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ABSTRACT: Asphaltenes are unique molecules whose abundance and structure control
physicochemical properties of petroleum. The structural appearance of asphaltenes (island
versus archipelago architecture) is dependent upon the sample type and petroleum source,
but distinguishing between the two architectures remains analytically challenging. Here, we
present the application of the benzenepolycarboxylic acid (BPCA) molecular marker
method to characterize the condensed aromatic core (ConAC) of asphaltenes. This
thermochemolytic technique converts ConAC moieties to benzenehexacarboxylic (B6CA)
and benzenepentacarboxylic (B5CA) acids, which are quantified chromatographically and
used to estimate the quantity of ConAC in petrogenic samples. Sequential compound-
specific isotope analysis (CSIA) with stable carbon isotopes (δ13C) of BPCA markers can
provide an additional dimension of characterization relative to carbon source and
processing. We analyzed the heavy Maya sour and light Marlin platform (MPCO) crude
oils and their respective asphaltene fractions. Quantitative BPCA analysis revealed that Maya
sour asphaltenes contained higher quantities of larger ConAC relative to MPCO
asphaltenes. CSIA of individual BPCA markers showed that Maya sour asphaltenes are 13C-depleted relative to MPCO asphaltenes,
even though bulk organic δ13C values were similar among sample types. Taken together, the results of quantitative and CSIA BPCA
analyses suggest island-dominant architecture for Maya asphaltenes and archipelago-dominant architecture for MPCO asphaltenes.
Therefore, BPCA quantification and BPCA-specific δ13C analysis may be a useful approach characterizing petrogenic samples as well
as differentiating between structural architectures of condensed aromatic cores in asphaltenes. This article is in tribute to Dr. Alan G.
Marshall for his numerous contributions to the scientific developments in analytical chemistry and environmental science, specifically
the co-invention of the Fourier transform ion cyclotron resonance mass spectrometry (FT−ICR−MS) technique and his work
toward the deconvolution of complex matrices, such as asphaltenes and petroleum.

1. INTRODUCTION

Asphaltenes have an extremely high structural diversity and
control the physicochemical properties of petroleum.1−4 The
molecular composition of asphaltenes is not well-understood
as a result of their operational definition: the fraction of
petroleum that is insoluble in n-alkanes (typically n-pentane or
n-heptane) and soluble in toluene.5 Determining how
structural characteristics of asphaltenes relate to the
physicochemical behavior of crude oil is critical for stream-
lining the efficiency and effectiveness of both up- and
downstream petroleum production operations.6 Asphaltenes
tend to aggregate,7 which can cause pipeline blockages and
lead to production delays and even shutdowns. If not removed
from the production process, asphaltenes also reduce the
overall petroleum yield and quality. Thus, monitorization and
characterization of asphaltenes is a critical analytical endeavor
for the petroleum industry.8

Asphaltenes are typically isolated from crude oil using
preparative-scale chromatography with silica gel, which

separates a petroleum sample into four compound fractions:
saturated hydrocarbons, aromatic molecules, resinous com-
pounds, and asphaltenes, a technique known as SARA
analysis.9 SARA fractionation has enabled the separation of
critical petroleum components for their characterization.10

Asphaltenes are enriched in nitrogen, sulfur, and oxygen
(NSO) relative to other petroleum fractions.9 NSO com-
pounds are highly polar, tend to retain water, are usually of
high molecular weight,9 and are generally difficult to volatilize
and analyze using the classical analytical techniques employed
in the petroleum industry (e.g., gas chromatography). Thus,
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employment of advanced mass spectrometric or spectroscopic
techniques is necessary for the characterization of asphal-
tenes.11−15 Despite their high molecular diversity, asphaltenes
are broadly classified into two groups based on their structural
appearance: “island” and “archipelago”.16 Asphaltene mole-
cules with an archipelago architecture are comprised of several
small condensed aromatic groups linked together by aliphatic
chains.17 Asphaltenes with an island architecture (also known
as continental architecture) are comprised of a single large
condensed aromatic core that is polysubstituted with multiple
aliphatic branches (Figure 1).18 Asphaltene configuration and
content are critical controls of the viscosity of crude oil, which
can vary by several orders of magnitude.19,20 Differentiating
between island and archipelago architectures enables the
optimization of the petroleum source18 and prediction of
connectivity/gradients of crude oils across geologic reser-
voirs.21−23 Only recent applications of advanced mass
spectrometric techniques (e.g., ultrahigh-resolution mass
spectrometry coupled with fragmentation pattern analysis)
have made it possible to distinguish among island and
archipelago architectures,1,16,21,23−25 but these methods are
neither broadly accessible nor available as benchtop instru-
ments. Thus, differentiation between island and archipelago
architectures remains analytically challenging and is largely
dependent upon traditional methods, such as pyrolysis − gas
chromatography − mass spectrometry.

