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ABSTRACT: Identifying the microscopic mechanism of CO2−oil
miscibility is significant for the CO2 enhanced oil recovery (CO2−
EOR) in tight sandstone reservoirs. In this work, the effects of oil
composition, formation pressure, temperature, and methane content
on the characteristics of the CO2−oil miscibility were systematically
studied by molecular simulation methods. According to the change
of oil−gas centroid displacement, the CO2−oil miscibility behavior
was divided into four stages: rapid diffusion, CO2 dissolution and oil
swelling, competitive adsorption and oil film detachment, and
complete miscibility or dynamic equilibrium stability. The results
showed that light or medium component oil is more easily miscible
with CO2 under reservoir conditions. The changes in temperature
and pressure will greatly influence the oil−gas miscibility. Increasing
the temperature is conducive to reducing the adsorption energy between oil and quartz, thus improving the miscibility of CO2 and
heavy component oil. However, the static swelling effects of CO2 alone cannot effectively displace the heavy component oil on
quartz. The CO2 diffusion coefficient perpendicular to the quartz surface does not increase continuously with the temperature
increase due to the adsorption of oil and quartz. There is a critical temperature range of 320−340 K, which makes the miscibility
effects the best. A small amount of CH4 can enhance the interaction energy between the two phases of oil and gas, thus promoting
the miscibility of CO2 and oil at the interface. However, it is not conducive to oil film detachment, with the CH4 content increasing.

1. INTRODUCTION
With the continuous growth of the world’s demand for oil and
gas resources and the continuous decline of conventional oil
and gas production, unconventional oil and gas have become
the focus of global oil and gas exploration and development.1−3

The Ordos Basin is rich in tight oil and gas resources and has
great development prospects. However, due to the character-
istics of the poor physical properties, small pore throat, and
serious heterogeneity of tight reservoirs, problems such as high
water injection pressure and poor oil recovery can easily be
caused in the development process.4 As the main technology of
tertiary oil recovery, CO2 flooding has significant advantages in
tight oil reservoir development due to its better injection
capacity and dissolution characteristics5−11 and has been
widely used in oil field practice.12−18 At the same time, as one
of the main ways to achieve carbon neutrality, CO2 flooding is
also conducive to achieving the double benefits of enhanced oil
recovery and carbon emission reduction.19−22 Therefore, it is
necessary to further clarify the miscibility mechanism of CO2
and oil in tight sandstone reservoirs.

Micronanopore throat structures are widely developed in
tight sandstone reservoirs.23,24 The high specific-surface area of
micronano scale channels makes the interaction between fluid
molecules and solid walls more significant.25,26 The mechanism

of CO2−EOR includes not only dissolution and swelling,
reduction of oil viscosity, reduction of interfacial tension,
extraction of light components, and change of reservoir
physical properties and wettability alteration but also
competitive adsorption and oil film detachment. Currently,
the interaction mechanism between CO2 and oil has been
studied through many physical experiments and numerical
simulations. Seyyedi et al.27 used the flow visualization
experiments to explore the microscopic process of CO2
flooding. They revealed that during the interaction between
CO2 and oil, the formation and growth of the new gaseous
phase of multicomponent mixture was the main reason for the
additional oil recovery. The new gaseous phase led to a much
larger oil swelling and thereby the isolated oil could be
reconnected and redistributed, so as to promote the further
increase of the miscible region. This study explained the
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transition law of the mobile phase and residual phase oil in
detail and clarified the displacement law of oil in the confined
space. Li et al.28 explored the interaction mechanism, seepage
characteristics, and residual oil distribution between CO2 and
oil under an in situ formation environment through the
microfluidic experimental platform. The microscopic inter-
action mechanism of dissolution, swelling, extraction, and
mixing between CO2 and oil was revealed. Samara et al.29

confirmed that the solubility of CO2 in the aqueous phase
impacts both IFT and volumetric expansion though experi-
ments, and they presented a new method to infer CO2
solubility in the oleic phase, based on volumetric expansion
and density data. To reveal the differences in oil and gas
migration rules under different injection modes, Zhang et al.30

used optical microscopy and high-speed photography
techniques to observe the changes in the oil−gas−water
three-phase interface in the process of CO2 injection in real-
time. With the increase of gas production, the associated gas
reinjection technology has attracted wide attention. Previous
studies had examined the impacts of CH4 in the CO2 stream
upon the minimum miscibility pressure (MMP). They found
that the presence of CH4 would increase the MMP compared
to that of CO2, thus negatively impacting the miscibility and
EOR performance.31−34 Compared with CH4, CO2 has
stronger solubility in oil and has a better effect on reducing
the oil viscosity and swelling the oil volume.35 Some scholars
have also found that a small amount of CH4 can promote the
oil swelling effect,36,37 and the gas mixture has a more
significant effect on improving the oil fluidity through
experiments. However, under the nano “limited domain
effect”, fluid migration properties are strongly affected by
mineral surface interactions, and the molecular arrangement
between gas−liquid two phases is significantly different from
that in conventional reservoirs.38−40 Conventional experiments
and numerical simulation methods make it difficult to
accurately describe the interaction between the CO2 and oil.

