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a b s t r a c t

Heavy oil, constituting a significant  portion of global oil reserves, presents unique challenges in 
extraction and processing due to its high viscosity, largely influenced  by asphaltenes and their het
eroatom content. This study employs molecular dynamics (MD) simulations to investigate the self- 
aggregation and adsorption mechanisms of heteroatom/non-heteroatom asphaltenes, comparing 
linear and island structural configurations. Key findings reveal that linear heteroatom asphaltenes form 
dense, multi-layered aggregates, while island heteroatom asphaltenes exhibit stronger aggregation 
energy. On solid surfaces, linear asphaltenes display multi-layered adsorption, whereas island asphal
tenes adopt a dispersed structure with higher adsorption energy, making them more resistant to 
removal. Compared to non-heteroatom asphaltenes, heteroatom asphaltenes significantly enhance the 
aggregation energy of the asphaltene itself and the interaction energy with light oil components, 
reducing the diffusion capacity of oil droplets and increasing viscosity. Although the viscosity of island 
heteroatom asphaltene oil drops is the largest, the role of heteroatom in linear asphaltene is more 
obvious, and linear heteroatom asphaltene and non-heteroatom show great differences in properties. 
Additionally, heteroatom-containing oil droplets exhibit stronger interactions with solid surfaces, driven 
by the influence of heteroatom asphaltenes on lighter oil components. These insights provide a deeper 
understanding of heavy oil viscosity mechanisms, offering a foundation for developing targeted 
viscosity-reduction strategies and optimizing heavy oil recovery and processing techniques.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Heavy oil is pivotal and inescapable in the global oil resources 
panorama (Kober et al., 2020; Seidy-Esfahlan et al., 2024). By the 
conclusion of 2020, the world’s cumulative proven oil reserves had 
reached an impressive 1.732 trillion barrels, with heavy oil 
constituting a substantial 40% of the global reserves (BP, 2024; 
Temizel et al., 2016). As traditional sources of light oil continue 
to diminish and energy needs rise, it is increasingly crucial to 

efficiently exploit heavy oil to advance our society’s development 
(Schüppel and Gr€abner, 2024; Yatimi et al., 2024). The path of 
heavy oil development and utilization is fraught with numerous 
challenges, and the pursuit of efficient  and rational mining 
methods has emerged as the new focus of research (Shahzad et al., 
2024; Sun et al., 2024; Xiong et al., 2024). Traditional mining 
methods, such as electromagnetic heating (Bera and Babadagli, 
2015), steam flooding  (Zhang et al., 2023), and steam huff and 
puff (Wang et al., 2022), are beset by high costs, low efficiency, and 
unstable exploitation. Conversely, chemical cold recovery has 
emerged as a promising alternative in recent years (Ren et al., 
2024; Xu F. et al., 2020; Xu Y. et al., 2020). Evidence has indi
cated that chemical cold recovery can boost the heavy-oil recovery 
rate to a range of 42%–88% (Coskuner et al., 2015). A more profound 
understanding of heavy-oil viscosity mechanisms is essential for 
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further promoting the development of this method (Lan et al., 
2019; Zhang et al., 2022).

Asphaltenes, with their complex structures and the presence of 
heteroatoms, play a crucial role in determining the viscosity of 
heavy oil (Wu et al., 2024; Yuan et al., 2023). Different forms of 
heteroatom-containing asphaltenes can give rise to diverse ag
gregation behaviors and intermolecular interactions within the 
heavy-oil system. For example, the self-aggregation of asphal
tenes, which is frequently influenced by the type and distribution 
of heteroatoms, can directly affect the flow properties of heavy oil. 
The presence of heteroatoms (N, O, S) and trace metal ions (e.g., 
vanadium (V), iron (Fe), and nickel (Ni)) in heavy components has 
been demonstrated to not only elevate viscosity but also causes a 
decline in quality (Gao et al., 2013; Rahmati, 2021). Besides het
eroatom species, the structural morphology of asphaltene may 
also affect its aggregation morphology and, consequently, the 
viscosity effect of heavy oil (Kuznicki et al., 2008; Mikami et al., 
2013). However, the specific  details of how different morphol
ogies (such as linear and island structures) influence the viscosity 
characteristics of asphaltene remain to be elucidated (Zhu et al., 
2024). Identifying the specific heteroatom-asphaltene forms that 
contribute most to high viscosity enables the development of more 
targeted in-situ viscosity-reduction strategies. This may involve 
the design of new chemical additives or adjusting extraction 
conditions to disrupt the aggregation of high-viscosity-causing 
asphaltenes.

