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Abstract: The occurrence state of oil, gas, and water plays a crucial role in exploring shale reservoirs.
In this study, molecular dynamics simulations were used to investigate the occurrence states of these
fluids in shale nanopores. The results showed that when the alkane is light oil, in narrow pores
with a width less than 3 nm, oil molecules exist only in an adsorbed state, whereas both adsorbed
and free states exist in larger pores. Due to the stronger interaction of water with the rock surface,
the adsorption of oil molecules near the rock is severely prohibited. Oil/water/gas occurrence
characteristics in the water-containing pore study indicate that CO2 gas can drive free oil molecules
out of the pore, break water bridges, and change the occurrence state of water. During displacement,
the gas type affects the oil/gas occurrence state. CO2 has strong adsorption capacity, forming a
1.45 g/cm3 adsorption layer on the rock surface, higher than oil’s density peak of 1.29 g/cm3. Octane
solubility in injected gases is CO2 (88.1%) > CH4 (76.8%) > N2 (75.4%), with N2 and CH4 having
weak competitive adsorption on the rock. The investigation of different shale reservoir conditions
suggests that at high temperature or low pressure, oil/gas molecules are more easily displaced,
while at low temperature or high pressure, they are tightly adsorbed to the reservoir rock. These
findings contribute to the understanding of fundamental mechanisms governing fluid behavior in
shale reservoirs, which could help to develop proper hydrocarbon recovery methods from different
oil reservoirs.

Keywords: occurrence characteristics; oil displacement; molecular dynamics simulation; nanopores

1. Introduction

Due to the increasing demand for energy and depletion of traditional reservoirs,
unconventional oil and gas that cannot be extracted using regular technologies have
emerged as the most crucial alternatives [1–3]. These oil and gas resources require the
use of new technologies to improve reservoir permeability or fluid properties in order to
achieve economic recovery of oil and gas resources [4]. Since the 21st century, significant
breakthroughs have been made in the exploration of unconventional oil and gas [5]. Among
them, shale reservoirs with micro–nanopores have received great attention, and their
position in the energy pattern is becoming increasingly prominent [6]. However, due to
the widely distributed nanopores with different types and pore sizes [7–9], shale reservoirs
generally have low permeability, small porosity, and complex fluid occurrence states [10,11].
Therefore, studying their fluid behavior has important theoretical and practical value.

Studies have revealed that the molecular structure of shale oil generated in its early
stages is similar to that of the source rock [12]. The resemblance leads to a strong adsorp-
tion affinity between them [13,14], for which shale oil typically adsorbs on the surfaces
of microfractures in organic and inorganic pores as oil film [15]. As the generation for
hydrocarbon increases, the amount of shale oil may exceed the maximum capacity of
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current sites and migrate into larger adjacent pores and microcracks [16]. In this stage,
shale oil can exist in both free and adsorbed states, and the lighter shale oil that is in a free
state can easily migrate into microcracks. Meanwhile, the microcracks are often filled with
groundwater, which can impact the distribution and occurrence of the fluids in the shale
reservoirs. Moreover, both capillary and surface adsorption forces coexist in the nanopores
to influence the occurrence of the retained water and oil [17–19], thus contributing to the
complexity of the shale oil reservoir. Therefore, it is essential to investigate the occurrence
state of the fluids in the shale pores for the oil production.

Currently, diverse methods have been applied to study the occurrence state for the
crude oil in unconventional reservoirs. Some characterization techniques have achieved
many successful research results, such as scanning electron microscopy, micro–nano CT,
and nuclear magnetic resonance [20–22]. The combination of geological techniques, like
the fluorescence method, pyrolysis gas chromatography, and laser microanalytical tech-
nique [23–25], along with experimental measurements, like mercury injection experiments
and high-speed centrifugation [26,27], enables qualitative and quantitative characterization
of the original oil occurrence state. However, achieving precise mechanism study in the
occurrence state of the shale reservoir remains challenging due to limitations in the accuracy
of the experimental methods. To overcome the barrier and enhance the understanding
of the occurrence mechanism at the molecular level, theoretical simulations have been
suggested as the most effective method [28–30].

