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Doi:

Asphaltenes, the heaviest fraction in petroleum and coal, are composed of polycyclic
aromatic hydrocarbons (PAHs) with aliphatic side chains and heteroatoms (N, O, S).
Previous studies have shown that these heteroatoms have a significant influence
asphaltene aggregation. This study investigates the impact of heteroatom position and
type, as well as solvent, on asphaltene aggregation behavior by employing molecular
dynamics simulations of modified CA21 asphaltene. Simulations were conducted using
GROMACS 2024.3. Analysis of simulation trajectories revealed that in water, all
asphaltene models exhibited asphaltene-asphaltene radial distribution functions (RDFs)
below 1 nm, indicating predominantly parallel or parallel-offset n-n interactions. In
contrast, asphaltenes with an oxygen heteroatom at the end of the aliphatic chain when
dissolved in hexane and toluene solvents, displayed unique shape aggregation, attributed
to hydrogen bonding between the terminal oxygen atoms. The presence of heteroatoms
within the aliphatic chain generally slowed aggregation, with the observed order of
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aggregation rates being S > N > O.

Keywords: Asphaltene aggregation, heteroatom, hydrogen bonding, parallel offset, n-n

interactions

1. INTRODUCTION

Asphaltene is the heaviest fraction found in
petroleum and coal '. The structure of asphaltene
consists of polyaromatic hydrocarbons, aliphatic side
chains, and heteroatoms such as N, O, or S. Generally,
asphaltene is defined based on its solubility: it is
soluble in aromatic solvents but insoluble in n-alkanes
2, Asphaltene can form aggregates and deposits due to
interactions between aromatic rings in the molecule °.
The dominant interaction in asphaltene is the n-m
interaction. DFT calculations revealed that in the
absence of water molecules, asphaltene molecules
exhibit strong n-m interactions, and these interactions
increase with an increasing number of aromatic rings
within the asphaltene structure . Additionally,
aliphatic chains and heteroatoms in asphaltene can
also contribute to aggregation through van der Waals
and electrostatic interactions °. Heteroatoms can also
interact with mineral surfaces during oil
transportation, leading to adsorption at the oil-water
interface. This phenomenon results in the formation of

deposits that can disrupt oil transportation processes
67 Asphaltene deposits can also damage oil
transportation equipment such as pipelines, leading to
high maintenance costs %% Therefore, studying
asphaltene aggregation is crucial to prevent these
problems.

Previous studies have highlighted the
significant influence of solvents and heteroatoms on
asphaltene behavior. Gabrienko et al. (2015) found
that asphaltenes with fewer heteroatoms are more
stable than those rich in heteroatoms '!. This is due to
the different intermolecular forces present.
Asphaltenes with oxygen heteroatoms are considered
less stable, while those with pyrrole and pyridine
groups have intermediate stability. Mizuhara et al.
(2020) suggested that the heteroatom forms hydrogen
bond with water molecules 2. However, heteroatoms
located on aromatic rings can enhance asphaltene
aggregation. Bai et al. (2019) analyzed the influence
of N, O, and S heteroatoms in asphaltenes on
adsorption and desorption on silica surfaces '*. They
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found that the presence of carboxyl (COOH) groups
increases electrostatic interaction energy. The
interaction energy for asphaltenes with amino (NHy)
and thiol (SH) groups is lower '*. Bai also found that
heteroatoms located at the center of aromatic groups
and in the middle of aliphatic chains can increase
electrostatic energy, with the order NH > O > S, and
heteroatoms in aliphatic chains having a greater effect
than those in aromatic groups '°.

Based on previous studies, the strength of
electrostatic interactions can be influenced by the
increasing polarity of the substituted heteroatom.
Additionally, sulfur atoms have been found to
contribute more significantly to van der Waals
interactions. In another study by Ramirez et al. (2021),
it was found that asphaltene molecules containing
heteroatoms have a higher tendency to form
aggregates 'Y, Asphaltene molecules with sulfur
heteroatoms have the highest tendency. According to
Ekramipooya et al. (2021), the presence of nitrogen in
all positions (aromatic and aliphatic) can increase
electrostatic interactions, while sulfur increases van
der Waals interactions . Heteroatoms located at the
end of the molecule can form hydrogen bonds, thereby
increasing the interaction energy. The presence of
additional interactions, such as hydrogen bonding,
decreases the solubility of asphaltene in hexane and
toluene 5.

