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ABSTRACT: Asphaltenes are the main substances that stabilize
emulsions during the production, processing, and transport of crude
oil. The purpose of this research is to investigate the process of
asphaltenes forming interfacial films at the oil−water interface by
means of dissipative particle dynamics (DPD) and the effect of
asphaltenes of different structures on the oil−water interface during
the formation of interfacial film. It is demonstrated that the thickness
of the interfacial film formed at the oil−water interface gradually
increases as the asphaltene concentration rises and the amount of
asphaltene adsorbed at the oil−water interface gradually multiplies.
Both the number and type of heteroatoms in asphaltenes affect the
interfacial behavior of asphaltenes. The interface activity of
asphaltenes can be enhanced by increasing the number of heteroatoms in the asphaltene, and the type of heteroatom affects as
well the interfacial activity of the asphaltene as it affects the aggregation behavior of the asphaltene in the system. As the number of
asphaltene aromatic rings increases, the oil−water interfacial tension (IFT) trends down gradually, while the effect of alkyl side
chains on the reduction of IFT of asphaltenes is different, and asphaltenes with medium length alkyl side chains can reduce IFT
more efficiently.

1. INTRODUCTION
The investigation of the stability of emulsions is of significant
importance for processes, such as oil production, processing,
and transportation.1−8 Asphaltenes in crude oil components
play an essential role in stabilizing emulsions because
asphaltenes are a naturally occurring surface active substance.9

It is indicated that the asphaltene molecular composition
consists of three main components, which are heteroatoms
with hydrophilic properties, a polycyclic aromatic core, and
aliphatic alkyl side chains.10−14 The specific structure of
asphaltene molecules provides them a certain surface activity,
so asphaltenes may be a crucial factor in the stabilization of the
oil−water interface of emulsions.15−17 It has been revealed that
the main factor that makes the emulsion oil−water interface
stable is the formation of an interfacial film or elastic layer at
the oil−water interface of asphaltenes with natural surface
activity.1,7,8

In recent years, research on the effect of asphaltene on the
stability of the oil−water interface have received increasing
attention.16,18−21 Orbulescu et al.22 studied the morphology of
asphaltene films at the oil−water interface by atomic force
microscopy (AFM) and investigated the process of breaking
the asphaltene film layer by emulsion breakers. Feng et al.23

examined the state of asphaltene film formation and
destruction by using micropipettes. Larichev et al.24 studied
the effect of different organic solvents on the size and shape of

asphaltene agglomerates using small-angle X-ray scattering and
scanning tunneling microscopy. Wang et al.25 investigated the
mechanism associated with the reduction of oil−water
interfacial tension by asphaltenes using dynamic interfacial
tension equations. The results indicate that the concentration
of asphaltene has an effect on its adsorption and coverage at
the interface. You et al.26 investigated the effect of the
asphaltene aggregation state on the structure-related properties
of the model oil/brine interface using the pendant drop
method and further investigated the relationship between the
structural properties of the interface and the macroscopic
stability of the emulsion. Cagna et al.27 investigated the
reversibility of asphaltene adsorption at the oil−water interface
and the results of the study confirmed that asphaltene
adsorption at the oil−water interface is irreversible. Yang et
al.4 investigated asphaltene subcomponents stabilizing the oil−
water interface layer. The results demonstrate that the IAA
subcomponent is the main factor in emulsion stability and the
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formation of a rigid water−oil interface. Liu et al.17 applied
droplet morphology analysis to investigate the effect of
synergistic interaction between gum and asphaltenes on the
properties of the water−oil interface and the stability of
emulsions. The research confirmed the synergistic interaction
between asphaltenes and gums. The addition of gum enhanced
the interfacial affinity of asphaltenes at the initial stage of
adsorption. The long-term adsorption capacity of asphaltenes
was stronger than that of gums. Ma et al.28 examined the
stability and instability mechanisms of the interfacially active
asphaltene-stabilized water-in-oil emulsions. It was shown that
the reconstruction of hydrogen bonds promoted the rupture of
IAA films at the oil−water interface, allowing water droplets to
cluster and merge in the oil phase. These research studies have
contributed significantly to the academic recognition of the
mechanism of asphalt-stabilized emulsions. However, exper-
imental studies on the effect of asphaltenes on emulsion cannot
explain the mechanism of asphaltene interfacial film formation
and emulsion stabilization from a molecular perspective. In
contrast, computer simulation techniques, such as molecular
mechanics (MM), molecular dynamics simulation (MD),
Monte Carlo simulation (MC), Brownian dynamics simulation
(BD), and dissipative particle dynamics simulation (DPD) can
effectively compensate for the experimental deficiencies.
Mikami et al.29 demonstrated the interaction of asphaltenes