This study reveals the basic mechanism of fluid behavior in shale reservoirs by explor-
ing the effects of pore size, gas injection method, reservoir temperature, and pressure on
the occurrence state of fluids, which provides theoretical guidance for improving the oil
and gas recovery rate of these resources.

2. Models and Methodology
2.1. Modeling

As one of the most widespread minerals on Earth, quartz is the key ingredient of
shale [31]. It serves as a significant site for adsorbing oil molecules due to its high surface
activity [32]. The main component of quartz is silicon dioxide [31]. Therefore, silicon diox-
ide was used to represent the mineral component of rock in this study. Rationalization of
the rock surface is verified in the supporting information in Figure S1. The α-quartz was ob-
tained from the Materials Studio 2018 (MS) software database and cut along the (010) crystal
direction to form a rock surface [33–35]. The size of the rock is 200.0 Å × 29.5 Å × 14.1 Å.
Hydroxylation of the rock surface was achieved by attaching an H atom to each O atom on
the surface [36], making it hydrophilic and consistent with actual shale pore conditions.
The surface density of hydroxyl groups after hydroxylation was 9.6 nm−2, which is similar
to the result determined by crystal chemistry (5.9–18.8 nm−2) [37].

Medium and shallow reservoirs refer to reservoirs located in the depth range of less
than 4500 m underground [38]. In general, the temperature range of medium and shallow
reservoirs is between 323 K and 423 K, and the pressure range is between 10 MPa and
50 MPa [39–41]. Consequently, a displacement system with a temperature of 333 K and a
pressure of 20 MPa was chosen for modeling based on the real reservoir conditions. The
initial structure of gas flooding is shown in Figure 1a, with the injecting gas phase on the
left and the silicon dioxide nanopores containing oil phase on the right. The oil phase
is represented by octane and placed in the hydroxylated silicon dioxide nanopores with
flexible molecular bonds. A 3 ns equilibrium molecular dynamics (EMD) simulation was
performed using the NVT ensemble to obtain a reasonable oil density. The specific imple-
mentation details are shown in the supporting information in Figure S2. CO2 (0.725 g/cm3),
N2 (0.188 g/cm3), and CH4 (0.129 g/cm3) are used as the gas phase in the initial model.
According to the data from the National Institute of Standards and Technology (NIST), un-
der reservoir conditions of 20 MPa and 333 K, CO2, N2, and CH4 were all in a supercritical
state. He plates were positioned on the left and right sides of the structure for gas injection
during the simulation of gas flooding. To enable gas injection into the pore, a pressure of
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25 MPa was applied to the He plate on the left, and a pressure of 20 MPa was applied to
the He plate on the right. In addition to the pore with pure oil phase, Figure 1b depicts a
water-containing nanopore of silicon dioxide. The initial structure of miscible simulation is
depicted in Figure 1c. The supporting materials in Figure S3 display the precise modeling
details.
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Figure 1. Initial structure of (a) gas flooding, (b) CO2 flooding in water-bearing pores, and (c) miscible
simulation.

2.2. Simulation Details

In this study, all simulations were carried out using the Large-scale Atomic/Molecular
Massively Parallel Simulator/29Oct20-intelmpi-2020 (LAMMPS) software [42]. All models
were simulated using periodic boundary conditions with a time step of 1 fs. All MD
simulations were performed in the NVT system. The Nose–Hoover thermostat [43] was set
to 333 K to regulate temperature. Both the He plate and the rock surface were considered as
rigid bodies. The CO2 model was described by the Elementary Physical Model (EPM2) force
field [44,45], while the other fluid molecules were modeled using the Optimized Potentials
for Liquid Simulations All-Atom (OPLS-AA) force field [46]. The quartz surface model
was based on the Clay Force Field (ClayFF) [47]. The Coulomb potential was employed to
describe the long-range electrostatic interaction [48]

E =
qiqj

4πε0rij
(1)

where qi and qj represent the charges of atoms i and j, respectively; ε0 represents the
dielectric constant of the vacuum; and rij represents the distance between atoms i and
j. In this simulation, the non-bonded interactions are based on the Lennard-Jones (LJ)
potential [49]

