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ABSTRACT: Molecular characterization of petroleum and reservoir
fluids is fundamental to the oil exploration and production sector.
However, the complexity of the sample has been an analytical challenge,
requiring modern analysis techniques such as ultrahigh-resolution mass
spectrometry techniques integrated with chromatographic separation
systems. The focus of this study was the detailed molecular
characterization of the polar fraction of crude oils, supported by
chromatographic fractionation to improve class identification and
support geochemical interpretation. Chromatographic fractionations
were conducted using H-MPLC, followed by characterization using ESI
(±) and APPI (+) FT-ICR MS. Polar compounds from ten Brazilian
crude oils were separated into six fractions (low polarity-LP, low
medium polarity-LMP, high medium polarity-HMP, high polarity-HP,
basic-BAS, acidic-ACD). Molecular profiles through ESI (±) and APPI (+) FT-ICR-MS allowed for the characterization of
geochemical processes, formation mechanisms, and the discrimination of oils based on their origin classification and thermal
evolution.

1. INTRODUCTION
The molecular analysis of petroleum and reservoir fluids and
the geological, mineralogical, and chemical characterization of
the components within the petroleum system are cornerstones
of the oil exploration and production sector. In the drive
toward a circular economy and carbon neutrality, a molecular
understanding of energy production and pollutant mitigation is
increasingly vital. Beyond reducing operational risks and
maximizing profitability in exploration and production,
molecular analyses are essential for a deeper understanding
of petroleum systems, including source rock characterization,
fluids properties, thermal evolution, migration pathways, and
secondary processes like biodegradation that modify oil
composition.1−3

Traditionally, geochemical analyses of petroleum have
focused on characterizing the nonpolar fraction of crude oils
through techniques like liquid chromatography and gas
chromatography.4−6 However, the analysis of polar com-
pounds, which can provide valuable complementary geo-
chemical insights, is challenging with these methods. The
advent of high-resolution spectrometry techniques, notably
Fourier-transform ion cyclotron resonance mass spectrometry,
FT-ICR MS, has revolutionized organic petroleum geo-
chemistry.7 Petroleomics now enables the identification of
thousands of polar constituents of petroleum, offering potential

markers to reconstruct the geochemical history of petroleum
accumulations.8−10 This molecular perspective on petroleum
and reservoir fluids, alongside the chemical and mineralogical
characterization of petroleum system components, plays a
critical role in reducing uncertainties in oil exploration and
production. FT-ICR MS, with its unparalleled mass resolution
and accuracy, provides a high degree of confidence in
molecular weight assignments, making it ideal for scrutinizing
complex mixtures in petroleomics.11,12

Despite these advancements, challenges remain in applying
petroleomics to petroleum organic geochemistry. In some
cases, contaminants or fluids introduced during drilling or
production can interfere with or compromise the accuracy of
petroleomics analysis.13,14 A viable solution is to analyze
standardized fractions, particularly from the polar part of
petroleum. This approach yields comparable fractions that vary
only in molecular composition, enabling the constitution of
robust classification models. Medium-pressure liquid chroma-
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tography (MPLC) offers significant potential here, as it
produces highly reproducible petroleum fractions and is widely
used in geochemical applications. This method uses several
preparative columns to fractionate crude oils and petroleum
derivatives into various subfractions based on polarity and
affinity for retention on acidic and basic functionalized silica
columns.15−17

The MPLC technique has proven effective in analyzing
petroleum and its distillation cuts, significantly reducing the
complexity of samples containing thousands of molecules with
diverse sizes and polarities.17 In this study, we employed H-
MPLC to extract polar compounds from ten Brazilian crude
oils. This approach enhances our understanding of petroleum
systems by providing advanced analytical insights and detailed
molecular composition data, which can inform predictions of
geochemical parameters, such as formation mechanisms,
thermal evolution, and origin classification.