at the oil−water interface through MD simulations. The
research demonstrated that the aggregation of asphaltene
molecules at the oil−water interface can greatly reduce the
oil−water interfacial tension,25,30 and when the oil−water
interface is rich in asphaltenes, a complete interfacial film can
be formed at the oil−water interface. Ruiz-Morales and
Mullins31 investigated the orientation of asphaltenes at the
oil−water interface through DPD simulation, using toluene as
the oil model. The simulation shows that the asphaltene model
forms three contact angles with the oil−water interface,
horizontal, vertical, and 45° inclined. The asphaltene aromatic
nucleation zone is located at the oil−water interface, and the
alkyl side chains are located in the oil zone. When the
asphaltene concentration is relatively high, some asphaltenes
migrate to the oil phase due to blockage and spatial repulsion,
while some asphaltenes continue to adsorb at the oil−water
interface. Chen et al.32 examined the aggregation and
orientation behavior of asphaltene molecules at the interface
of crude oil water-bearing emulsion using dissipative particle
dynamics methods. The results showed that initially disordered
asphaltenes assemble into nanoclusters of multiple molecules,
with most of the orphan asphaltene polycyclic aromatic layers
tending to be perpendicular to the oil−water interface, while
most of the archipelagic asphaltene polycyclic aromatic layers
tend to be parallel to the oil−water interface. Both nano-
aggregate structures formed a stable interfacial film at the oil−
water interface, which hindered the aggregation between water
droplets. de Oliveira et al.33 researched the interfacial
properties of asphaltene molecules at the oil−water interface
by means of dissipative particle dynamics. When the asphaltene
concentration is relatively low, the asphaltene molecules are
preferentially parallel to the interface; while at high asphaltene
concentrations, the molecules exhibit a tilted structure.
Moreover, at low asphaltene concentrations, the asphaltene
molecules form small aggregates, while at greater asphaltene
concentrations, they form larger structures. Jian et al.30

examined the effect of asphaltene concentration on the oil−
water interfacial tension (IFT) using the droplet technique and

molecular dynamics (MD) simulations. The results indicate for
the first time the coupling effect of temperature and asphaltene
concentration on interfacial tension.
Asphaltene structure (heteroatoms, number of aromatic

rings, and alkyl side chains) has a significant effect on their
aggregation behavior in the system.10,11,34−40 Jian et al.36

explored the effect of alkyl side-chain length on asphaltene
aggregation in water by molecular dynamics simulations (MD).
The simulation results showed that there was a non-monotonic
relationship between the degree of asphaltene aggregation in
water and alkyl side chains. Asphaltenes with either an
extremely long or an exceedingly short alkyl side chain are
able to form dense aggregates, while asphaltenes of medium
length are incapable of forming larger aggregates. Rahmati34

investigated the properties of asphaltene heteroatoms and alkyl
side chains on their aggregation in aromatic solvents using a
molecular dynamics (MD) approach. The results indicate that
asphaltene aggregation intensely depends on the type and
number of heteroatoms in the asphaltene structure, while the
length and number of alkyl side chains in the asphaltene
structure also have an essential effect on the degree of
aggregation. Sedghi et al.37 suggested that the interaction
between stacked polycyclic aromatic hydrocarbons (PAHs) on
top of each other is the driving force for asphaltene
aggregation. The strength of such an interaction depends not
only on the number of aromatic rings but also on the presence
of heteroatoms in the aromatic nuclei that reduce electrostatic
repulsion. Scholars have mainly focused on the effect of the
asphaltene structure on its aggregation behavior in sol-
vents,11,34−37,41,42 while studies on the effect of asphaltene
structure on the oil−water interface have not been reported.
Therefore, it is significant to explore the effect of asphaltene
structure on the oil−water interface and investigate the
mechanism of different structures on asphaltene film formation
at the oil−water interface.
Dissipative particle dynamics can simulate the relevant

behavior of molecules at the oil−water interface at large time
and space scales,43−47 which can effectively reveal the
molecular dynamic evolution of asphaltenes at the oil−water
interface. Although a large number of studies have been carried
out on asphaltene films at the oil−water interface, the effect of
different structures of asphaltenes (including heteroatoms,
aromatic rings, and alkyl side chains) on the oil−water
interface is still worthy of further study. This investigation
builds on previous research by Ruiz-Morales and Mullins31,48

using dissipative particle dynamics (DPD) methods to research
the behavior of different asphaltene structures at the oil−water
interface. The mechanism of asphaltene stabilization at the
oil−water interface is revealed by exploring the process of
asphaltene film formation at the interface and the effect of its
structure on film formation. As a result of this research, we are
enabled to obtain a deeper understanding of the role of
asphaltenes in the production, processing, and transport of
crude oil.

2. RESEARCH METHODS AND MODELS
2.1. DPD Method. Dissipative particle dynamics, which

was first proposed by Hoogerbrugge and Koelman,49 is a
coarse-grained simulation technique for modeling complex
fluid systems at long times and large scales. Each bead in the
coarse-grained models embodies a group of atoms. In DPD
simulations, the beads are connected using a spring model
where each bead represents a set of molecules or atoms and all
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the beads in the system interact through three forces.43,44

These three forces are the conservative force, the dissipative
force, and the random force, which act between two particles i
and j at a distance of rij.