Uij = 4εij

(σij

rij

)12

−
(

σij

rij

)6
 (2)

where εij represents the depth of the Lennard-Jones well between atoms i and j, and σij

represents the zero-potential distance. The cutoff radius is set to be 10 Å. For different types
of atoms, the Lorentz–Berthelot mixing rule dictates how they interact with each other [50]

σij =
1
2
(σii + σjj) (3)

εij =
(
εiiε jj

) 1
2 (4)

The detailed parameters of the force field are listed in supporting information in
Table S1.
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3. Results and Discussion
3.1. Oil Occurrence Characteristics in Shale Pores

Shale oil reservoir rocks are characterized to be extremely small pores with pore-throat
sizes at the nano-meter scale [51]. Kuila and Prasad have highlighted that the shale matrix
primarily consists of micropores with diameters below 2 nm, accompanied by mesopores
ranging from 2 to 50 nm in diameter [52]. Furthermore, numerous studies have indicated
the significant presence of mesopores in shale reservoirs [53–55], which exhibit a distinct
slit-like geometry, as observed in scanning electron microscope (SEM) images [56–58].
Therefore, to investigate the occurrence of crude oil in shale nanopores, CO2 flooding in
slit-shaped pores of 3 nm and 8 nm was simulated. Octane was used as the oil phase for
the convenience of calculation. The key feature of oil occurrence in fractured pores is the
formation of dense and ordered adsorption layers, which are usually in the range of a
few angstroms to tens of angstroms in thickness. As shown in Figure 2a,b, the density
distribution of oil in the pores before CO2 injection was calculated to analyze the oil in the
adsorption state. According to the calculation, three obvious peaks can be observed close
to both surfaces of the shale rock. The result indicates that the oil near the rock is arranged
in a tight and orderly way, forming three adsorption oil layers of 5 Å in thickness.
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Apart from the adsorbed oil near the pore wall, a large proportion of crude oil can flow
freely in the pore space, the ratio of which mainly depends on the width of the pore. The
narrow pore of 3 nm is entirely occupied by the oil in the adsorption state. In comparison,
the arrangement of oil molecules in the 8 nm pore gradually becomes disordered with the
increase in the distance from the rock in Figure 2c, indicating that the oil in the middle
area is in a free state. This difference indicates that the presence of free oil mainly depends
on the width of the pores. Moreover, since the adsorption layer occupies the pore space
of 3 nm, it can be inferred that there are only orderly arranged adsorbed oil films in the
pore of smaller than 3 nm. On the other hand, when the pore width is larger than 3 nm,
adsorbed and free states of oil coexist in the pore.

To further study the occurrence state of crude oil during displacement, we plotted
the velocity distribution curve of the oil phase in the z-direction (perpendicular to the
displacement direction) in Figure 3. The curve showed that the migration velocity of oil
near the surface is significantly slower than that of oil in a free state in the middle of pores.
This proves that the mobility of oil in the free state is considerably higher than that of the
adsorbed part, which is due to the tight adsorption of oil on the rock.
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The occurrence state of crude oil may also be affected by the length of the alkane
carbon chain in the oil phase. To investigate this influence, we modeled the oil phases with
C6, C8, C15, and C18. Figure 4 illustrates the density of the four oil phases in the pores, as
well as the interaction energy between oil and the rock surface. The density distributions
reveal that, except for C18, three obvious adsorption layers are formed by oil molecules
close to the rock surface, while free oil exists in the middle of the pore. Upon the increase
in the chain length, the interaction energy between the oil and rock turns greater, and the
density peak of the adsorption layer grows higher. The phenomenon indicates that larger
oil molecules can lead to a more obvious adsorption layer and stronger oil adsorption on
the rock. At the same time, the density of the free oil becomes higher along with the longer
carbon chain. However, when the oil phase is C18, all oil molecules are arranged in order
in the pores due to the strong interaction between C18 and the rock surface. As a result, no
free oil molecules are observed, and multiple adsorption layers of the oil phase occupy the
whole volume of the pore. In addition, it can be seen from the snapshot of the oil molecules
near the rock surface in Figure 5 that the longer the carbon chain is, the easier it is for oil
molecules to curl up.
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When the oil phase consists of C6, C8, or C15 during the CO2 flooding process, the
free oil can be effectively displaced from the pores by CO2. However, when it comes to C18,
the oil molecules tend to arrange closely to each other, resulting in stronger interactions
among them. Therefore, it becomes challenging for CO2 to displace the oil molecules from
the pores. In the simulation, the displacement time is as long as 15 ns when the oil phase
is C18; only a small part of the oil phase is displaced, which cannot be compared with
other complete displaced oil phases. Therefore, the displacement process of oil phase
C18 will not be discussed in the following paragraphs. To gain better understanding of
the changes in the occurrence state of oil molecules during the displacement, resident
autocorrelation function CR(t) was utilized to analyse the residence time of oil molecules
within the adsorption layer. CR(t) was calculated by [59]

