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The study of various structures, physicochemical structures and dynamic characteristics of oil-water
interface asphaltenes is an important basis for the large-scale development and efficient clean utiliza-
tion of oil sands. The molecular dynamics simulations method provides a possibility for revealing the
physicochemical structure and dynamic characteristics of oil sands. The emphasis of this paper is to
study the physic-chemical structure of tar sands asphaltenes and the changes of their kinetic properties
by using molecular dynamics simulations. Molecular dynamics was used to simulate the physicochemical
and dynamic characteristics of asphaltenes in water treatment of the oil sands. In this research, the
structural and dynamic properties of asphaltenes, such as density distribution, correlation (radial dis-
tribution function), root-mean-square deviation (RMSD), and mean azimuth shift (MSD), diffusion co-
efficient, the radius of gyration, volume viscosity and free energy in water treatment were systematically
discussed. The simulation results of asphaltene at the oil-water interface revealed that, in the oil-water
interface, oil and water will affect the solubility of asphaltene. The asphaltene molecules have different
mobility and the ability to break molecular association, indicating that the structure and dynamic
properties of asphaltene in the oil-water interface and the water-water interface are different.

Crown Copyright © 2019 Published by Elsevier Inc. All rights reserved.
1. Introduction

The influence of asphaltenes on the production, transportation,
refining and utilization of petroleum [1] makes it more urgent to
study the various structures, physicochemical structures and dy-
namic characteristics of oil-water interface asphaltenes. In the
process of organic matter producing oil and water and trans-
portation, water and oil are produced together, and thus exposed to
enoughmixed energy to form the dispersion of water droplets in oil
[2]. On the contrary, at the water-oil interface, water droplets
disperse in water. In addition, petroleum production and trans-
portation processes contain many interfacial active components,
namely, asphaltenes, resins and naphthenic acids [3e5]. These
components may accumulate at the oil-water interface, preventing
the droplets from reforming into a single phase. Among these
components, asphaltenes are considered as the main material for
e, Fuling District, Chongqing,
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emulsion stability, because asphaltenes are easy to adsorb in the
water interface of crude oil or other water solvents, thus forming a
rigid film around water droplets [6], thus protecting the interface
membrane from cracking when water droplets collide [7e10]. At
present in view of the oil-water interface of various structure,
physical and chemical structure and dynamics of the asphaltenes
features a lot of methods are used in research work, such as Yahya
H.K hraisha [11] the pyrolysis of pitch extractionwas studied for the
Jordan oil sands, under nitrogen atmosphere to TG thermal analysis
after extraction of the asphalt, and the total package first order
reaction model to solve the kinetic parameters; Young Cheol Park
[12] conducted TG pyrolysis analysis on Alberta's oil sands,
extracted the asphalt andmade various measurements accordingly,
and finally calculated the kinetic parameters with the first-order
reaction model of the total package. Pulikesi Muruganet al. [13]
studied the exothermic peak of low-temperature oxidation resi-
dues in high-temperature oxidation zone under non-isothermal
oxidation environment. After 425 �C isothermal pyrolysis, low
temperature oxidation residue will produce more coke. Abdul
Majidet al. [14] studied the characterization of two biomass py-
rolysis oil samples by NMR spectroscopy using 1H and 13C NMR.
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Semi-quantitative methods were used to evaluate the functional
groups concerned in order to obtain the chemical structure infor-
mation of the cracking oil. At present, there are few reports on the
study of various structures, physical and chemical structures and
dynamic characteristics of asphaltenes in oil-water interface by
molecular dynamics simulation.

Finally, asphaltenes may be deposited in or near wellbore res-
ervoirs, affecting oil recovery or separators and streamlines. The
intervention cost of asphaltenes for offshore oil fields is about
$500,000, the intervention cost for deep-water oil Wells is more
than $500,000, the intervention cost for deep-water oil Wells is
more than $1 million, and the intervention cost for deep-water oil
Wells is more than $1 million. Some studies related to asphaltene
aggregation have been carried out using experimental tools or
mathematical model tools, which will greatly save costs [15e21].
Detailedmolecular dynamics studies are needed to, understand the
aggregation behavior of asphaltenes. Therefore, it is of great sig-
nificance to understand the phase behavior of asphaltenes in oil
production and refining, because asphaltenes have the potential to
separate and aggregate with changes in crude oil temperature,
pressure and composition [22,23]. The sedimentary mechanism
and molecular structure are not completely clear. Care must be
taken to understand the molecular underpinnings of asphaltene
dynamics and their aggregation. Therefore, it is necessary to
develop dynamic evaluation methods that can accurately simulate
and predict the phase behavior of asphaltenes at the molecular
scale.