50−53
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where Fi is the force exerted on this bead, and this force is the
sum of the conservative, random, and dissipative forces. Fij

C in
the formula is the conservative force, Fij

D is the dissipative force,
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R is the random force. Where Fij
C is the conservative force

between the ith bead and the jth bead, and the conservative
force is usually written as54
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where rij is the distance between the ith bead and the jth bead.
rij is the unit vector that represents the direction from bead i to
bead j. rc is the cutoff radius, which indicates the range of
interaction between the beads. The other two forces in eq 3 are
the random force Fij

R and the dissipative force Fij
D. It is

expressed as follows54,55
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σ in the formula is the noise amplitude and ωD and ωR

represent the weight functions of dissipative force and random
force, respectively. As shown in eq 5, to sample the distribution
of the regular system synthesis, the fluctuation−dissipation
theorem must be obeyed. rij is the distance between two beads,
θij denotes a random number with zero mean and zero unit
variance, and η is the dissipative force amplitude.56 As shown
in eq 6 above, the combined action of the random force and
dissipative force is equivalent to a thermostat that maintains
momentum and can guarantee correct hydrodynamics on a
sufficiently long time and space scale.44,57

The conservative force is a soft repulsive force that can be
calculated by the Flory−Huggins binary interaction parame-
ter.48,58

= +a a 3.5ij ii ij (7)

=
v
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( )ij
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i j
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In eq 7, aij is the parameter of repulsive force between different
types of beads and aii is the parameter of repulsive force
between the same type of beads. In this study, we used aii = 25
and it was shown that the simulation gives more accurate
values of oil−water interfacial tension when aii = 25.45,59 In eq
8, vij is the average molar volume of the substance, R is the gas
constant, T is the absolute temperature, and δi and δj are the
solubility parameters of system i and system j.

2.2. Coarse Graining Model. The box size was selected to
be 100 Å × 100 Å × 200 Å, and the system consisted of two

regions: one part was the aqueous phase region and the other
part was the oil phase region. Toluene has been used as an oil
model and the reason for its feasibility is that the solubility
parameters of toluene are similar to those of oil.16,31,45,48 At the
same time, a given concentration of asphaltene is put into the
oil phase zone. The total number of beads in the DPD system
can be obtained from eq 9.48

=N
V
rb

Box

c
3 (9)

In eq 11, N is the total number of beads in the system, VBox
denotes the total volume of the simulated system box, ρ is the
density of the beads in the simulated system, and rc is the
radius of the beads.
The concentration of asphaltene in the simulated system can

be calculated from the following eqs 10 and 11.48
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Where CR is the reduced concentration, ncoarse‑grained molecule is
the amount of coarse-grained asphaltene in the system, and
VR‑Box is the reduced volume of the simulated box. Cphysical is
physical molar concentrations. b are DPD concentration units,
which is equal to 6.1 mol/L for Nm = 3. VBox

physical is the physical
volume in the simulation and rc is the cutoff radius.
The interfacial tension at the toluene−water interface is

determined at the end of the simulation and the interfacial
tension is calculated from eq 12 as follows.48,60,61
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Where Pxx, Pyy, and Pzz are the diagonal components of the
stress tensor of the equilibrium system. Lz is the length of the
z-frame edge. A factor of K T r/B c

2 is used in the simulation
system to convert DPD units to real units. The factor 1/2 in eq
14 is due to the fact that the simulated system forms two
interfaces.
The coarse-grained model configurations of asphaltene,

water, and oil molecules in the simulation are shown in Figure
1.
The molecular structure of asphaltenes has been shown in

many studies to be composed of aromatic rings, alkyl side
chains, and heteroatoms.13,14,40 The asphaltene structure used
in this paper is based on the Yen-mullins model of asphaltenes
presented by Ruiz-Morales et al.13,14,31,48 Based on the Yen-
mullins model of asphaltenes, the asphaltene model was
modified by altering the type and number of heteroatoms in
the basic structure of the asphaltene molecule, the number of
central polycyclic aromatic rings, and the length of the alkyl
side chains.34,35 The basic asphaltene structure consists of
three types of beads,12,31 namely, B-bead, H-bead, and M/T-
beads. The B bead represents the aromatic ring portion, the H
bead represents the alkyl side-chain portion, the M bead
represents the oxygen-containing elemental heteroatom in the
asphaltene, and the T bead represents the non-oxygen-
containing elemental heteroatom in the asphaltene.32,55,62

The asphaltene molecules constructed in the simulations are
shown in Figures 2, 3, 4 and 5.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05486
ACS Omega 2023, 8, 33083−33097

33085

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.3. DPD Parameters and Simulation Details. The
DPD method is a coarse-grained simulation method in which
the random force coefficient σ = 3, and the dissipative force
coefficient η = 4.5 are controlled in the simulation, allowing the
simulation to run at a temperature of KBT = 1. The simulation
applies periodic boundary conditions.48,57,63−67 The degree of
coarse graining used in here is Nm = 3. The volume of the
beads is 90 Å3, the radius of the beads is 6.46 Å, and the mass
of the beads is 54 amu.59,64,68 The equilibrium bond length r0
= 3 Å and a spring constant of 300 kcal (mol·Å2)−1 are
assigned for all the beads of aromatic rings.31,32 The time scale
τ is calculated by eq 13,31,33,48 and the simulation scale τ =
3.0158 ps is calculated. The time step is set to 0.005τ, the
number of kinetic simulation steps is 700,000, then an
equilibrium simulation of 350,000 steps is performed, and
the simulation is performed for a total of 15.08 ns. The time
steps and simulation durations applied here are derived from
the studies of Ruiz-Morales and Mullins.31

= r m k T/c B (13)

The bead-to-bead interaction parameters are calculated with
the method proposed by Groot and Warren.69−71 The
experimental Hansen solubility parameters and molar volumes
are shown in Table 1,31,68 and the conserved force parameters
between the beads are shown in Table 2.

