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ABSTRACT: Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has exposed the ultracomplexity of fossil
fuels, thereby validating the compositional trends that rule petroleum distillation, known as the Boduszynski Continuum. Routine FT-
ICR MS analysis of a single crude oil sample can reveal tens-of-thousands of unique molecular formulas; however, currently available
ionization methods suffer from limitations for such complex mixtures that are not yet completely understood. Simply put, MS detects
ions, and thus, it depends heavily on the ability of ion sources to indiscriminately volatilize and subsequently ionize samples of
interest. Despite advances in soft ionization methods, the characterization of complex matrices remains a challenge due to the lack of
an ion source, commercial or custom-built, that can vaporize and ionize all compounds without bias, save analyte concentration.
However, atmospheric pressure photoionization (APPI) has been shown to provide the most uniform ion production for mixtures of
petroleum model compounds and real samples, with little to no fragmentation. In this work, we investigated the molecular
composition of PetroPhase 2017 asphaltenes and its extrography fractions, with a focus on the total vanadium content and molecular
composition of vanadyl porphyrins as a function of aggregate size distribution, accessed through separate experiments: online gel
permeation chromatography (GPC) inductively coupled plasma−MS (ICP−MS) and online GPC APPI FT-ICR MS (at 21 T). The
results reveal that the extrography separation provides asphaltene fractions (i.e., acetone, Hep/Tol, and Tol/THF/MeOH) enriched
in 51V-containing compounds with distinctive aggregate size distributions. The acetone fraction features smaller aggregate sizes, as it
elutes later in the GPC chromatogram than Hep/Tol and Tol/THF/MeOH fractions, and overall, presents up to ∼14-fold higher
ionization efficiency in APPI. Such behavior suggests a correlation between aggregate size and production efficiency of monomeric
ions in APPI. Bulk compositional trends accessed by GPC separation and highlighted by ICP−MS detection indicate that despite
multiple separation steps (i.e. extrography followed by GPC), APPI FT-ICR MS can only access ∼37% of the total V-containing
compounds. Although the more stable/larger aggregates dominate the size distributions of all asphaltene samples studied, it is the
weakly aggregated/monomeric species that are preferentially observed by APPI-MS. Tendencies in the molecular composition of
vanadyl porphyrins and S/O-containing compounds strongly suggest that London forces might be central in the self-assembly
process of asphaltene nanoaggregates to produce more massive clusters. The results demonstrate that the observed compositional
trends (albeit limited) can be accessed when coupling advanced chromatographic separations with online high-field FT-ICR MS
detection.

■ INTRODUCTION

“Classic” Asphaltene Chemistry. Asphaltenes comprise
arguably the most challenging and complex, naturally occurring
mixture, and their importance to upstream production and
downstream oil processing have triggered scientific interest for
over 50 years.1−4 Their definition as a solubility class, that is, n-
heptane-insoluble/toluene-soluble, instead of a specific chem-
ical/structural family, such as saturates, mono-aromatics, or
vanadyl porphyrins, and associated complexity have motivated
instrumentation advances in analytical chemistry, in particular,
atomic force microscopy (AFM),5,6 and high-magnetic field
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS).7−9

The “modified Yen model” provides the most popular
description of petroleum asphaltenes at the molecular level.

Mullins et al.3,10 promoted the notion that asphaltenes are
highly-aromatic/single-core molecules (known as “island”) that
consist of ∼7 fused-aromatic rings and low number/length of
alkyl-side chains. Based on bulk properties and low-resolution
MS, the authors have suggested that the predominant
intermolecular force in asphaltene self-assembly is π-stacking.
They also concluded that heteroatom-based interactions, such
as hydrogen bonding, have no overall effect in aggregation.11
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The central concept of the modified Yen model is the stepwise
association of monomeric species to form aggregates and then
larger clusters, which is essentially a colloidal view.12 These
ideas have been recently supported by single-molecule AFM,5,6

which revealed dominant island structures for various
asphaltene samples. However, it is well known that AFM
favors the detection of planar/near planar molecules.13

Regardless of the limitations, some authors suggest that the
island model is consistent with reservoir geodynamics,14,15 but
it is critical to point out that it fails to explain several
asphaltene properties such as gas-phase fragmentation patterns
in MS (tandem-MS),16,17 the chemistry of thermal cracking
products,18−20 heterogeneous aggregation/solubility,21,22 and
interfacial behavior.23−25

Role of FT-ICR MS in Modern Petroleomics. High-field
FT-ICR MS is widely viewed as the most advanced analytical
tool for comprehensive molecular characterization of ultra-
complex mixtures (e.g., crude oil, petroleum distillates, and
dissolved organic matter) because of its inherent high
resolution and accurate mass measurement capabilities that
facilitate the assignment of individual elemental compositions
to tens-of-thousands of species in a single sample in a matter of
minutes by mass measurement alone.26,27 For instance,
McKenna et al.28 reported the detection of ∼85,000 species
in a natural petroleum seep sample in which the authors
identified nickel and vanadyl porphyrins with unprecedented
mass accuracy. Recent works from the National High Magnetic
Field Laboratory have highlighted the utility of the technique
to investigate potential asphaltene structural motifs by tandem-
MS, which demonstrated that single-core, “island” motifs
coexist with those composed of multiple aromatic cores linked
by covalent bonds (multicore or “archipelago”).29,30 These
findings were also supported by Wittrig,31 Rüger,32−34

Nyadong,35 and Kenttam̈aa et al.36 Moreover, gas-phase
fragmentation studies of geologically diverse asphaltene
samples have revealed that the dominance of a particular
structural motif (island or archipelago) is sample-dependent
and correlates with the chemistry/structure of products from
thermal cracking processes. These reports, along with recent
findings by Xu,23,24,37 Harbottle,38 Clingenpeel,39 and Jarvis et
al.,40 challenge the idea of the uniform dominance of highly
aromatic/single-core structures in petroleum asphaltene
samples and strongly suggest the existence of abundant
multi-core “archipelago” species as well as heptane-insoluble/
toluene-soluble compounds with “atypical” low aromaticity but
high heteroatom content (i.e., oxygen and sulfur).
Limitations of MS. Although MS has shed light on many

of the compositional/structural trends that govern petroleum
chemistry,41−44 it suffers limitations (imposed by ionization
methods) that are not entirely understood in complex
matrices. Simply put, MS detects ions, and thus, it relies on
the ability of ion sources to uniformly volatilize and ionize
molecules within a complex sample. Development of “soft” ion
sources, such as electrospray ionization (ESI), atmospheric
pressure photoionization (APPI), and matrix-assisted laser
desorption/ionization, has enabled the MS characterization of
non-volatile/labile analytes from proteins to petroleum,
creating the fields of proteomics and petroleomics.45−48