2. EXPERIMENTAL SECTION
2.1. Materials, Reagents, and Samples. Ten Brazilian crude oil

samples (S1−S10) from different source rocks were provided by
PETROBRAS. These samples were collected from various oil fields,
and no prior information regarding their biodegradation status was
provided by PETROBRAS. HPLC grade solvents such as n-hexane
(HEX), dichloromethane (DCM), and methanol (MeOH) were
purchased from J. T. Baker (Phillipsburg, NJ, US) and formic acid
(FA) acquired from Merck (Darmstadt, Germany) were employed to
fractionate polar compounds by SPE (GX-271 ASPEC-Gilson) and
H-MPLC (H-MPLC system Margot Kohnen-Willsch) techniques.
For mass spectrometric analysis, high-purity methanol (HPLC grade,
99.95%) and toluene (HPLC grade, 99.9%) purchased from J. T.
Baker (Phillipsburg, NJ, US) were used to dissolve all samples. Two
commercial silica-packed columns (M, E) and three types of activated
silica acquired from Margot Kohnen-Willsch (MKW) were utilized for
SPE and H-MPLC systems. Laboratory columns (A, B, C, and D)
were packed with silica (MKW) and mounted on the H-MPLC and
SPE system.
2.2. Fractionation of Polar Compounds from Crude Oils by

H-MPLC. The extraction of polar compounds from crude oil samples
from various oil fields was performed through chromatographic
fractionation using H-MPLC and online SPE, following the protocol
established by Rodrigues Covas and colleagues17 with specific
adaptations. Six fractions with varying polarities and acidic/basic
characteristics (low polarity-LP, low medium polarity-LMP, high
medium polarity-HMP, high polarity-HP, basic-BAS, and acidic-
ACD) were obtained from each fractionation.

The chromatographic system consisted of two untreated normal-
phase silica columns (silica gel 60, 230−400 mesh), two base-treated
silica columns (63−200 μm, 5% KOH), and one acid-treated silica
column (63−200 μm, 5% HCl). The columns were dry-packed and
subsequently coupled in series in the following order: untreated silica
column (A), basic column (B), acidic column (C), basic column (D),
and untreated column (E). Initially, 60 mg of the sample was
dissolved in 1 mL of n-hexane and applied to column A. Subsequently,
the mobile phase composed only of n-hexane at a flow rate of 5 mL/
min was used to disperse the sample throughout the column and to
collect the fraction of saturated compounds. Twenty-five mL of the
saturated fraction was collected and subsequently discarded. Then,

column A was coupled to the other columns arranged in sequence B,
C, D, and E.

A mobile phase composed of dichloromethane and methanol
(99:1, DCM/MeOH 99:1) was used to extract low- and medium-low-
polarity compounds. The elution system, consisting of DCM/MeOH
(99:1), was applied to column A at a flow rate of 10 mL/min, and the
chromatographic system was traversed as a whole until all columns
were sequentially filled. 60 mL of the first fraction, directly from
column E, containing low polarity compounds, including aromatic
compounds (low polarity fraction, LP), was collected. Immediately
after the collection of the low polarity fraction, 45 mL of the low-
medium polarity fraction (low,-medium polarity fraction, LMP) were
collected, also from column E. Compounds of medium to high
polarity were retained in the untreated normal phase silica column;
thus, for the extraction of these, a mobile phase composed of
dichloromethane and methanol 95:5 (DCM/MeOH 95:5) was used.
The DCM/MeOH 95:5 system was applied to column E at a flow rate
of 9 mL min−1, and 45 mL of the high-medium polarity fraction
(high-medium polarity fraction-HMP) was collected directly from
column E. The HCl-functionalized silica column C (acidic column)
designed for the extraction of basic compounds was isolated, and 30
mL of the basic fraction (BAS) were collected using the same mobile
phase (DCM/MeOH 95:5). For the extraction of acidic compounds,
both KOH-functionalized silica columns (columns B and D) were
isolated and arranged in sequence, from which 30 mL of the acidic
fraction (ACD) were collected using the elution system dichloro-
methane in acidic medium (DCM/formic acid 99:1). Finally, for the
extraction of high polarity compounds (high polarity fraction-HP), 30
mL of the high polarity fraction was recovered directly from column A
(untreated silica) via backflush using the DCM/MeOH 7:3 system. A
simplified scheme of the protocol described can be seen in Figure S1.
In addition, Table S1 presents the recovery for each of the six
fractions obtained from ten different crude oil samples.
2.3. Molecular Characterization of Crude Oils and Their