3. RESULTS AND DISCUSSION
3.1. Simulation Validation. Rezaei and Modarres et al.45

experimentally calculated an interfacial tension of 36.11 mN/m
for the toluene−water system. While Ruiz-Morales and

Alvarez-Ramiŕez48 obtained an IFT value of 45 mN/m for
the toluene−water interface by DPD simulations, the
calculated IFT here is not precisely compared with the
reported experimental data, but the calculated IFT and the
experimental data have the same order of magnitude. This is
related to the number of water molecules in the beads, the
volume of the beads, the cutoff distance, and the repulsion
parameter (aij) between the beads. The IFT value calculated
after the DPD simulation in this study is 44.268 mN/m, which
is close to that calculated by Ruiz-Morales and Alvarez-
Ramiŕez.48

The interlayer distance can be calculated by the radial
distribution function, and the first peak of the radial
distribution function is conventionally taken as the interlayer
distance value,33,62,72 which is the distance between the first
shell layers of asphaltene aggregation. The radial distribution
function is calculated as follows32,62

=
{ + }

·
g r

N r r r V

r rNN
( )

( )

4ij
ij

i j
2

(14)

where {ΔNij(r → r + Δr)} represents the ensemble averaged
number of j around i within a shell from r to r + Δr, V is the
system volume, and NiNj are numbers of i and j, respectively.
The experimental value of the distance between the

asphaltene molecular planes was in the range of 3−4 Å,72

and the simulated value of the interlayer distance between
asphaltenes after diffusion in the toluene solvent was calculated
to be 3.05 Å, which is consistent with the experimental value.
In Figure 6, the simulated calculated interlayer distances are
within the experimental values, further demonstrating the
accuracy of the DPD method to study the simulated system.

Figure 1. (a) Asphaltene coarse-grained model, (b) water coarse-
grained model, and (c) toluene coarse-grained model (reproduced
with permission from Ref Yosadara Ruiz-Morales, and Oliver C.
Mullins. Copyright 2015. American Chemical Society).

Figure 2. Model asphaltenes with different numbers of heteroatoms (2, 3, and 4 for the number of heteroatoms).

Figure 3. Different heteroatom type model asphaltenes (heteroatom
types are oxygen-containing heteroatom M and non-oxygen-
containing heteroatom T).
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The system is composed of asphaltene molecules solvated in
oil and water. At the beginning of the simulation, the
asphaltenes are randomly distributed in the oil phase. As the
kinetic simulation proceeds, the asphaltene continuously
moves toward the oil−water interface. The simulation
proceeds to the 10 ns moment and the asphaltene is almost

completely adsorbed at the oil−water interface, as seen in the
simulation snapshot in Figure 7. At the oil−water interface, the
hydrophilic heteroatoms in the asphaltene enter the aqueous
phase, while the hydrophobic alkyl side chains extend into the
oil phase, as can be seen in Figure 8. The rigid structures of
asphaltene polycyclic aromatic hydrocarbons (PAHs) show
either horizontal adsorption at the oil−water interface or
vertical or at an angle to the oil−water interface. This is in
accordance with the study of Ruiz-Morales and Mullins.31,48

3.2. Effect of Asphaltene Structure. To investigate the
effects of asphaltene structure on oil−water interfacial tension,
we chose two typical asphaltene concentrations, 75 and 100
mM, for detailed analysis and discussion. The simulations

Figure 4. Model asphaltenes with different numbers of aromatic rings (10, 13, and 16 for the number of aromatic rings).

Figure 5. Model asphaltene molecules with different alkyl side-chain lengths (coarse granulation lengths of alkyl side chains are 3, 5, and 7, named
T, F, and S, respectively).

Table 1. Experimental Hansen Solubility Parameters and
Molar Volume

system

Hansen solubility parameter

(J/cm )3 1/2
molar volume (cm3/mol)

oil 18.2
toluene (T1, T2) 18.2 106.8
water (W) 47.9 18.0
benzene (B) 18.6 89.13
hexane (H) 14.9 131.6
methanol (M) 29.6 40.7
thiourea (T) 33.01 72.8

Table 2. Interaction Parameters between the Beads in the
Simulated System

B H T1 T2 W M T

B 25
H 27 25
T1 25 27 25
T2 25 27 25 25
W 90 140 103 103 25
M 36 51 39 39 39 25
T 49 72 53 53 39 25

Figure 6. Radial distribution function of asphaltene in toluene at
different concentrations.
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demonstrated that these two concentrations effectively
illustrate the behavior of asphaltene molecules in the system.
3.2.1. Effect of the Number of Asphaltene Heteroatoms.