However, the characterization of complex mixtures is still
limited by selective ionization due to the absence of an ion
source that can completely vaporize and ionize all compounds
with no bias other than molar concentration. It is essential to
point out that among all commercially available and custom-

built49−51 ion sources capable of coupling to FT-ICR MS,
APPI has been shown to provide the most uniform and
complete ionization of mixtures of aromatic petroleum model
compounds and real-world samples, with little or no
fragmentation; it is hypothesized that some aliphatic species
(e.g., cycloalkanes) exhibit lower ionization efficiency than
aromatic compounds in APPI, but their response factor relative
to aromatic species has not been determined.52,53 For instance,
Huba et al.54 tested the ionization trends of a wide range of
petroleum standards (e.g., naphthenic acids, 2−7 ring PAHs,
nitrogen/sulfur-containing PAHs, furans, and phenols) in
APPI, ESI, and atmospheric pressure chemical ionization
(APCI). The authors concluded that APPI featured the lowest
ion suppression effects, allowing the ionization of the broadest
range of model compounds. In another work, Schrader et al.50

used ESI, APPI, APCI, and custom-built atmospheric pressure
laser ionization (APLI) to access the molecular composition of
North American asphaltenes by FT-ICR MS. The authors
concluded that APPI and APLI provided the broadest
representation of asphaltenes, revealing the highest number
of assigned molecular formulas and the closest H/C, O/C, and
N/C ratios to bulk elemental analysis.
Early works by Cho et al.55 demonstrated that petroleum MS

characterization suffers considerable ion suppression effects.
The authors fractionated an Arabian heavy oil into saturates,
aromatics, resins, and asphaltenes and concluded that separate
MS analyses enabled the identification of ∼33,000 unique
molecular formulas, compared with only ∼18,000 species
observed for the unfractionated/whole sample. Recently,
Chacoń-Patiño et al.30 developed an extrography separation
to improve the characterization of petroleum asphaltenes. The
method involves asphaltene adsorption on silica gel and
subsequent extraction with specific solvents. In the shortened
version of the separation, the solid mixture of asphaltenes/SiO2
is gradually extracted with acetone, Hep/Tol (1:1), and Tol/
THF/MeOH (5:5:1). Although the solvent series seems
unusual, it enables the initial isolation of highly aromatic/
pericondensed structures, with high production efficiency of
non-aggregated asphaltene ions in APPI, or high “monomer
ion yield” (MIY), which leaves behind the asphaltene
compounds that are more difficult to ionize as “monomeric”
species. In brief, acetone is a polar solvent, but its predominant
intermolar interactions are dipole−dipole; thus, acetone
selectively extracts alkyl-deficient polycyclic aromatic hydro-
carbons (PAHs) and vanadyl porphyrins.56 The second solvent
mixture, Hep/Tol, assists the isolation of alkyl−aromatic
compounds. Finally, Tol/THF/MeOH extracts the species
that interact via hydrogen bonding with the SiO2 silanol
groups. MS and tandem-MS studies have demonstrated that
asphaltene acetone fractions from diverse oils produce up to
∼50-fold more monomeric ions and contain abundant single-
core motifs. In contrast, Tol/THF/MeOH fractions are more
difficult to ionize and comprise abundant multicore com-
pounds. The authors performed heptane titrations of toluene
solutions composed of the extrography fractions and observed
increased precipitation (∼2−10-fold) for the Tol/THF/
MeOH fraction.29,30 Thus, production efficiency of non-
aggregated asphaltene ions in APPI, or MIY, was suggested
to be affected by asphaltene aggregation. It is critical to point
out that in those studies, naturally occurring vanadyl
porphyrins (N4O1

51V1 class) were utilized as naturally
occurring internal standards; their gas-phase fragmentation
was consistent with their known single-core structure.57
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However, they were only detected in the acetone fractions
from several different asphaltenes (e.g., Athabasca bitumen,
South American heavy oils, Maya, and Arabian heavy), and it
was not determined if difficult-to-ionize samples contain
vanadium complexes locked into asphaltene aggregates.
GPC to Correlate Petroleum Chemistry and Aggre-

gation. Online gel permeation chromatography (GPC)
coupled to elemental analysis [inductively coupled plasma
(ICP−MS)] has been useful to understand bulk compositional
trends as a function of aggregate size distributions within
petroleum samples.58−60 Sulfur, vanadium, and nickel are
usually monitored, and the resulting GPC ICP−MS chromato-
grams are commonly referred to as size profiles or size
distributions.58,61 Recent studies by GPC strongly suggest that
London forces between aliphatic moieties have a central role in
petroleum aggregation. For instance, Berrueco et al.62

performed off-line characterization of GPC asphaltene
fractions by synchronous UV−fluorescence spectroscopy and
concluded that earlier-eluting fractions (most aggregated
species) comprised compounds with high content of alkyl-
side chains. Conversely, analysis of the later-eluting fractions
(less aggregated asphaltenes/free molecules) revealed abun-
dant alkyl-depleted/low-molecular-weight PAHs. In another
work, Putman et al.63 performed off-line FT-ICR MS
characterization of GPC asphaltene fractions and observed
that earlier-eluting compounds were more aliphatic, with MS-
derived H/C ratios above 1.2. In contrast, later-eluting
fractions revealed abundant highly-aromatic/alkyl-depleted
species (H/C < 1.0). The authors observed similar trends
for the parent whole crude oil, thereby suggesting that
interactions between aliphatic moieties could be central in
petroleum and asphaltene aggregation. These results are
consistent with the idea that London forces between alkyl
side chains drive the self-assembly of asphaltene nano-
aggregates to produce more massive clusters, widely reported
by Rogel,64 Carbognani,65 and Stachowiak et al.66

It is critical to point out that there is not a clear correlation
between asphaltene aggregation in industrial applications (e.g.,
fouling in production facilities) and GPC elution trends. For
example, Muller et al.67,68 fractionated geologically diverse
crude oils by GPC and used off-line FT-ICR MS for molecular
characterization. The earlier-eluting fractions revealed abun-
dant small aromatic cores (1−3 fused rings) with extensive
alkyl substitution, whereas the later-eluting compounds were
alkyl-depleted/sizable aromatic structures (5−9 fused rings).
The authors suggested possible “non-size” effects for the later-
eluting species, that is, the interaction of aromatic cores with
the stationary phase. On the other hand, for the earlier-eluting
fractions, the alkyl-side chains were suspected to prevent
interactions between the aromatic cores and the column. Thus,
alkyl-side chain content was suggested as the dominant
molecular property that drives petroleum elution in GPC.
Online GPC FT-ICR MS for Petroleum Analysis. GPC

fractionation with off-line FT-ICR MS detection is known to
be limited by ion suppression effects and complicated by the
potential presence of contaminants from repeated fraction
collection/solvent evaporation.63,69 Moreover, for vacuum
residues and asphaltenes, it is increasingly difficult to
determine if the observed ions reflect the real molecular
composition of earlier-eluting/highly aggregated species.
Online molecular-level characterization has recently shown

potential to mitigate the issues associated with fraction
collection and off-line MS characterization.69 There are few

reports about petroleum analysis by chromatographic methods
with online FT-ICR MS detection.69,70 The reason is simple:
close mass splits such as 3.4 mDa (species differing in SH4 vs
C3 content) and 1.1 mDa (13CH3

32S vs C4), abundant in heavy
petroleum and asphaltenes, are a challenge to resolve on a
chromatographic time scale. However, the custom-built 21 T
FT-ICR mass spectrometer at the National High Magnetic
Field Laboratory offers the most suitable option for online LC
analysis because of its ultra-high resolving power,71 mass
accuracy, and sensitivity in a single scan, precluding the need
for the coaddition of several scans required to yield sufficient
resolving power and S/N.
In this work, the interlaboratory sample known as