In recent years, experimental and simulation studies have 
clarified  NOS heteroatom asphaltene’s influence  on heavy oil’s 
viscosity from the self-assembly perspective (Fang et al., 2024; Gao 
et al., 2014; Wang et al., 2021; Yuan et al., 2023). These studies 
mainly focus on a single medium system or adopt a single 
asphaltene structure (Ahmadi and Chen, 2023; Bai et al., 2019; 
Fang et al., 2024; Liu et al., 2024; Tazikeh et al., 2022), but 
asphaltenes also possess exposed areas to resins and other com
ponents, which may introduce stronger intermolecular friction 
under shearing (Zhang et al., 2024). Only considering the aggre
gation mechanism of asphaltene cannot reflect the complexity of 
the environment in which asphaltene and heavy oil are located. In 
addition, studies have shown that asphaltenes with different ag
gregation characteristics have different effects in crude oil (Zhu 
et al., 2024), but have rarely studied the effects of heteroatoms 
on these different types of asphaltenes. The microscopic behaviors 
of different heteroatom forms and asphaltenes in real oil droplets 
vary (Silva et al., 2016). Studying the microscopic behaviors of 
different forms of heteroatom asphaltenes within real oil droplets 
can provide an in-depth understanding of their interactions with 
other components in the oil droplets, such as resins and light oil 
molecules (Yuan et al., 2023). Furthermore, it can clarify how 
heteroatom asphaltenes influence  aggregation and how such an 
internal mechanism changes the microscopic structure and 
macroscopic viscosity of oil droplets (Fang et al., 2024).

Additionally, asphaltene deposition can lead to reservoir pore 
blockage and oil pipeline scaling (Alimohammadi et al., 2019). The 
adsorption and aggregation mechanism of heteroatom asphal
tenes on the surface of reservoir minerals and the inner wall of 
pipelines is conducive to understanding the mechanism of 
asphaltene deposition, so that appropriate anti-scaling and des
caling measures can be taken to ensure the normal exploitation of 
oil wells and the smoothness of oil pipelines (Alsehli et al., 2024; 
Sun et al., 2025). Studying the adsorption of heteroatom asphal
tenes and formed oil droplets on the sludge surface can help better 
understand the migration and transformation laws of asphaltene, 
preventing soil and water pollution caused by the adsorption and 
desorption of asphaltene (Li et al., 2024; Yang et al., 2023). Thus, 
the adsorption properties of different forms of heteroatom 

asphaltene and its oil droplets on these solid surfaces are also 
another focus of this study.

Based on the above concerns, we selected two asphaltenes with 
distinct heteroatoms and aggregation characteristics, and 
compared them with non-heteroatom asphaltenes using molecu
lar dynamics (MD) simulation. We established multiple systems, 
including an asphaltene self-assembly system, asphaltene-solid 
surface system, and oil-in-water and oil-water-solid systems, to 
comprehensively explore the effects of heteroatoms and asphal
tene morphology on aggregation and adsorption mechanisms. This 
research contributes to a better understanding of the heavy-oil 
microstructure, helps to a deeper understanding of the heavy-oil 
viscosity and oil-solid mixing process, and provides a solid foun
dation for the development of new viscosity reducers, the 
improvement of heavy-oil recovery, and the optimization of pro
cessing procedures.

2. Simulation methods

All the initial systems construction, MD simulation, and output 
analysis are performed by the Gromacs 2019 software package 
(Abraham et al., 2015). The force field of crude oil and silica mol
ecules was GROMOS 54a7 force field  parameters (Schmid et al., 
2011), which were generated from the ATB (Automated Topology 
Builder) web server (Stroet et al., 2018). The main atom parameter 
information is given in Table S1 of the Supporting Information. The 
GROMOS 54a7 force field is a united-atom force field optimized for 
biomolecular and organic systems, with explicit parameterization 
for hydrocarbons, heteroatoms (e.g., S, N, O), and condensed-phase 
properties, and performs well in the interface system of oil droplet 
(Ji et al., 2020; Ma et al., 2023). Electrostatic potential (ESP) and 
weak interaction analysis are carried out by the wave function 
analysis software Multiwfn 3.8 (Lu and Chen, 2012), and VMD 
software is used for visualization (Humphrey et al., 1996).