In order to explore the effect of different oxygen-containing
heteroatoms on the properties of the oil−water interface, we
set the number of heteroatoms in the modeled asphaltene to 2,
3, and 4. In other words, we are exploring how different
numbers of heteroatoms affect the properties of the interface
between oil and water. An increase in the number of
heteroatoms implies an increase in the number of hydrophilic
head groups. The increase in hydrophilic groups leads to an
increase in asphaltene polarity, and asphaltene molecules are
able to adsorb more firmly to the oil−water interface. As the
number of heteroatoms in asphaltene molecules continues to
increase, asphaltenes will play a greater role in reducing oil−
water interfacial tension.
As can be seen from the simulation snapshot shown in

Figure 9, asphaltenes possessing a higher number of
heteroatoms are able to adsorb more at the oil−water interface
at the same asphaltene concentration. The system has the same
number of asphaltene molecules at the same concentration,
and the system equilibrium contains four heteroatom
asphaltene system has few free-form asphaltene molecules in

Figure 7. Movement of asphaltene in the system at different moments.

Figure 8. Detail of asphaltene adsorption at the oil−water interface.

Figure 9. Equilibrium snapshots of asphaltene systems with different heteroatomic numbers at a concentration of 75 mM.
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the oil phase, almost all of which are adsorbed at the oil−water
interface. While asphaltene molecular systems containing two
heteroatoms have more free-form asphaltene molecules in the
oil phase, asphaltene systems containing three heteroatoms are
in between. As shown in Figure 10b, the interfacial density of
asphaltene molecules shows that for the same asphaltene
concentration, the interfacial density is higher for asphaltenes
with more heteroatoms in the system. As shown in Figure 10a,
where the decreasing trend of interfacial tension is observed, as
the number of heteroatoms in the asphaltene molecule
increases, asphaltenes with more heteroatoms reduce the

oil−water interfacial tension more than asphaltenes with fewer
heteroatoms. This indicates that when the number of
hydrophilic heteroatoms in asphaltene increases, asphaltene
indicates that the active effect is enhanced, improving the
ability of asphaltene to stabilize the oil−water interface.
3.2.2. Effect of Heteroatom Types. Asphaltenes containing

different heteroatom types were arranged in the system, in
which the heteroatom containing oxygen was named the M
heteroatom and the heteroatom without oxygen was named T
heteroatom. The effect of different types of heteroatoms on the
interfacial properties was investigated by simulation. The

Figure 10. (a) Variation of asphaltene interfacial tension with the concentration of asphaltene system for different numbers of heteroatoms. (b)
Variation of asphaltene interfacial density with the concentration of asphaltene system for different numbers of heteroatoms.

Figure 11. Equilibrium snapshot of asphaltene system behavior with the concentration in M heteroatomic asphaltene systems.

Figure 12. Equilibrium snapshot of asphaltene system behavior with a concentration in T heteroatomic asphaltene systems.
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comparison shows that the role of T heteroatom asphaltenes
and M heteroatom asphaltenes at the oil−water interface is
different. The analysis of interfacial tension shows that T
heteroatomic asphaltenes have higher interfacial activity and
are more capable than M heteroatomic asphaltenes in reducing
oil−water interfacial tension and stabilizing the interface
(Figure 11).
In addition, we found that asphaltenes with T heteroatoms

are more likely to form nanoaggregates. The free T-heteroatom
asphaltenes in the oil phase form aggregates as can be seen in
the simulation snapshot, as shown in Figure 12. It is related to
the solubility of T-type heteroatomic asphaltenes in the oil
phase of toluene. The T-type heteroatomic bitumen is more
resistant to dissolution in toluene, which is why they can easily
form aggregates in toluene. In contrast, M heteroatomic
asphaltenes are more soluble in toluene than T heteroatomic
asphaltenes; therefore, M heteroatomic asphaltenes are less
likely to form aggregates in toluene. Mikami et al.29 also found
through their study that some asphaltenes form nano-
aggregates. Rahmati34 investigated the properties of asphaltene
heteroatoms and alkyl side chains on their aggregation in
aromatic solvents, and the results showed that asphaltene
aggregation depends to a large extent on the type of
heteroatoms in the asphaltene structure, and the conclusions
obtained in this study are consistent with those obtained by
previous authors.
In Figure 13, the slope of the MSD for two different types of

heteroatomic asphaltene molecules in the oil−water system

represents the diffusion rate of the two asphaltene molecules.
The diffusion coefficients D, calculated from the slopes of the
mean square displacements (MSD) in the long time limit using
the following equation62

= [|| | ]
=

D
N t

r t r t1
2

lim
d
d

( ) ( )
t i

N

i i
d 1

2

(15)

where Nd is the dimensionality (Nd = 3 for the simulations)
and ri(t) and [|ri(t) − ri(0)|2] are the position and squared
displacement of given molecules at time t, respectively. Cheng
and Yuan73 found that asphaltenes are very important for the
formation of emulsified oil droplets. Asphaltene polar groups
can promote the diffusion of surfactants in oil droplets, while
acidic asphaltene and surfactants will adsorb on the oil−water
surface and form a water bridge structure with hydrogen bonds
with water molecules, which makes the emulsion more stable.
Wang et al.25 concluded that when surface-active substances
are present, it is generally assumed that the surface-active
substances spontaneously diffuse and adsorb on the interfacial
layer. This rate is greater than its self-diffusion rate in toluene
solvent. Skartlien et al.74 showed that the polar groups in
asphaltene molecules enhance their adsorption capacity to the
oil−water interface, and that their diffusion rate to the oil−
water interface is enhanced by the pull of the polar groups. The
rate of movement of asphaltenes in the oil−water system
increases because the presence of hydrophilic heteroatoms of
asphaltenes has an effect on their movement in the oil and
water phases. It can be seen that the diffusion rate of T
heteroatomic asphaltenes in the system is greater than that of
M heteroatomic asphaltenes. This may be related to the fact
that T heteroatomic asphaltene molecules are less soluble in
the oil phase, and T heteroatomic asphaltenes repel more from
the oil phase and move toward the oil−water interface at a
faster rate in the presence of hydrophilic head groups. As a
result, its diffusion rate in the system increases considerably
and the slope of the MSD of the T heteroatom asphaltene
increases.
As shown in Figure 14a, the variation law of interfacial