PetroPhase 2017 asphaltenes and its acetone, Hep/Tol, and
Tol/THF/MeOH extrography fractions were fractionated by
an improved GPC method that uses three columns in series to
increase the resolution between earlier and later-eluting
fractions. The GPC fractionation was hyphenated with
positive-ion APPI 21 T FT-ICR MS characterization. Separate
GPC 51V ICP−MS studies were performed for quantification
of total vanadium content as a function of aggregate size
distribution. The results reveal that extrography yields
asphaltene fractions that contain 51V compounds with
characteristic elution behavior in GPC. The acetone fraction
elutes much later than Hep/Tol and Tol/THF/MeOH, and
overall, features up to ∼14-fold higher MIY (or ionization
efficiency in APPI), which indicates that nanoaggregate size
and production of monomeric ions are correlated. Bulk
vanadium content, accessed by GPC ICP−MS, indicates that
FT-ICR MS can only access up to ∼37% of 51V-containing
compounds; the detected species are preferentially observed in
the weakly aggregated GPC subfractions. The molecular
composition of vanadyl porphyrins (N4O1

51V1 class), along
with S-containing compound classes, strongly suggest that
London forces between aliphatic moieties might be central in
asphaltene self-assembly.

■ EXPERIMENTAL METHODS
Materials. Asphaltenes were precipitated from an Arabian Heavy

Petroleum sample (API = 29.2). High-performance liquid chromato-
graphic (HPLC) grade n-heptane (Hep or C7), toluene (Tol),
dichloromethane (DCM), acetone, and methanol (MeOH) were
obtained from J.T. Baker and used as received. HPLC-grade
tetrahydrofuran (THF) with no solvent stabilizer was purchased
from Alfa Aesar. Filter paper Whatman 2, high purity microglass fiber
thimbles, and chromatographic-grade silica gel (100−200 mesh, type
60 Å, Fisher Scientific) were used for asphaltene isolation from crude
petroleum, asphaltene cleaning, and extrography fractionation.

Asphaltene Precipitation and Extrography Fractionation.
Arabian heavy asphaltenes were prepared following a slightly modified
version of the standard method D6560-12.72 The prepared sample is
known as “PetroPhase 2017 asphaltenes”.73 In brief, petroleum was
mixed with C7 in a 1:40 ratio v/v. The dropwise addition of heptane
was assisted by sonication (110 W, 40 kHz; Bransonic, Danbury, CT,
USA) and refluxed heating at 90 °C for 2 h. The mixture was allowed
to settle overnight; the precipitated solids were then collected by
filtration (Whatman 2 filter paper). Asphaltenes were cleaned by
extended Soxhlet extraction with C7, under N2 atmosphere, until the
solvent appeared colorless (∼150 h). Asphaltenes were further
washed by four cycles of crushing/Soxhlet extraction with heptane in
order to decrease the concentration of occluded/coprecipitated
maltenes. “Purified” asphaltenes were recovered by redissolution in
hot toluene, dried under N2, and stored in the dark.

Asphaltenes were dissolved in DCM and mixed with silica gel
(mass loading 1% = 10 mg of asphaltenes per gram of SiO2). The
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mixture was dried entirely under N2 (24 h) and subsequently
extracted in a Soxhlet apparatus with acetone, Hep/Tol (1:1, v/v),
and Tol/THF/MeOH (5:5:1, v/v/v); each extraction lasts 24 h. The
mixture asphaltenes/SiO2 requires drying under N2 after each
extraction step. The method is known as extrography and involves
sample adsorption on a polar adsorbent (e.g., SiO2, alumina, and
cellulose) and extraction with solvents of different polarity or varying
intermolecular forces, such as acetone (dipole−dipole interactions)
and THF/MeOH (hydrogen bonding).74

GPC Coupled to ICP−Low-Resolution MS. Mobile phase was
delivered by a Dionex HPLC system equipped with an UltiMate 3000
microflow pump, an UltiMate 3000 autosampler, and a low port-to-
port dead-volume microinjection valve. THF was used for sample
preparation and mobile phase as it enables the highest sample
recovery from the GPC columns (>99 wt %). A Styragel guard
column (4.6 mm inner diameter, 30 mm length, 10,000 Da exclusion
limit) was used before the GPC columns, and the chromatographic
separation was performed by three GPC columns (from 1000 to
2,000,000 Da) connected in series. 100 μL of asphaltene samples (5
mg/mL) was injected and eluted isocratically at 1 mL/min for 90
min. A post-column splitter was used to assure the infusion of 40 μL/
min into the ICP−MS. Samples were chromatographically separated
and characterized as fresh solutions and prepared 1 h before analysis.
The ICP−MS (Thermo Scientific Element XR) was fitted with a

modified DS-5 microflow total consumption nebulizer (CETAC,
Omaha, NE), equipped with a custom jacketed glass spray chamber,
as reported elsewhere. The spray chamber was thermostatted at 60 °C
by a water bath circulator (Neslab RTE-111, Thermo Fisher
Scientific, Waltham, MA). The ICP plasma conditions were Ar gas
flow at 16 L/min, Ar auxiliary gas flow at 0.9 L/min, and Ar nebulizer
gas flow at 0.6 L/min. O2 (0.08 L/min) was used to avoid carbon
deposition. The instrument was equipped with a quartz injector
(inner diameter 1.0 mm), Pt sampler (orifice diameter 1.1 mm), and a
skimmer with an aperture diameter of 0.8 mm. The ICP−MS was
used to access the spectrally interfered isotopes of 32S, 51V, and 58Ni.
This work mainly focuses on 51V content. Instrument conditions were
optimized weekly by the use of a multielement tuning solution of Ag,
Al, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, In, K, Li, Mg, Mn, Mo, Na, Ni, P,
Pb, Sc, Si, Sn, Ti, V, Zn, and Y in THF (1.0 ng/g). Mass offset was
optimized daily and was applied to the data acquisition method to
compensate the mass drift from the magnetic sector. Excel was used
for the integration of the obtained chromatograms.
GPC Coupled to (+) APPI 21 T FT-ICR MS. GPC-FT-ICR-MS.

For ultra-high-resolution MS studies, the GPC separation was
performed with an Alliance e2695 Separation Module (Waters
Corporation, Milford, MA) equipped with the same set of three
columns used for GPC ICP−MS. The HPLC system was operated
with Empower 3 Chromatography Data Software. 100 μL of
asphaltene samples (5 mg/mL) was injected and eluted isocratically
at 0.5 mL/min. All samples were separated/analyzed at 5 mg/mL.
The effect of asphaltene concentration has been reported elsewhere.75

The GPC effluent was split in 5, and 100 μL/min was directly infused
into the ion source. The APPI source (Ion Max, Thermo Fisher
Scientific, San Jose, CA) was operated with a vaporizer temperature of
350 °C. N2 was used as sheath gas (50 psi) and auxiliary gas (32 mL/
min) to prevent sample oxidation. Mass spectral analysis was
performed with a custom-built 21 T FT-ICR mass spectrometer.
Ion populations of 1.5 × 106 charges were externally accumulated in a
Velos Pro linear ion trap (Thermo Scientific, San Jose, CA) and
ultimately transferred to a dynamically harmonized ICR cell operated
with a trapping potential of 6 V.8,76 Predator data station assisted MS
data collection, with 3.1 or 6.2 s transient duration during the
chromatographic time frame. These conditions provide a mass
resolving power of ∼3,400,000 at m/z 400 for a single phased
(absorption mode) mass spectrum, facilitating the resolution of the
1.1 mDa mass split (SH3