Molecular simulation is an effective method to explore the
microstructure changes and interaction mechanisms at the
molecular and atomic levels. By constructing mineral models
corresponding to different reservoirs, such as sandstone,
carbonate, organic kerogen, and inorganic clay minerals, it
has been widely used to explore important mechanisms such as
fluid adsorption, displacement, and migration under the
micropore throat structure of reservoirs.41−48 More and more
scholars have revealed the micromechanism of CO2 enhanced
oil recovery and storage through molecular simulation.49−51 By
using molecular dynamics simulation methods, Chilukoti et
al.52 studied the structure and mass transport properties of
different n-alkanes on quartz. Santo and Striolo groups53,54

explored the competitive adsorption between CO2 and alkanes
in the nanopores and clarified the mechanism of CO2 stripping
alkanes. Liu et al.55,56 studied the swelling mechanism of CO2
on saturated alkanes and further explored the properties of the
water−oil interface by supercritical CO2 through molecular
dynamics simulation. The results showed that the solubility of
CO2 in alkanes had a direct relationship to the oil swelling
effect. The increase in pressure, the reduction in temperature,
and the straight-chain structure of the alkanes are of benefit to
the volume swelling of the CO2−alkane systems. In the
presence of a water phase, CO2 preferred to display surface-
active at the water−oil interface, and the interfacial tension
between water−CO2−decane decreased linearly with the
increase of CO2 concentration. Li et al.57 studied the interface

interaction between injected gas type and Bakken crude oil
through molecular simulation methods. The results showed
that compared with those of CO2 and CH4, ethane had the
lowest minimum miscible pressure and the highest solubility in
oil, and the effect on oil recovery was relatively best.
Mohammed et al.58 investigated the effect of supercritical
CO2 (Sc-CO2) on the interfacial and transport properties of
water−oil systems. It was found that the CO2 film formed
between the water and oil phases can displace the hydro-
carbons from the interface. Sc-CO2 can dilute the interface,
form hydrogen bonds with water which stabilize the CO2 film
and reduce the interfacial tension in all systems. Wang et
al.59,60 explored the miscible behavior between CO2 and oil in
the nanoslit through molecular dynamic simulation. It was
found that van der Waals interaction between oil and CO2 was
the main driving force for their misciblility, and it was more
difficult for CO2 to be miscible with polar oil because of the
strong interaction between polar molecules and mineral
surfaces. Dong et al.61 constructed five kinds of porewall
models and analyzed the effects of oil components, mineral
types, and CO2 concentration on oil replacement behavior.
The results showed that the replacement efficiency increased
with the increase of the CO2 concentration in inorganic pores,
while in organic pores, the CO2 concentration mainly affected
the replacement efficiency of light oil but had no obvious effect
on heavy oil. Comparing the miscible behavior between CO2
and oil in the bulk phase and nanoslit, Fang62 concluded that
tight reservoirs with micropores are more likely to make CO2
and oil miscible. To sum up, currently, most studies mainly
focus on the changes in the properties of the oil−gas interface
in the bulk phase or nanoslit, without considering the influence
of mineral surface and fluid adsorption on the oil−gas
interface. There is still a lack of a systematic and
comprehensive comparative analysis of the miscibility charac-
teristics between CO2 and oil.

In this work, based on the total hydrocarbon analysis results
of tight oil samples in Block H of Yanchang Oilfield, n-octane,
n-dodecane, and n-eicosane were selected to represent the
light, medium, and heavy component oil, respectively. The
effects of four factors on the microscopic mechanism of CO2
and oil miscibility were studied by a molecular dynamics
simulation. First, the CO2−oil miscible model was constructed,
and the simulation methods were explained. Second, the
microscopic miscibility characteristics of CO2 and different
component oil under reservoir conditions of 320 K and 15
MPa were discussed. Finally, the effects of formation pressure,
temperature, and CH4 content on the miscibility of CO2−oil
were clarified in detail by analyzing the solubility, diffusion
coefficient, interaction energy, and other parameters. The
study results systematically reveal the microscopic mechanism
of the effect of CO2 on the oil miscibility characteristics and
have significant theoretical guidance for improving CO2
flooding in tight sandstone reservoirs.