X

This study employed the CA21 asphaltene model,
derived from Indonesian coal '¢, to investigate its
behavior in various solvents. The CA21 model was
modified by incorporating alkyl chains and
substituting specific carbon atoms with heteroatoms
(N, O, and S) to explore the impact of these structural
variations on asphaltene properties. The GROMACS
software and the GROMOS 54A7 force field were
used for the simulations, which were conducted at a
temperature of 300 K and a pressure of 1 bar. The
primary focus was to understand the influence of
heteroatoms on the intermolecular interactions and
dynamics of asphaltene molecules under different
solvents.

2. RESEARCH METHODS
Asphaltene Models

Molecular models were generated based on the
CAZ21 structure, derived from the characterization of a
coal sample from Indonesia '6. This initial aromatic
structure was modified by incorporating alkyl chains
and heteroatoms (N, O, S) at various positions,
resulting in twelve distinct models: N1, N2, N3, N4,
01, 02, 03, 04, S1, S2, S3, and S4. For instance,
model N1 signifies that a nitrogen heteroatom
occupies position 1. The general structure of the
asphaltene model is illustrated in Figure 1.

X X,

Figure 1. The general structure of asphaltene model. X1, X2, X3, and X4 respectively designate the heteroatom (X) located at

positions 1, 2, 3, and 4.

The Avogadro software!” was utilized to
construct and manipulate these molecular structures,
generating files in the .pdb format. Subsequently, the
.pdb files were uploaded to the Automated Topology
Builder (ATB) website '!. ATB automatically
generated the corresponding topology files (.itp) using
the GROMOS 54a7 force field '°. Finally, the .top files
were created following the guidelines provided by the
ATB website '8,

Molecular Dynamics Simulation

We employed a cubic simulation system with
dimensions of 5x5x5 nm?. Five identical asphaltene
molecules were initially placed within the cubic box

using the gmx insert-molecules  command.
Subsequently, the box was completely solvated with
solvents utilizing the gmx solvate command. The
solvents employed in this investigation were water,
hexane, and toluene. The number and size of the
asphaltene molecules present determined the number
of solvent molecules incorporated within the
simulation box.

Molecular  dynamics  simulations  were
conducted in three stages: energy minimization,
equilibration, and production using
GROMACS.2024.3 2. Energy minimization,
employing the steepest descent algorithm with a
maximum force limit of 1000 kJ/mol”' nm', was
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performed for 50,000 steps to minimize the system’s
potential energy. Subsequently, equilibration was
carried out in two phases: NVT equilibration (constant
number of particles, volume, and temperature) for 100
ps and NPT equilibration (constant number of
particles, pressure, and temperature) for 1100 ps, both
utilizing the leap-frog integrator. The production
phase, lasting 50 ns, employed periodic boundary
conditions in all three dimensions, a 2.0 fs timestep,
and the Particle Mesh Ewald (PME) method?' for long-
range electrostatic interactions. The LINCS
algorithm?? constrained bond lengths, while the V-
rescale thermostat® and Parrinello-Rahman barostat**
maintained temperature (300 K) and pressure (1 bar),
respectively. Non-bonded interactions were handled
with a 1.0 nm cutoff distance.

Trajectory Analysis
The analysis encompassed two key aspects:
minimum  distance calculations and Radial
Distribution Function (RDF) analysis. Minimum
distance calculations between asphaltene molecules
were performed to confirm the presence of asphaltene
aggregates within each simulated system. RDF
analysis, utilizing the center of mass of one aromatic
group on each asphaltene molecule as the reference
point, was employed to investigate intermolecular
interactions, including n-m interactions. The RDF in
GROMACS was calculated using equation 1.
(pp(M)
9ap = (PB)iokal O

Where (pg (7)) represents the density of atom B at a
distance r from atom A, and {pg);oka: 1S the average
density of atom B in all shells surrounding atom A
within a maximum distance of 73,

Hydrogen bond interactions between asphaltene
molecules were analyzed using the gmx hbond-legacy

¢
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command. Hydrogen bonds were defined based on
angular cutoff (hydrogen-donor-acceptor) and
distance (hydrogen-acceptor) criteria. The default
cutoffs for angle and distance in this command are 30
degrees and 0.35 nm, respectively.