13C vs 12C4) at m/z > 800. The large ion
population used here is possible only due to the high magnetic field
and yields high dynamic range per single scan without compromising
the spectral acquisition rate. This promotes the highest chromato-
graphic resolution since spectral averaging is not required. Ion

injection times (ITs) were metered by automated gain control
(AGC). AGC is a well-described process in which the linear radio
frequency ion trap performs a very brief pre-scan to determine the
instantaneous flux of ions. This measurement is extrapolated to
determine the ion IT required to meet the user defined AGC target
(specified in number of fundamental charges). In this study, the AGC
target was 1.5 × 106 charges. Predator Software assisted data
collection, phase-correction, and internal calibration with abundant
hydrocarbon homologous series.77 PetroOrg Software assisted
molecular formula assignment and data visualization by plots of
double bond equivalents (DBE = number of rings plus double bonds
to carbon) versus carbon number.78

■ RESULTS AND DISCUSSION
GPC ICP−MS Chromatograms for Asphaltene Extrog-

raphy Fractions. Figure 1 presents the GPC 51V ICP−MS

chromatograms for whole PetroPhase 2017 asphaltenes and its
acetone, Hep/Tol, and Tol/THF/MeOH extrography frac-
tions. This analytical approach allows for the quantitative
determination of 51V-containing nanoaggregate size distribu-
tions, along with other metals or heteroatoms such as 58Ni and
32S. The highlighted elution ranges (gray dashed lines) have
been previously defined based on the molecular weight
distribution of polystyrene standards (e.g., high molecular
weight > 10,000 Da, medium molecular weight ∼ 1000−
10,000 Da, low molecular weight < 1000 Da) and
comprise61,75 high molecular weight (HMW, 20−24 mL
elution volume), medium molecular weight (MMW, 24−28
mL), and low molecular weight (LMW, 28−32 mL) species,
plus a “tailing” fraction (>32 mL). It is essential to point out
that in this study, adsorption effects or strong interaction
between asphaltenes and the GPC column have not been
considered; therefore, HMW species are assumed to be
sizable/stable aggregates, whereas LMW and tailing com-
pounds are ascribed to weakly aggregated or asphaltene
“monomers” (free molecules). The tailing fraction, more
abundant for the whole sample, comprises non-aggregated
vanadium compounds that elute after the full permeation
volume and might experience strong adsorption on the
stationary phase. It is important to highlight that the V-
containing tailing fraction is less pronounced for the
extrography fractions. We hypothesize that this behavior is
likely due to (1) absence of those compounds due to their
irreversible retention on the silica gel particles used for the
extrography separation and (2) possible cooperative stabiliza-
tion between asphaltene fractions when they are part of the

Figure 1. 51V GPC ICP−MS chromatograms for whole PetroPhase
2017 asphaltenes (black) and its extrography fractions: acetone
(blue), Hep/Tol (green), and Tol/THF/MeOH (orange). High,
medium, and LMW, and tailing elution ranges are highlighted by gray
dashed lines.
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whole sample. Collection of the GPC fractions (e.g., HMW and
tailing), followed by solvent evaporation, dilution, and
reinjection into the GPC separation system, yielded a
nanoaggregate distribution similar to that obtained when the
whole sample was injected (i.e., HMW and tailing). Moreover,
we have used three GPC columns in series, which enables
higher chromatographic resolution and observation of multi-
modal size profiles, compared to the monomodal-like
distributions previously reported by Putman et al.69,79

The size distribution of the whole PetroPhase 2017
asphaltenes (black) indicates a diverse population of 51V-
containing aggregates. The integrated areas of the GPC
chromatograms are presented in Table 1 and facilitate sample

comparison. For whole asphaltenes, ∼59, 27, and 10% of the
total area correspond to HMW, MMW, and LMW species,
plus a ∼3% for the tailing region. Thus, the size GPC profiles
for the extrography fractions indicate that the separation
reported by Chacoń-Patiño29 yields asphaltene cuts with
distinctive aggregation behavior.80 The acetone fraction,
previously shown to contain abundant single-core (island)
motifs with a high production efficiency of non-aggregated ions
in APPI, or high MIY, mostly reveals MMW (∼61%) and
LMW (∼25%) vanadium-containing species, whereas Hep/Tol
and Tol/THF/MeOH fractions, shown to be enriched in
multicore (archipelago) structures with a much lower MIY,29

mostly elute in the HMW region (73/66%).
In previous work, we accessed the precipitation behavior by

titration and the molecular composition via direct-infusion (+)
APPI FT-ICR MS, of whole PetroPhase 2017 asphaltenes and
its extrography fractions. The results suggested a stronger
precipitation tendency in heptane/toluene mixtures for Hep/
Tol and Tol/THF/MeOH, whereas acetone featured up to
∼20-fold higher stability.29,80 Thus, ionization efficiency in
APPI was linked to asphaltene precipitation, and strong
aggregation (low concentration of monomeric species) was
suggested as the reason for poor ionization efficiency.
Furthermore, 51V-containing compounds, or vanadyl porphyr-
ins (N4O1

51V1) as revealed by (+) APPI FT-ICR MS, were
only detected in the acetone fraction. Therefore, the
aggregation trends presented in Figure 1 agree with the
previously reported precipitation behavior in bulk liquid phase.
However, the results here demonstrate that 51V-containing
compounds are present in all extrography fractions; GPC
elution trends suggest that lack of observation in direct
infusion MS experiments is likely due to a prominent
aggregation tendency.

GPC Hyphenated to Positive-Ion APPI 21 T FT-ICR
MS. The GPC separation system was coupled with an APPI
ion source operated in positive mode attached to a custom-
built 21 T FT-ICR mass spectrometer. The instrument is
equipped with AGC,8 which determines an appropriate ion
accumulation period to hit a constant target ion population (1.5
× 106 charges),81 required for optimal data collection, for each
scan during the entire chromatographic run. Figure 2, upper

panel, presents the total ion chromatogram (IC) for whole
PetroPhase 2017 asphaltenes (gray) measured by (+) APPI
FT-ICR MS and also shows the GPC 51V ICP−MS
chromatogram (black) for comparison. Although the sample
comprises ∼59% of 51V-containing HMW compounds (ICP
data, integrated areas, Table 1), the total ion current (TIC) is
maximum for the MMW species, close to the LMW region
limit. Figure 2, lower panel, features the accumulation period
(blue) for the whole chromatographic separation, which maxed
out for the HMW region, and the elution volumes for which
the 51V content, as determined by GPC ICP−MS, are low
(<20 mL and tailing). Figure 2, lower panel, also presents the
MIY (orange) as a function of elution volume. MIY is
calculated by eq 1 and is consistent with the TIC. The results
suggest an inverse correlation between the production
efficiency of monomeric ions, MIY, and aggregate size.