2. MODEL AND METHODS
2.1. Molecular Models. The model can be divided into

three regions, including the sandstone mineral surface, the fluid
phase, and the virtual baffle, preventing CO2 molecules from
escaping the system. The surface of sandstone minerals is
characterized by completely hydroxylated α-quartz.61

The construction process of the three-dimensional periodic
molecular model of CO2 and oil miscibility was constructed as
follows: (1) α-SiO2 crystals were derived from the simulation
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library of Materials Studio software and cut along the (1 0 0)
plane to obtain a stable crystal structure. Hydroxylated silica
was obtained by hydrogenation on the unbonded oxygen
atoms in the crystal, and then a quartz surface of 5.4 × 5.4 ×
9.88 nm was obtained by expanding the crystal cell. (2) The
system pressure was determined by fluid density, and the
length and width of the oil layer and CO2 solvent layer under
different pressures were consistent with the quartz surface. The
height of the oil layer was 2.57 nm, and the height of the CO2
solvent layer was 4.09 nm. According to the purpose of the
study, oil and CO2 densities were set under different
temperature and pressure conditions with reference to the
data published by the National Institute of Standards and
Technology (NIST)63 and the AP1700 physical property
platform.64 (3) The constructed simulated oil layer was spliced
with the quartz surface. In order to obtain the initial
equilibrium adsorption configuration of the oil film, the 2 ns
dynamic equilibrium calculation of the oil layer was carried out
on the quartz surface first. Then, the CO2 solvent layer was
placed on the oil film, and the virtual baffles were added above
to maintain the pressure balance of the system. (4) Finally, an
8 nm vacuum layer was added above the model to avoid the
influence of periodic boundary conditions. The initial
configuration of the three-dimensional periodic simulation of
the CO2 and oil miscibility is shown in Figure 1.

2.2. Simulation Details. In this study, all interatomic
interactions were described using the force field of Condensed-
Phase-Optimized Molecular Potential for Atomistic Simulation
Studies (COMPASSIII), a widely used whole-atom force field
optimized based on ab initio and experimental data, which has
been proven to accurately predict the structure and
thermophysical properties of organic and inorganic substan-
ces.65 The force field mainly includes bonding energy and
nonbonding energy. Bonding energy generally includes bond
stretching energy Ebonds, bond angle bending energy Eangles,
bond torsion energy Edihedrals, bond angle out of plane bending
energy Eimpropers, and mutual coupling energy Ecross. While
nonbonding energy Enonbonded includes van der Waals energy
Evdw and Coulomb electrostatic energy Eele. The total potential
energy equation is expressed as follows:66

= + + + +E E E E E Ebond angle dihedral cross nonbonded (1)

The expressions of nonbonding energy in the COMPASSIII
force field are as follows:

=
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
E D

R
R

R
R

2 3vdw 0
0

9
0

6

(2)

=E C
q q

Rele
i j

(3)

where D0 is the depth of the potential well, R0 is the
Lennard−Jones radius, R is the distance between atoms, C =
332.0647(kcal/mol)Å/e2 is the conversion factor, qi and qj are
the electrostatic charge of atom i and atom j, respectively, and
ε is the relative dielectric constant.

All simulations in this article were performed using the
Materials Studio 2023 software package for molecular
dynamics calculations. In the process of molecular simulation,
the quartz surface and virtual baffle were fixed first. The atomic
coordinates were iteratively calculated by using the Smart
method to prevent extreme potential energy values between
particles from causing system operation failure. After geometric
optimization, the initial reasonable configuration of the system
was obtained. Then, the dynamics simulation was carried out
under the NVT ensemble (constant of atomic number, system
volume, and temperature). The corresponding temperature
was set according to the research content and was controlled

Figure 1. Model structure.

Figure 2. Continuous (a) and discrete (b) mass density distributions of different component oil along the Z direction.
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by the Nose−Hoover algorithm. The remote electrostatic
interaction was calculated by using the Ewald summation
algorithm. The van der Waals interaction was calculated using
an atomic summation algorithm, and the truncation radius was
set to 12.5 Å. The time step was 1 fs, and data were recorded
every 1000 steps for analysis. The equilibrium state of the
system was ensured by checking the temperature, pressure,
energy, and other parameters.

3. RESULTS AND DISCUSSION
3.1. Microscopic Miscible Characteristics and Mech-

anisms of CO2−Oil. To compare the miscibility between

CO2 and different oil components , the adsorption properties
of n-octane, n-dodecane, and n-eicosane on the quartz surface
were studied. Molecular dynamics simulation can only get

microscopic information about individual molecular trajecto-
ries, so it needs to be converted into the necessary macroscopic
properties for data analysis through statistical thermodynamics.
Therefore, the simulation system must be divided into Nb bins
along the Z direction to obtain the fluid density distribution.
The volume of each bin is Lx × Ly × (Heff/Nb). The flag
function Hn(Zi) is defined as67

Figure 3. Miscible process of CO2 and oil: (a) light component
system, (b) medium component system, and (c) heavy component
system.

