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Asphaltene aggregation and precipitation are one of the major issues for marine low-sulfur fuel oil used on board. Many research
studies have been carried out to investigate the aggregation behavior of asphaltene under diﬀerent conditions, but the mechanism
of asphaltene aggregation in low-sulfur fuel oil at the molecular level is still unclear. In this work, molecular dynamics (MD)
simulations were performed to calculate the solubility parameters, intermolecular interaction energies, and radial distribution
function (RDF) curves of each component in marine low-sulfur fuel oil to examine their mutual compatibility. Simulation results
indicate that the solubility parameter of resin gains the highest value and it is close to asphaltene. The solubility parameters of
aromatic, hexadecane, and saturate decrease successively. The interaction energy between resin and asphaltene molecules is higher
than that between the same kind of molecules, which means that resin can inhibit the aggregation of asphaltene molecules.
Typically, a light distillate component (hexadecane) is added to heavy fuel oil to yield low-sulfur oil, and our calculations reveal
that this has a negative eﬀect on asphaltene aggregation. Speciﬁcally, asphaltene is more likely to self-aggregate, as shown by the
increase in peak height in the radial distribution function of the asphaltene-asphaltene pair. The ﬁndings of this study will provide
theoretical support for the production of marine low-sulfur fuel.

1. Introduction
With the increasingly stringent requirements on global
environmental protection, many countries have imposed
strict restrictions on the sulfur content of marine fuel oil.
According to the latest requirements made by the International Maritime Organization (IMO), from the beginning
of January 1, 2020, all ocean-going vessels that do not equip
with desulfurization equipment must use low-sulfur fuel oil
with a sulfur content of no more than 0.5% (w/w) [1–4].
Furthermore, the sulfur content of fuel oil used in emission
control areas should be lower than 0.1% [5, 6]. Today, only a
few ships have installed the scrubber systems, which means
most ocean-going vessels must use the low-sulfur fuel oil to
comply with the SOx emission regulation [7]. However,
since the introduction of low-sulfur fuel oil to the market,
the number of ships plagued by engine failure has increased
signiﬁcantly, and most of the engine failures are related to

the clogged fuel oil ﬁlters caused by poor stability of the lowsulfur fuel oil [8]. In particular, asphaltene aggregation and
precipitation are the main factors related to fuel oil instability issues [9].
Therefore, studies of methods to improve the quality and
stability of low-sulfur fuel oil have become increasingly
popular, especially measures to inhibit asphaltene, a large
fused-ring aromatic component, precipitation [10–13]. In
recent years, computer simulation technology has developed
rapidly and it has been widely applied in the petrochemical
ﬁeld. Compared with traditional experimental methods,
molecular simulation technology has signiﬁcant advantages.
For example, it can reveal the nature of a molecule’s interaction from a microperspective, and it can also predict the
properties of diﬀerent chemical compounds without
spending a lot of time and cost on experiments [14–17].
To develop a successful research method, a thorough
understanding of the interaction of asphaltene with other
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fractions in low-sulfur fuel oil is required. It has been reported that the asphaltene aggregation can be inﬂuenced by
the intermolecular charge transfer, electrostatic Coulombic
interaction, van der Waals interaction, exchange-repulsion
interaction, hydrogen bonding, and π-π interactions [18].
Many studies have been reported in the literature about the
intermolecular interactions of asphaltene with other fractions. Rogel et al. [19] studied the asphaltene aggregation
behavior in the crude oil and calculated the solubility parameters of diﬀerent asphaltene models by molecular dynamics simulations. However, due to the computational
capacity limitation at that time, only few molecules could be
added in the simulation box, which cannot reveal the nature
of asphaltene interactions. Amin Tirjooet al. [20] adopted
the molecular dynamics simulations to calculate the solubility parameters of various polar, nonpolar, and hydrogenbonded organic solutions. Compared with experimental
results, they found that the deviation for non-hydrogenbonded solutions is negligible. Mohammadali et al. [21]
investigated the mechanism of diﬀerent types of asphaltene
inhibitors on asphaltene aggregation by MD simulations.
They found that both nonanionic and anionic surfactants
showed promising results in terms of dispersant eﬃciency,
but their performance can be aﬀected by molecular structures and the hydrogen/carbon ratio of the asphaltene. Cao
et al. [22] calculated the Hildebrand solubility of maltene
and asphaltene by MD simulations. They have applied
several structures with diﬀerent features to examine the
structural eﬀect of asphaltene in n-heptane. Simulation
results showed that the solubility parameter of asphaltene
increased with the increasing number of benzene rings.
Salah Yaseen [23] has explored the molecular interactions of
asphaltene in water and n-heptane under diﬀerent temperatures and pressures, chose three kinds of asphaltene
structures from Athabasca oil sands, and adopted the OPLSAA force ﬁeld for MD simulations. Results showed that
compared with pressure, the contribution of temperature on
interaction energies and hydrogen bonds was more
prominent.
The aim of this study is to investigate the compatibility of
asphaltene and other fractions in low-sulfur fuel oil by
molecular dynamics simulation. We constructed the lowsulfur marine fuel model and conducted molecular dynamics simulations to analyze each component’s solubility
parameters, intermolecular energies, and radial distribution
function (RDF) curves. By comparing the diﬀerences of
solubility parameters, intermolecular energies, peak position, and peak value among diﬀerent molecules, we can
ﬁgure out each component’s compatibility, thereby providing new ideas for marine low-sulfur fuel oil production
and further theoretical research.