= × −MIY
1

accumulation period
1000 (ms )1

(1)

Correlation between Aggregation Trends and Pro-
duction Efficiency of Monomeric Ions in APPI. Figure 3,
left panel, presents the MIY (orange) as a function of elution
volume for the PetroPhase 2017 asphaltenes extrography
fractions; the values are derived from (+) APPI FT-ICR MS
(eq 1). Acetone features the most optimal ionization: the
MMW species exhibit up to MIY ∼2100. Conversely, Hep/Tol

Table 1. Integrated Areas (%) for the GPC 51V ICP−MS
Chromatograms for Whole PetroPhase 2017 Asphaltenes
and Its Acetone, Hep/Tol, and Tol/THF/MeOH
Extrography Fractions

sample
prior to

HMWa (%)
HMW
(%)

MMW
(%)

LMW
(%)

tailing
(%)

whole PetroPhase
2017 asphaltenes

0.90 59.00 27.06 9.94 3.09

acetone fraction 0.03 13.06 60.70 24.82 1.39
Hep/Tol fraction 0.20 72.91 19.02 4.39 3.48
Tol/THF/MeOH
fraction

1.12 66.47 21.20 6.87 4.34

aFraction eluted before the established molecular weight ranges.
Material can elute before the defined MW ranges.

Figure 2. Upper panel: 51V GPC ICP−MS chromatogram for whole
PetroPhase 2017 asphaltenes (black) plotted along with the total IC
(TIC) derived from (+) APPI 21 T FT-ICR MS (gray). Lower panel:
accumulation period (ms) required to hit the target of 1 × 105 charges
(blue) and MIY, (orange) throughout the entire GPC separation.
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and Tol/THF/MeOH fractions present a poor production of
monomeric ions, with a ∼7−14-fold lower MIY for the elution
volumes in which ion accumulation time maxed out. Although
most of Hep/Tol and Tol/THF/MeOH 51V-containing
species elute in the HMW region (∼73/66% integrated
areas), the results suggest that most of the ions derive from
MMW and LMW GPC subfractions.
Molecular formulas assigned to the mass spectral peaks

based on accurate mass are sorted in compound classes. For
instance, all the formulas with carbon, hydrogen, and one
sulfur atom comprise the class S1. Thus, vanadyl porphyrins,
with one oxygen, one vanadium, and four nitrogen atoms,
make up the class N4O1

51V1. Porphyrins with additional
heteroatoms, for example, N1O1S1

51V1, previously reported by
Gray,82 Qian,83 and McKenna et al.,84 are in much lower
concentration and are the topic of future work. Figure 3, right
panel, presents the IC for the N4O1

51V1 class (green) for all the
extrography fractions and again, their GPC 51V ICP−MS
chromatograms (black) for comparison. The whole sample is
included in the Supporting Information Figure S1. N4O1

51V1
species were mostly detected in the LMW and tailing acetone
subfractions, despite the majority of the 51V-containing
compounds eluted in the MMW region (∼61%, integrated
areaICP−MS), which indeed, presents the highest MIY
values. The intersection area (IA) between 51V ICP−MS and
N4O1

51V1 FT-ICR MS ICs is highlighted in Figure 3 (gray)

and can be used to qualitatively infer the observation window
of (+) APPI FT-ICR MS. The results suggest access to only
∼37.0% of the total vanadium content of the acetone fraction.
The later extrography fractions follow the same trend: although
73/66% of Hep/Tol and Tol/THF/MeOH species elute in the
HMW region, most of the vanadyl porphyrins are detected in
the LMW aggregates, and the IAs suggest minimal APPI-MS
access to 51V-containing compounds (∼8.2 and ∼6.5%).
Collectively, the results support the notion that GPC can be

used to access asphaltene aggregation trends, as the results are
consistent with previously reported precipitation/deposition
behaviors.29,85 Lack of FT-ICR MS detection of abundant
N4O1

51V1 compounds in the HMW region, despite the high
51V abundance revealed by ICP−MS, confirms that APPI FT-
ICR MS analysis of asphaltenes is strongly hampered by
aggregation.

Molecular Composition as a Function of Aggregate
Size Distribution. Molecular formulas can be sorted by the
number of rings and double bonds (DBE) respective to carbon
atoms. Figure 4, upper panel, presents the DBE versus carbon
number plots for the N4O1

51V1 class for the GPC subfractions
from whole PetroPhase 2017 asphaltenes. In these graphs, the
color scale represents the relative abundance, normalized
within each class for each GPC subfraction. Thus, in Figure 4,
the molecular formulas and contour plots result from coadding
the scans collected for the corresponding HMW, MMW,

Figure 3. Left: MIY, as a function of elution volume, for the extrography fractions from PetroPhase 2017 asphaltenes. Right: GPC 51V ICP−MS
chromatograms (black) plotted along with the ICs for vanadyl porphyrins (N4O1V1 class, green). IA are highlighted and suggest that detected
N4O1

51V1 species by (+) APPI FT-ICR MS may correspond to ∼37.0, 8.2, and 6.5% of the total vanadium content detected via ICP−MS.
Abundant 51V, as measured by ICP, and its limited detection in (+) APPI FT-ICR MS, demonstrate an inverse correlation between aggregate size
and MIY.
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LMW, and tailing GPC regions. Furthermore, compounds with
the same DBE but varying content of carbon number belong to
the same homologous series.
In Figure 4, it is important to keep in account that vanadyl

porphyrins eluted as HMW aggregates exhibit a global relative
abundance below 2%; these species reveal a narrow
distribution of carbon number (∼28−35). We hypothesize
that these compounds may exist as “free” porphyrins available
on the surface of sizable aggregates and thus remain accessible

to APPI FT-ICR MS. Conversely, the abundant N4O1
51V1

species detected in the MMW GPC fraction (up to ∼60% of
relative abundance, green line) reveal more extended
homologous series (carbon number ∼27−50), which translates
into a higher content of carbon atoms in alkyl-side chains.
Finally, the disaggregated/monomeric compounds, LMW/
tailing subfractions, exhibit abundant N4O1

51V1 species with
decreased alkylation (carbon number ∼27−35). We hypothe-
size that these compounds are likely “free” porphyrins and thus
their molecular composition could hint correlations between
GPC elution trends and molecular structure. As discussed
above, “tailing” species may also experience adsorption on the
stationary phase and therefore elute after the full permeation
volume. The global compositional trends are consistent with
the results reported by Putman et al.,63,69 who concluded that
the most abundant species in larger aggregates (e.g., MMW)
contain more carbon atoms in alkyl-side chains, suggesting that
London forces may be fundamental in asphaltene self-
association. Several reports22,86−89 suggest extensive trap-
ping/occlusion of porphyrins within asphaltene aggregates,
which is consistent with the abundant detection of vanadium-
containing compounds in large/sizable aggregates in this work.
Figure 4, middle panel, presents the relative abundance of

the most abundant N4O1
51V1 molecular formulas as a function

of elution volume, plotted along with the GPC 51V ICP−MS
chromatogram for comparison. The lower panel features the
most likely molecular structure for the most abundant
species.90−92 Although the differences in carbon number and
DBE are minimal, the results suggest a good chromatographic
resolution between the N4O1

51V1 species highlighted in
orange/green and purple/blue. The results also indicate that
the GPC elution of non-aggregated species is ruled by the
presence of side groups (either alkylic or aromatic). More
substituted compounds elute earlier, which suggests that steric
hindrance around the porphyrin core might prevent a stronger
interaction/longer residence period in the stationary phase.
Previous studies indicate that the GPC elution order of metal
porphyrins mostly depends on the molecular geometry and the
presence of exocyclic rings.93,94 For instance, the vanadyl group
(VO) produces a pyramidal geometry with the porphyrin

Figure 4. DBE vs carbon number plots for the N4O1
51V1 class for the

various GPC regions from whole PetroPhase 2017 asphaltenes (upper
panel) and relative abundance as a function of elution volume for the
most abundant N4O1

51V1 formulas (middle panel). Data derived from
(+) APPI FT-ICR MS characterization. The GPC 51V ICP−MS
chromatogram (black) is included for reference, and the most likely
molecular structures for the most abundant vanadyl porphyrins are
presented in the lower panel.