Figure 4. Centroid displacement curves of n-octane and CO2 during
dynamic equilibrium.

Figure 5. Oil density distribution under different pressures: (a) n-
octane, (b) n-dodecane, and (c) n-eicosane.
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Figure 6. Influence of pressure on the CO2 solubility (a) and oil swelling coefficient (b).

Figure 7. Variation of interaction energy: (a) light component system, (b) medium component system, (c) heavy component system, and (d)
difference of interaction energy between quartz−oil and quartz−CO2.
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The mass density distribution profiles of different oil
components on the quartz surface are shown in Figure 2. It

is found that the three kinds of component oil form several
prominent adsorption peaks on the quartz surface, respectively.
The positions of the adsorption peaks are almost the same, but
the values are quite different. The oil molecular chains
convolve and aggregate with each other, and finally adsorb
on the quartz in an orderly and stable manner. As the distance
increases, the interaction between the oil and quartz weakens,
leading to a gradual decrease the oil density. The first
adsorption layer densities of n-octane, n-dodecane, and n-
eicosane are 0.79 g/cm3, 0.88 g/cm3, and 0.92 g/cm3,
respectively. Compared with the first adsorption layer and
the initial oil density (0.67 g/cm3, 0.72 g/cm3, and 0.8 g/cm3),
it can be seen that the oil density near the quartz surface is
about 1.2 times that of the initial density, indicating that the
interaction between mineral surfaces and fluid has a significant

Figure 8. Oil density distribution at different temperatures: (a) n-
octane, (b) n-dodecane, and (c) n-eicosane.

Figure 9. Density distribution of CO2 with temperature change in
different systems: (a) light component system, (b) medium
component system, and (c) heavy component system.
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Figure 10. Total diffusion coefficient of CO2 in different systems (a) and the CO2 diffusion coefficient in the vertical surface along the Z direction
(b).

Figure 11. Variation of interaction energy: (a) light component system, (b) medium component system, (c) heavy component system, and (d)
difference of interaction energy between quartz−oil and quartz−CO2.
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impact on the occurrence of oil in tight sandstone reservoirs,
and the intermolecular interaction cannot be ignored.

Figure 3 shows a series of processes of dynamic miscibility of
CO2 and n-octane, n-dodecane, and n-eicosane at 320 K and
15 MPa reservoir conditions. Under the strong diffusion effect
of CO2 molecules, it rapidly diffuses to the oil interface within
0.2 ns from the beginning of the simulation. Due to the

differences in oil components, the microstructure of the oil−
gas two-phase interface shows different changes over time. For
light component oil, with the increase of the interaction
between CO2 and oil, the alkane chains are fully stretched, and
the system’s dispersion is enhanced. As the oil molecules
escape from the constraint of the oil film to the CO2 phase, the
oil−gas interface gradually weakens. When a large number of
CO2 molecules penetrate the oil film to adsorb on the quartz,
the oil film is effectively detached. Finally, CO2 and oil
achieved complete miscibility. For medium component oil, the
miscibility process is similar to that of the light component
system. CO2 can effectively improve oil fluidity and promote
oil swelling. But, because the molecular weight of oil in the
medium component system is relatively large, the miscibility of
CO2 and oil is weaker than that of the light component system
at the same time. For heavy component oil, oil molecules are
more inclined to self-agglomerate and closely adsorb on the
quartz. Only a few n-eicosane alkanes dissolve and diffuse into
the CO2 fluid phase, and the interface structure of the two
phases does not change much with an increase in simulation
time. After simulation, there is still an obvious oil−gas interface
between CO2 and oil.

The centroid distribution of n-octane and CO2 during the
dynamic simulation was analyzed in detail to clarify the
microscopic interaction mechanism of the two phases on
quartz during the miscible process. The miscible process can
be divided into four stages, as shown in Figure 4. (1) Rapid
diffusion stage: the effect of CO2 diffusion plays a significant
role, and CO2 quickly migrates to the oil interface. (2) CO2
dissolution and oil swelling stage: the two-phase interface
changes from flat to rough with the dissolution of CO2 in oil.
The alkane molecules are further stretched, and the oil phase
volume increases, corresponding to the CO2 swelling effect on
a macro level. While the previous process is ongoing, the void
between oil molecules also increases, providing favorable
conditions for forming advantageous diffusion channels for
CO2. (3) Competitive adsorption and oil film detachment
stage: after forming the advantageous diffusion channel, CO2
competitively adsorbs with oil molecules by occupying the
adsorption site of alkane molecules on the mineral surface. It
weakens the interaction between oil and quartz, finally making
the oil film detached effectively. (4) Miscible or dynamic
equilibrium stability stage: for light or medium component oil,
CO2 can be fully miscible with the oil phase, and the fluid
phase interface disappears to reach the completely miscible or
nearly miscible phase. Whereas, for heavy component oil, the
alkane molecule has a large self-cohesion and is more inclined
to self-agglomerate to keep the thick-layer oil film firmly
adsorbed on the quartz. CO2 has a limited effect on the
dissolution and swelling of the heavy oil. As a result, they can
reach only a dynamic equilibrium and stability stage.
3.2. Effect of Pressure on Miscibility Characteristics.