Chromatographic Fractions by ESI (±) and APPI (+) FT-ICR-
MS. Mass spectrometry was conducted using a 7T SolariX 2xR FT-
ICR MS (Bruker Daltonics, Bremen, Germany) equipped with both
ESI and APPI sources. The instrument was calibrated daily with a
solution of 0.1 μL mL−1 of NaTFA solution for both ionization modes
across an m/z range of 150 −2000. The average calibration error
ranged from 0.02 to 0.045 ppm in the linear regression mode. Samples
were injected using a syringe pump at a flow rate of 120 μL h−1. Data
acquisition (8MW) was performed in magnitude mode over a range
of m/z 150−2000 for both crude oils and fractions. Typically, for each
sample, a total of 300 scans were acquired to obtain spectra with high
signal/noise ratios. The raw spectra were recalibrated using Composer
software, and molecular formulas were performed based on the
recalibrated data.

3. RESULTS AND DISCUSSION
3.1. Molecular Characterization of Crude Oils by ESI

(±) and APPI (+) FT-ICR-MS. The chemical composition of
crude oil reveals critical information about its properties,
including API gravity, heteroatom content (such as nitrogen
and sulfur), and total acid number (TAN).18−21 A detailed
chemical analysis of crude oils and their derivatives enables
inferences regarding their physicochemical properties. In this
study, a comprehensive molecular analysis of ten crude oil

Figure 1. Representative mass spectra of a crude oil sample obtained by A) ESI (−); B) ESI (+); and C) APPI (+) FT-ICR-MS analyses.
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samples (S1−S10) was conducted using ESI (±) and APPI
(+) FT-ICR-MS.
First, we present representative spectra obtained through

ESI (±) and APPI (+) analyses (Figure 1), which are key tools
for unraveling the chemical complexity of these samples. The
bimodal distributions in the ESI (−) mass spectra (Figure 1A)
are associated with the carbazole series, especially the benzo
(DBE 12) and dibenzocarbazole (DBE 15) series, which
appear in the mass range of m/z 200−350. These compounds
exhibit higher ionization efficiency in ESI (−) compared to
other compound classes.22 The molecular analysis in positive
ionization mode (ESI (+)) spans the same m/z range (150−
1200) with prominent abundances in the region between m/z
400−600 (Figure 1B). For the spectra obtained from the APPI
(+) FT-ICR MS analysis (Figure 1C), the mass ranges of the
spectra comprised the m/z values from 150 to 2000, with the
most prominent relative abundances in the region between m/

z 300 and 800. Figures S2−S3 display the mass spectra of the
ten crude oils analyzed via ESI (±) and APPI (+) FT-ICR-MS.
Figure 2 illustrates the class distribution of compounds

analyzed by ESI (±) and APPI (+) FT-ICR MS across the ten
crude oil samples (S1−S10). According to the data presented
for ESI (−), the major components detected were nonbasic
nitrogen compounds, such as indoles and carbazoles, followed
by O-containing compounds, specifically those in class O1 (one
oxygen atom) and class O2. As shown in the class distribution
graphs for ESI (−) (Figure 2A), the highest detection levels of
nonbasic nitrogen compounds were found in oils S3, S4, S8,
S9, and S10. Among these samples, S9 exhibited the highest
content of N1 species (82.41%), followed by S4 (81.17%). In
contrast, samples S5 and S6 showed the lowest N1 content,
with 16.56% and 25.08%, respectively. Oils S1, S2, S5, S6, and
S7 predominantly contained Ox compounds from class O1 and
O2, with S5 and S6 having the highest content. For S5, 71.23%
of the compounds accessed by ESI (−) belong to these classes,