2. Methodology
2.1. Molecular Models. The composition of marine lowsulfur fuel oil is quite complex, and it is diﬃcult to clarify the
types and molecular structures of each fraction, so it is
necessary to select models of several chemical compounds
with representative characteristics [24].
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As shown in Figure 1, the primary feedstock of marine
low-sulfur oil is vacuum residue (VR) [25]. Therefore, to
investigate the interactions between the molecules in lowsulfur fuel oil, representative VR components, i.e., saturate,
aromatic, resin, and asphaltene (SARA), were selected as
model compounds [26]. In addition, typically, a low-viscosity residue or light distillate oil is added to reduce the fuel
oil viscosity and improve the combustion performance
[27, 28]. Therefore, hexadecane (C16) was used as a representative compound for the light distillate. The SARA
molecules chosen are based on existing studies of the
components of VR [3, 29], and molecular structures of the
ﬁve compounds chosen to represent saturate, aromatic, and
resin molecules are shown in Figure 2. The molecular models
were built according to the protype developed by G&D [30].
In addition to the molecular structures, the properties of
each component are listed in Table 1.
Concerning the structure of asphaltene, many diﬀerent
models have been proposed [3, 4, 19, 31, 32]. There are two
main types of asphaltene: island-type asphaltene has a single
large aromatic core, and archipelago-type asphaltene has
many small fused-ring structures connected by alkyl chains
[33]. The island-type structure has a single fused-ring aromatic core and is relatively stable, whereas the archipelagotype structure has multiple fused-ring aromatic nuclei and is
less stable [34]. In this study, we used the asphaltene model
based on asphaltene extracted from Tahe oil ﬁeld crude oil,
which contains polar aromatic rings and a nonpolar paraﬃnic group and belongs to the island category.
Finally, molecular models of n-heptane and toluene were
also built, and the solubility parameters obtained by molecular dynamics simulations were compared with the
theoretical values to verify the accuracy of the simulation
methods.

2.2. Force Field and Simulation Initialization. The molecular
dynamics (MD) simulations were performed by Materials
Studio 8.0, and COMPASS force ﬁeld was used during the
whole simulation process. As one of the most widely used
force ﬁelds in the petroleum oil industry, COMPASS ﬁeld
includes bonded potential and nonbonded potential, and it
is capable of accurately predicting structural, vibrational,
and thermophysical properties for a broad range of organic
and inorganic molecules, including asphaltene and diesel oil
[35, 36]. This force ﬁeld is one of the best to be applied on
heavy fuel oil and low-sulfur fuel oil models, as both of them
are combined with amorphous, heavy organic molecules.
The long-range electrostatic interaction was represented by
Ewald interaction and the atom-based summation was
applied by van der Waals interactions, Nose and Berendsen
methods were utilized to control the temperature and
pressure of the whole system, the cutoﬀ radius was 1.25 nm,
and the time step was set 1 fs. The detailed simulation
process is listed as follows:
(1) The ﬁve diﬀerent molecules representing the components of low-sulfur oil, as well as n-heptane and
toluene, were prepared in the visualizer module.
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Figure 1: The ﬂow chart of the marine low-sulfur fuel oil production process. AR: atmospheric residue; VR: vacuum residue; LCO: light
circulate oil; HCO: heavy circulate oil; VGO: vacuum gas oil; and LPG: liquiﬁed petroleum gas.
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Figure 2: Molecular structure of each component in the low-sulfur fuel oil (carbon: grey, hydrogen: white, sulfur: yellow, and oxygen: red).
(a) Hexadecane. (b) Saturate. (c) Aromatic. (d) Resin. (e) Asphaltene.