Here, we demonstrate the utility of benzenepolycarboxylic
acid (BPCA) molecular marker analysis for characterizing
asphaltenes and petroleum. This method is well-used in the
environmental sciences to characterize condensed aromatic
compounds on a quantitative carbon basis (i.e., condensed
aromatic carbon) in various environmental matrices (com-
monly termed “black carbon”, especially when referring to a
pyrogenic source). Collectively, we refer to condensed
aromatic compounds/carbon as ConAC, which terminology
we also employ here to refer to condensed aromatic cores in
asphaltenes. We use ConAC as an overarching term, which
includes polycyclic aromatic hydrocarbons (PAHs), oxy-
genated PAHs, graphite nanotubes, and other substances
consisting of condensed aromatic moieties. The BPCA method
converts ConAC moieties into BPCA molecular markers upon
thermochemolytic digestion with concentrated nitric acid
(Figure 1).28 The BPCA markers range from the highly
substituted benzenehexacarboxylic (B6CA) and benzenepen-
tacarboxylic (B5CA) acids to the less substituted benzenedi-,
benzenetri-, and benzenetetracarboxylic acids (B2CA, B3CA,
and B4CA) and their nitrated derivatives.29 The BPCA
method was originally developed to quantify ConAC in
soils28 and has since been extensively refined for improved
sample preparation and robust BPCA marker quantification
using chromatographic techniques.30 The BPCA method
described here differs from previous asphaltene structural
assessments using ruthenium-ion-catalyzed oxidation (RICO),

Figure 1. Examples of asphaltene molecules with island and archipelago architectures. Upon nitric acid (HNO3) oxidation, aromatic rings colored
in blue would be converted to benzenehexacarboxylic acid (B6CA) markers, while those colored in red would be converted to
benzenepentacarboxylic acid (B5CA) markers. Structures were modified from Kuznicki et al.27 Note that, while B6CA and B5CA markers may
be produced from the same structural moiety, the exact yield of each BPCA marker per asphaltene molecule will depend upon the oxidation
patterns that occur.
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which transforms most aromatic structures to CO2 and
selectively preserves alkyl groups.12 Although RICO analysis
of ConAC does produce BPCA molecular markers, RICO
oxidation products are dominated by the less substituted
varieties (B2CA, B3CA, and B4CA) and B5CA and B6CA are
produced in far lower quantities than what is theoretically
expected.12 In contrast, the BPCA method described here uses
nitric acid oxidation to convert alkyl chains and most
monoaromatic moieties to CO2 and to convert ConAC to
BPCA molecular markers.29,31 Thus, the analytical window of
the RICO method selectively preserves and enables the
characterization of aliphatic asphaltene moieties, whereas the
analytical window of the BPCA method is refined to
specifically target ConAC asphaltene moieties. Here, we
focus on using B5CA and B6CA molecular markers, which
are the dominant products of HNO3 oxidation of ConAC32

and are proxies of high specificity for ConAC,33,34 with no
known interferences from non-condensed structures. B5CA
and B6CA markers are only produced from carbon-based six-
member rings within ConAC structures and will not be
produced from smaller rings (e.g., cyclopentyl moieties) or
rings with NSO heteroelements (pyridinic, pyranic, and
thiopyranic moieties).
Recent adaptations of the BPCA method incorporate

compound-specific radiocarbon (Δ14C) and stable carbon
(δ13C) isotopic measurements35−37 to assist in evaluating
sources and apparent age of ConAC in the global
biogeochemical cycle.38−41 Environmental ConAC is ubiq-
uitous and derived from both pyrogenic and petrogenic
sources,30,40,42,43 but the biogeochemical dynamics of this
long-lived carbon fraction remain poorly constrained. BPCA
markers have been identified as a potentially conservative
tracer for petroleum ConAC in subterranean oil plumes,44 but
their utility in specifically investigating asphaltenes has not
been previously assessed. Additionally, previous studies
employing compound-specific isotopic analysis (CSIA) have
primarily focused on the isotopic composition of n-alkanes
released from the asphaltene fraction during pyrolysis.45,46

Therefore, prior asphaltene CSIA data only reflect the isotopic
signatures of alkyl side chains and bridges and, thus, do not
provide information on the isotopic composition of ConAC.
In this proof-of-concept study, we evaluated the applicability

of BPCA markers and BPCA-specific δ13C measurements for
differentiating between two different crude oils and their
asphaltene fractions. We analyzed the heavy Maya sour and
light Macondo surrogate (MPCO) crude oils and their
respective asphaltenes. These crude oils are compositionally
different (Figure S1 of the Supporting Information), which
allowed us to assess the utility of BPCA markers for
differentiating between island and archipelago architectures.
Because the abundance of island- and archipelago-type
asphaltenes is dependent upon sample composition and
geologic origin,21−23 we expected BPCA quantities and
BPCA-specific δ13C measurements to differ significantly
among petroleum types and asphaltene architectures.

2. EXPERIMENTAL SECTION
2.1. Asphaltene Isolation. Maya sour and Marlin platform

(MPCO) crude oils were obtained from Shell Global Solutions and
BP (August 2011, chain of custody 20110803-Tarr-072) and used
without further purification. Maya crude oil is a sour petroleum
produced by Cangrejera Petrochemical Complex (Veracruz, Mexico),
with a sulfur content of 3.4 wt.% and American Petroleum Institute

(API) gravity of 21.5°.47 MPCO is a sweet petroleum from the Gulf
of Mexico and is chemically identical to the Macondo oil48 released
during the Deepwater Horizon 2010 oil spill.49 MPCO has a sulfur
content of 0.3 wt.% and API gravity of 32.1°.48,50,51 Asphaltene
isolation was performed following standard methods of ASTM
International (ASTM D2007-80 and ASTM D6560-12),52−54 with
some modifications as described below.

Crude oil (10 g) and 500 mL of n-heptane (99%, Fisher Chemical)
were added to a 1000 mL round-bottom flask resulting to a
volumetric ratio of 1:50. The mixture was heated to 100 °C and
refluxed for one hour. Then, heating was turned off, and the solution
awaited cooling while continuing to reflux for an additional 30
minutes. Flasks were capped and stored in the dark overnight,
allowing for asphaltenes to aggregate and precipitate. Asphaltenes
were isolated by filtration (Whatman 1 filter, 70 mm). Crude oils were
extracted in triplicate to obtain three technical replicate asphaltene
fractions for each oil. The resultant asphaltenes of the Maya oil were
of crystalline form and were ground to fine powders with pre-
combusted mortars and pestles. The resultant asphaltenes of MPCO
were highly viscous and were used without further treatment. Prior to
the analyses described below, asphaltenes and crude oils were
quantitatively dissolved in toluene (high-performance liquid chroma-
tography (HPLC) grade, Fisher Chemical). In total, eight samples
were analyzed, including the Maya and MPCO crude oils and their
three associated asphaltene replicate fractions.