2.1. Simulation models

The composition of heavy oil is complicated, especially the 
heavy components such as asphaltenes. In this work, four different 
continental asphaltene molecules were selected, including y-lin- 
PA3, n-lin-PA3, y-isl-Aspa, and n-isl-Aspa. PA3 is proposed based 
on atomic force microscope (AFM) measurements and scanning 
tunneling microscope (STM) orbitals images (Bai et al., 2019), 
which have long side chains connected to the core of PA3, just like 
a line (Schuler et al., 2015), named y-lin-PA3. Another kind of 
asphaltene is Aspa, which is based on atomic force microscopy 
characterization of continental-type asphaltene structure, just like 
an island (Guan et al., 2019), named y-isl-Aspa. To explore the 
influence of heteroatoms on asphaltene and oil droplet behavior, 
the heteroatom in y-lin-PA3 and y-isl-Aspa is replaced by a C atom, 
forming n-lin-PA3 and n-isl-Aspa, to represent non-heteroatom 
PA3 and Aspa, respectively (Fig. S1). A fully hydroxylated silica 
plate was constructed, and the intrinsic wetting characteristics of 
reservoir rocks were simulated at the atomic level by surface hy
droxyl functionalization (Table S2). Both experimental and simu
lation results confirm the reliability of this model.

To compare the effects of heteroatoms and different asphal
tenes on the properties of heavy oil, four different media models 
were established to simulate the micro-behavior of asphaltenes to 
real heavy oil droplets (Fang et al., 2024). Take the y-lin-PA3 
asphaltene systems as an example:

(1) Only asphaltenes (A): 20 asphaltenes (only one kind) were 
added to a 10 × 10 × 10 nm3 cuboid to study the self- 
assembly mechanism of asphaltenes. In these systems, the 
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y-lin-PA3 system and the y-isl-Aspa system with hetero
atoms were named as y-lin-A and y-isl-A, respectively. The 
control group without heteroatoms was named as n-lin-A 
and n-isl-A, respectively (system (1) in Fig. S2).

(2) Only asphaltenes and silica surface (A/S): 50 asphaltenes 
(only one kind) are placed in a 10 × 10 × 10 nm3 box, with a 
solid silica size of 10 × 10 × 1.5 nm3, located below the box. 
This system is built to simulate the adsorption mechanism 
of asphaltene on the solid surface. The system model 
including y-lin-PA3 molecules is named as y-lin-A/S, and its 
control group is named as n-lin-A/S. The y-isl-Aspa mole
cules system and its control group follow the same rules 
(system (2) in Fig. S2).

(3) Oil-in-water interface system (O/W): 10 asphaltenes (only 
one kind) (Fig. 1(a)), 47 resins (Fig. 1(b)), and 319 light oil 
molecules (Fig. S4), with the concentrations ratio of 
asphaltenes:resin:light oil = 14%:25%:61% (Fig. 1(c)) (Zhang 
et al., 2022), were put into a 10 × 10 × 10 nm3 box to 
simulate the actual heavy oil droplet. After the 50 ns NPT 
simulation, water molecules were added to construct the 
oil-in-water system. The system model containing y-lin-PA3 
asphaltene molecules is named as y-lin-O/W, and its control 
group was named n-lin-O/W. The y-isl-Aspa and n-isl-Aspa 
asphaltene systems follow the same rules, the control group 
is shown in Fig. S3 (system (3) in Fig. S2).

(4) Oil/water-silica surface system (O/W/S): based on equili
brated systems of (3) y-O/W and n-O/W, a silica slab was 
added at the bottom of the box to explore the influence  of 
heteroatom asphaltenes on the interaction of heavy crude oil 
droplets and silica surface, and the new systems were named 
as y-O/W/S and n-O/W/S, respectively (system (4) in Fig. S2).

2.2. Simulation details

Before NPT/NVT simulation, all systems underwent energy 
minimization and had their maximum energy below 100 kJ/mol. 

The schematic diagram of the simulation process is shown in 
Fig. S2. For the asphaltenes system (A) and asphaltene/silica (A/ 
S) surface system, the 50 ns NVT simulation was performed. A 50 
ns NPT simulation was carried out for the mixture of asphaltene, 
resin, and light oil to form the oil droplet. The formed oil droplets 
are put into a 10 × 10 × 10 nm3 cubic box, and water is added into 
the gap of the box to develop an oil-in-water system (O/W). A 
further 50 NVT equilibrium is carried out for this system. Based on 
the stable O/W systems, the 10 × 10 × 1.5 nm3 silica slab was 
inserted into the bottom of the box to build the oil/water-silica 
surface system (O/W/S), and a longer simulation time (150 ns) 
was carried out for this system to capture the dynamic equilibrium 
and interfacial recombination process.