CR(t) =
〈Ow(t)Ow(0)〉
〈Ow(0)Ow(0)〉

(5)

where Ow(t) indicates whether a molecule is in the adsorption layer at time t. Ow(t) = 1
indicates a molecule in the adsorption layer, while Ow(t) = 0 indicates that the molecule is
removed from the adsorption layer [59,60]. The < > indicate the overall average. The value
of CR(t) is the probability of the target molecule appearing in the statistical region. The
value is 1 if the molecule stays in the given statistical region from the initial time to the
subsequent time t. A slower decay rate of CR(t) from 1 to 0 indicates a longer residence
time and a greater adsorption strength of the molecule on the pore surface.

The CR(t) analysis was present in Figure 6 to illustrate the residence time of different
oil molecules during the displacement process. The results indicate that oil molecules with
shorter carbon chains exhibit a more rapid decline rate of CR(t) from 1 to 0. This suggests
that smaller oil molecules have a shorter residence time in the adsorption layer and are
more easily detached from the rock to turn into free oil. Conversely, larger oil molecules
exhibit a stronger adhesion force, which causes the firm attachment to the adsorption layer
and longer residence time on the surface.
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3.2. Water Occurrence Characteristics in Shale Pores

Hydraulic fracturing is commonly used during oil exploration, which will result
in residue water in the shale nanopores. The existence of water in pores will affect the
occurrence state of oil and the displacement process. Xu et al. [28] found that when the mass
fraction of water is 50%, the adsorption of oil molecules on the quartz wall is blocked, and
all oil molecules appear in the form of free shale oil. The study by Xu et al. only considered
the situation where the mass fraction of water was 50%, but the amount of water in the pores
would also influence the state of each phase’s occurrence there. To investigate this effect, we
constructed pores containing water of 55% and 80% and conducted equilibrium molecular
dynamics simulations for a duration of 3 ns. The optimized structural configurations of
both models are shown in Figure 7, which reveals that water molecules were more likely
to be drawn together in the 80%-water-containing pore due to the higher capillary forces.
The rearrangement of water has resulted in the formation of water bridges connecting the
upper and lower surfaces of the pore. In contrast, the thin films formed by water molecules
in the 55%-water-containing pore remain separated on the pore surface instead of forming
water bridges.

Energies 2023, 16, 7253  7  of  15 
 

 

 

Figure 6. The residence autocorrelation functions of C6, C8, and C15 molecules in the adsorption layer. 

3.2. Water Occurrence Characteristics in Shale Pores 

Hydraulic fracturing is commonly used during oil exploration, which will result in 

residue water in the shale nanopores. The existence of water in pores will affect the occur‐

rence state of oil and the displacement process. Xu et al. [28] found that when the mass 

fraction of water is 50%, the adsorption of oil molecules on the quartz wall is blocked, and 

all oil molecules appear in the form of free shale oil. The study by Xu et al. only considered 

the situation where the mass fraction of water was 50%, but the amount of water in the 

pores would also influence the state of each phase’s occurrence there. To investigate this 

effect, we constructed pores containing water of 55% and 80% and conducted equilibrium 

molecular dynamics simulations for a duration of 3 ns. The optimized structural configu‐

rations of both models are shown in Figure 7, which reveals that water molecules were 

more likely to be drawn together in the 80%‐water‐containing pore due to the higher ca‐

pillary forces. The rearrangement of water has resulted in the formation of water bridges 

connecting the upper and lower surfaces of the pore. In contrast, the thin films formed by 

water molecules in the 55%‐water‐containing pore remain separated on the pore surface 

instead of forming water bridges. 