Figure 2. Class distribution diagrams for the ten crude oil samples (S1−S10) analyzed by A) ESI (−) FT-ICR MS, B) ESI (+) FT-ICR MS, and
C) APPI (+) FT-ICR MS.
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while in S6, 70.92% were Ox compounds. Oils with the lowest
oxygen content included S9 (12.52%) and S4 (13.43%).
According to Ferreira and coauthors,23 nonbasic nitrogen
heterocyclic compounds are more commonly found in light
and medium oils, while heavy oils exhibit a higher abundance
of class O2 compounds.
In positive ionization mode (ESI (+)), the analysis primarily

detected nitrogen-containing compounds (N1, N2, N1O1, and
N1O1S1), and compounds from the N1 class were majority
detected. These compounds are correlated to basic pyridinic
types. The S-containing compounds (N1O1S1 and N1S1) were
also identified, with a predominance of N1O1S1 and N1S1 in
oils S8 and S6, respectively. APPI (+) analysis analyses
revealed that oils S10, S6, and S5 had the highest levels of
hydrocarbons (HC class), with a relative abundance exceeding
60%. In contrast, oils S3 and S8 recorded the lowest levels,
with a relative abundance below 45%. Regarding sulfur
compounds (S1 class and O1S1), they were identified as low

in abundance, below 15%, with oils S1 and S8 exhibiting the
highest relative abundances in this category. Oils S5 and S6
stood out for their lower levels in the classes N1 and N1O1.
The relative abundance of NxSxOx content in the ten crude

oils were evaluated, as illustrated in Figure 3. The results
indicate a predominance of N-containing compounds accessed
by ESI in the negative ionization mode across all samples,
especially those from the N1 class. As described in previous
studies, the NxSxOx contents tends to change with ongoing
maturation process.24−26 Throughout the maturity progression
of crude oils, N1 class compounds are typically found in higher
abundance in samples with advanced thermal maturity,
whereas O1 class compounds are predominantly detected in
immature oils. This trend may be explained by the progressive
depletion of O1 compounds, accompanied by the concomitant
emergence of N1 class species.

24

Understanding the types of N-containing compounds
present in petroleum is essential, as they play a significant

Figure 3. DBE distribution plots for the N1 class for the ten crude oils analyzed by ESI (−) FT-ICR MS. The data are displayed in two ways: A) as
an overlap plot for the DBE distribution for the ten oils; B) as an individual DBE distribution plot for each oil sample.

Figure 4. Ternary plots illustrating the impact of oil maturity on the relative distribution of compounds with DBE values of 9, 12, and 15. The plot
on the right presents an expansion of the plot on the left to highlight subtle compositional differences.
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role in geochemical studies, which has been consistently
described.7,24,27,28 Compounds from the N1 class accessed by
ESI in the negative ionization mode comprise predominantly
alkylated pyrrolic compounds (carbazole and benzo-homo-
logues) and other “acidic” N-containing species. This
characteristic can be assessed through the parameter DBE
(double bond equivalent), which can be used to determine the
degree of condensation and aromaticity of a compound. The
distributions of the N1 class species analyzed in the ESI
negative ion mode that are found in the crude oils are
illustrated as line plots by the DBE group of species versus
their relative abundance (Figure 3A and B). A general trend
across the analyzed oils reveals that compounds with DBE
values of 9, 12, and 15, associated with carbazole (C12H9N-R),
benzocarbazole (C16H11N-R), and dibenzocarbazole
(C20H13N-R), demonstrate higher relative abundances (%).
Most of the samples show a distribution with DBE values of
6−25 and maximum relative intensities of 20% Total
Monoisotopic Ion Abundances (TMIA). However, sample
S10 differs from the others, showing an absence of compounds
with DBE 6, with a distribution of DBE values ranging from 7
to 23. Compounds of DBE 12 are the most abundant species
in most of the oils (above 20% - TMIA), except for samples
S10 and S8 where carbazoles with DBE 9 are identified with
the greatest abundance (22% and 19 TMIA, respectively).
The relative abundance of alkylated carbazole compounds

with DBE of 9 tends to decline as oil maturity increases.
Simultaneously, this decrease is accompanied by a relative
enrichment in compounds with DBE values greater than 12,
particularly pseudo-homologues with a DBE of 15.25−27,29

Ternary diagrams were used to evaluate changes associated
with oil maturity in our sample set (Figure 4). Based on the
positioning of each oil sample within the DBE 9, 12, and 15
space of the diagram, it was possible to infer a relationship
between the relative variations of these three main compound
groups and oil maturity. Samples S8 and S10 exhibit a
predominant increase in the abundance of DBE of 9 species
and a depletion of DBE of 15 species, suggesting that they are
the least mature oil within the group. In contrast, oils S5 and