The water model used in this work is the SPC/E model. The 
simulations are conducted using a time step of 2 fs, and periodic 
boundary conditions (PBC) are applied in all directions (x, y, z) to 
maintain system continuity, minimize edge artifacts, and simulate 
an effectively infinite  bulk environment. To maintain a constant 
temperature of 298.15 K, the v-rescale thermostat (Bussi et al., 
2007) was used. Similarly, the Parrinello-Rahman method 
(Parrinello and Rahman, 1981) was employed to keep the system 
pressure at 1 atm. The LINCS algorithm (Hess et al., 1997) was 
utilized to constrain bonds between H-atoms. Particle mesh Ewald 
(PME) code (Darden et al., 1993) was used in the MD process, while 
the cut-off was used to handle electrostatic and van der Waals 
(VdW) interaction energy with a distance of 1.4 nm (Darden et al., 
1993).

3. Results and discussions

The root-mean-square deviation (RMSD) can reflect the devi
ation of the oil molecule from its initial position as the simulation 
progresses, which is employed to prove that the target system 
reaches equilibrium. As shown in Fig. S5, the RMSD curve fluctu
ated in a small range after 30 ns, all systems reached an equilib
rium state within the 50 ns simulation time.

Fig. 1. The (a) heteroatom asphaltene and (b) resin structural formulas used in the simulations of the heteroatom oil droplets system and (c) the molecule composition of 
heteroatom oil droplets.
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The electrostatic potential (ESP) (Zhang and Lu, 2021) of every 
asphaltene molecule is first analyzed, as shown in Fig. 2. The ESP 
was calculated and analyzed at the SMD/M062X//6–311++G(3df, 
2p) level (Yuan et al., 2023) by Gaussian 16 (Frisch et al., 2016) and 
Multiwfn software. In the four asphaltene models, the positive ESP 
region is distributed on the side chain, while the negative ESP 
region is mainly located on the aromatic ring. Due to the long side- 
chain of linear PA3, it has a larger positive area and a smaller 
negative area. The difference between positive and negative areas 
of y-lin-PA3, n-lin-PA3 is also larger than y-isl-Aspa, n-isl-Aspa 
(Fig. 2). The existence of heteroatoms will increase the negative 
electrostatic potential area on the asphaltene surface, thus nar
rowing the difference between the positive and negative poten
tials on the asphaltene surface. This is because heteroatoms 
usually have high electronegativity (N, O atoms) or lone pair 
electrons (S atom), forming local negative centers in the molecular 
structure. Although the area corresponding to the maximum and 
minimum value of ESP is small, the difference between the 
maximum and minimum of heteroatom asphaltene is larger than 
that of non-heteroatom asphaltene.

3.1. The self-aggregation behavior of asphaltenes

Self-aggregation of asphaltenes has always been the primary 
concern (Fang et al., 2024; Kuznicki et al., 2008). To detail analysis 
of the self-aggregation morphology of different asphaltene (het
eroatoms and non-heteroatoms, linear PA3, and island Aspa), the 
radial distribution function (RDF) on each system was first carried 
out, as shown in Fig. 3. The first peak of the RDF line represents the 
face-to-face adsorption structure between the asphaltene mole
cules and the other peak represents the edge-to-face adsorption or 
other (side-to-side, etc.) adsorption structure, this is also in line 
with the previous studies (Yuan et al., 2023). The first aggregation 
layer of the face-to-face structure of the isl-Aspa molecule is larger 
than that of lin-PA3, but the aggregation distance of lin-PA3 is 
shorter than y/n-isl-Aspa. The central polycyclic aromatic 

hydrocarbon of the Aspa molecule has a large structural area, 
which is more conducive to face-to-face adsorption (Yuan et al., 
2023). PA3 molecule has a less face-to-face aggregation configu
ration and is inclined to edge-to-face adsorption. This is because of 
the complex side-chain in PA3, facilitating them to intertwine 
during asphaltene aggregation, which prevents them from form
ing a single face-to-face adsorption structure. Moreover, the RDF 
line of lin-PA3 has more peaks, indicating that lin-PA3 tends to be a 
multi-layer face-to-face or edge-to-face aggregation structure 
(especially heteroatom asphaltene).