2. Model and simulation methods

In order to study the asphaltene molecules within the scope of
the phase behavior, we use the classic molecular dynamics (MD)
simulation, MD simulation can depth study of oil-water interface
structure parameters, the carbon in the bituminous asphalt
chemical structure to find the change rule, reveal the influence
mechanism of oil sands production, thus deepening understanding
and awareness of the oil sands production process. This simulation
mainly USES GROMACS 4.5.3 package [24,25] and GROMOS96 force
field 24. The water molecules, dodecane molecules and asphalt
molecules simulated in detail by MD are shown in Fig. 1 below.
Among them, the complex structure and composition characteris-
tics of the asphaltene molecular data were derived from the
research results of Devon [26], and then the HYPERCHEM molec-
ular modeling software [27] was used to create the 3D structure
and optimize the geometry. Then the coordinates were exported
and submitted to PRODRG to generate the topology file required by
GROMACS molecular dynamic simulation [28]. The detailed
Fig. 1. Molecules of the water,
molecular visualization of the system components is shown in
Fig. 2 below. The red and gray atoms on either side or surrounded
are water molecules, and the green molecules in the middle are
dodecane molecules. There are two different initial interface
models. The first one is composed of a 4.0 nm� 10.0� 8.0 nm (x, y,
and z) intermediate tank and two 2.0 nm� 8.0� 8.0 nm water
tanks on both sides (Fig. 2 (a)) and constructed using the molecular
packaging program PACKMOL [29]. The initial simulation system
was then placed in a large 12.0 nm� 12.0 nm simulation box. The
water/oil interface simulation model is shown in Fig. 2 (b) below,
which was built by genbox in GROMACS [24]. First, the molecular
packaging program PACKMOL [29] creates an ordered array of 25
single types of bitumen molecules in a regular cube with an edge
size of 8 nm. And then the box is filled with dodecane. Then the box
expands in the x direction and is 12 nm long. The entire box is then
randomly filled with water (Fig. 2(c), (d) and (e)). The oil phase
consists of a series of n-alkanes called dodecane. We note that in all
simulations, the number of dodecane and water molecules stabi-
lized at 319 and 51815, respectively. Water and dodecanewere used
as the solvent for the simulation.

In MD simulation, in order to remove the initial strain in the
system, the steepest descent method is used to minimize the en-
ergy of the initial configuration. Then, Langevin dynamics was used
to balance the Maxwellian distribution at 300k in the NVT system
with an initial velocity of 100ps, and MD simulation was started. In
this simulation, periodic boundary conditions are applied on all
three spatial dimensions, with the pressure and temperature of
each system remaining constant. The oil phase of dodecane was
described by the unified atomic model [34], and the aqueous phase
was described by the SPC model. Explicit water/oil systems include
water/dodecane, water/asphaltenes, and oil/asphaltenes. After the
NVT setting as described above, the equilibrium operation of 100ps
was carried out under the constant pressure of 1 atm (NPT) at 300k
(coupling constant 0.01 ps), and then the MD operation of 5ns was
carried out under the condition of 300k, which is the best efficient
experiment condition [30]. In order to obtain good statistical data,
we used LINCS algorithm to constrain the length of all c-h bonds
and used a time step of 0.002 [31]. The temperature was controlled
by hoover thermostat, and the relaxation time was 0.1ps [32e35].
In the specific MD simulation, the energy of themolecular system is
described by simple potential energy functions, including bond
stretching; bond Angle bending, tension, Lennard-Jones and elec-
trostatic interactions. Only van der Waals interaction is used for
bond stretching and bond Angle bending. In the GPL program, Vi-
sual Molecular Dynamics (VMD) is also used to visualize the tra-
jectory and static images of the system. VMD is a molecular
visualization program for the analysis of three-dimensional large
dodecane and asphaltenes.