tension with the concentration of asphaltene of the system was
calculated for M heteroatom and T heteroatom asphaltenes,
respectively. In Figure 14a, it can be seen that when the
asphaltene concentration of the system is less than 80 mM, the
effect of the two asphaltenes in reducing the interfacial tension
is not much different, and the T heteroatomic asphaltene is

Figure 13. MSD of different kinds of heteroatomic asphaltenes in the
system.

Figure 14. (a) Variation of interfacial tension of different types of heteroatomic asphaltenes with system concentration and (b) variation of
interfacial density of different types of heteroatomic asphaltenes with system concentrations.
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slightly better than the M heteroatomic asphaltene. At this
point, the two heteroatomic asphaltene interfacial densities are
almost the same, as shown in Figure 14b, which also proves
that the T heteroatomic asphaltene interfacial activity is higher.
When continuing to increase the asphaltene concentration of
the system, T heteroatomic asphaltenes reduce the interfacial
tension better than M heteroatomic asphaltenes. On the one
hand, T heteroatomic asphaltenes have higher interfacial
density than M heteroatomic asphaltenes, as shown in Figure
14b. On the other hand, this may have some relation with the
formation of aggregates by T heteroatoms. As shown in Figure
15, the aggregates formed by T heteroatomic asphaltenes move

to the oil−water interface film and cross-link with the oil−
water interface asphaltene film layer, which may further reduce

the oil−water interface tension. This document has discussed
only the differences between heteroatomic groups of oxygen-
containing elements and non-oxygen-containing heteroatomic
groups of asphaltene molecules. Further research is needed to
discuss the types and locations of heteroatomic groups in
asphaltenes.
3.2.3. Effect of the Number of Asphaltene Aromatic Rings.

The number of aromatic rings of the model asphaltene was
varied to study the effect of the number of aromatic rings on
the properties of asphaltene at the oil−water interface. The
model asphaltenes with aromatic ring numbers of 10, 13, and
16 were set up, respectively. Variation of the number of
asphaltene aromatic rings affects the interfacial activity of the
asphaltene and the interactions between asphaltene molecules.
A higher number of aromatic rings can improve the coverage of
asphaltene molecules at the oil−water interface and can better
reduce the interfacial tension. Asphaltenes with more aromatic
rings have stronger interactions with each other.
As shown in Figure 16, observation of a snapshot of an oil-

asphalt-water simulation system with an asphaltene concen-
tration of 75 mM shows that the number of free asphaltene
molecules in the oil phase becomes increasing, while the
amount of asphaltene adsorbed at the oil−water interface
decreases as the number of aromatic rings increases. As the
number of aromatic rings in asphaltene molecules increases,
individual asphaltene molecules occupy a larger area, so that
fewer amounts of asphaltene molecules are needed to cover the
entire oil−water interface. The excessive number of asphaltene
molecules leads to overcrowding at the oil−water interface;
then, the amount of free asphaltene in the oil phase will
increase. This situation is more clearly observed in the
simulated snapshot of an asphaltene system concentration of
100 mM shown in Figure 17.
As shown in Figure 18, the oil−water interfacial tension

decreases with the increase in the number of aromatic rings of
asphaltenes, which indicates that asphaltenes with a higher
number of aromatic rings are more effective in reducing
interfacial tension. As shown in Figure 19, the asphaltene−
asphaltene RDF peak rose as the number of aromatic rings in
asphaltenes increased, which proves that asphaltenes with a

Figure 15. Simulated snapshot details of T heteroatom asphaltene
system at a concentration of 150 mM.

Figure 16. Equilibrium snapshots of asphaltene systems with different numbers of aromatic rings at a concentration of 75 mM (a) 10 aromatic
rings, (b) 13 aromatic rings, and (c) 16 aromatic rings.
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high number of aromatic rings have a stronger aggregation
ability and stronger interactions between asphaltene molecules.
It also indicates that the interfacial film formed by asphaltene
molecules with a high number of aromatic rings is more stable.
Sedghi et al.37 also demonstrated in their simulations that the
strength of the interaction between asphaltene PAHs is the

driving force for the association, and the strength of driving
force depends on the number of aromatic rings.
As shown in Figure 20b, the asphaltene interfacial density