In detail, the lin-PA3 has a closer aggregation distance 
compared to isl-Aspa. This may be attributed to a larger ESP dif
ference between positive and negative areas of lin-PA3. The 
complementary arrangement of positive and negative potential 
regions (such as face-to-face or face-to-edge) compresses the 
molecular spacing. However, y/n-isl-Aspa has a large aromatic ring 
aggregate, and the π-π interaction of aromatic rings promotes the 
asphaltene face-to-face aggregation, while the negative electro
static potentials on the surface of large aromatic rings repel each 
other. Moreover, the total face-to-face aggravate total peak value of 
y-lin-PA3 is larger than n-lin-PA3, and the formation distance of 
the face-to-face structure of the former (0.281 nm) is shorter than 
the latter (0.441 nm) (Fig. 3(a) and (b)). The existence of hetero
atoms in PA3 asphaltene makes this asphaltene self-assemble 
tightly, which is related to the larger difference between the 
maximum and minimum ESP value of y-lin-PA3 than n-lin-PA3. 
The y-isl-Aspa and n-isl-Aspa had similar formation trends for the 
face-to-face and edge-to-face structures (Fig. 3(c) and (d)). The 
large ΔESP in heteroatom asphaltenes induces the enhancement of 
intermolecular dipole-dipole interaction and enhances the elec
trostatic attraction between molecules, and promotes the forma
tion of tight stacking of molecules faster.

To determine the self-assembly stability of asphaltene, the 
average interaction energy of the face-to-face and the edge-to-face 
structures of two asphaltene molecules was calculated (Fig. 4). The 
asphaltene interaction mainly depends on Van der Waals 

Fig. 2. The electrostatic potential (ESP) value distribution (right) and the detailed distribution regions on the asphaltene surface (left) for (a) y-lin-PA3, (b) n-lin-PA3, (c) y-isl- 
Aspa, and (d) n-isl-Aspa molecules.
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interaction energy, which is verified by the green iso-surface be
tween two asphaltene molecules (Fig. 5). The total interaction 
energy of island Aspa is always larger than linear PA3 for both the 
face-to-face and the edge-to-face self-assembly structures. RDF 
and interaction energy show that the strong interaction energy 
between island Aspa may not be due to its closer packing, but to its 
greater atomic number and benzene ring structure than that of 
PA3. This result is in line with the laboratory viewpoint that 
asphaltenes with more aromatic ring structures have a stronger 
self-aggregate trend (Horeh et al., 2023). Taking the face-to-face n- 
lin-A and n-isl-A as examples, the total interaction energy of n-isl- 
A is 89.93 kJ/mol larger than n-lin-A (Fig. S6). Generally, the self- 
assembly energy of heteroatom asphaltenes is larger than that of 
non-heteroatom asphaltenes. However, the edge-to-face energy 
and total energy of n-lin-A is slightly larger than y-lin-A (Fig. 4(c) 
and Fig. S6(a), which may be due to a larger VdW weak interaction 
of y-lin-A than n-lin-A at the same iso-surface value (Fig. 5(b)).

3.2. The adsorption behavior of asphaltene on silica surfaces

Due to the deposition phenomenon of heavy oil on the surface 
of rocks and equipment in mining and processing, and the reme
diation of oil-contaminated soil, the adsorption of asphaltene on 
the solid surface model is also simulated. The molecular structure 
of these substrates is mainly silicon-oxygen tetrahedron and 
aluminum-oxygen octahedron, and the elements of oxygen and 
silicon account for the largest proportion, accounting for 49% and 

33% respectively. As a result, SiO2 is expected to be the best model 
for these adsorption substrates (Awad et al., 2019; Zhao et al., 
2022).

The snapshots of four A/S systems with simulation times were 
intercepted, as shown in Fig. S7. Asphaltene molecules near the 
silica surface tend to be directly adsorbed on the silica surface, 
while the asphaltene molecules far away from the silica surface 
tend to self-aggregate and then be adsorbed on the solid surface. 
Thus, both single molecule adsorption and aggregation adsorption 
exist on the surface of silica, and aggregation adsorption is the 
dominant adsorption form, which is also consistent with the result 
by Mendoza et al. that asphaltene interacts with silica rock sample 
by the multi-layer adsorption method at high concentration 
(Mendoza et al., 2009). The spatial distribution function (SDF) is 
also calculated to investigate the distribution of asphaltenes on the 
solid surface, as shown in Fig. 6. The solvent-accessible surface 
area (SASA) of the asphaltenes-solid surface adsorption system is 
carried out to quantify the adsorption situation. The SASA of the 
solid surface for the heteroatom asphaltene systems is larger than 
the non-heteroatom asphaltene systems, indicating a higher ag
gregation degree of heteroatom asphaltene. This also follows the 
loose SDF of n-lin-A/S and n-isl-A/S compared to y-lin-A/S and y- 
isl-A/S. In addition, the SASA of the Aspa asphaltene system is 
smaller than that of the PA3 system in both the heteroatom and 
non-heteroatom systems, which indicates that the distribution 
area of Aspa on the surface of silica is larger than that of PA3. These 
simulated microscopic results further verify the rationality of the 

Fig. 3. The radial distribution function (RDF) between asphaltene and asphaltene for (a) y-lin-A, (b) n-lin-A, (c) y-isl-A, and (d) n-isl-A systems. The solid line and dotted line 
represent RDF (g(r)) and coordination number (N), respectively.
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speculation that heteroatom content and asphaltene configuration 
will affect its adsorption on the rock surface (Gonz�alez et al., 
2007).