Fig. 2. The simulation model of the water/oil interface.
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molecular systems developed by the University of Illinois at
urbana-champaign [36]. It's designed to look at biological mole-
cules, but it applies to all types of molecules; VMD is compatible
with GROMACS format and can read configuration files and track
files. In this visualization package, there are many ways to display
molecules.

3. Results and discussion

Molecular dynamics simulation technology is feasible to analyze
the chemical structure of tar sands asphaltenes, and a compre-
hensive and reasonable carbon structure framework has been
established. Here are some detailed structural analysis results:
density distribution profile, pair correlations (radial distribution
function), root-mean-square deviation (RMSD), mean-square
displacement (MSD) and diffusion coefficient.

3.1. Density distribution profiles

Fig. 3 shows the z-dependent density distribution of asphal-
tenes in the water/oil system. The density change is mainly caused
by the different proportion of asphaltenes in the water/oil interface
and the way of dissolution [37]. Generally, for a confined space, the
adsorption energy of different molecules tends to affect the density
distribution of each component. The number density distribution of
methane mixed with different molecules, for example, water, car-
bon dioxide and nitrogen in nanotubes is discussed in Ref. [38]. For
water/oil systems, the calculated average bulk densities of water
and dodecane were 0.989 (0.997) g/cm3 and 0.748 (0.749) g/cm3,
respectively. As a class of solubility, asphaltenes have solubility
parameters (1.17e1.92wt %) and average density of 1.12 g/cm3 at
room temperature. The system has two liquid phase areas at both
ends of the tank, and the vacuum space between the liquid phase
plates is greater than 30 Å. The calculated density is in good
agreement with the corresponding experimental value.

In the area of the water/oil interface, the graph of these mole-
cules shows that there is a peak density in the presence of oil, and
the density increases in the system, with the highest density in the
plate at about 1 nm. This is due to the presence of oxygen atoms in
Fig. 3. Asphaltenes density profiles in the oil and water interfaces for the three pa-
rameters: oil, water, and Asphaltenes.
the lipid composition. The asphalt quality is guaranteed in the
central area of the dodecane layer; the dodecane molecules are
denser at the edges of the film. The increase in the box edge density
is also due to the hydrophilic region, because the uncharged
asphaltenes are reverently located in the center of the solvent,
pushing the aromatic solvent to the interface edge [39].
3.2. Mean square displacement

Mean Square Displacement (MSD) is the average distance a
molecule moves on [40]. Definition is the limiting slope of MSD (t),
considering the linear regime with a sufficiently long time inter-
val, its self-diffusion coefficient D is related to these two equa-
tions, ri(t)-ri(0) is the (vector) distance traveled by molecule i over
some time interval of length t, d is the dimension of the space. The
MSD of a substance usually represents its displacement in space
over time. The dissolution process of organic solvent is the diffu-
sion process of solvent molecules to the asphalt layer: solvent
molecules first diffuse to the asphalt layer on the surface of oil
sands. After the viscosity of the asphalt layer decreases, the oil
layer is peeled off from the oil sands surface under the action of
shear force. Different solvent molecules have different diffusion
capacities. Equation (1) gives the specific calculation method of
mean square shift, and the self-diffusion coefficient can be
determined by using this Equation (2). As shown in Equation (2),
the mean square displacement (MSD) of oil, water and asphaltene
molecules is shown in Fig. 4. Fig. 4 shows the MSD with respect to
the parameters content to the time. The diffusion constant D
(Table 1) can be obtained from the slope of the mean square
displacement (MSD) curve of particles versus time, and the
apparent diffusion constant (D) of each component at the water/
oil interface is given according to Equations (1) and (2) in Table 1.
As can be seen from Table 1, the components of water have a
higher diffusivity than other components. These values are
consistent with diffusion constants from NMR measurements,
which suggest values between 1� 10�10 and 4� 10�10 m2/s
depending on concentration [41].

MSDðtÞ¼D r!iðtÞ2 ¼ ð r!iðtÞ � r!ið0ÞÞ2 (1)

lim
t/∞

MSDðtÞ ¼ 6Dt (2)
Fig. 4. Mean Square Displacement of the water, oil and asphaltene molecules in the
water and oil interfaces.



Table 1
Diffusion constants (D) for three components in thewater/oil interfaces.