2.2. Bulk Elemental and Isotopic Analysis. Carbon (C%) and
nitrogen (N%) contents as well as bulk stable carbon isotopic
composition (δ13C) were measured using elemental analysis −
isotope-ratio mass spectrometry (EA−IRMS). Asphaltene and crude
oil solutions in toluene were aliquoted into tin capsules (5 × 9 mm,
CE Elantech), and toluene was evaporated at 60 °C in a
programmable oven for 12 hours. Samples were analyzed on an
Elementar vario ISOTOPE select elemental analyzer equipped with a
thermal conductivity detector and further coupled to an Isoprime 100
IRMS run in continuous flow mode. Carbon and nitrogen contents in
weight percent were calculated on the basis of the signal from the
thermal conductivity detector, which was externally calibrated against
a certified standard of acetanilide (Costech). δ13C values were
computed on the basis of the 13C/12C ratio of the sample relative to a
pulse of CO2 reference gas. The obtained δ13C measurements were
corrected against a petroleum-based certified isotopic reference
material (NBS 22, δ13C = −30.031 ± 0.043‰).55−57 This calibration
standard was chosen to match the matrix of the asphaltene fraction
and crude oil samples. Isotopic values are expressed relative to Vienna
Pee Dee Belemnite (VPDB) on a scale normalized by assigning
consensus values of −46.6‰ to lithium carbonate (L-SVEC) and
+1.95‰ to calcium carbonate (NBS 19).55 IRMS performance was
evaluated throughout the analytical sequences using a caffeine
certified reference material (IAEA 600, δ13C = −27.771 ±
0.043‰)55 and an internal (surrogate) laboratory standard of
peach leaves (NIST 1547). Analyses were performed in quadruplicate
with a typical standard deviation of δ13C measurements of ≤ 0.04‰.
Quantitative C% and N% and isotopic δ13C data are provided in
Table S1 of the Supporting Information and presented in Figure 3 and
Figure S1 of the Supporting Information.

2.3. BPCA Quantitative Analysis. Samples dissolved in toluene
were transferred to 2 mL glass ampules (Fisher Scientific catalog
number 01-215L), and toluene (plus other volatile organics) was
evaporated under N2 flow (AirGas, NI HP300). Then, 0.5 mL of
concentrated nitric acid (Fisher Chemical catalog number A200212,
Certified ACS Plus grade) was added to the deposited organics, and
the ampules were flame-sealed. Thermochemolytic digestion was
executed in a programmable oven (ThermoScientific Thermolyne) at
160 °C for 6 hours.58 Then, ampules were opened, and nitric acid was
removed by evaporation in a sand bath (60 °C) under N2 flow
(AirGas, NI HP300). The BPCA-containing digestate was then
dissolved in 1 mL of 0.6 M phosphoric acid (Fisher Chemical catalog
number A260-500, 85%, HPLC grade) and stored at −20 °C until
quantification.35
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Benzenehexacarboxylic acid (B6CA, C12H6O12, Fisher Chemical
catalog number B02465G, 98+%) and benzenepentacarboxylic acid
(B5CA, C11H6O10, Fisher Chemical catalog number B095225G, 98+
%) were quantified using a Thermo Fisher Scientific UltiMate 3000
HPLC system with spectrophotometric detection at 240 nm.
Separation was achieved using an Agilent InfinityLab Poroshell 120
Phenyl-Hexyl analytical column (4.6 × 150 mm, 2.7 μm, Agilent
catalog number 693975-912) with matching guard filters (Agilent
catalog number 820750-914) and organic-free elution conditions as
previously described.35 Exemplary chromatograms of crude oils and
asphaltenes are shown in Figure S2 of the Supporting Information.
B6CA and B5CA eluted at characteristic times and were quantified
using external calibration curves. Other HNO3 oxidation products,
such as less substituted BPCA markers (B2CA, B3CA, and B4CA as
well as their nitrated derivatives),29 are also visible but are neither
identified nor quantified as a result of their poor reliability in
characterizing ConAC.33,34,59 Three technical replicates were
prepared of each sample and analyzed with a typical relative standard
deviation of < 5%. The quantified B6CA and B5CA markers were
used to derive the following two parameters:
B6CA:B5CA ratio: the molar ratio of B6CA:B5CA markers

produced after nitric acid digestion (eq 1). The ratio has a
dimensionless value related to aromatic condensation; i.e., it serves
as a proxy for the average number of fused rings of ConAC in
asphaltenes.29,31,60 A higher B6CA:B5CA ratio is indicative of
molecules with a higher degree of aromaticity.

=B6CA: B5CA
moles of B6CA produced
moles of B5CA produced (1)

Condensed aromatic carbon (ConAC) content: A quantitative
estimate of ConAC derived from the quantified B6CA and B5CA
markers. BPCA carbon-equivalents (mg-C) are scaled with a
multiplication factor of 7.0434 to estimate the amount of ConAC
(nominator in eq 2) present in the sample before the HNO3
digestion. ConAC quantity is normalized to the amount of organic
carbon used in the HNO3 digestion by multiplying the sample weight
with the carbon content (C%) from EA−IRMS. C-normalized
ConAC quantity is expressed in weight percent (eq 2).