S6 are characterized by the highest relative concentrations of
DBE 15 with a decrease of DBE 9 species, showing that the
core structures become more fused and aromatic with
advancing thermal maturity.
DBE versus carbon number graphs were also constructed for

compounds belonging to the classes of the O1 and the O2
(Figures S5A and B). For the O1 class, species with DBE values
ranging from 1 and 10 were detected. However, oils S4, S8, S9,
and S10 exhibited a reduced number of compounds, with DBE
values close to 1. Regarding the carbon number distribution,
compounds with carbon numbers between 18 and 40 were
prevalent, except for oil S2, which displayed compounds with
carbon numbers extending from 18 to 47.
In Figure S5A, DBE versus carbon number graphs for the O1

class of the ten analyzed oils are presented. Overall,
compounds with DBE values between 1 and 16 were detected,
except for oil S10, which showed compounds with DBE values
of 17. In the majority of samples, compounds with carbon
numbers between 12 and 55 were detected regarding the
carbon number distribution. Except for oil S10, compounds
with carbon numbers between 12 and 62 were also detected.
Figure 5B displays the DBE versus carbon number graphs for
the O2 class. Predominantly, compounds with DBE values
between 1 and 15 were detected, except oils S4 and S9, which
presented compounds with DBE values bellow 15. Concerning
the carbon number distribution, compounds with carbon
numbers between 12 and 55 were majoritarian observed.
Except for samples S4 and S9 (C12−40), and S5, S8, and S10
(C12−50).
Figure 5A and B illustrates the distribution of DBE versus

carbon number for the O and N classes of the ten oils analyzed
by APPI (+) FT-ICR. For the O class, species with DBE values
between 1 and 25 were detected, except for oils S4 and S8.
The number of carbons varied between 15 and 70 carbons.
Regarding the N1 class, compounds with DBE values ranging
from 5 to 30 and carbon numbers ranging from 15 to 85 were
detected.
The molecular composition of crude oils, specifically the

distribution of heteroatom classes, can be used to infer their

Figure 5. A) DBE versus carbon number graphs for the O class and B) DBE versus carbon number for the N class for the ten crude oils analyzed by
APPI (+) FT-ICR MS.
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Figure 6. A) Ternary diagram for the most abundant elemental classes based on the molecular content of nitrogenous and oxygenated compounds
(Nx, Ox, and NxOx) from ESI (−) FT-ICR-MS spectral analyses of the ten crude oil samples and B) comparison with the data from Rocha et al.7

for determining lacustrine or marine origins.

Figure 7. A) Bar chart indicating the degree of oil biodegradation based on the (O2 + O3 + O4)/(N1 + O1) ratio, which reflects the enrichment of
highly oxygenated species relative to N1 and O1 class species; B) Ternary diagram showing the relative abundance of N1, O1 and O2 + O3 + O4
species.
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origin.7,30,31 To differentiate between lacustrine and marine
oils, significant molecular differences were analyzed based on
the Nx and Ox classes. Therefore, the ten crude oil samples
were evaluated on the relative abundance of the three primary
elemental classes: Nx, Oz, and NxOz, as shown in the ternary
diagram (Figure 6A) and compared with the data obtained
from Rocha et al. (Figure 6B).7 According to Rocha et al.,7

lacustrine-origin oils are typically enriched in Nx compounds
(approximately 43.60−85.60%), whereas marine-origin oils
tend to show lower Nx content (around 37.80−75.70%), along
with a predominance of Ox compounds. Although a complete
separation between lacustrine and marine origins was not
achieved, the results indicate a discernible trend. For instance,
samples S5 and S6 exhibit a more marine-like composition,
while samples S4 and S9 are more consistent with lacustrine
origin. The remaining samples appear to have transitional
compositions, where both lacustrine and marine origins are
equally possible.
Considering that biodegradation is one the most significant

postgeneration processes that modify the oil composition,
determining the molecular composition of petroleum is crucial
for assessing the degree of biodegradation.32−34 Detailed
investigations of NxSxOx compounds constitute an effective
strategy for evaluating the degree of biodegradation of crude
oils. It has been reported that the relative content of species
from the N1, N1O1, and O1 classes tends to decrease. In
contrast, the abundance of species from the O2, O3, and O4
classes tends to increase with increasing biodegradation.35