Diffusion coefficient � 10�5 (cm2/s)

Water 3.6468 (±0.0347)
Oil 0.8981 (±0.0255)
Asphaltene 0.0531 (±0.00283)

Fig. 6. Root-mean-square deviation (RMSD) of asphaltene in the water/oil interfaces as
a function of time.
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3.3. Radial distribution function

The radial distribution function gives the local density of species
B around species A relative to the average density [42]. Fig. 5 shows
the radial distribution function (RDFs) of different atomic groups of
asphaltenes and water, asphaltenes and oil in polyaromatic rings.
As shown in Fig. 5, the largest vertex (1.61 0.001) nanometer cor-
responds to a strong bond between the connecting polar head
group of asphaltenes and oil molecules at the oil/water interface.
Contrast, peak (5.922 þ 0.001) nano asphaltene and betweenwater
molecules is far lower than the peak value as shown in Fig. 5, shows
that the remote structure of the water phase, The main reason is
that one hydrogen atom in some crude oil charge is larger than that
in water, and the interaction between asphaltene magnetic head
and crude oil asphalt magnetic head is stronger than that between
head and water. At the same time, under the action of shear force,
oil slurry on the surface of oil sands is spalling. Different solvent
molecules have different diffusivity and dissolution rate. The
mechanism of radial distribution function can better explain the
dissolution phenomenon under the action of shear force. This result
is consistent with the findings of Jian et al. [43] on the aggregation
of asphaltenes in solvents (toluene) and water.
3.4. Root mean square deviation (RMSD)

Root mean square deviation (RMSD) is a measure of the average
distance between atoms (usually main-chain atoms) [44] (Equation
(3)). RMSD usually measures atomic correlation structures. As
shown in Fig. 6, the matrix of atom positional root-mean-square
deviations (RMSD) between pairs of structures was calculated for
these sets of atoms: between asphaltene and water, between
asphaltene and oil. The size of RMSD determines the degree of
asphaltenes' movement in the water/oil interfaces. For small RMSD,
the structural change of asphaltenes is not obvious, while for large
RMSD, the structural change of asphaltenes is obvious.
Fig. 5. Radial distribution function (RDF) of asphaltene in the water/oil interfaces as a
function of time.
RMSD ¼ 1
N

0
@XN
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�21A
1
2

(3)

As can be seen from Fig. 6, the RMSD value obtained is within a
reasonable range. After the initial increase, the structural distance
between asphaltenes and water fluctuates around 0.1 nm, indi-
cating that the simulation is fully stable. The fluctuation distance
between asphaltenes and crude oil is about 0.05 nm. The structural
distance between asphaltenes and water changes more greatly
than that between asphaltenes and oil [45].

3.5. Minimum distances

The minimum distance represents the minimum distance be-
tween two residues. The mean minimum distance matrix can be
used to identify secondary and tertiary structures. According to
Fig. 7, the average minimum distance between asphaltenes and oil
Fig. 7. Minimum distance of asphaltene in the water/oil interfaces as a function of
time.
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is 0.2375, and the average minimum distance between asphaltenes
and water is 0.175, which is in good agreement with the findings of
Pacheco-S�anchez et al. [46].

3.6. Radius of gyration

The calculation of the radius of gyration, Rg, gives a measure of
the compactness of a cluster. As clusters become largely oblong in
formation the radius of gyration is increased, where for spherical
clusters the radius of gyration is representative of the cluster radius.
Equation (4) shows how the square of the radius of gyration is
calculated. M is the mass of particle i, and r is the radius to the
center of mass. Therefore, Rg can take on values of x, y, and z.

rgyration ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

r2,mP
m

s
(4)

Simulation results reveal the diffusion behavior is excluded
volume effect and the coupling of the fluidmechanics interaction as
a result, in the process of diffusion, interaction of fluidmechanics to
reduce rejection volume contribution to the diffusion behavior. As
shown in Fig. 8, you can see that after 500 ps of MD simulation,
radius of gyration also showed the trend of the asphaltene struc-
tures tend to be dense. For the corresponding values, Rg decreased
from ~1.77681 Å to the mean value of 1.75± 0.2 Å for the asphal-
tene, whereas for the x direction, y direction, and z direction, the Rg
mean values were 1.3± 0.2 Å, 1.27± 0.2 Å, and 1.68 ± 0.1 Å, respec-
tively (Fig. 8). Therefore, MD simulation at a 500 ps radius of gy-
ration shows that the elongation of the asphaltene chain
conformation. Rg is lower in the x and y direction than it is in the z
direction. This can be attributed to the relatively large electrostatic
force in the z direction, which further inhibits the interaction be-
tween asphaltenes and smaller regions [47].