(3) We performed geometric optimization to the cell
again and optimized the model to perform 5 cycles
of annealing at 300∼500 K at the NPT ensemble;
then, various types of conformations can be obtained after annealing, choosing the conﬁgurations
with the lowest potential energy for the subsequent
research.

ensemble to shrink the volume and gain the density
parameters. Then, the NVT ensemble was selected
for 1000 ps dynamic simulation with a step size of
1.0 fs and output 1 frame every 1000 steps to obtain
the ﬁnal equilibrium structure.
(5) After completing the dynamic simulation, the cohesive energy density (CED) function in the Forcite
module was chosen to calculate the solubility parameters (δ) of each component.
(6) We constructed the amorphous unit cell with a
mixture of two diﬀerent molecules, ﬁlled 25 of each
kind of molecules in the cell, repeated steps 2–4, and
calculated the interaction energy of the mixed
molecules through the script, and the average interaction energies of the last 20 frames were
recorded.

(4) Under the temperature of 298 K and pressure of
0.1 MPa, the optimized models were subjected to
molecular dynamics simulation of 300 ps at the NPT

For each system, the MD simulations were repeated
three times independently to obtain the average value for
further analysis.

(2) We optimized the molecular model geometrically by
the smart algorithm and gained the lowest energy
conﬁguration, then built an amorphous unit cell of
50 molecules with periodic boundary conditions by
the amorphous cell module to ensure that the length
of the unit cell was two times the cutoﬀ radius. The
initial density of the amorphous cell was set as 0.6 g/
cm3 to ensure each molecule was distributed randomly [37].
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Table 1: Diagrammatic sketches and properties of each component in the low-sulfur fuel oil.

Name

Molecule model

Formula

Molecular weight

Atom number

Sulfur mass fraction

H/C ratio

C47H41NOS2

699.971

92

9.14%

0.872

C18H10S2

290.398

30

22.038%

0.556

Aromatic

C30H46

406.698

76

0

1.533

Saturate
Hexadecane

C30H62
C16H34

422.826
226.448

92
50

0
0

2.067
2.125

s
OH

Asphaltene
s

s

Resin
s

3. Results and Discussion
3.1. Morphology of Intermolecular Interactions. As illustrated
in Figure 3, it can be seen that each component in the lowsulfur oil cell does not disperse uniformly, asphaltene
molecules cannot exist independently, and they are aggregated with multiple molecules. The resin and asphaltene
molecules tend to aggregate together as the resin molecules
are always around the aggregates. Aromatic, saturate, and
hexadecane molecules can exist independently, and they
are distributed evenly in the entire system. Asphaltene
molecules tend to form multiple aggregates, but they are
not completely aggregated into a large compound; they are
separated by the resin molecules and distributed in a
continuous phase ﬁlled with aromatic and saturate
molecules.
Figure 4 depicts snapshots of interaction morphology
between asphaltene molecules and other fractions. Both
face-to-face (π-π) and face-to-edge (π-σ) interactions exist
in asphaltene-asphaltene dimers. As asphaltene molecules
have a large aromatic core, they tend to aggregate and stack
by the strong mutual interactions, while the presence of
aliphatic side chains tends to hinder the direct π-π interaction by a repulsive steric eﬀect. Face-to-face (π-π) interactions mainly contribute to the interactions between
asphaltene and resin, as both of them have a high percentage
of aromatic rings, while the resin molecule has a much
shorter side chain, so resin molecules are more likely to
combine with asphaltene molecules. Both aromatic rings
and long aliphatic chains exist in aromatic molecules, and
the repulsive steric eﬀect formed by long alkyl chains
overweigh the π-π interaction imposed by a single aromatic
ring with the asphaltene molecules. The alkyl chains in
hexadecane and saturate molecules can only interact with
side chains of asphaltene by weak van der Waals forces, and
compared with the strong π-π interaction, the van der Waals
forces can be negligible, so asphaltene molecules tend to selfaggregate in an alkane solvent.