In the process of CO2 injection and flooding, the formation
pressure gradually decreases from the injection site to the
production site. The fluid phase changes greatly with the
increased distance of the CO2 migration, leading to a change in
the interaction mechanism between the two phases of oil and
gas. Therefore, it is necessary to explore the influence of the
pressure on the miscibility of CO2 and oil. Based on the
reservoir temperature 320 K in Block H of Yanchang Oilfield, a
series of pressure values of 5, 10, 15, 20, and 30 MPa were set.
Then, the simulation results were compared with those of the
CO2 pressure condition of 0 MPa.

Figure 12. Oil density distribution with different CH4 contents: (a) n-
octane, (b) n-dodecane, and (c) n-eicosane.
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Figure 5 shows the density distribution of oil molecules
along the Z axis after sufficient interaction of CO2 with oil
under different pressure systems. It can be seen that the oil
density significantly decreases compared to the adsorption
density curve without CO2, illustrating that the addition of
CO2 breaks the structure of the initial aggregation state
between the oil molecules. When the pressure is 5 MPa,
although the density of different oil components decreases
relative to the initial data, the first adsorption peak is still
clearly visible. Meanwhile, the oil volume does not increase
from the density distribution range. Under low pressure, CO2
can disturb only the oil far from the quartz through the
diffusion effects. The short-range van der Waals interaction
between the alkane chains causes the oil molecules on the
quartz to stretch out, so the peak density distribution is slightly
reduced. However, the oil volume is almost unchanged. When
the pressure is greater than 10 MPa, CO2 is in a supercritical
state, which has both the density of the liquid and the viscosity
of the gas and has good fluidity, super solubility, strong
diffusion, and mass transfer. Except for the heavy component
oil system, the higher the pressure, the smaller the peak values
of the density distribution of oil and the wider the oil
distribution range. For light and medium component oil
systems, the adsorption peaks almost disappear when the
pressure is 15 MPa, and the maximum density of oil near the
quartz is about 0.43 g/cm3 and 0.52 g/cm3, which are 38.05%
and 42.62% of the maximum adsorption oil density of initial
configuration. The results show that CO2 has strong miscibility
(swelling and detaching effect), which can effectively displace
the light and medium oil adsorbed on quartz by increasing the
CO2 pressure. For the heavy component oil system, it can be
seen that no matter how much the CO2 pressure is increased,
the oil adsorption peaks still exist, and the oil distribution
range is almost unchanged. Although the pressure is 30 MPa,
the oil molecular is still “firmly” adsorbed on the mineral
surface. The maximum density of the first adsorption peak is
0.97 g/cm3, much higher than the initial oil density of 0.814 g/
cm3. That shows it is difficult to remove it from the mineral
surface only by the static swelling effect of CO2.

Figure 6 shows the solubility and swelling coefficient
between CO2 and different oil components. Solubility is
defined as the mass of dissolved CO2 per 100g of oil in g/100g.