3.7. Rotational correlation functions

Correlation functions provide a measure of the disorder intro-
duced into the system over time. Correlation functions can be
thought of as memory functions that illustrate the need for time
(delta t) in one variable (such as the dipole orientation) to lose
Equation (5) with another variable (such as later the same dipole
orientation). A correlation function with an object later is itself an
autocorrelation function. A commonly used correlation function is
the dot product of two vectors at different times, which indicates
the correlation degree between two variables. The results show in
Fig. 8. Radius of gyration (Rg) for backbone heavy atoms of the asphaltene during 500
ps MD simulations.
Fig. 9 that the concentration decreases sharply with time. The
larger the correlation, the more relevant it will be. The results are
consistent with the study of Henning et al. who determined cor-
relation degree using fluorescence depolarization techniques,
addressing an active, long-standing controversy [48].

CðtÞ¼uðtÞ,vðtþ tÞ (5)

3.8. Bulk viscosity

Bulk viscosity was obtained in the present study by the direct
application of Green-Kubo equation [40].

hV ¼ V
KBT

ð∞
0

dtðdPðtÞdPð0Þ (6)

V is the volume of the simulated cells,KB is Boltzmann constant, T is
absolute temperature and dP(t)¼P(t)¡ <P(t)> with P(t) as
instantaneous pressure simulation system at time T and <P(t)> as
the average pressure on the whole simulation time. The instanta-
neous pressure P (t) is obtained by averaging the three diagonal
elements of the stress tensor. dP (t) d P (0) represents an auto-
correlation function of dP and was referred to hereafter as bulk
auto-correlation function. Therefore, the calculation of volume
viscosity mainly involves the integral of volume auto-correlation
function. The viscosity results are shown in Fig. 10. The volume
viscosity is approximately 10�3 pa s, and the excess volume vis-
cosity in the mixture will fluctuate. In Fig. 10, two typical peaks
occur at 50ps and 180ps, respectively. Basically, the volume vis-
cosity of the molecular is determined by molecular simulations for
two main reasons: the contribution of the dilute gas generated by
the relaxation of internal degrees of freedom and the contribution
of the configurations generated by the molecular interactions [49].

3.9. Free energy analysis

DG sign tell us in which direction to reach equilibrium reaction.
DG tells us how far the size of the reaction is balance now. The free
energy can be defined as the free energy difference given by the
total reversible work when the Hamiltonian of the system changes
from gas to liquid [50]. Free energy DG estimated using thermo-
dynamics integral method [51,52] algorithm is as follows Equation
(7). For l value, the equation is a coupling parameter and the l

value is usually between 0 and 1, and the equilibrium average can
be used to evaluate the free energy of derivatives to l. l is the
completely interacting solute, with no relation to l¼ 1. To calculate
the free energy, several independent simulations of asphaltenes in
solvents with different coupling parameters (oil and water) are
required. The emulation is repeated with the following 6 l

values:(0, 0.2, 0.4, 0.6, 0.8, and 1).

DG ¼
ð1
0

vGðlÞ
vl

dl (7)

The free energy difference of asphaltenes is shown in Table 2.
The free energy difference of water phase is obviously smaller than
that of oil phase. In Table 2, Gromacs is also used to calculate the
comprehensive free energy of asphalt quality pairs in more detail.
They found an asphaltene with a total free energy of
417.12e1866.16 kJ/mol in the oil phase and 472.83e1784.17 kJ/mol
in the water phase. The results of Figs. 11 and 12 show that the
asphaltenes and solvents (water and oil) molecules obtain higher



Fig. 9. Rotational correlation function of asphaltene in the water/oil interfaces.

Fig. 10. Bulk viscosity of asphaltene in the water/oil interfaces.