=
× [ ‐ + ‐ ]

×
×

condensed aromatic carbon (ConAC) content
7.04 B6CA (mg C) B5CA (mg C)

sample weight (mg) C%
100

(2)

Several conversion factors exist in the literature28,29,31,32,34,61 to
convert from the BPCA marker concentration to the ConAC
concentration with no current consensus as to which scaling factor
should be used. The conversion factor chosen here (7.04) is
developed after a recovery study of graphene oxide (containing
100% ConAC) and assumes a linear relationship between the
produced B6CA and B5CA markers from ConAC.34 The B6CA and
B5CA quantities produced during the digestion (milligrams of BPCA-
C per milligram of organic carbon) are provided in Table S2 of the
Supporting Information; therefore, ConAC quantities may be
recalculated as conversion factors continue to be refined.
2.4. Compound-Specific Isotope Analysis (CSIA) of BPCA

Markers. Samples used for quantitative BPCA analysis were
additionally analyzed on a separate chromatograph for measuring
δ13C values of the B6CA and B5CA markers. A second identical
HPLC system (Thermo Fisher Scientific UltiMate 3000), column
(Agilent InfinityLab Poroshell 120 Phenyl-Hexyl), and separation
conditions were used as described previously in section 2.3.
Measurement of δ13C values of BPCAs was performed using a
Delta V ADVANTAGE IRMS detector connected to the HPLC
system via a Thermo Fisher Isolink interface.62 The Isolink interface
converts BPCA markers to CO2 via thermally assisted acidic oxidation
with persulfate.63 Oxidation efficiencies for B5CA and B6CA have
been tested and determined to be ≈100% under the described elution
and oxidation conditions by Wagner et al.35 The CO2 gas is extracted
from the liquid eluent using an in-line membrane, and CO2 is fed into

the IRMS detector for measurement of its 13C/12C ratio. δ13C values
were computed on the basis of the 13C/12C ratio of the sample relative
to a pulse of CO2 reference gas. The obtained δ13C measurements
were corrected against the δ13C values of the B6CA and B5CA
standards, which act as surrogate isotopic standards. Their isotopic
values were quantified as described above in section 2.2. Thus,
isotopic values are expressed relative to VPDB on a scale normalized
by assigning consensus values of −46.6‰ to lithium carbonate (L-
SVEC) and +1.95‰ to calcium carbonate (NBS 19).55 Instrument
performance and possible sample carryover were evaluated through-
out the analytical sequences by injecting standard and blank samples
every 10 samples. Analyses were performed in triplicate with a typical
standard deviation of BPCA-specific δ13C of ≤ 0.12‰. Because
BPCA separation and δ13C measurements were performed using
organic-free elution and oxidation conditions, no derivatization or
extraneous carbon correction was required. Thus, obtained δ13C
values are true to the BPCA markers, and no further mathematical
corrections beyond their calibration to VPDB were necessary. Further
details about the analysis, instrumentation, or data treatment have
been described in detail by Wagner et al.35 While the HPLC−IRMS
system described here was primarily used for CSIA of BPCA markers,
it also provided a quantitative measure of total carbon being oxidized,
allowing for quantification of BPCA markers if desired. Quantitative
results of the two detection methods (spectroscopic and mass
spectrometric) are highly comparable, as shown in Figure S4 of the
Supporting Information.

2.5. Statistical Analysis. Differences among means of different
observations (B6CA:B5CA ratios, ConAC contents, and δ13C values)
of the eight samples were evaluated using one-way analysis of variance
(ANOVA) coupled with Tukey-Kramer post hoc tests in MATLAB
using the anova1 and multcompare functions, respectively. Pairs of
means were evaluated using a two-sample t test using the ttest2
function. Pearson correlation was performed using the corrcoef
function. To compare the two different asphaltenes to each other
or their parent oils, the observations for the three asphaltene technical
replicates were pooled together to result in a sample size of 9 (for
BPCA data) or 12 (for EA-IRMS data). All statistical analyses were
performed with a confidence level (α) of 95%.

3. RESULTS AND DISCUSSION

3.1. Asphaltene Characterization Using BPCA Quan-
tities. Chromatographic analysis of the oxidized asphaltene
and crude oil samples revealed the presence of peaks
corresponding to the B6CA and B5CA molecular markers
(Figure S2 of the Supporting Information). The formation of
these molecules was expected because they have been
previously identified in petroleum and coal types of petrogenic
samples.30,42 Here, we found that measured BPCA ratios and
corresponding ConAC contents were distinctly different
among the Maya sour and MPCO crude oil samples and
their associated asphaltene fractions (Figure 2).
The B6CA:B5CA ratio, a proxy for the average number of

fused rings of ConAC in asphaltenes, was significantly different
among asphaltene fractions and crude oils (Figure 2A). The
ratio of Maya crude oil (0.76 ± 0.01) was significantly higher
than that of MPCO crude oil (0.52 ± 0.02). The ratios of
asphaltene fractions were consistently and significantly higher
than ratios of the parent crude oils. The ratio of Maya
asphaltene fractions (1.15 ± 0.05) was significantly higher than
the ratio of MPCO asphaltene fractions (0.77 ± 0.10).
Inconsistencies in B6CA:B5CA ratios observed among same
source asphaltene fractions suggest that entrapped mal-
tenes52,64,65 or other impurities may exist. The range of
B6CA:B5CA ratios observed for crude oil and asphaltene
fractions (0.50 − 1.24) is similar to the range observed for
ConAC in aquatic and terrestrial environments (0.23 −
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1.11).35 On average, ConAC structures that have been
characterized in aquatic and terrestrial environments contain
≈ 7 rings.66−68 Thus, similarities among aquatic, terrestrial,
and petrogenic B6CA:B5CA ratios are expected, because
asphaltene ConAC structures generally have 4 − 10 fused
rings.23,69