Based on a study by Wang and coauthors,35 two visual-
ization methods are presented to assess the level of
biodegradation in petroleum samples: the ratio (O2 + O3 +
O4)/(N1 + O1) (Figure 7A), and a ternary diagram showing
the relative abundances of N1, O1, and O2 + O3 + O4 (Figure
7B). These parameters allow for the evaluation of biode-
gradation levels, indicating that highly biodegraded samples
have a propensity to transition to the amorphous O2 + O3 + O4
species and move away from the N1 species. This suggests a
relative increase in the content of the O2 + O3 + O4 species
and a decrease in the abundance of the N1 species as the
degree of biodegradation increases. This phenomenon may be
attributed to the possible formation of organic acids during the
oil degradation process. The (O2 + O3 + O4)/(N1 + O1) ratio,
illustrated in the bar chart (Figure 7A), serves as a reliable
indicator for estimating biodegradation in crude oils. The
results reveal that oil S9 has the lowest (O2 + O3 + O4)/(N1 +
O1) ratio, while oil S5 followed by S6 have the highest ratio,
indicating varying levels of biodegradation.35 Figure 7B
displays a ternary diagram, showing the relative abundance of
N1, O1, and O2 + O3 + O4 species, which reflects the
biodegradation level of the ten crude oils.
Wang and coauthors35 reported that a high content of

species in the O1 class with DBE values of 4 to 7 is a
characteristic of non-biodegraded oil. In contrast, heavily
biodegraded oils exhibit a high species content with DBE
values of 8 to 13. Figure 8 represents this approach aiming at
determining the degree of biodegradation based on DBE
values (8−13) for the ten crude oils. The samples of crude oils
predominantly showed a high content of species with DBE
values between 4 and 7, which is indicative of non-biodegraded
oils. However, oils S1, S2, S5, S6, and S7 and S10 showed a
prominent relative abundance of species with a DBE of 9.
Additionally, other properties of the oil can be determined

from its molecular composition, which can significantly

influence the quality of the oil and its impact on the petroleum
industry. One of these characteristics is the acidity level of the
samples, which provides information about geochemical
processes, such as biodegradation. In this process, hydro-
carbons present in the oil are metabolized by microorganisms
into carboxylic acids and other compounds.36 Therefore, the
increase in these acidic species contributes to the elevation of
the acidity index. Furthermore, the carboxylic acids found in
oils can also be used to estimate the level of biodegradation,
which can be assessed by the A/C ratio determined between
the relative abundance of linear carboxylic acids (DBE 1) and
the sum of the relative abundances of cyclic acids with
naphthenic nuclei (DBE 2−4).34,36 Thus, the progress of
biodegradation can be estimated by the reduction in the
abundance of linear acids and an increase in the abundance of
cyclic acids. Figure 9 shows the A/C index for the crude oil
samples by ESI (−) FT-ICR MS, whose results indicate that
oils S1, S2, S3, S5, S6, S7, and S8 presented an A/C index <
0.2, indicating high levels of biodegradation according to
Martins et al.36 On the other hand, crude oils S4, S9, and S10
exhibited the highest A/C values, suggesting a classification as
non-biodegraded.
However, this parameter does not provide conclusive results

for the acidity index of the oil and its derivatives since it
considers only linear carboxylic and naphthenic acids, which
are not the only classes of acids present in petroleum that can
contribute to the acidity level. Therefore, to include aromatic
acids (acidic compounds with DBE > 5), which also
substantially contribute to the acidity level and classification
of the biodegradation level of crude oils, a ternary diagram
containing the abundances of linear carboxylic acids (DBE 1),
naphthenic acids (DBE 2−4), and aromatic acids (DBE > 5)