The further energy result (Fig. S8) shows that the adsorption 
energy of asphaltene molecules on the silica surface is dominated 
by VdW interaction energy. The total adsorption energy of 

Fig. 4. Energy decomposition analysis of the interaction of (a) the face-to-face of PA3 molecules, (b) the face-to-face of Aspa molecules, (c) the edge-to-face of PA3 molecules, and 
(d) the edge-to-face of Aspa molecules in A system.

Fig. 5. The weak interaction of the (a) face-to-face adsorption and (b) edge-to-face adsorption between the asphaltene-based IGMH model.
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heteroatom asphaltene is also larger than non-heteroatom 
asphaltene, which is consistent with previous theoretical and 
experimental research results (Bai et al., 2019). In addition, the 
total adsorption energy of the island Asp is larger than linear PA3. 
The large area and tight adsorption of heteroatom asphaltene, 
especially island heteroatom asphaltene (y-isl-A/S), on the surface 
of silica may make it difficult to peel off the mineral surface.

To understand the aggregation configuration of asphaltene on 
the silica surface, the g(r) of the center of molecule (COM) of 
asphaltene concerning the silica surface was calculated, as shown 
in Fig. 7. Both lin-PA3 and isl-Aspa interact with the solid surface 
through tiled and tilted adsorption. The heteroatoms and non- 
heteroatoms systems have similar adsorption distances and 
peak values on the first tiled adsorption layer on the solid surface. 
However, the first  g(r) peak of isl-Aspa is larger than lin-PA3, 
which indicates that island asphaltene has a higher tiled 
adsorption trend on the solid surface than linear asphaltene. 
Notably, there are multiple adsorption peaks in the g(r) line of the 
four systems (especially lin-PA3), indicating that asphaltene is 
adsorbed on the surface of silica in multiple layers. Among them, 
inear asphaltene has long branched chain and high molecular 
flexibility, which can adjust the conformation during adsorption 
and form multi-layer aggregation more easily. This is also in line 
with the laboratory results and SDF/SASA results (Mendoza et al., 
2009).

3.3. The behavior of heteroatom/non-heteroatom asphaltene in the 
oil/water system

Based on asphaltene’s self-assembly and adsorption behavior, 
the influence  of heteroatom asphaltene on the real oil droplet 
system deserves concern.

RDF is employed to demonstrate the distribution of various 
components of oil droplets (Fig. 8). The final  snapshots of oil 
droplets in the O/W systems are shown in Fig. 8(a). All asphaltene 
and resin molecules are distributed at the oil-water interface 
(Figs. S9 and S10). Face-to-face self-aggregation is the main form of 
asphaltene accumulation at the oil-water interface, and the for
mation trend of heteroatom asphaltenes is larger than the non- 
heteroatom system (Fig. 8(b)). For both the lin-PA3 and isl-Aspa 
systems, the resin peak intensity around heteroatom asphaltenes 
is larger than the non-heteroatom asphaltenes (Fig. 8(c)), which 
suggests heteroatom asphaltenes have stronger interaction trend 
with resin. Notably, the heteroatom in the PA3 structure may have 
an obvious effect that is different from the corresponding non- 
heteroatom asphaltene, which can be verified  by the larger dif
ference in first  peak intensity between y-lin-PA3 and n-lin-PA3. 
The peak intensity between asphaltene and light oil is weak, and 
the peak intensity of heteroatom asphaltene with light oil 
component is smaller than that of non-heteroatom asphaltene 
(Fig. 8(d)).