3.2. Solubility Parameters. There are many methods to
evaluate the compatibility of diﬀerent compounds. The
solubility parameter is an important parameter to evaluate
the magnitude of molecular interaction of organic molecules. It can work as a good indication of solubility for liquid
organic compounds [38]. Hildebrand [39] proposed the
concept of solubility parameter δ in the middle of the 20th
century, which is deﬁned as the square root of the cohesive
energy density. It can characterize the strength of the force
between the molecules of a substance. The solubility parameter is deﬁned as follows [40]:
����
Ecoh √����
(1)
δ�
� CED,
V
where Ecoh is the cohesive energy; V is the molar volume; and
CED is the cohesive energy density.
At present, there are two methods of obtaining the
solubility parameters of liquid compounds: the experimental
method and calculation method [41]. For conventional
solvents, it can be obtained by a practical approach or by
querying relevant literature data. However, for compounds
with complex structures such as resin and asphaltene, their
solubility parameters can vary with the diﬀerent structures,
so it is not easy to gain by the experimental method. On the
other hand, by using molecular simulation technology, we
can gain the solubility parameter of each compound under
diﬀerent conditions and ﬁnd out the most suitable one for
mixing to reduce the risk of incompatibility.
The solubility parameter introduced by Hildebrand is
only suitable for the nonpolar compounds. In the model of
low-sulfur fuel oil, both asphaltene and resin molecules
contain polar atoms, so this parameter does not suit the
model quite well. Hansen modiﬁed the theory by introducing the three-dimension parameters: nonpolar, dipolar,
and hydrogen bonding, and it can be expressed by the
following equation:
δ2 � δd2 + δp2 + δh2 ,

(2)
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Figure 3: Illustration of low-sulfur fuel oil molecular structures at 298 K (asphaltene: green, resin: orange, aromatic: blue, saturate: yellow,
and hexadecane: pink). (a) Initial conﬁguration. (b) Equilibrium conﬁguration after 1 ns simulation.
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Figure 4: Morphology of asphaltene molecules with other fractions at 298 K.

where Δd, δp, and δh represent the dispersive, electrostaticpolar, and hydrogen force, respectively.
According to the theory of “similarity and intermiscibility” (like dissolves like), if two diﬀerent kinds of compounds can be completely miscible with each other, it means
that all their solubility parameters should be similar [42]. It is
widely accepted that two kinds of liquid tend to be mutually
miscible on the condition of |Δδ| < 1.3–2.1 with nonpolar
groups or hydrogen bonds between molecules. Since the

hydrogen bonding interaction is not included in the
COMPASS force ﬁeld, it is incorporated into other nonbonding interaction terms, so the calculated solubility parameters are expressed by δvdw and δelec, which represent the
solubility parameter generated by van der Waals force and
electrostatic force, respectively [43], where δ2 � δvdw 2 + δele 2 .
From Table 2, we can see that the diﬀerence between the
calculated solubility parameters and experimental values of
n-heptane and toluene under the conditions of 298 K and
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Table 2: Calculated and experimental solubility parameters at
298 K.
Name
nheptane
Toluene

Calculated
value
δ (J/cm−3)0.5

Experimental
value
δ (J/cm−3)0.5

Error range
(%)