The swelling coef f icient is defined as the oil volume ratio of the
thoroughly mixed oil and gas to the initial. Under constant
mass conditions, it can also be calculated by the ratio of the
initial oil density to the oil density after gas dissolution. To
verify the reliability of the simulation results, the CO2 solubility
in the simulated medium component system was compared
with the experiment data.68 It can be seen from Figure 6a that
the two have high coincidence, and the error sources mainly
include the settings of the simulation system and the selection
of force field parameters. The accuracy of our simulation
results and the prediction of relevant properties under high
temperature and pressure conditions are not affected, which is
also confirmed by relevant studies.69 The solubility is not only
related to the system pressure but also closely related to the oil
composition. When the pressure is less than 5 MPa, where
CO2 is the gas phase, the solubility in different oil systems is
small. There is no apparent difference in the solubility. When
the pressure is greater than 10 MPa, where CO2 is in a
supercritical state, the solubility decreases with the increase in
oil molecular weight. The solubility first increases and then
becomes stable with an increase in pressure. For light
component oil, the CO2 solubility increases from 72.47g/
100g to 199.42g/100g when the pressure rises from 10 to 30
MPa. For heavy component oil, it is more likely to self-
entanglement and agglomerate under the interaction of van der
Waals. Even if the CO2 pressure increases, it is difficult to
effectively disturb the internal oil molecules, which dramati-
cally reduces the contact area between CO2 and alkanes. After
the pressure exceeds 15 MPa, the CO2 solubility hardly
changes with the increase in pressure. As can be seen from
Figure 6b, the change in the oil swelling coefficient is
consistent with the trend of the CO2 solubility, indicating
that the oil swelling capacity is directly related to the CO2
solubility. Some scholars concluded that there was also an
excellent linear relationship between the solubility and swelling
coefficient.70,71 In different systems, the swelling coefficient
increases with the increase of CO2 pressure and decreases with
the increase of the oil molecule’s weight. Under the
supercritical state, the miscibility of CO2 with light and
medium component oil changes more obviously as the
pressure increases. Generally speaking, the more excellent the

Figure 13. Variation of the interaction energy in different systems with CH4 content: (a) quartz−oil and (b) gas mixture−oil.
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solubility of CO2, the stronger the swelling capacity of oil, and
the better the effect of CO2 displacing oil.

The balance relation of the interaction energy between each
component determines its different migration behaviors. Figure
7 shows the interaction energies between CO2−oil, quartz−oil,
and quartz−CO2, and the differences between quartz−oil and
quartz−CO2 under different pressures. The interaction energy
is defined as

= +E E E E( )quartz oil total quartz oil (7)

where, Equartz−oil is the interaction energy between the quartz
and the oil molecules, Etotal is the total interaction energy
between the two, and Equartz and Eoil are the single point energy
of the quartz and oil molecules, respectively. The interaction
energy between the CO2−oil and quartz−CO2 can be obtained
by the same methods.

It can be seen from Figure 7a−c that the interaction energy
between CO2 and oil molecules increases with the increase of
pressure. In contrast, the interaction energy between quartz
and oil molecules decreases. That indicates that the increase of
the CO2 pressure weakens the adsorbing ability of the quartz
to oil molecules, increases the contact area between CO2 and
the oil system, and enhances the effect of CO2 on dissolution
and oil swelling. When the pressure is 5 MPa, the adsorption
energy of oil on the quartz is much higher than that of CO2,
and the interaction energy between CO2 and different oil
components is no obvious distinction. When the pressure is
greater than 10 MPa for light and medium component systems,
the interaction energy of CO2 on the quartz is greater than that
of oil. The oil molecules adsorbed on the quartz can be
gradually replaced by CO2 in this pressure range, which
explains that CO2 can effectively detach the oil film on the
mineral surface only when the pressure reaches a specific value.
For the heavy component system, the interaction energy
between CO2 and n-eicosane is much smaller than those of the
light and medium component systems. The interaction energy
of n-eicosane on quartz does not change much with the
increase in pressure, and the interaction between the quartz
and CO2 is small. Therefore, the dissolution and swelling effect
of CO2 on the heavy component oil is poor.

Figure 7d directly shows the difference in the interaction
energy between quartz−oil and quartz−CO2 under different
pressure conditions. Negative values indicate that the
adsorption energy of oil on quartz is greater than that on
CO2. The greater the absolute value of ΔE, the stronger the
adsorption effect of oil on quartz, and the weaker the
miscibility of CO2 to oil. In contrast, the positive value
indicates that the adsorption energy of the quartz on oil is less
than that of CO2. The greater the absolute value of ΔE, the
weaker the adsorption effect of oil on the quartz, the stronger
the miscibility of CO2 to oil, and the better the displacement
effect on oil. It can be seen that with the increase of pressure,
the ΔE presents a gradual increase trend in the light
component system, and the ΔE increases first and then
tends to be stable in the medium component system,
indicating that CO2 has the strongest miscibility and the best
displacement effect on light component oil. Although the ΔE is
increased in the heavy component system, it is still negative,
indicating that the adsorption energy of heavy component oil
on the quartz is much higher than the dissolution and swelling
energy of CO2 on oil molecules. Increasing the CO2 pressure
to improve the static swelling effects makes it difficult to
displace the heavy component oil from the quartz. It also

reveals the mechanism of the CO2 extraction of the light
component oil, but it is difficult to replace the heavy
component oil.
3.3. Effect of Temperature on Miscibility Character-

istics. The influence of temperature on the miscibility
mechanism of CO2 and oil is relatively complex, which is
mainly reflected in two aspects: (1) the increase in temperature
will reduce the oil viscosity, increase the oil fluidity, and
increase the CO2 diffusion coefficient to promote the oil
swelling. (2) Rising temperature will reduce the CO2 density
and the solubility, which is not beneficial for the CO2−oil
miscibility. It is significant to explicitly evaluate the effect of
temperature on the miscibility of CO2 and oil to evaluate CO2
flooding. Under the condition of system pressure of 15 MPa, a
series of temperature values of 300, 320, 340, and 360 K were
set to explore the influence of temperature on the miscibility
characteristics of CO2 and oil.