gradually decreases with the increase of the number of
aromatic rings. Because the number of aromatic rings becomes
larger, the asphaltenes adsorbed at the oil−water interface
occupy a larger interfacial area and squeeze the excess
asphaltenes into the oil phase. When the asphaltene
concentration of the system is less than 75 mM, the oil−
water interface is not yet saturated with adsorption and at this
time, the three structures of asphaltene density is approx-
imately the same. At this time, the interfacial tension of all
three structural asphaltenes decreased with increasing concen-
tration, and the asphaltenes with an aromatic ring number of
16 were more capable of reducing the interfacial tension,
followed by those with an aromatic ring number of 13, and
those with an aromatic ring number of 10 were the least
capable of reducing the interfacial tension, as shown in Figure
20a. When the number of asphaltene molecules adsorbed at
the interface is the same, the asphaltene with more aromatic
rings covers a larger area and has a stronger association
between asphaltene molecules, which can reduce the interfacial
tension more efficiently.
When the asphaltene concentration of the system is in the

range of 75 and 100 mM, the interfacial stability may be jointly
determined by the number of asphaltene interfacial adsorption,
the asphaltene interfacial coverage area and the strength of the
interaction between asphaltene molecules, when the effect of
the three asphaltene molecules in reducing the interfacial
tension is basically the same. When the asphaltene
concentration of the system is greater than 100 mM,
asphaltenes with a higher number of aromatic rings are
effective in reducing interfacial tension. Although asphaltenes
with a higher number of aromatic rings have a less amount of
interfacial adsorption, the higher number of aromatic rings of
asphaltene molecules leads to a larger molecular coverage area,
while the associative effect between asphaltene molecules with
a higher number of aromatic rings is stronger.
The results demonstrated that the magnitude of the oil−

water interfacial tension of asphaltenes with different aromatic
ring numbers is influenced by three main factors. The first

Figure 17. Equilibrium snapshots of asphaltene systems with different numbers of aromatic rings at a concentration of 100 mM (a) 10 aromatic
rings, (b) 13 aromatic rings, and (c) 16 aromatic rings.

Figure 18. Variation of interfacial tension with the asphaltene
aromatic ring number.

Figure 19. Asphaltene−asphaltene radial distribution function for
different aromatic ring numbers.
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Figure 20. (a) Variation of interfacial tension of asphaltenes with different numbers of aromatic ring nuclei with the concentration of asphaltenes in
the system and (b) variation of interfacial density of asphaltenes with different numbers of aromatic ring nuclei with the concentration of
asphaltenes in the system.

Figure 21. Effect of asphaltene alkyl side-chain length on the interface at a concentration of 75 mM (a) T-alkyl side chains, (b) F-alkyl side chains,
and (c) S-alkyl side chains.

Figure 22. Effect of asphaltene alkyl side-chain length on the interface at a concentration of 100 mM (a) T-alkyl side chains, (b) F-alkyl side chains,
and (c) S-alkyl side chains.
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factor is the amount of asphaltene adsorbed at the oil−water
interface. As the amount of asphaltene adsorbed at the
interface increases, the oil−water interfacial tension decreases,
which is a factor affecting the magnitude of interfacial tension.
Second, the number of aromatic rings of asphaltene molecules
increases the interfacial area occupied by them, and their effect
of reducing interfacial tension is improved. The third factor is
that asphaltene molecules with a high number of aromatic
rings have a stronger association with each other and form a
more stable interfacial film.
3.2.4. Effect of Asphaltene Alkyl Side-Chain Length. The

lengths of asphaltene alkyl side chains were changed to set the
alkyl side-chain coarse granulation lengths of 3, 5, and 7 bead
lengths, and the side chains with coarse granulation degrees of
3, 5, and 7 were named T, F, and S alkyl side chains,
respectively. The length of asphaltene alkyl side chains has
been found to have an effect on asphaltene adsorption at the
oil−water interface through simulation studies. Because
different alkyl side chains have various solubilities for the oil
phase, asphaltenes with different alkyl side-chain lengths will
interact varyingly with the oil and water phases of the system,
while various interactions will occur between asphaltene
molecules. The longer alkyl side-chains of asphaltenes can
extend more firmly into the oil phase, and the long chains
make the structure of the formed interfacial film more
complex. However, the complex interfacial film structure
formed prevents further adsorption of asphaltenes from the oil
phase to the oil−water interface. Rahmati et al. found through
molecular dynamics studies that increasing the length of alkyl
side chains on the asphaltene structure prevents the aromatic
rings in the asphaltene from moving toward each other. As
shown in Figures 21 and 22, as the length of asphaltene alkyl
side chains continues to increase, the amount of free
asphaltene blocked outside the dense interfacial film increases
with the length of alkyl side chains. The formation of denser
interfacial films by long alkyl side chains as well as the spatial
site resistance effect of long chains further hinder the
adsorption of asphaltenes at the oil−water interface. Jian et
al.36 investigated the effect of side-chain length on the
aggregation of model asphaltenes by molecular dynamics and
found that longer alkyl side chains hinder the stacking of
parallel structures of asphaltene aromatic nuclei. The results
obtained in this study are consistent with others regarding the
phenomenon that long alkyl side chains hinder asphaltene
adsorption to the oil−water interface.
As shown in Figure 23, observing the asphaltene relative

concentration distribution for a system concentration of 100
mM shows that the width of the peak of the asphaltene relative
concentration distribution increases with the increase of the
length of the asphaltene alkyl side chain, which indicates that
the interfacial film thickness is increasing. The peaks in the
asphaltene relative concentration distribution plot decrease
sequentially with increasing length of the alkyl side chains. The
explanation is that while the longer alkyl side chains of the
asphaltene molecules make the interfacial film more intensive,
the spatial barrier effect of the longer chains prevents the
asphaltene molecules from continuing to adsorb to the oil−
water interface and the quantity of free-form asphaltene
molecules in the oil phase is increased. As shown in Figure 24,
the RDF peak between asphaltene molecules increases with the
increase of alkyl side chains, which proves that short alkyl side-
chain asphaltene molecules have a greater attraction between
each other and their molecular interactions are stronger.