15.327

15.3

0.17

18.248

18.0

1.3

0.1 MPa is quite small, and the error range is less than 1%.
Thus, the good accordance between the simulated result and
the experiment value can prove that accuracy of the solubility parameters gained by molecular dynamics simulation
is very high.
From Table 3, we can ﬁnd that the densities of hexadecane and saturate are similar, but both are much lower
than those of the resin and asphaltene. The density of aromatic lies in the middle of this range, whereas those of the
resin and asphaltene are two times higher than those of the
hexadecane and saturate models. According to previous
research, if the diﬀerence in density of two liquid components exceeds a certain value, a mixture will be unstable.
Furthermore, the density of a chemical compound also has a
close link with its solubility parameter [44]. As shown in
Table 3, the densities of aromatic, resin, and asphaltene
increase in that order, and this can be related to the presence
of many aromatic rings and few side branches. This results in
a smaller molecular volume and a higher cohesive energy,
which means a molecule is more likely to have stronger selfinteractions and, thus, a high solubility parameter [42].
From the perspective of the solubility parameter, it can
be seen that resin gets the highest value, asphaltene has a
similar value with resin, while both saturate and hexadecane
molecules are much lower, and the hexadecane is slightly
higher than saturate. The primary contribution to solubility
parameters for all components is van der Waals interaction,
while the intensity of electrostatic interaction is relatively
low. Since there are no polar atoms in hexadecane and
saturate molecules, hydrogen bond and electrostatic interaction could exist, so their cohesive energy densities are
relatively low, and the solubility parameters are also lower
than those of other components [45]. Hexadecane is a kind
of straight-linked alkane without any branches, but branches
on the saturate molecules can form a steric hindrance, affecting the intermolecular forces, resulting in a low cohesive
energy density. Although the molecular structure of aromatic also does not contain any polar atoms, the aromatic
ring structure can form a solid π-π interaction, so the
strength of the intermolecular interaction is proportional to
the number of the aromatic rings.
The solubility parameter diﬀerence between resin and
asphaltene is 0.586, and the values related to composition
items δelec and δvdw are relatively similar, which means that
compatibility between resin and asphaltene is high. Both
resin and asphaltene molecules contain a large number of
aromatic rings and polar atoms. Due to the high proportion
of aromatic rings in resin and asphaltene, their cohesive
energy density is much higher than that of aromatic under

Table 3: Solubility parameters and densities of each component in
low-sulfur fuel oil at 298 K.
Name
Hexadecane
Saturate
Aromatic
Resin
Asphaltene

δ (J·cm−3) δvdw (J·cm−3) δelec (J·cm−3)
0.5

0.5

0.5

16.592
16.165
18.108
22.908
22.322

16.231
15.778
17.784
22.384
21.693

0.514
0.491
2.237
0.394
0.785

ρ
(g·cm−3)
0.775
0.818
0.921
1.317
1.219

the inﬂuence of π-π interaction. The ratio of aromatic rings
in resin molecules is lower than that in asphaltene, but its
solubility parameter is slightly higher than that of asphaltene. This can be explained by that there are more alkyl side
chains in asphaltene molecules, which can intensify the
steric hindrance eﬀect and block the π-π interaction between
aromatic rings. Furthermore, asphaltene molecules contain
many negatively charged heteroatoms such as S, N, and O,
which can form a strong hydrogen bond with the positively
charged hydrogen atoms, so its electrostatic interaction
strength is greater than that of resin molecules [46]. Even
though the electrostatic eﬀect of asphaltene is more substantial than that of resin, the electrostatic eﬀect is still not
strong enough to oﬀset the hindrance of the side chain to the
π-π interaction, so the cohesive energy density of resin is a
little higher than that of asphaltene.
3.3. Interaction Energy. The interaction energy (Einter) is a
parameter that describes the strength of the interaction
between an individual molecule in a multimolecular system,
and it can also predict the compatibility between two
components [47]. If the interaction energy is a positive value,
it means that the interaction between the two components is
mainly for mutual repulsion, which means they are incompatible with each other. On the other side, a negative
Einter value represents good compatibility; the larger the
absolute value is, the more vigorous the mutual interaction
or binding strength is and the more stable the solution. It can
be expressed as follows [41]:
Einter � Etotal − EA−A − EB−B ,

(3)

where Einter represents the interaction energy between two
diﬀerent molecules, Etotal represents the total energy of two
molecules, and EA-A and EB-B represent the total energy of
the same molecules, respectively.
The strength of the molecule interaction mainly depends
on its structural characteristics. Intermolecular interactions
are mainly contributed by van der Waals and Coulombic
interactions [48]. The strength of van der Waals interaction
is closely related to the surface area and its electronic polarizability. Coulombic interaction is aﬀected by the polarity
and the heteroatoms (O, N, and S) [49].
As shown in Table 4, the interaction energy between
asphaltene and resin is much higher than the mutual interactions of the same molecules, which means that
asphaltene molecules are more likely to combine with resin
molecules. In addition, the interaction energy between resin,
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Table 4: Interaction energies of diﬀerent pairs at 298 K.
Molecules
Asphaltene-asphaltene
Asphaltene-resin
Asphaltene-aromatic
Asphaltene-saturate
Asphaltene-hexadecane
Resin-resin
Resin-aromatic
Resin-saturate
Resin-hexadecane
Aromatic-aromatic
Aromatic-saturate
Aromatic-hexadecane
Saturate-saturate
Saturate-hexadecane
Hexadecane-hexadecane