Figure 8 shows the oil density distribution on quartz at
different temperatures. As seen from Figure 8a, in the light
component system, the n-octane density at the first adsorption
peak is significantly lower than that in the free volume zone
when the temperature is less than 340 K. The n-octane density
decreases linearly and slowly with the increase in the Z
direction distance. The distribution range is almost full of the
entire confined zone, indicating that CO2 has a strong
miscibility to oil and can effectively detach the oil film.
When the temperature rises to 360 K, the n-octane density of
the first adsorption peak increases and the ability of CO2 to
replace oil is slightly weakened. Overall, under the condition of
15 MPa, there is little difference in temperature on the
miscibility of CO2 and oil in the light component system. It
can be seen in Figure 8b that an appropriate increase in
temperature is conducive to reducing the adsorption
interaction of n-dodecane on the quartz. The n-dodecane
density peak value of the first layer is the smallest at 340 K, and
the peak distribution range is the widest. However, when the
temperature rises to 360 K, the n-dodecane density adsorbed
on the quartz increases instead of decreasing. It can be seen
that there is a critical temperature at which CO2 has the
strongest miscibility to oil. For the heavy component system,
although the n-eicosane adsorption density decreases with an
increase in temperature, three adsorption peaks are still clearly
visible, as can be seen in Figure 8c.

Taking CO2 as the research object, we calculated the CO2
density and diffusion coefficient in different systems. As can be
seen in Figure 9, the CO2 density far from the quartz decreases
with an increase in temperature. However, the change of the
CO2 density in different systems near the quartz varies with
temperature, mainly related to the competitive adsorption
intensity between CO2 and oil. For light and heavy component
systems, the density of the CO2 adsorbed phase near the quartz
is higher than that far from the quartz. CO2 can “disturb and
evacuate” the aggregated and entangled oil molecules to form a
gas phase flow channel and compete with the oil molecules for
adsorption, thus effectively detaching the oil film attached to
the quartz. When the temperature is 320 or 340 K, the CO2
density of the adsorbed phase can reach the maximum, and the
effect on oil detachment is the best, corresponding to the
results of the oil density distribution analysis above. For the
heavy component oil system, the CO2 density in the first
adsorption layer is much lower than that in the free volume
zone, which indicates that CO2 can only diffuse in the free
volume zone, and it is difficult to break through the high
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intermolecular cohesion energy of oil molecules in the system
to replace oil effectively.

To quantitatively characterize the miscible effect of CO2−
oil, the CO2 diffusion coefficients in the whole system and on
the vertical quartz surface along the Z direction were
calculated. It can be seen from Figure 10a that with the
increase in temperature, the average motion energy of gas
molecules increases and the CO2 diffusion coefficient in the
miscible system increases exponentially. However, from the
perspective of the Z direction perpendicular to the quartz
(Figure 10b), the CO2 diffusion coefficient does not continue
to rise because of the adsorption interaction of oil and the
quartz surface. The smaller the mass of oil components, the
stronger the diffusion ability of CO2 in the system, and the
better the effect on oil replacement. At 340 K, the CO2
diffusion coefficient in the Z direction of the light and medium
component systems is the highest, the CO2 concentration in
the adsorbed phase is also relatively the highest, and the oil
density near the quartz is relatively the lowest, indicating that
the miscibility of CO2 and oil is relatively the best at this
temperature. For the heavy component system, the CO2
diffusion coefficient along the Z direction first decreases and
then increases with the increase in temperature, which is good
for promoting the miscibility of CO2 and heavy oil.