The ConAC content of Maya crude oil (7.9 ± 0.2%) was
significantly higher than that of MPCO crude oil (3.6 ± 0.3%).
The ConAC contents of asphaltene fractions were consistently
and significantly higher than the ConAC content of the parent
crude oil (Figure 2B). The ConAC content of Maya asphaltene
fractions (14.3 ± 1.7%) was significantly higher than the

ConAC content of MPCO asphaltene fractions (6.9 ± 2.2%).
The employed SARA analysis for the extraction of the
asphaltenes can be the source of inconsistency in the
ConAC content among same source asphaltene fractions
(Figure 2B). Because the ConAC content is expressed on a
carbon-basis, observed variability in the asphaltene extraction
yield (Figure S1A of the Supporting Information) propagates
into the final normalized measurements. The observed
variability likely originated from maltene entrapment during
the flocculation and precipitation52,64,65 or because the
asphaltenes were not extensively washed to remove vaporizable
material.25

The observed significant differences among B6CA:B5CA
ratios and ConAC contents suggest that the Maya and MPCO
asphaltenes are of different structural architectures. Higher
B6CA:B5CA ratios and higher ConAC contents observed for
Maya asphaltenes (Figure 2) provide support for island-type
architecture for this heavy crude oil. In contrast, lower
B6CA:B5CA ratios and lower ConAC contents observed for
the MPCO asphaltenes suggest that this lighter oil contains
archipelago-type asphaltenes. The trends in B6CA:B5CA ratios
mirror the measured ConAC contents, indicating that samples
of higher aromaticity (with a higher B6CA:B5CA ratio) are
also more enriched in ConAC (Pearson correlation; p < 0.05;
Figure S3 of the Supporting Information). One of the Maya
asphaltenes (sample 1) appeared to deviate from the observed
correlation, which is likely due to maltenes or other unwashed
vaporizable impurities affecting the normalization of ConAC
quantity to total carbon. Collectively, these results indicate that
the Maya crude oil and its associated asphaltene fractions have
larger proportions of more condensed ConAC than the MPCO
crude oil and its associated asphaltene fractions. For both oil
types, the asphaltene fractions were enriched in higher
quantities of ConAC than the parent crude, which suggests
the presence of a higher number of fused aromatic rings in
asphaltene fractions overall. These observations parallel
decades of research on observed higher aromaticity of
asphaltene fractions relative to their parent crude oils.26

3.2. Asphaltene Characterization Using BPCA Com-
pound-Specific Isotope Analysis (CSIA). To contextualize
BPCA-specific isotopic data, bulk δ13C values of crude oil
samples and associated asphaltene fractions were also
measured (Figure 3A). Maya crude (−27.76 ± 0.06 ‰) was
significantly 13C-enriched compared to MPCO crude oil
(−27.94 ± 0.05 ‰), suggesting different carbon sources or
biogeochemical/hydrothermal processing.70,71 However, bulk
δ13C values for the Maya and MPCO asphaltene fractions
(−27.78 ± 0.06 ‰ and −27.62 ± 0.26 ‰, respectively) were
statistically similar. These data suggest that bulk δ13C analysis
of asphaltene fractions may not be a reliable indicator of
asphaltene structural architectures among diverse crude oil
types.
By conducting BPCA-specific δ13C analysis, we can probe

the carbon source of ConAC moieties in asphaltenes and
whole crude oils. BPCA-specific δ13C measurements have
enabled the tracking and source apportionment of ConAC in
various aquatic systems,38,39 but no such work has been
previously conducted on petroleum or its sub-components.
Previous research using CSIA of PAHs has shown that larger
(i.e., more condensed) PAHs exhibit lower (i.e., 13C-depleted)
δ13C values relative to smaller (i.e., less condensed) PAHs.72,73

This relationship appears to be largely driven by the extent of
oil maturation72 and allows us to hypothesize that that carbon

Figure 2. Quantitative benzenepolycarboxylic acid (BPCA) analysis
of crude oils and their asphaltene fractions. Panel A corresponds to
benzenehexacarboxylic acid (B6CA):benzenepentacarboxylic acid
(B5CA) molar ratios indicative of the degree of condensation of
the aromatic clusters in the studied samples. Panel B correspond to
quantified condensed aromatic carbon in weight percent relative to
organic carbon in the studied samples. Standard deviations of
triplicate measurements are shown as error bars. Analysis of variance
(ANOVA) determined that there is a significant difference (p < 0.05)
among the means of the eight samples for both measurements.
Samples are grouped with black letters based on the statistical
similarity of their means as determined by Tukey-Kramer post hoc
tests. Samples of the Maya oil are colored in red, while samples of the
Marlin platform (MPCO) oil are colored in green. Measurements of
asphaltene fractions are denoted with filled bars, while measurements
of crude oils are denoted with empty bars. The three replicate
asphaltene isolates of each oil are grouped with black dashed boxes,
and the mean and standard deviation are shown on top.
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in more condensed island architectures should be 13C-depleted
relative to carbon in less condensed archipelago architectures.
BPCA-specific δ13C analysis revealed that ConAC in Maya
asphaltene fractions (B6CA-δ13C = −28.22 ± 0.06 ‰, and
B5CA-δ13C = −28.33 ± 0.21 ‰) was significantly 13C-
depleted compared to ConAC in MPCO asphaltene fractions
(B6CA-δ13C = −27.07 ± 0.15‰, and B5CA-δ13C = −27.69 ±
0.02 ‰). These results confirm our hypothesis and suggest
that BPCA-specific δ13C analysis can be used as another
dimension of differentiation between asphaltene structural
architectures in heavy and light crude oil types.
Asphaltenes produce different quantities of B6CA and B5CA