Fig. 6. The spatial distribution function (SDF) of four asphaltenes on the solid surface and the corresponding SASA of the solid surface in A/S systems.
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Fig. S11 tests the interaction energy between asphaltene, resin, 
and light oil. For the lin-PA3 system (Fig. S11(a)–(b)), compared 
with the energy difference of self-aggregation (system A), the 
interaction energy between heteroatom asphaltenes in oil droplets 
is very close to that of non-heteroatom asphaltenes, which is due 
to the strong connection between heteroatom asphaltene and 
other components in real oil droplets. The interaction energy of 
heteroatom lin-PA3 with resin and light oil components is 317 kJ/ 
mol and 266 kJ/mol greater than that of non-heteroatom lin-PA3, 
respectively. The heteroatom lin-PA3 has obvious face-to-face 
aggregation, while the non-heteroatom lin-PA3 is dispersed at 
the oil-water interface, which makes the contact area between the 
non-heteroatom lin-PA3 and water larger, so the interaction be
tween the non-heteroatom lin-PA3 and water is greater than that 
of the heteroatom lin-PA3. For the isl-Aspa system (Fig. S11(c)–(d)), 
the interaction energy between heteroatoms is also lower than 
that of the self-aggregation system. Although the interaction en
ergy of heteroatom asphaltene and light oil is lower than that of 
the non-heteroatom system, heteroatom asphaltene shows strong 
interaction energy with itself and resins. The interaction between 
heteroatom isl-Aspa asphaltene and water is larger than non- 
heteroatom isl-Aspa asphaltene, which is different from lin-PA3.

The diffusion coefficients  of resin molecules, light oil mole
cules, and all crude oil molecules and viscosity of oil droplets are 
also calculated to reflect  the influence  of asphaltene on the oil 
droplet component, as shown in Fig. 9. Whether it is PA3 or Aspa, 
the diffusion coefficient of resin, light oil components and whole 

oil droplets in the heteroatom system is lower than that in the 
non-heteroatom system, and this suggests that the existence of 
heteroatoms reduces the fluidity of other components and whole 
oil droplets (Fig. 9(a)–(c)). The viscosity of the four oil droplet 
systems also takes the order of y-isl-O/W > n-isl-O/W > y-lin-O/ 
W > n-lin-O/W. The viscosity of island heteroatom asphaltene oil 
droplets is higher than that of linear heteroatom asphaltene oil 
droplets. The experimental conclusion that asphaltene configura
tion may have an important influence on its aggregation structure, 
thus affecting the surface tension of aggregates formed by heavy 
oil components, is further verified  (Ghatee and Shabih, 2017). 
However, it is worth noting that the difference in diffusion coef
ficient  between y-isl-PA3 and n-isl-PA3 systems is greater than 
that between y-isl-Aspa and n-isl-Aspa systems, indicating that 
the presence of heteroatoms in linear PA3 asphaltenes has a more 
obvious effect on the viscosity of heavy oil, which is well proved 
the viscosity difference results in Fig. 9(d).

3.4. The influence of solid surface on oil droplet behavior

The behavior of heteroatom and non-heteroatom oil droplets 
on the silica mineral surface is further understood. Fig. 10 shows 
the change in the center of mass (COM) distance between oil 
droplets and mineral surface in y-O/W/S and n-O/W/S systems 
with the 150 ns simulation time. The COM distance of the het
eroatom oil droplet changes from 4.96 to 2.26 nm, while the COM 
distance of the non-heteroatom oil droplet changes from 4.85 to 

Fig. 7. The radial distribution function (RDF) between the COM of asphaltene and the silica surface in the (a) y-lin-A/S system, (b) n-lin-A/S system, (c) y-isl-A/S system, and (d) n- 
isl-A/S system. The solid line represents g(r), and the dotted line represents the coordination number (N).
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2.27 nm. The oil droplets in the presence of heteroatoms move 
0.12 nm more than those in the presence of non-heteroatom 
asphaltenes in the vertical direction (Fig. 10(a) and (b)). Though 
the COM distance between heteroatom/non-heteroatom oil 
droplets and non-heteroatom oil droplets is close after equilib
rium, the interaction energy between heteroatom oil droplets and 

the surface is 163.99 kJ/mol higher than that of non-heteroatom oil 
droplets.

Through the density distribution of oil droplet components 
(Fig. 10(c) and (d)) and the energy decomposition calculation be
tween this component and the solid surface (Fig. 10(e)), it is found 
that rather than the interaction between heteroatom asphaltene 

Fig. 8. (a) The final snapshots of oil droplets in the O/W systems. The radial distribution function (RDF) between the (b) asphaltene in crude oil, (c) asphaltene with resin, and (d) 
asphaltene with light oil. The asphaltene molecules are shown as a spherical model; the remaining molecules are other crude oil molecules, and the water molecules are ignored.
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Fig. 9. The diffusion coefficients of (a) resin molecules, (b) light oil molecules, and (c) all crude oil molecules in O/W systems; (d) the viscosity of oil droplets in O/W systems.