Figure 5. Upper row: DBE vs carbon number plots for the N4O1
51V1 class for all GPC subfractions from acetone (left) and Tol/THF/MeOH

(right) extrography fractions from PetroPhase 2017 asphaltenes. Data derived from (+) APPI 21 T FT-ICR MS characterization. Lower row:
relative abundance, as a function of elution volume, for the most abundant N4O1

51V1 molecular formulas. The GPC 51V ICP−MS chromatogram
(black) is included for reference.
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core, whereas Ni forms a square-planar complex; thus, vanadyl
porphyrins elute earlier. Exocyclic rings are also correlated with
less retention: the presence of a five-membered exocyclic ring
decreases molecular planarity, precluding strong adsorption on
the stationary phase.
Figure 5 presents the compositional range for the N4O1V1

class for the various GPC subfractions for the acetone and
Tol/THF/MeOH PetroPhase 2017 extrography fractions. The
Hep/Tol fraction is included in Supporting Information Figure
S2. Figure 5 also shows the relative abundance of the most
abundant vanadyl porphyrins as a function of elution volume.
The acetone fraction reveals compositional trends similar to
those of the whole asphaltene sample (Figure 4). Again, the
most abundant species, detected as LMW aggregates (74
molecular formulas), reveal a narrower carbon number
distribution than the MMW vanadyl porphyrins (134
molecular formulas). The results support the notion that
sizable aggregates (MMW) are likely enriched with more alkyl-
substituted compounds.
It is important to point out that in previous work, we

reported the molecular composition of PetroPhase 2017
asphaltenes, accessed by direct-infusion (+) APPI FT-ICR
MS. Vanadyl porphyrins were only observed in whole
asphaltenes and the acetone fraction. However, in this work,
Hep/Tol (Figure S2) and Tol/THF/MeOH fractions reveal
abundant N4O1

51V1 compounds in the “monomeric” LMW
region. We hypothesize that cooperative aggregation effects
during direct-infusion MS analysis of complete extrography
fractions prevent the detection of vanadyl porphyrins.29 In this
work, LMW Tol/THF/MeOH species reveal 27 N4O1

51V1
formulas, and one prominent homologous series of 7 species
(DBE 18) was detected in the MMW aggregates. The results
confirm that separation by aggregate size distribution coupled
to online FT-ICR MS detection, help to mitigate, to some
extent, selective ionization.
Figure 6 presents the molecular composition for N4O1

51V1
and N4O2

51V1 classes of various elution ranges for the LMW
region for the acetone fraction. The results indicate that the
structural diversity narrows as a function of elution volume.
Earlier-eluting N4O1

51V1 species (upper row, Figure 6a) exhibit
up to ∼38 carbon atoms and DBE ∼26, which translates into a
higher content of carbon atoms in alkyl-side chains (up to
∼10) and more exocyclic rings. Possible structures are shown
in Figure 6b, based on previous reports.57,83,95 The last elution
range (31−32 mL) only presents three prominent homologous
series, and the majority of the detected species feature DBE =
19. The lower row of Figure 6a shows the compositional range
of vanadyl porphyrins with an additional oxygen atom. The
slightly higher DBE values, more evident for the first elution
range (28−29 mL), suggest that oxygen may be incorporated
as a ketone functionality or a furan ring (Figure 6b, right). In
general, the content of side groups decreases for later-eluting
compounds, which support the idea that exocyclic rings and
alkyl-side chains hinder stronger interaction/longer residence
on the GPC column. These results also agree with findings by
Reynolds, Caumette, and Mironov et al., who found that
vanadyl porphyrins could elute late in the GPC separation of
vacuum residues and asphaltenes.60,94,96−98

Compositional Trends for Sulfur/Oxygen-Containing
Heteroatomic Groups. Figure 7, upper row, presents the
GPC 32S ICP−MS chromatograms for acetone (left) and Tol/
THF/MeOH (right) extrography fractions, along with the ICs
(APPI FT-ICR MS) for selected S-containing heteroatomic

groups. For instance, the group Sx comprises S1, S2, S3, S4, and
S5 classes, and the group SxOy contains all the classes with both
S and O atoms, such as S1O1, S1O2, S1O3, S2O1, and S2O2,
among others. The results indicate that 32S-containing
compounds (Sx, SxOy, and NxOySx) follow trends similar to
those for 51V species: MMW and LMW regions reveal the
highest sulfur abundance in (+) APPI FT-ICR MS, whereas
quantitative data (GPC 32S ICP−MS) points to much higher S
amounts in the HMW aggregates, not effectively captured by
MS detection. Table 2 includes the integrated areas for 32S
(ICP−MS), which facilitate sample comparison.
Figure 7, lower row, presents combined DBE versus carbon

number plots for S-containing heteroatomic groups for the
various GPC subfractions. Abundance-weighted H/C ratios are
included and assist data interpretation. The compositional
trends indicate that sizable/medium aggregates, HMW and
MMW, contain abundant alkyl-enriched compounds with H/C
ratios much higher (up to H/C ∼ 1.37) than commonly
reported values for asphaltenes99,100 and the LMW/tailing
subfractions (H/C ∼ 0.60−0.89). For both extrography
fractions, HMW and MMW regions reveal longer homologous
series, with up to ∼40 carbon atoms in alkyl-side chains, and
low-DBE (<15) SxOy compounds. Readers should keep into
account that asphaltenes are classically defined as highly
aromatic species with an average of ∼7 fused aromatic rings,3

which translates into DBE values of 19−21.17,101 We
hypothesize that abundant oxygen-containing/polarizable
functionalities, such as sulfoxides, rule the intermolecular
forces responsible for the stronger aggregation of low-DBE/
“atypical” compounds.74,102,103 Furthermore, it is challenging