As shown in Figure 11a−c, the interaction energy between
CO2 and oil in the light component system is the highest under
the same conditions, and the miscibility effect is the best.
When the pressure and volume of the system are constant, the
CO2 density decreases with the increase in temperature,
leading to a decrease in the interaction energy between CO2
and oil. Notably, in the heavy component system, within a
specific temperature range, the interaction energy between
CO2 and oil increases with temperature, and the interaction
energy between quartz and oil decreases with the increase in
temperature. However, the interaction energy between quartz
and CO2 hardly changes. That indicates that CO2 cannot
penetrate the heavy component oil molecules to adsorb on the
quartz, but increasing the temperature can effectively improve
the fluidity of heavy oil components and weaken the
adsorption effect on the quartz. It indicates that an increase
in temperature in a specific range is conducive to improving
the contact area between CO2 and oil and promoting the
interaction. Figure 11d shows the differences in interaction
energy between quartz−oil and quartz−CO2 under different
temperature conditions. The results show that in the light and
medium component oil systems, the ΔE is positive with the
temperature increase and shows a trend of first increasing and
then decreasing. It shows that there is a critical temperature,
which makes the miscibility of CO2 to light and medium oil
the strongest, and the effect of oil replacement is the best. For
the heavy component system, with the increase in temperature,
the interaction energy between quartz and oil is greater than
that between quartz and CO2, and the miscibility between CO2
and heavy component oil is poor.
3.4. Effect of CH4 Content on Miscibility Character-

istics. At the same volume, the total number of gas molecules
in the system was maintained constant, and the mass content
of CH4 was set to 0%, 10.04%, 35.5%, 56.56%, 81.14%, and
100%, respectively.

Figure 12 shows the effect of the CH4 content on the oil
density. When the CH4 content in the light component system
is greater than 35.5%, the first adsorption peak value of n-
octane density increases significantly, but the distribution range

is almost unchanged, indicating that the increase of CH4
content weakens the detachment effect of CO2 on the
adsorbed oil, and the gas mixture still has a good dissolution
and swelling effect on the light component system. For the
medium component system, when the CH4 content is less than
10.04%, there is no prominent adsorption peak in the n-
dodecane density distribution curve. Compared with pure
CO2, which means the CH4 content is 0%, the dodecane
density of the free volume zone is relatively lower, and the
distribution range is relatively extensive. When the CH4
content is greater than 10.04%, the first adsorption peak
value increases with the CH4 content, and the oil density of the
free volume zone decreases slightly. It shows that the increase
of CH4 can make the alkanes at the oil−gas interface looser
under the disturbance of gas molecules and weaken the
agglomeration effect between the alkane chains far from the
quartz but is not helpful for the oil film detachment. For the
heavy component system, the n-eicosane density distribution
range in the mixture of CO2 and CH4 is relatively more
extensive. When the CH4 content is 56.56%, the oil density is
relatively minimal, which indicates that a specific content of
CH4 can weaken the oil interaction intensity and promote oil
swelling at the oil−gas interface.

Similarly, the interaction energy between quartz−oil and gas
mixture−oil was calculated (Figure 13). It can be seen that
with the increase of CH4 content, the interaction energy of oil
on the quartz gradually increases, which is not beneficial for oil
film detachment. With the increase in molecular weight of
alkanes, the interaction energy of oil−quartz increases and the
interaction energy of oil−gas mixture decreases, which is not
conducive to the miscibility. For the light component system,
the interaction energy between the gas mixture and oil
decreases first and then increases slightly with the increase in
CH4 content. In contrast to the trend of the light component
system, the interaction between the gas mixture and oil can
first increase and then decrease with an increase in CH4
content in medium and heavy component oil systems. Adding
an appropriate amount of the CH4 mixture to CO2 can
increase the intensity of the gas mixture−oil interaction,
increase the fractional free volume between the alkane chains,
and further promote the oil swelling effect far from the quartz.
Therefore, the appropriate CH4 content is conducive to the
miscibility of CO2 and oil. If the CH4 content is excessive, then
the interaction between the gas mixture and oil can be reduced,
and the oil cannot be effectively replaced.

4. CONCLUSIONS
In this work, we systematically explored the effects of oil
composition, formation pressure, temperature, and CH4
content on the miscible mechanisms of CO2 and oil by a
molecular dynamics simulation. At the same time, the
solubility calculated by simulation was compared with the
related literature data, which had good agreement and verified
the model’s reliability. The main conclusions are as follows:

(1) The miscible behaviors between CO2 and oil can be
divided into four stages: rapid diffusion, CO2 dissolution and
oil swelling, competitive adsorption and oil film detachment,
and complete miscibility or dynamic equilibrium stability.

(2) The miscible capabilities between CO2 and different oil
components follow the order of octane > dodecane > eicosane.
The heavy component oil of eicosane cannot be detached by
relying on the static swelling effects because of the strongest
adsorption energy with the quartz.
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(3) The CO2 diffusion coefficient perpendicular to the
quartz does not increase continuously with the temperature
increase due to the adsorption of oil and quartz. There is a
critical temperature range of 320−340 K that makes the CO2
dissolution, swelling, and oil fluidity achieve the optimum.

(4) The addition of a small amount of CH4 can promote
miscibility in the CO2−oil interface. However, it is not
conducive to oil film detachment, as the interaction energy
between the quartz and oil will increase with the CH4 content.
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