based on the size and structural constituents of their ConAC
moieties. B5CA markers are typically produced when
peripheral aromatic rings are oxidized, whereas B6CA markers
are formed when completely substituted aromatic rings are

oxidized29 (Figure 1). The carboxyl groups of BPCA are not
only produced from fused ring structures but also originate
from aromatic structures with functional groups (e.g., CH3)
that would, upon HNO3 oxidation, be converted to carboxyl
groups (COOH). Therefore, B5CA markers may contain
isotopic remnants in their carboxyl groups originating from
alkyl chains or other peripheral constituents that were formed
in biological reactions. In contrast, B6CA markers are primarily
derived from ConAC moieties that are internal in ConAC and
are therefore physically protected from isotopic modification
by biota. Although we have not tested this hypothesis directly,
this may explain isotopic offsets observed between B6CA-δ13C
and B5CA-δ13C values here (Figure 3B) and provide some
insight into post-depositional biological alterations of asphal-
tene isotopic composition.
The average B6CA-δ13C values of asphaltene isolates

(B6CA-δ13C = −28.65 ± 0.13 ‰ for Maya, and B6CA-δ13C
= −27.31 ± 0.01 ‰ for MPCO) revealed that asphaltene
ConAC producing B6CA markers are significantly 13C-
depleted than their parent crude oils (B6CA-δ13C = −28.22
± 0.06 ‰ for Maya, and B6CA-δ13C = −27.07 ± 0.15 ‰ for
MPCO). This is likely because crude oils are primarily
comprised of saturated hydrocarbons, which are highly labile
toward biodegradation.74 If biological reactions occur over the
time of petroleum maturation, they will 13C-enrich these
aliphatic molecules, which would result in increasing the bulk
δ13C values of the crude oil. ConAC, on the other hand, is
resistant to biodegradation,44,75 and relative to the whole oils,
the BPCA-specific δ13C values remain mostly unaltered by
biota.76

In contrast with trends from B6CA-δ13C data, the average
B5CA-δ13C values of asphaltene isolates (B5CA-δ13C =
−28.36 ± 0.07 ‰ for Maya, and B5CA-δ13C = −27.58 ±
0.35 ‰ for MPCO) revealed that asphaltene ConAC
producing B5CA markers is of a statistically similar stable
carbon isotopic composition to their parent crude oils (B5CA-
δ13C = −28.33 ± 0.21 ‰ for Maya, and B5CA-δ13C = −27.69
± 0.02 ‰ for MPCO). This similarity in carbon signatures is
indicative of a similar source and homogenization of peripheral
carbon in asphaltenes. We hypothesize that microbially
influenced molecules (i.e., 13C-enriched) could influence
peripheral functional groups (aliphatic chains) of asphaltene
molecules to result in the observed similarity among bulk δ13C
and B5CA-δ13C values.
The δ13C values of B6CA and B5CA are significantly

correlated in terrestrial aquatic systems38,39 because they are
derived from a similar biomass source and undergo similar
environmental processing during riverine export. On the other
hand, this correlation has been observed to be insignificant in
oceanic systems,39 indicative of either different sources of
ConAC that produce B6CA and B5CA markers or an
unsurveyed isotopic fractionation process. Here, we do not
have sufficient data along a compositional or geologic gradient
to do a similar correlational assessment, but our preliminary
data show that a correlation between BPCA-specific δ13C
values for petroleum and asphaltenes may hold true given their
terrestrial isotopic signature. This is also expected given that
ConAC that produces B6CA and B5CA markers originates
from a similar carbon source and/or underwent similar
diagenetic processing and isotopic fractionation during the
geologic formation of petroleum and associated asphaltenes.
Taken together, these data demonstrate the potential utility of
BPCA-specific δ13C measurements in constraining source,

Figure 3. Isotopic data for asphaltene fractions and crude oils. Panel
A corresponds to bulk δ13C measurements. Standard deviations of
quadruplicate measurements are shown as error bars. Analysis of
variance (ANOVA) determined that there is a significant difference (p
< 0.05) among the means of the eight samples. Samples are grouped
with black letters based on the statistical similarity of their means
determined by Tukey-Kramer post hoc tests. Panel B corresponds to
compound-specific δ13C measurements of benzenepolycarboxylic acid
markers: benzenehexacarboxylic acid (B6CA-δ13C) versus benzene-
pentacarboxylic acid (B5CA-δ13C). Samples of the Maya oil are
colored in red, while samples of the Marlin platform (MPCO) oil are
colored in green. Measurements of asphaltene fractions are denoted
with filled bars (panel A) or filled markers (panel B), while
measurements of crude oils are denoted with empty bars (panel A)
or empty markers (panel B). The three replicate asphaltene isolates of
each oil are grouped with black dashed boxes, and the mean and
standard deviation are shown on top.
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structure, and/or geologic history of petroleum and its
asphaltene fractions.
3.3. Analytical Considerations and Potential Artifacts.