Figure 8. Distribution of the O1 class species as a function of DBE
values in the range of 4−13 for determining the degree of
biodegradation of the ten crude oil samples (S1−S10).
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was constructed (Figure 10). The ternary diagram exhibited a
significant increase in the abundance of aromatic acids (DBE >
5) in all crude oil samples and significantly low abundances of
linear and aliphatic acids. There is a trend in the abundance of
acids among the samples with a higher content of aromatic
acids for oil S9 and lower abundance for oil S5.
In addition to the compound groups previously discussed,

which can be effectively used to support several geochemical
interpretations such as biodegradation, thermal maturation,
and origin, other classes also hold recognized importance as
geochemical markers, including porphyrins.37−40 Although
porphyrins are well-established geochemical indicators, in
this study they were detected only at low concentrations
(<1%). For this reason, they were grouped under “other
classes,” while the compositional information from the more
abundant compound classes was prioritized. This choice was
primarily motivated by the need to elucidate the distribution of

the most abundant compounds after chromatographic
fractionation.
3.2. Chemical Characterization of the Fractions

Obtained from Chromatographic Fractionation Using
H-MPLC. Aiming to analyze the distribution of polar
compounds (N1, O1, and S1 classes) in the fractions obtained
from chromatographic fractionation and to evaluate the
effectiveness and selectivity of the functionalized stationary
phases in extracting compounds with different polarities and
acidic/basic characteristics, ESI (±)-FT-ICR MS analysis was
performed on all fractions. However, for better comparison,
only the most suitable ionization mode�based on the number
of peaks and signal abundance�was used. Accordingly, the
BAS, HMP, LMP, and LP fractions were analyzed in positive
ionization mode, while the ACD and HP fractions were
analyzed in negative ionization mode. For better visualization,
a distribution of compound classes graph was constructed for
each oil sample, showing the distribution of compound classes

Figure 9. A/C index for the ten crude oil samples by ESI (−) FT-ICR MS analysis.

Figure 10. Ternary diagram showing the relative abundance of linear, naphthenic, and aromatic carboxylic acids for the crude oil samples analyzed
by ESI (−) FT-ICR MS.
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across the LP, LMP, HMP, and BAS fractions (positive mode)
(Figure 11), and the HP fraction (negative mode) (Figure S6).

The results indicate a higher abundance of compounds from
the Nx class across all fractions obtained in positive mode, with
the Nx class being predominant in the LMP and HMP

Figure 11. Distribution of compound classes in the low polarity (LP), low medium polarity (LMP), high medium polarity (HMP), and basic
(BAS) fractions extracted from ten crude oil samples (S1−S10).
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fractions. The NxSxOx class showed higher abundance in the
LP fraction, while NxOx compounds were more abundant in
the BAS fraction. All fractions exhibited similar and low
abundances of the Ox, Sx, SxOx, and NxSx classes. For the HP
fraction, which was obtained in negative ionization mode, the
results indicate a higher abundance of compounds from the Ox
class in most samples, followed by the NxOx and SxOx classes.
The Nx class exhibited a lower abundance but remained higher
than the Sx, NxSx, and NxSxOx classes, which showed
consistently low levels across all samples.
Furthermore, to verify if the method employed in both

techniques was able to selectively extract acidic/basic
compounds and to ensure that the functionalized stationary
phase and the method are capable of efficiently extracting these
compounds, elemental and compound class composition
analyses were performed by ESI (−) FT-ICR-MS of the ten
ACD fractions (Figure 12). Thus, by comparing the chemical
profile of the acidic fraction with the corresponding original oil,
it was found that the chromatographic fractionation process
was effective in extracting the O2 class of acidic compounds in

most samples, with their abundance in the fractions being
approximately 90%, attesting to the remarkable efficiency of
the methodology in extracting almost exclusively carboxylic
acids. The resulting fraction consisted predominantly of
compounds from the O2 and the O3 classes. In contrast, the
significant presence of compounds from the N1, N1S1, and
N1O1 classes was not observed in these fractions, as expected.
The A/C index values36 used previously to assess acidity and

estimate the level of biodegradation of the oils samples can also
be an important parameter to evaluate the effectiveness of
extraction of linear and naphthenic acidic substances by the
employed methodology, whose results showed that the acidic
fractions exhibited A/C index values much higher than their
corresponding oils (Figure S7). These results indicated that
the fractionation concentrated predominantly linear carboxylic
acids (DBE 1) in the acidic fractions as the A/C ratio was
greater than 1.
To assess the effectiveness of linear and naphthenic acid

extraction, heatmaps were constructed showing the distribu-
tion of the four main nuclei of aliphatic carboxylic acids for the

