in asphaltenes isolated from three distinct crude oils
indicates that thermal cracking of covalent bonds occurs across
bridged structures present in asphaltenes. Thermal cracking
reactions at or above ~600 °C yield compounds that should
distill below the HVGO. Therefore, these compounds must be
created after distillation occurs in the distillation process itself,
otherwise they would be volatile and distill in lower fractions.
Thus, “distillable asphaltenes” represent a class of molecules of
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downstream concern, as asphaltene structure is rooted in the
HVGO distillate range. Importantly, the compositional trends
identified for “distillable asphaltenes” demonstrate that the
molecular rules that govern petroleum distillation (Boduszyn-
ski continuum) also prevail in asphaltene chemistry. Moreover,
the progression of the compositional space as a function of the
increase in oxygen content suggests that intermolecular forces
such as hydrogen bonding may play a critical role in asphaltene
self-association. Future research will explore the evolution of
the two main asphaltene structural motifs in distillate fractions
to vacuum residues through fragmentation studies.
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