3.3.1. Benefits and Limitations of Current Analytical
Protocols and BPCA-Specific δ13C Knowledge. Our results
show that BPCA markers can be employed to quantify ConAC
in asphaltene samples and assess its degree of aromatic
condensation. The obtained ConAC content and B6CA:B5CA
ratio measurements are shown here to be potentially useful in
distinguishing among archipelago and island asphaltene
architectures. The quantitative BPCA method is relatively
simple and analytically robust and can have a high throughput
of 100+ samples a week. It does not require any specialized
equipment beyond a temperature-controlled oven and a
chromatograph with an autosampler and a spectrophotometric
detector. As a result of the high specificity of the BPCA
method toward condensed molecules, the method can be
employed to characterize ConAC in crude oils and differ-
entiate oils with different sources and/or geologic history
without the necessity to perform SARA fractionation. The
BPCA method has the potential to greatly streamline analytical
assessments in both both up- and downstream petroleum
production operations. It must be noted that, for proper
calculation of ConAC contents, bulk organic carbon
quantification must be performed using elemental analysis or
other means. However, bulk organic carbon quantity is not
needed for computing the B6CA:B5CA ratio, the parameter
that is directly related to the degree of condensation of
asphaltene ConAC.
A significant limitation of the BPCA method at present is the

uncertain accuracy with which produced BPCAs truly
represent quantities of native ConAC in environmental
samples. For example, the quantified ConAC content in the
asphaltenes of Maya crude is 14.3% (Figure 2B), while analyses
using nuclear magnetic resonance have estimated an aromatic
content of ∼50%.77,78 The quantified ConAC content using
BPCAs relies upon a scaling factor that has not been previously
tested on petrogenic samples. Thus, the BPCA method is only
able to estimate the absolute quantity of ConAC as a result of
the use of an empirical conversion factor. Another limination
of the BPCA method is that condensed NSO-containing rings
do not produce B6CA or B5CA markers, which may result in
underestimation of ConAC. Future work is needed to fully
calibrate the BPCA methodology against a variety of certified
samples with known ConAC content as well as with samples
enriched in NSO functionalities. However, even though the
absolute quantity of the ConAC content may appear to be
underestimated, on relative terms, the ConAC content still has
the utility to differentiate among different asphaltene
architectures (Figure 2B).
In contrast with the quantitative BPCA approach performed

on a HPLC system with a spectrophotometric detector, the
HPLC−IRMS system is highly specialized and does not permit
for quick and routine CSIA of BPCAs. Employing CSIA,
however, has been immensely useful in enhancing the
knowledge about sources of ConAC within the global
biogeochemical cycles in surficial environmental systems.38,39

Because CSIA BPCA methodologies are relatively recent,35,37

our knowledge and availability of BPCA δ13C data are still
limited. However, our data (Figure 3B) clearly shows that the
CSIA BPCA method has a high utility in the characterization
of asphaltenes and petroleum and may allow for differentiating
between asphaltene architectures upon further investigation.

3.3.2. Gas-Chromatography-Based BPCA Methods and
Considerations. While we have employed a HPLC-based
BPCA method35 in this study, we recognize that gas
chromatography (GC) is a more common analytical technique
for the characterization of petroleum and its fractions. Most of
the BPCA quantification methods, including the very first
method by Glaser et al.,28 in fact employ gas chromatography
and are refined to suit diverse suites of samples (see Table 1 in
the study by Chang et al.30 for a summary of methods). GC-
based BPCA methodologies, however, are of a higher level of
complexity relative to the HPLC approaches. A very clean
matrix is required for GC-based analysis, complicating the
protocol with additional sample preparation steps (sample
demineralization, filtration, and cation exchange).79 Further-
more, as a result of their high oxygen content, BPCA molecules
are not volatile. Their separation and quantification using gas
chromatographic systems are not possible without derivatiza-
tion using (trimethylsilyl)diazomethane29 or other agents. The
employment of GC-based methods also requires the use of
more standards, and the calibration is of higher complexity.80 A
direct method comparison found that GC-based methods
underestimate the ConAC content 1.5 times more than
HPLC-based methods,79 indicative of the many additional
sources of error when GC approaches are used.
Performing CSIA using GC methods is even more

problematic as a result of the alteration of the BPCA-δ13C
signatures from extraneous carbon from the derivatization
agent. This would require a specialized isotope correction,81

additionally increasing the uncertainties associated with the
δ13C measurements.

3.3.3. Effect of Maltene and Vaporizable Material
Occlusions in Asphaltene Isolates. Apparent outliers in the
B6CA:B5CA ratios and ConAC contents of Maya and MPCO
asphaltene isolates (Figures 2 and 3) may be explained by
occlusion of maltenes or vaporizable material in the asphaltene
fractions. Maltenes are NSO n-heptane-soluble substances that
contain lower proportions of ConAC with a lower number of
fused rings.10 In a petroleum matrix, asphaltene molecules are
stabilized by maltenes via interactions based on steric guest-
host mechanisms or intermolecular attractions, such as π-π
stacking.82,83 Thus, during asphaltene isolation, maltene
impurities may remain occluded inside asphaltene aggre-
gates.52,64,65 If asphaltenes are not properly purified using
solvent washes during the extraction process, vaporizable
material may also remain occluded25 and affect the BPCA
measurements and normalization. The occlusion of maltenes
and vaporizable material will result in the underestimation of
ConAC contents and B6CA:B5CA ratios. This is because
maltenes contain less and smaller ConAC than asphaltenes,10

and the unwashed vaporizable material is likely poor in ConAC
but contributes to an enriched organic carbon measurement
used in the ConAC content normalization. The occlusion of
maltenes and vaporizable material has likely contributed to the
observed variability in the quantitative measurements of the
technical replicate asphaltene fractions of the two oils (Figure
2 and Figure S1 of the Supporting Information).
One of the asphaltene isolates of the MPCO crude oil