Table 2
Free energy difference and integrated energy of asphaltene in the water and oil
phases.

l values In the oil phase (kJ/mol) In the water phase(kJ/mol)

Integrated energy Free energy
difference

Integrated energy Free energy
difference

0.2 417.12 417.12 5.24 472.83 472.83 0.93
0.4 829.23 412.11 4.35 936.83 464.00 0.48
0.6 1219.09 389.86 5.37 1374.69 437.86 0.92
0.8 1566.43 347.34 4.89 1700.05 325.35 5.37
1.0 1866.16 299.73 32.7 1784.17 84.12 7.44

Fig. 11. Free energy differences of asphaltenes as a function of l using the Gromacs.

Fig. 12. Total free energy differences of asphaltenes as a function of l using the
Gromacs.
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thermal free energy, making the molecules more fluid and easier to
break the bonds between molecules [53].

4. Discussions

In recent years, MD simulation technology has been widely and
successfully applied in the field of petroleum and natural gas sys-
tem [54]. Understanding the molecular interactions between
asphaltenes and other molecules will contribute to a better un-
derstanding of their stability in petroleum fluids and their phase
transition properties. Before application, it is very important to
understand the molecular level of the factors affecting the interface
force of asphaltene-solvent-water. The results of root mean square
deviation (RMSD), radius of gyration, minimum distance, concen-
tration correlation function and volume viscosity showed that
the detailed dynamic characteristics of asphaltenes at the water/oil
interface position and monocular distance varied with the
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simulation time [45e49]. Methylene carbon is the main contribu-
tion of oil production, and the average length of aliphatic chain is
constantly shortened. As the temperature increases, aliphatic car-
bon loss will be more serious. Finally, the free energy of the
asphaltenes, the total free energy will increase with the increase of
lambda means that the asphaltenes molecules are more easily
moved and can destroy the association of molecules [53]. The MD
simulation results of asphaltenes at the oil-water interface show
that the solubility of oil and water affects the asphaltenes at the oil-
water interface, so that the asphaltenes have different ability to
flow and destroy molecular association, indicating that the struc-
ture and dynamic performance of asphaltenes are different at the
oil-water interface and water-water interface. The simulation re-
sults show that asphaltenes tend to form aggregates above the
critical concentration, which is like the asphaltene nanoaggregates
reported in earlier literature [1,6,17,and 1]. And then the simulation
results of the diffusion of asphaltic oil/water interface, and the
diffusion of pure asphalt, it is by vacuum degree of vacuum m2/s.
0.5� 1.4m2/s show lateral diffusion of the dominance of asphal-
tene seems to imitate the lipid encountered in oil/water interfacial
diffusion characteristics, however, in the pure toluene, diffusion
will be about 1.2� vacuum m2/s, it proved the correctness of the
result, asphaltene can't dissolve in the water/oil interface, can only
be dissolved in toluene [56]. However, the difference in free
energy with l increases will decrease. By means of molecular dy-
namics simulation, more information about the atomic scale
structure and dynamic properties of different solvent systems can
be obtained.
5. Conclusions

In this paper, it is feasible to analyze the chemical structure of
tar sands asphaltenes by molecular dynamics simulation tech-
nique, which can not only comprehensively and reasonably
analyze the carbon structure skeleton, but also accurately and
credibly analyze the results. Simulation shows the oil/water
interface asphaltenemolecular structure and dynamics calculation
results, the density profile, the radial distribution function, root
mean square deviation (RMSD), root mean square displacement
(MSD), diffusion coefficient, turning radius, minimum distance
and the concentration of the correlation function and the bulk
viscosity of asphaltene molecules was discussed from the aspects
such as structure and dynamic behavior. Results also points out
that the asphaltenes in the structure and dynamics properties of
oil and water interface is different, the oil sands separation in the
main consideration is to reduce the interfacial tension, the emul-
sification and flows, wettability change and rigidity interface
membrane, the principle of the asphalt from the oil-water inter-
face aggregation and distribution mutual tension and emulsifica-
tion in oil-water interface interaction between density
distribution and the partition of the asphaltenes, especially
hydrogen bonding on the oil-water interface is likely to be affected
aggregate shape, position and orientation of the most important
interactions. In addition, asphaltenes are mainly associated with
water and aromatic bitumen. The hydro-asphaltene interaction
leads to the formation of emulsion, and the aromatic-clay inter-
action leads to clay migration and the increase of asphaltene
precipitation.
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