The thickness of the interfacial film between the oil−water
interface was observed to improve as the length of the alkyl
side chains of the asphaltene molecules increased and the
interaction forces between the longer alkyl side-chain
asphaltene molecules decreased. At the same time, the
asphaltene molecules adsorbed at the oil−water interface
decreased as the alkyl side-chain length increased. The
simulation research found that F alkyl side-chain asphaltene
molecules decreased the interfacial tension better than T and S
alkyl side-chain asphaltene molecules, and the change of
asphaltene alkyl side-chain length was non-monotonic with the
interfacial tension reduction effect, as shown in Figure 25.
Observation of the variation in interfacial tension in Figure

25 revealed that all three alkyl side-chain lengths of asphaltenes
were effective in reducing interfacial tension as the
concentration of asphaltenes in the system continued to
increase. For T-alkyl side-chain asphaltene molecules, the
interfacial tension no longer decreases after continuing to
increase the asphaltene concentration when the concentration
reaches 100 mM. For the F and S alkyl side-chain asphaltene
molecules, the interfacial tension also decreases when the
asphaltene concentration continues to increase and when the
system concentration reaches 125 mM, the interfacial tension
almost ceases to change. Although the interfacial film formed
by longer alkyl side-chain asphaltenes is thicker, F alkyl side-
chain asphaltenes reduce the interfacial tension better than S
alkyl side-chain asphaltenes because more F alkyl side-chain
asphaltenes are adsorbed at the oil−water interface than S alkyl

Figure 23. Relative concentration distribution in asphaltene systems
with different alkyl side-chain lengths at a concentration of 100 mM.

Figure 24. Asphaltene−asphaltene radial distribution function for
different alkyl side-chain lengths.
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side-chain asphaltenes, and the interaction force between F
alkyl side-chain asphaltenes molecules is stronger. Such
medium-length asphaltene molecules combine the advantages
of both, resulting in the best reduction of interfacial tension.
The magnitude of interfacial tension depends on the number
of interfacial asphaltene molecules, the thickness of the
asphaltene interfacial film, and the interactions between
asphaltene molecules. These factors determine the strength
of the oil-water interfacial film, which is the reason why the
interfacial tension variation is not monotonic with the alkyl
side-chain length variation.

4. CONCLUSIONS
The conclusions can be drawn from simulation studies of
dissipative particle dynamics. Asphaltene will diffuse to the
oil−water interface due to its own surface activity and form an
interfacial film at the oil−water interface, which can effectively
reduce the interfacial tension and enhance the stability of the
oil−water interface. As the asphaltene concentration in the
system increases, the asphaltene will continue to adsorb to the
oil−water interface, while the thickness of the interfacial film
increases. As the interfacial film increases to a certain point,
asphaltenes continue to be added, asphaltenes are not
continually adsorbed to the interfacial film, the thickness of
the interfacial film no longer increases, and the interfacial
tension is not further reduced.
Research shows that increasing the number of heteroatoms

in asphaltenes can effectively increase the interfacial activity of
asphaltenes. When asphaltene molecules have more hydro-
philic heteroatoms, the asphaltene has a greater interfacial
adsorption capacity, while the asphaltene molecules can reduce
interfacial tension more effectively. The type of heteroatom in
the asphaltene also affects the behavior of the asphaltene. It
was found that asphaltenes with non-oxygenated heteroatoms
can reduce interfacial tension more effectively, while
asphaltenes with non-oxygenated heteroatoms are more likely
to form aggregates in the oil phase compared to asphaltenes
with oxygen-containing heteroatoms.
Asphaltenes with a higher number of aromatic rings have a

larger adsorption area at the oil−water interface and stronger
intermolecular interactions between asphaltenes. Asphaltene
molecules are capable of reducing interfacial tension more
effectively as the number of aromatic rings in the asphaltene
molecule is increased, and their capacity to reduce interfacial

tension is enhanced as the number of aromatic rings in the
asphaltene increases.
While increasing the length of the alkyl side chains can

effectively improve the thickness of the interfacial film formed
by asphaltenes, the longer alkyl side chains can impede the
adsorption of asphaltene molecules at the oil−water interface.
Research has revealed stronger interactions between short alkyl
side-chain asphaltene molecules. The variations of oil−water
interfacial tension are not monotonic with the composition of
the alkyl side-chain length. Asphaltene molecules of medium
length have the strongest ability to reduce interfacial tension,
and long alkyl side-chain asphaltenes are more capable of
reducing oil−water interfacial tension compared to short alkyl
side-chain asphaltenes.
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