−1

Interaction energy (kJ/·mol )
−1370.26
−1797.04
−1218.74
−838.53
−685.14
−1138.31
−2548.61
−529.24
−336.19
−1469.36
−1811.14
−1956.46
−1590.72
−597.59
−961.38

aromatic, saturate, and hexadecane molecules with asphaltene molecules decreases, respectively. The interaction energy between aromatic and resin molecules is relatively high,
mainly because the aromatic ring of the aromatic component can form a strong π-π interaction, which means that
aromatic can disperse the resin aggregates well into the
solution system. The interaction energies of asphaltene with
saturate and the hexadecane molecules are lower than those
of the asphaltene-asphaltene interaction, which means that
compared with a linear alkane compound, asphaltene prefers interacting with the same kind of molecules, so it is
diﬃcult to dissolve it in an alkane solution. Furthermore,
solutions with a high concentration of alkane fraction will
dilute the ratio of the resin and aromatic molecules around
the asphaltene, which can lead to asphaltene aggregation or
precipitation. The interaction energy of aromatic with saturate and hexadecane molecules is higher than that of the
aromatic-aromatic interaction, indicating that the aromatic
molecules are more likely to combine with saturate and
hexadecane rather than the same kind of molecules. This can
be attributed to the alkyl chain structure in an aromatic
molecule that interacts with saturate and hexadecane.
The interaction of the low-sulfur fuel oil system is entirely consistent with the microstructure of each component.
For asphaltene molecules, they tend to dissolve in solutions
in the presence of resin and aromatic, and the increasing
percentage of saturate or hexadecane in the solution can
inhibit the asphaltene dissolution.
3.4. Radial Distribution Function (RDF). The radial distribution function g(r) means the probability of occurrence of
one particle at a distance r from the other particle, which is a
function of distance from a reference particle [50–52]. The
calculation formula can be expressed as the follows:
g(r) �

dN
,
ρ4πr2 dr

(4)

where r is the distance between particles, N is the number of
particles, and ρ is the average density of the whole system.

For an amorphous compound, the g(r) value is equal to
1 when the distance r is considerably large. However, several
peaks can appear near the origin position, which means that
the probability of appearance for the other kind of particle at
these locations is much higher than that at the other positions. Therefore, the RDF curve can characterize the average distance between molecules in the molecular cell, and
it can be also be utilized to analyze the agglomeration
condition of the chemical compound in diﬀerent solvents.
When the peak value of the RDF curve at a distance is
more prominent than that of the other distances, the agglomeration occurs at this position. As low-sulfur fuel oil is a
kind of amorphous mixture, the diﬀerence between RDF
curves can be used to describe the agglomeration behavior of
asphaltene. In this study, the most vital characteristics of the
RDF curves are the ﬁrst peak position and peak value, which
concern the agglomeration pattern and aggregation tendency of each component.
In this work, distances between diﬀerent molecules were
calculated based on the center of mass (COM) to judge the
aggregation behavior of asphaltene at a molecular level. The
RDF curves of asphaltene-asphaltene, asphaltene-resin,
asphaltene-aromatic, asphaltene-saturate, and asphaltenehexadecane pairs in heavy fuel and low-sulfur fuel oil are
shown in Figure 4. Trajectories obtained from the last 200 ps
of MD simulations under the NVT ensemble were selected
for the RDF analysis.
Figure 5 demonstrates changes of RDF curves between
asphaltene and other components before and after adding
the light distillate oil, which can be used to ﬁgure out the
inﬂuence of light components on other fractions in the heavy
fuel oil. According to previous research, the maximum
hydrogen bonds length is 2.5 Å, as no peak is found at a
distance lower than 2.5 Å in heavy fuel oil and low-sulfur fuel
oil RDF curves, so hydrogen bond does not exist in both
models [53].
For the heavy fuel oil model, the RDF curve of
asphaltene-asphaltene pairs presented a relatively high peak
value compared to other oil fractions, indicating a strong
tendency of self-aggregation. Furthermore, the two peak
positions of asphaltene-asphaltene pairs presented at 5.2 Å
and 7.8 Å, and these peak distances are considerably larger
than the average π-π interaction distance, indicating that
asphaltene molecules tend to aggregate in the form of faceto-edge and oﬀset geometry. The number of aromatic rings
in asphaltene molecules is much higher than other factions
generating a strong π-π interaction and reducing the RDF
peak distance, but the presence of alkyl chains can form a
repulsive steric eﬀect which hinders the mutual interaction
and enlarges the RDF peak distance. On the other hand, a
weak aggregation tendency was observed for asphalteneresin pairs, with a low peak value. From the peak position,
we can conclude that there are two kinds of aggregating
structures in asphaltene-resin pairs; the ﬁrst peak at 3.5 Å
corresponds to the face-to-face structure, while the second
peak at 5.2 corresponds to the face-to-edge structure.
Though the number of aromatic rings in resin molecule is
much less than that in asphaltene, there are no alkyl chains
also, so the resin molecules can form a strong interaction
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Figure 5: RDF curves of asphaltene with other components. (a) Heavy fuel oil. (b) Low-sulfur fuel oil.