(asphaltene 4) was an apparent outlier in the isotopic data
(Figure 3). B5CA markers derived from this asphaltene
fraction were 13C-enriched relative to other MPCO technical
replicate fractions (Figure 3B). Bulk δ13C measurements also
indicated that asphaltene 4 was 13C-enriched compared to
other fractions (Figure 3A). Previous studies using isotope
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analysis of maltenes have primarily focused on the CSIA of n-
alkanes released from the maltene fraction during pyrolysis.84

Maltenes are generally more 13C-enriched than asphaltenes,
which strongly suggests that asphaltene 4 has signifficant
maltene occlusions. Occlusion of vaporizable material enriched
in 13C may also be contributing to the outlying measurements
of asphaltene 4. Asphaltene extractions in future work should
employ a more robust extraction protocol25,52 and aim to
characterize the BPCA signatures of maltene and vaporizable
material fractions. This will allow us to distinguish between the
quantitative and isotopic BPCA signatures in asphaltenes with
occuled impurities and prevent erroneous interpretations.
3.4. Environmental Implications and Future Recom-

mendations. Aromatization reactions that occur during
combustion and hydrothermal processes do not fractionate
(alter) δ13C composition.85 Furthermore, ConAC is resistant
to biogeochemical alteration in the environment44,75 and does
not undergo isotopic fractionation during controlled biode-
gradation experiments on short time scales.76 However,
isotopic offsets in BPCA-specific δ13C values among environ-
mental samples can vary up to 8 ‰ depending upon the
source and organic carbon fraction.35,39 This suggests that
BPCA-specific δ13C measurements may be used to differentiate
between ConAC sources within and among environmental
reservoirs. Similarly, if we assume the δ13C composition of
asphaltene-derived BPCAs to remain faithful to their original
carbon source, then BPCA CSIA may facilitate the develop-
ment of robust constraints on asphaltene source and geologic
formation conditions.
Asphaltene characterization and architecture differentiation

are significant analytical challenges in the petroleum industry.
The preliminary results presented here demonstrate that
quantitative (ConAC content and B6CA:B5CA ratio) and
isotopic (BPCA-specific δ13C values) measurements can
potentially address the challenge of differentiation between
archipelago- and island-dominated asphaltene fractions of
crude oils. Employment of the BPCA method would allow
for constraining sources and/or geologic history of crude oils
by specifically targeting their asphaltene fractions. However,
the present study cannot conclude that the BPCA method can
confidently differentiate among asphaltene architectures. It is
possible that both the Maya crude and MPCO asphaltenes are
of the same architecture but have different parameters
(B6CA:B5CA ratio, ConAC content, and BPCA-specific
isotopic signatures). There is some expected variability
among parameters within the same architecture, and it is
possible that the observed different parameters for the two
asphaltenes, although significantly different, are still within the
variability of one type of architecture. Further work is needed
to assess the utility of the BPCA method across a large suite of
samples as well as to properly determine a threshold that
separates the island and archipelago architectures. Additionally,
future research should seek to investigate how to distinguish
between asphaltene and maltene signatures in the BPCA data.
To achieve these goals, it is necessary to evaluate a diverse set
of asphaltenes, maltenes, and their crude oil counterparts
across gradients of API gravities and sulfur contents. This
would allow for establishing B6CA:B5CA ratio and δ13C value
thresholds for the distinction between island versus archipelago
structural architectures. Evaluating a larger suite of petrogenic
materials will also allow for the development of a robust scaling
factor for converting measured BPCA quantities to accurate
ConAC contents in petroleum and its asphaltene fractions.

The quantitative and isotopic characterization of ConAC in
petroleum and/or associated asphaltene fractions could also
assist in answering persistent questions regarding the global
biogeochemical cycling of ConAC in surficial environmental
systems. For example, ConAC comprises ∼2% of dissolved
organic carbon in global oceans,86,87 yet the source of this
long-lived carbon component remains enigmatic.39 Petroleum-
derived ConAC can enter the deep ocean via oil seeps.88

Hydrothermal vents have also been suggested as a potential
source of ConAC,66 graphite,89 or other refractory forms of
carbon90,91 to the open ocean. Given its resistance to
biodegradation,44,75,76 ConAC preferentially accumulates in
petroleum and other natural reservoirs, including oceanic
environments.92 Our preliminary results suggest that the stable
carbon isotopic signature of petrogenic ConAC (≈ −
28‰;Figure 3) is terrestrial-like, which is dissimilar to the
observed marine-like oceanic signature of oceanic ConAC
(δ13C ≈ −23 ‰).39 However, further work is needed to
establish whether hydrothermal ConAC emitted via marine
seeps and/or hydrothermal venting systems is isotopically
comparable to the crude oils and ConAC-rich asphaltene
fractions analyzed here.

4. CONCLUSION
In this proof-of-concept study, the application of BPCA
markers on Maya and MPCO crude oils and their asphaltene
fractions revealed that BPCA quantities (translated into the
B6CA:B5CA ratio and ConAC content) and stable carbon
isotopic composition (δ13C) can successfully determine the
quantity and relative size and assess the source of condensed
aromatic cores in asphaltenes and petroleum. Clear differences
in the data suggest that a possible threshold exists that could
enable differentiation among island and archipelago structural
architectures of asphaltenes. Application of BPCA markers may
be an important approach for optimizing up- and downstream
processing and increasing economic value. However, future
research is needed to robustly test the application of BPCA
markers on oils with diverse API gravities and sulfur contents
and evaluate their asphaltene fractions. This work is necessary
for robustly assessing the ability of the BPCA method to
distinguish among island and archipelago asphaltene archi-
tectures across diverse crude oil sources.
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