3. RESULTS AND DISCUSSION

Visualizing the simulation trajectories revealed
the aggregation of all asphaltene models in the water
solvent. The presence of a single heteroatom in each
model did not significantly alter the overall polarity of
the asphaltene. Hydrophobic properties remained
dominant in the simulated asphaltene models. In
contrast, all asphaltene models demonstrated
solubility in toluene. Interestingly, the behavior of
asphaltene in hexane deviated from the conventional
definition, which states that asphaltenes are insoluble
in aliphatic solvents like hexane 2. In our simulations,
asphaltene displayed unstable aggregation behavior in
hexane. Figure 2 illustrates the behavior of the N1
model in various solvents at 300 K. While the snapshot
at 50 ns showed no aggregation in hexane, an inset
revealed a transient aggregation event at 2 ns.
Minimum distance calculations between asphaltene
molecules further supported this observation.
Aggregation was considered to occur when the
intermolecular distance between asphaltene molecules
fell below 0.3 nm '*. Figure 3 illustrates the distinct
aggregation behaviors of asphaltenes in different
solvents. In water, asphaltenes rapidly formed stable
aggregates upon initiation of the simulation.
Conversely, asphaltenes remained dispersed in toluene
throughout the simulation, with no evidence of
aggregation. In hexane, asphaltenes exhibited initial
aggregation followed by a gradual dispersion phase,
characterized by intermolecular distances consistently
exceeding 0.3 nm.

2ns

Figure 2. Snapshots model N1 at 50 ns of simulation time (300 K) in different solvent: (a) water, (b) hexane, and (c) toluene
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Figure 3. The evolution of minimum intermolecular distances of asphaltene model N1 at 300 K in different solvent: (a) water,
(b) hexane, and (c) toluene
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Figure 4. The aggregation time for asphaltene model with heteroatom N in various position (see Figure 1)
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Figure 5. The aggregation time for asphaltene model with heteroatom O in various position (see Figure 1)
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Figure 6. The aggregation time for asphaltene model with heteroatom O in various position (see Figure 1)

In aqueous environments, the position and type
of heteroatoms significantly influenced asphaltene
aggregation. Asphaltene models with heteroatoms at
position 3 (N3, O3, and S3) exhibited slower
aggregation kinetics compared to models with the
same heteroatoms at other positions (Figures 4-6).
The observed order of aggregation propensity was S >
N > O, consistent with previous findings by Ramirez
et al. (2021), which indicated that sulfur-containing
asphaltenes exhibit faster aggregation rates 4. This
slower aggregation for models with heteroatoms at
position 3 (N3, O3, and S3) likely arises from weaker
interactions within the aromatic regions. A more
comprehensive understanding of these observations
requires detailed electronic structure calculations for
each model. Meanwhile, the presence of heteroatoms
at positions 1, 2, and 4 did not show a significant

impact on aggregation rate. The aggregation process
occurred almost immediately after the simulation
started, with asphaltene molecules approaching each
other to a distance of less than 0.3 nm.

As shown in Figure 2, the observed aggregation
is primarily driven by interactions in the aromatic
regions, commonly referred to as m-m interactions. To
confirm this, RDF analysis was conducted. The results
in Table 1 indicate that the peak for all asphaltene
models in water falls within the distance (7) range of
0.38-0.95 nm. In this n-m interaction analysis, only
asphaltene in water was considered due to its stable
aggregation. Generally, all models except N2, N3, and
N4 exhibited two peaks in the RDF analysis. N2, N3,
and N4 showed only a single peak, while model S2
had three peaks. The number of peaks can indicate the
types of interactions occurring within the system. The
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peak with the highest value at a specific distance ()
indicates the most dominant interaction in the system.
For all models except O2, the first peak was the
highest.

7-1 interactions in asphaltenes can exhibit three
primary configurations: parallel, parallel-offset, and
T-shaped #°. The Dickie-Yen model*® suggests that
parallel configurations occur at distances of 0.35-0.38
nm, while other studies indicate parallel
configurations at around 0.5 nm 278, Parallel-offset
and T-shaped configurations have been observed at
distances around 1 nm, depending on the size of the
asphaltene molecule *. Generally, the data in Table 1
indicate that parallel and parallel-offset configurations
dominate nt-m interactions in asphaltene models with O
and S heteroatoms. The N1 model likely exhibits both
parallel-offset and T-shaped configurations, with
parallel-offset being the dominant interaction. Model
S2 exhibits a complete set of configurations with three
peaks in its RDF.