Fig. 10. Snapshot diagram of (a) heteroatom and (b) non-heteroatom oil droplet adsorption process, (c) and (d) density of crude oil components vary with Z-axis, and (e) 
interaction energy between oil droplet components and solid surface.
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and the solid surface, the stronger interaction of heteroatom oil 
droplets and the surface is due to the stronger interaction energy 
between other components in heteroatom oil droplets, especially 
light oil components and the solid surface. The heteroatom 
asphaltene shows competitive adsorption with the light oil com
ponents on the solid surface, so only some heteroatom asphaltene 
is at the oil-solid interface, and some are far away from the surface. 
The highest density peak of light oil components corresponds to 
the valleys of asphaltene. These factors make the light oil com
ponents in heteroatom oil droplets more concentrated at the 
liquid-solid interface. The adsorption energy change of each 
component in the droplet on the solid surface is also calculated to 
support this result (Fig. S12). At the beginning of adsorption, the 
light oil component is first adsorbed on the silica. Then the resins 
begin to replace the part of light oil, with the increased adsorption 
energy of resins and decreased adsorption energy of light oil. At 
the late adsorption stage, asphaltene began to take the place of 
resin, and the adsorption energy of resin decreased, and the 
adsorption energy of light oil slightly increased (especially for the 
heteroatom oil-droplets system) and stabilized.

4. Conclusions

This study underscores the critical role of heteroatoms in 
modulating the aggregation and adsorption behaviors of asphal
tenes, significantly  impacting the viscosity and interaction dy
namics of oil droplets with solid surfaces. These insights are 
pivotal for understanding and managing the challenges associated 
with heavy oil recovery and processing. The key findings  are 
summarized as follows:

(1) Linear heteroatom asphaltenes exhibit a multi-layered self- 
aggregation pattern, forming denser structures than island 
heteroatom asphaltenes. However, island heteroatom 
asphaltenes demonstrate stronger aggregation energy due 
to their higher benzene ring content and greater atomic 
number.

(2) The adsorption energy of heteroatom asphaltene is 100.89 
and 484.18 kJ/mol larger than that of non-heteroatom 
asphaltene, and the aggregation pile of the former is also 
larger than the latter, which indicates that the existence of 
heteroatoms makes asphaltene interact more strongly with 
the surface. The tight adsorption of heteroatom asphaltene 
makes it difficult to remove from mineral surfaces.

(3) Linear heteroatom asphaltenes form multi-layered aggre
gates on solid surfaces, but island heteroatom asphaltenes 
show a more dispersed aggregation adsorption structure 
with a smaller solvent-accessible surface area. Moreover, 
the adsorption energy of island heteroatom asphaltene on 
the solid surface is larger than that of linear heteroatom 
asphaltene. Considering the strong self-aggregation and 
adsorption energy, island heteroatom asphaltene indicates 
stronger interaction with the silica surface.

(4) Heteroatom asphaltenes form stronger interactions with 
resins within oil droplets, which reduces the diffusion 
capability of both the resins and the oil droplets, thereby 
decreasing overall fluidity. Although the presence of het
eroatoms in linear asphaltenes has a more pronounced ef
fect than island heteroatom asphaltenes on both the 
behavior of asphaltene and the viscosity of the oil droplets, 
the island heteroatom asphaltenes exhibit the strongest 
interaction energy with themselves and resins, leading to 
the most significant viscosity increase in oil droplets.

(5) Heteroatom-containing oil droplets are found closer to solid 
surfaces and exhibit stronger interaction energies compared 

to non-heteroatom oil droplets. This enhanced interaction is 
likely due to the influence  of heteroatom asphaltenes on 
other components, particularly light oil fractions, facilitating 
the interaction of light oil fractions with the solid surface.

Our study focused on two representative asphaltene molecular 
structures (lin-PA3 and isl-Aspa) and their non-heteroatom 
counterparts. While this simplification  allowed us to isolate the 
role of heteroatoms in asphaltene and oil droplets aggregation and 
adsorption, it does not fully capture the natural polydispersity of 
real asphaltene. A comprehensive understanding of the asphaltene 
behavior mediated by heteroatoms also depends on the influence 
of asphaltene polydispersity on aggregation and adsorption, and 
the adsorption mechanism of asphaltene and heavy oil is related to 
the temperature, pressure, and rock composition. The influence of 
these factors on heteroatom asphaltene effect needs to be further 
investigated.
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