with asphaltene and narrow the RDF peak distance. Due to
the presence of alkyl chains in both aromatic and saturate
molecules, the peak value of asphaltene-aromatic and
asphaltene-saturate pairs is relatively low, and the asphaltene
molecules are less likely to interact with them in this model
[54].

asphaltene could be attributed to the nonpolar properties of
light distillate oil molecules and also their small overall mole
fraction in the whole system. In summary, the inﬂuence of
light distillate oil on the ﬁrst peak position is signiﬁcant,
indicating that it is highly incompatible with the asphaltene
component in heavy fuel oil.

After blending with light distillate oil, the molecular
structure of heavy fuel oil changed. The ﬁrst peak position of
asphaltene-asphaltene pairs moved right from 5.2 to 5.8 Å,
which means asphaltene molecules still aggregated in the
form of face-to-edge and oﬀset geometry. The peak value
g(r) of asphaltene-asphaltene pairs increased from 4.9 to
9.8, which is two times higher than that before, indicating a
stronger self-aggregation occurs in the low-sulfur fuel oil
model. The strong aggregation behavior of asphaltene in
low-sulfur fuel oil can be attributed to the presence of aromatic core and heteroatoms in asphaltene molecules [55].
The ﬁrst peak position of asphaltene-resin and asphaltenearomatic pairs in the low-sulfur fuel oil model is closer to the
original position, and this can be explained that both resin
and aromatic molecules are smaller and contain aromatic
rings, so the interactions of asphaltene with resin and aromatic molecules are stronger than those of other fractions;
in other words, both resin and aromatic molecules can serve
as an asphaltene dispersant medium to inhibit asphaltene
self-aggregation. The peak values in RDF curves of
asphaltene-saturate and asphaltene-hexadecane pairs are
much lower compared with other fractions, which means
that there are quite few saturate and hexadecane molecules
around the asphaltene; in other words, saturate and light
distillate oil molecules are highly incompatible with the
asphaltene and the presence of saturate and hexadecane
molecule can accelerate the asphaltene aggregation process.
The weak interaction between light distillate oil and

4. Conclusions
The eﬀect of adding light distillate oil into heavy fuel oil to
produce low-sulfur fuel oil was studied by MD simulation.
Based on the simulation results of the solubility parameters,
interaction energies, and radical distribution function curves
of each component, we draw the following conclusions:
(1) The structural characteristics of various types of
molecules in marine low-sulfur oil determine the
strength of interaction between diﬀerent molecules.
Speciﬁcally, more aromatic rings and fewer alkyl side
chains result in stronger interactions, as well as
greater cohesive energy densities and solubility
parameters.
(2) The interaction energy of asphaltene-saturate and
asphaltene-hexadecane is lower than that of
asphaltene-asphaltene. Therefore, asphaltene is less
likely to combine with alkane molecules, making its
dissolution in an alkane solution challenging. On the
other hand, the solubility parameter of resin is closest
to that of asphaltene, suggesting that it is the main
solvent for dissolving asphaltene.
(3) Adding the light distillate oil into heavy fuel oil, the
mass ratio of each component changed. Thus, the
asphaltene was more likely to self-aggregate, as
shown by the dramatic increase in the peak value,
although the peak position was unchanged, which

Journal of Chemistry
indicates the pattern of asphaltene interaction is still
unchanged.
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