In addition to m-m interactions, the presence of
nitrogen (N) and oxygen (O) heteroatoms allows for
the formation of hydrogen bonds. Models N1, N2, N3,
N4, and O4 have the potential to form hydrogen bonds

between asphaltene molecules. Hydrogen bond
analysis revealed that models N1, N2, N3, and N4
exhibited only a single hydrogen bond in hexane,
while model O4 displayed five hydrogen bonds
(Figure 7). The same pattern was also observed in
toluene. This suggests a higher propensity for
hydrogen bond formation in model O4. Furthermore,
the hydrogen bonds in model O4 appeared more stable
compared to the fluctuating hydrogen bonds observed
in models N1 to N4. This enhanced hydrogen bonding
in model O4, likely attributed to the higher
electronegativity of oxygen, contributed to the unique
aggregation patterns observed in hexane and toluene,
as shown in Figure 8. The circular pattern illustrated
in Figure 8 is due to hydrogen bonding between the
oxygen atoms of one asphaltene and the
electropositive hydrogen atoms of another asphaltene.
The system formed a maximum of five hydrogen
bonds, corresponding to the total number of asphaltene
molecules present. Since hexane and toluene solvents
lack  electropositive  hydrogen  atoms, any
electropositive hydrogen must come solely from the
asphaltene. This explains the stability of this unique
pattern throughout the simulation.

Table 1 RDF analysis of all asphaltene model in water

Model H t;)ter‘o fltom 15t Peak 2nd Peak 3rd Peak
osiion gy r@mm) g@r) r@mm) gr) rmm)
N1 Aromatic 50.20 0.64 15.61 0.95 - -
N2 Aliphatic 41.65 0.65 - - - -
N3 Aliphatic 49.55 0.50 - - - -
N4 Aliphatic 47.69 0.63 - - - -
Ol Aromatic 54.55 0.38 18.12 0.82 - -
02 Aliphatic 31.36 0.50 35.71 0.70 - -
03 Aliphatic 29.64 0.51 27.88 0.71 - -
04 Aliphatic 47.59 0.51 41.57 0.72 - -
S1 Aromatic 54.48 0.39 30.23 0.74 - -
S2 Aliphatic 63.76 0.38 49.04 0.52 37.54 0.76
S3 Aliphatic 47.36 0.43 35.03 0.73 - -
S4 Aliphatic 53.89 0.50 37.09 0.71 - -
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Figure 7. Hydrogen bond of asphaltene-asphaltene in hexane (a) N1, (b) N2, (c) N3, (d) N4 and (e) O4.
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(a)

(b)

Figure 8. The different aggregate shape shown by model O4. (a) Snapshot O4 in hexane, (b) Snapshot O4 in toluene

4. CONCLUSIONS

Molecular dynamics simulations revealed that
stable aggregation of the modified CA21 asphaltene
was exclusively observed in aqueous environments.
While aggregation of asphaltene in hexane is
expected, our simulations demonstrated its solubility
in this solvent. The position of heteroatoms
significantly influenced the aggregation kinetics, with
models N3, O3, and S3 exhibiting the slowest
aggregation rates among their respective heteroatom
groups. Model S3 exhibited the fastest aggregation
rate, while O3 demonstrated the slowest. n-n
interactions were identified as the dominant driving
force for aggregation, primarily resulting in parallel
and parallel-offset configurations. RDF analysis
suggested that model N1 may exhibit T-shaped
configurations in addition to parallel and parallel-
offset arrangements. Hydrogen bonding also
contributed to aggregation, particularly in model O4,
leading to unique aggregation patterns observed in
hexane and toluene. The enhanced hydrogen bonding
observed in model O4 can be attributed to the higher
electronegativity of oxygen compared to nitrogen,
resulting in stronger hydrogen bonds in the O4 model.
The findings of this study provide valuable insights
into asphaltene aggregation mechanisms, paving the
way for the development of more effective prevention
strategies.
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