Figure 6. (a) DBE vs carbon number plots for N4O1
51V1 and

N4O2
51V1 classes of various elution ranges for the LMW region for the

acetone fraction; (b) suggested molecular structure for high DBE
vanadyl porphyrins.
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to establish the extent to which the detected heteroatom
classes represent the real molecular composition of HMW/
MMW aggregates. However, the abundance weighted H/C
ratios suggest that the detected “atypical” species are likely
abundant: their higher H/C ratios offset the substantial lower
values of the LMW and tailing species.
The trends highlighted in Figure 7 are consistent with

previous works by Putman et al.63,69 who investigated the
molecular composition of asphaltenes as a function of
aggregate size and suggested that London forces between
aliphatic moieties might be central in asphaltene self-assembly.
In support of this hypothesis, for instance, Tanaka et al.104

performed molecular dynamics simulations on model
asphaltene compounds to understand the role of aliphatic
chains and polar functionalities on the stability of aggregates
upon heating. Simulations for structures in which aliphatic side
chains were removed and heteroatoms were replaced with

carbon revealed that dissociation occurred at much lower
temperatures. The authors also pointed out that coal molecules
are comprised of smaller aromatic cores and fewer aliphatic
carbons, whereas asphaltenes reveal higher content of longer
alkyl side chains attached to bigger aromatic cores. Therefore,
differences in solubility in common solvents for coal and
asphaltenes should be ruled by alkyl-chain and heteroatom
content, and thus, it seems plausible that aliphatic side chains
and polar groups can affect the aggregate stability. The authors
concluded that removal of alkyl side chains caused a decrease
in the interaction energy, likely, in part, because of lack of
London forces between aliphatic side chains, which decreased
the stability of the aggregated structures. Furthermore,
entanglement of long aliphatic chains was also suggested to
stabilize the aggregates. Supporting Information, Figure S3,
includes the DBE versus carbon number plots for S-containing
groups for the GPC subfractions from whole PetroPhase 2017
asphaltenes and its Hep/Tol extrography fraction, which
exhibit DBE and carbon number tendencies consistent with
acetone and Tol/THF/MeOH.
All the samples feature an interesting trend for the PAH

limit, which is highlighted by the red dashed line in the DBE
versus carbon number plots of Figure 7 and is defined as the
highest possible DBE value, at a given carbon number, for
fossil hydrocarbons with a planar molecular structure. The
PAH limit is determined by eq 2105−107 and dictates that the
DBE of planar hydrocarbons do not exceed the ∼90% of its
carbon number. Species close to the PAH limit, to the right,
are highly aromatic/pericondensed; molecular formulas with
DBE values above the limit are inherent to fullerene-like
structures. Figures 7 and S3 indicate that the compositional

Figure 7. Upper row: GPC 32S ICP−MS and ICs for S-containing groups for acetone (left) and Tol/THF/MeOH (right). Lower row: DBE vs
carbon number plots for Sx, SxOy, and NxOySz groups. Abundance-weighted H/C ratios facilitate subfraction comparison.

Table 2. IAs (%) for the GPC 32S ICP−MS Chromatograms
for Whole PetroPhase 2017 Asphaltenes and Its Acetone,
Hep/Tol, and Tol/THF/MeOH Extrography Fractions

sample
prior to

HMWa (%)
HMW
(%)

MMW
(%)

LMW
(%)

tailing
(%)

whole PetroPhase
2017 asphaltenes

1.11 64.64 25.52 6.12 2.61

acetone fraction 0.07 23.07 63.16 12.13 1.57
Hep/Tol fraction 3.09 65.78 20.70 5.86 4.57
Tol/THF/MeOH
fraction

1.27 68.23 20.24 6.41 3.85

aFraction eluted before the established molecular weight ranges.
Material can elute before the defined MW ranges.
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range moves toward the PAH limit as a function of elution
volume, suggesting that weakly-aggregated/monomeric species
contain abundant highly aromatic/pericondensed “classical”
asphaltenes.

= ×DBE 0.899 carbon number (2)

Figure 8, upper row, presents the compositional range of S-
containing groups for the complete acetone extrography

fraction, derived from direct-infusion (+) APPI FT-ICR MS
characterization.29 The results confirm the preferential access
to highly-aromatic/hydrogen-deficient Sx compounds, similar
to the species observed in the LMW and tailing GPC
subfractions, which comprise only ∼14% of the total sulfur
content (GPC 32S ICP−MS, Table 2). Furthermore, direct
infusion MS hints some of the SxOy and NxOySz species that
feature a higher content of carbon atoms in alkyl-side chains
and slightly lower DBE values, detected in the MMW GPC
region (∼63% sulfur content). Figure 8, lower row, presents
the composition of the complete Tol/THF/MeOH extrog-
raphy fraction and reveals low-DBE Sx and SxOy compounds
with H/C ratios somehow similar to those observed in HMW/
MMW GPC regions (∼88% sulfur content). Collectively, the
results indicate that the species revealed by direct infusion MS
are determined by both ionization efficiency (MIY) and actual
concentration. LMW/tailing Tol/THF/MeOH S-containing
compounds, although they ionize more efficiently, are in
minimal abundance and thus do not dominate the composi-
tional range revealed by direct infusion MS.
Implications for Novel Aggregation Models for

Petroleum Asphaltenes. The online GPC ICP−MS (V51)
analysis of the whole PetroPhase 2017 asphaltene and its
extrography fractions confirmed the success of the fractiona-
tion procedure in the isolation of fractions with varying degrees
of aggregation. Specifically, the acetone extrography fraction
was the most unaggregated fraction and comprised most of the
MMW/LMW V51 containing species. Conversely, the Hep/
Tol and Tol/THF/MeOH extrography fractions were shifted
to lower elution volumes and resided in the HMW (large
aggregate size) region of the GPC chromatogram. Comparison
of the quantitative GPC ICR-MS (V51) to that of an identical
GPC separation coupled online to a 21 T FT-ICR mass
spectrometer revealed several trends that support prior offline

observations: (1) despite high V51 ICP−MS concentrations in
the HMW region, very few vanadyl porphyrins were detected
by MS. (2) The vanadyl porphyrins detected by MS in the
HMW region of the GPC chromatogram were of the lowest
carbon number and similar to those detected in the LMW/
tailing fraction. (3) Vanadyl porphyrins had the widest carbon
number ranges at the end of the MMW/beginning of the
LMW region and progressively dropped in carbon number
with elution volume (from end of MMW to the final tailing
fraction). (4) The MIY of the HMW fraction was more than
∼10-fold lower than that of the medium and LMW regions
despite 2-fold higher V51 concentrations. (5) The overlap in
measure V51 concentrations and TIC (by MS) for vanadyl
porphyrins was greatest for the LMW region of the GPC
chromatogram. (6) Similar experiments monitoring S32