Figure 12. Distribution of compound classes in the acidic fractions and their respective oils characterized by ESI (−) FT-ICR-MS.
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ten oils and their corresponding acidic fractions. The
abundance of linear carboxylic acids (DBE 1), monocyclic
(DBE 2), bicyclic (DBE 3), and polycyclic (DBE ≥ 4) was
compared in the oils and their corresponding acidic fractions
(Figure 13A). The results indicate that acid extraction was
successfully performed in all fractionations as the relative
intensity of all classes increased significantly in the fractions
compared to the crude oils. Oil S8 exhibited a higher relative
intensity of linear carboxylic acids, while oil S2 showed a
greater abundance of polycyclic carboxylic acids. Oils S10 and
S8 displayed a prominence in the monocyclic acid class
(Figure 13B).
In silico dereplication approaches and data mining tools

(Classical Molecular Networking�MN,41 Dereplicator+,42

Network Annotation Propagation�NAP,43 Moldiscovery,44

MS2LDA,45 MolNetEnhancer46) were applied to the MS/MS
spectral data set to dereplicate the acidic fractions and annotate
the most abundant compounds in these fractions. The data
mining and chemical classification tools were used to
determine the chemical classes, whose results showed a
predominant composition of acyclic aliphatic structures
(71%), followed by homopolycyclic aliphatic (17%) and
heteropolycyclic aromatic (9%) structures (Figure 13C). A
more comprehensive characterization allowed for a more
refined classification at the subclass level, with the majority
annotated as long- and very-long-chain carboxylic acids and
derivatives (72%). The absence of other compound classes

attests to the efficiency of the extraction methodology in
obtaining fractions abundant in acidic constituents. Addition-
ally, the molecular structures of dozens of O2 class carboxylic
acids were assigned through MS/MS fragmentation data. The
proposed structures, classification (linear, naphthenic, and
aromatic), and molecular data (exact mass, empirical formula,
and number of DBE) of the annotated acidic compounds are
described in Table S3.

4. CONCLUSIONS
The results obtained in this study demonstrate the potential of
combining ultrahigh-resolution mass spectrometry with
separation techniques for determining geochemical processes.
The chemical characterization of crude oils using FT-ICR MS
enabled the determination of biodegradation levels, thermal
evolution, acidity index, and oil origin through the molecular
content of the Nx, Ox, and Sx classes. The relative abundance of
polar compounds (Nx, Ox, and Sx) was evaluated in ten crude
oils to assess thermal evolution, with the results showing a
predominance of nitrogen compounds in all samples and a low
abundance of sulfur compounds. To predict whether the oil’s
origin was lacustrine or marine, molecular differences in the Nx
and Ox classes were analyzed. Although complete discrim-
ination of the crude oil origins was not achieved, the results
indicated a tendency toward separation with four samples
clearly distinguished and six remaining within an unresolved
cluster. The relative abundances of N1, O1, and O2−O4 classes,

Figure 13. A) Heatmap displaying the distribution of the four main nuclei of aliphatic carboxylic acids for the ten crude oil samples; B) their
corresponding acidic fractions analyzed by ESI (−) FT-ICR MS, and C) Overall classification based on the molecular structure of the annotated
compounds from the MS/MS data of the acidic fractions obtained.
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the (O2 + O3 + O4)/(N1 + O1) ratio, and the A/C index were
used as indicators of biodegradation levels. The A/C index
indicated that crude oils S4, S9, and S10 are nonbiodegraded,
while S6, S1, S2, S5, and S7 show varying degrees of
biodegradation. This classification is further supported by the
(O2 + O3 + O4)/(N1 + O1) ratio, which suggests
biodegradation in crude oils S5 and S6. Ternary diagrams
showed that crude oils S8 and S10 have higher DBE of 9 and
lower DBE of 15 abundances, indicating lower maturity, while
S5 and S6 exhibit higher DBE of 15 and lower DBE of 9,
reflecting advanced thermal maturity. Overall, the combination
of this separation methodology with the molecular character-
ization of polar compounds using FT-ICR MS offers a
promising approach for geochemical evaluations of crude oils
and source rocks.
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