revealed a greater overlap between the ICP and FT-ICR MS
results in the MMW region compared to vanadyl porphyrins
and exposed sulfur-containing species that are not detected in
offline analysis of the GPC fractions. (7) The offline MS
analysis of the GPC fractions most closely resembles that of
the LMW/tailing fraction. Collectively, the results support
prior observations that aggregation is most likely responsible
for the extremely low MIY in the APPI MS analysis of high and
MMW regions of the GPC chromatogram. Simply, these
species appear to exist as stable aggregates, and thus the
amount of unaggregated material available for ionization/
detection in the 200 < m/z < 2000 range is very low. Whether
the aggregates are ionized and available for detection at much
higher m/z values is not known.108 The most striking result is
the comparison of the vanadyl porphyrins to the sulfur species
detected in the HMW/MMW regions. The vanadyl porphyrins
are at their lowest carbon numbers in these fractions (close to
the PAH limit), whereas the sulfur species are displaced from
the PAH line with their widest carbon number and DBE
ranges. The vanadyl porphyrins reach their greatest width in
carbon number ranges at the end of the medium/beginning of
the LMW region but progressively compress their carbon
number range as elution progresses through the LMW and into
the tailing fraction. Sulfur-containing species exhibit similar
behavior and end closest to the PAH line in the tailing
fractions. Given that previous tandem MS experiments have
demonstrated the island fragmentation behavior of the
PetroPhase 2017 asphaltene acetone fraction and archipelago
fragmentation of the Hep/Tol and Tol/THF/MeOH
fractions, the same MIY trends as a function of extrography
fraction (acetone, high MIY and Tol/THF/MeOH, lowest
MIY), and revealed that the stability trend for heptane titration
of a toluene solution of extrography fractions is acetone (most
stable), Hep/Tol (less stable), to Tol/THF/MeOH (least
stable); the results presented herein strongly suggest that the
archipelago dominant Hep/Tol and Tol/THF/MeOH extrog-
raphy fractions of the PetroPhase 2017 asphaltenes are strongly
aggregated and a large fraction of the vanadyl porphyrin
species remain locked inside the aggregate and are thus
unavailable for ionization/detection by MS. Those porphyrins
that are available are alkyl deficient and most likely absorbed to
the aggregate surface. Unaggregated porphyrins are readily
detected in the LMW/tailing fractions and elute from higher
alkylated to lower alkylated species as previous observed with
other GPC/FT-ICR MS studies. Conversely, sulfur-containing
species are most highly alkylated in the HMW/MMW regions
and compress quickly in their carbon number distribution
widths in the LMW/tailing fraction. If one assumes that this

Figure 8. Compositional range for S-containing heteroatom groups
accessed by direct infusion (+) APPI FT-ICR MS for complete
acetone (upper row) and Tol/THF/MeOH (lower row) fractions
extrography fractions.
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contradictory behavior between the observed vanadyl
porphyrins and sulfur-containing species is attributable to
species that are absorbed on the aggregate surface (vanadyl
porphyrins) to some fraction of those present in the aggregate
(sulfur species), the large differences in the widths of their
corresponding carbon number distribution (∼5 for vanadyl
porphyrins compared to ∼40 for sulfur-containing species)
supports the importance of London forces between alkane
moieties in stable aggregates.

■ CONCLUDING REMARKS
The interlaboratory sample known as PetroPhase 2017
asphaltenes and its extrography fractions were separated via
GPC into four fractions: HMW (aggregates), MMW, LMW
(non-aggregated/monomers), and “tailing” (free species). The
separation was hyphenated to elemental analysis by 51V/32S-
ICP-MS (quantitative) and APPI 21 T-FT-ICR-MS (molec-
ular formula assignment).
Quantitative results via ICP−MS and compositional features

accessed by FT-ICR MS indicate:

• Extrography yields asphaltene fractions with distinctive
aggregation behavior. Acetone reveals abundant MMW
and LMW species, whereas Hep/Tol and Tol/THF/
MeOH are enriched with highly aggregated compounds
(HMW).

• Ion production (as detected by APPI FT-ICR MS) is
inversely proportional to aggregate size (determined by
GPC). The acetone fraction, shown to aggregate to a
lesser extent than Tol/THF/MeOH, reveals the highest
production efficiency of non-aggregated V/S-containing
compounds.

• ICs for specific molecular formulas, mostly detected in
the monomeric GPC fractions, suggest that alkyl-chain
content and exocyclic rings govern the elution behavior
of free/non-aggregated porphyrins. “Free”/highly sub-
stituted vanadyl porphyrins elute earlier likely because of
their decreased interaction with the GPC column.

• Compositional trends for S-containing molecules in-
dicate that HMW/MMW aggregates contain abundant
species with a higher content of carbon atoms in alkyl-
side chains. For these GPC fractions, oxygen-rich
compounds (SOx classes) feature low DBE values.
Conversely, non-aggregated/monomeric GPC fractions
(LMW/tailing) reveal abundant highly aromatic, likely
pericondensed, alkyl-depleted molecules.

• These structural features suggest that alkyl-side chain
moieties and polarizable functionalities could have a
central role in asphaltene aggregation. In other words, π-
stacking is not the dominant intermolecular force that
rules petroleum aggregation.

• The results indicate that APPI MS characterization is
highly limited by aggregation, and advanced separations,
as well as online FT-ICR MS detection, are required to
overcome these limitations.
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(1) Molnaŕne ́ Guricza, L.; Schrader, W. New Separation Approach
for Asphaltene Investigation: Argentation Chromatography Coupled
with Ultrahigh-Resolution Mass Spectrometry. Energy Fuels 2015, 29,
6224−6230.
(2) Moir, M. E. Asphaltenes, What Art Thou?: Asphaltenes and the
Boduszynski Continuum; ACS Symposium Series; American Chemical
Society, 2018.
(3) Mullins, O. C. The Modified Yen Model. Energy Fuels 2010, 24,
2179−2207.
(4) Gray, M. R. Whatsoever things are true: Hypothesis, artefact,
and bias in chemical engineering research. Can. J. Chem. Eng. 2020,
1−14.
(5) Schuler, B.; Meyer, G.; Peña, D.; Mullins, O. C.; Gross, L.
Unraveling the Molecular Structures of Asphaltenes by Atomic Force
Microscopy. J. Am. Chem. Soc. 2015, 137, 9870−9876.
(6) Schuler, B.; Fatayer, S.; Meyer, G.; Rogel, E.; Moir, M.; Zhang,
Y.; Harper, M. R.; Pomerantz, A. E.; Bake, K. D.; Witt, M.; et al.
Heavy Oil Based Mixtures of Different Origins and Treatments
Studied by Atomic Force Microscopy. Energy Fuels 2017, 31, 6856−
6861.
(7) Kaiser, N. K.; Quinn, J. P.; Blakney, G. T.; Hendrickson, C. L.;
Marshall, A. G. A Novel 9.4 Tesla FTICR Mass Spectrometer with
Improved Sensitivity, Mass Resolution, and Mass Range. J. Am. Soc.
Mass Spectrom. 2011, 22, 1343−1351.
(8) Hendrickson, C. L.; Quinn, J. P.; Kaiser, N. K.; Smith, D. F.;
Blakney, G. T.; Chen, T.; Marshall, A. G.; Weisbrod, C. R.; Beu, S. C.
21 Tesla Fourier Transform Ion Cyclotron Resonance Mass
Spectrometer: A National Resource for Ultrahigh Resolution Mass
Analysis. J. Am. Soc. Mass Spectrom. 2015, 26, 1626−1632.
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(32) Rüger, C. P.; Miersch, T.; Schwemer, T.; Sklorz, M.;
Zimmermann, R. Hyphenation of Thermal Analysis to Ultrahigh-
Resolution Mass Spectrometry (Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry) Using Atmospheric Pressure
Chemical Ionization For Studying Composition and Thermal
Degradation of Complex Materials. Anal. Chem. 2015, 87, 6493−
6499.
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Orrego-Ruiz, J. A.; Goḿez-Escudero, A.; Combariza, M. Y. Exploring
Occluded Compounds and Their Interactions with Asphaltene
Networks Using High-Resolution Mass Spectrometry. Energy Fuels
2016, 30, 4550−4561.
(73) Giraldo-Dav́ila, D.; Chacoń-Patiño, M. L.; McKenna, A. M.;
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