 

Figure 7. (a) Shows the optimized structural configuration of a reservoir pore with 55% water con‐

tent and (b) with 80% water content. 

Furthermore,  to gain  insights  into  the  competing adsorption of oil/gas phases on 

rock, the interaction between oil/gas and the rock surface was calculated as follows [61,62]: 

𝐸௢௜௟ି௥௢௖௞ ൌ 𝐸௢௜௟ା௥௢௖௞ െ ሺ𝐸௢௜௟ ൅ 𝐸௥௢௖௞ሻ  (6) 

Figure 7. (a) Shows the optimized structural configuration of a reservoir pore with 55% water con-tent
and (b) with 80% water content.

Furthermore, to gain insights into the competing adsorption of oil/gas phases on rock,
the interaction between oil/gas and the rock surface was calculated as follows [61,62]:

Eoil−rock = Eoil+rock − (Eoil + Erock) (6)
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EH2O−rock = EH2O+rock −
(
EH2O + Erock

)
(7)

where Eoil−rock and EH2O−rock are the interaction energies between oil/water molecules
and the rock surface, and Eoil+rock and EH2O+rock are the energies of the system including
oil/water molecules and rock surface. Eoil , Erock, and EH2O represent the energy of oil
molecules, rock surface, and water molecules, respectively. The results of the calculations
are shown in Table 1.

Table 1. Oil/gas interactions with rock surfaces in pores with 55% and 80% water content.

Water Content

Interaction Energy
Eoil−rock (kcal/mol) EH2O−rock (kcal/mol)

55 wt% −0.652585 −5349.2

80 wt% −3.86542 −5234.4

The interaction between oil/water and rock suggests that the adsorption of water
molecules on rock is stronger than the adsorption of oil molecules. And water molecules
occupy all the adsorption sites near the rock, which leads to a reduction of the adsorbed
oil molecules, making it impossible for oil to contact rock directly. Thereby, the oil phases
in both models are in a free state in the pore, with minimal interaction with the rock. The
result also indicates that water has stronger competitive adsorption at the rock surface
compared to oil.

During flooding, the injection of CO2 will affect the occurrence state of the oil and
water phase in the pore. As shown in Table 1, the high EH2O−rock makes it difficult for CO2
to displace tightly attached water film from the rock surface. Therefore, the occurrence
state of the water phase in the pores without a water bridge barely changes during CO2
flooding. On the contrary, CO2 molecules can effectively displace the free oil out of the
pore, resulting in changes in the occurrence state of the oil phase. On the other hand, when
a water bridge is formed, as seen in the 80%-water-containing pore, CO2 molecules are able
to break the H-bond between water molecules, causing the water bridge to collapse from
the center and change the occurrence state of water, as shown in Figure 8a. This is mainly
due to the fact that when CO2 molecules enter the pores and interact with water molecules,
the stronger van der Waals forces between CO2 and water molecules will surpass the
interactions between the water molecules, thus replacing the water–water hydrogen bonds.
This disruption can lead to weaker linkages between water molecules and the breaking of
water bridges. Also, as a result, the number of H-bonds between water molecules decreases
gradually with the entry of CO2 into the pores in Figure 8b. This phenomenon was also
reflected in a previous study by Liu et al. [19].
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3.3. Gas Occurrence Characteristics in Shale Pores

The occurrence state of gas plays an important role in oil displacement during gas
flooding-enhanced oil recovery (EOR). Currently, CO2, N2, and hydrocarbon were com-
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monly utilized in gas EOR technology [63–65]. However, in previous studies [28,29,66],
injected gas was not discussed or only the change of the oil occurrence state when the
injected gas was CO2 was explored. Therefore, the effects of CO2, N2, and CH4 on the occur-
rence state of oil are studied here. Figure 9 shows the gas occurrence state of CO2/N2/CH4
in reservoir pores after the miscible process with oil. The simulation reveals that a portion of
the oil molecules will dissolve in CO2 when the gas enters the pore and mixes with oil. CO2
will then replace the oil molecules and appear near the rock surface, forming an adsorption
layer. In comparison, fewer oil molecules are dissolved in N2 and CH4, which can be re-
flected by the calculated solubility shown in Figure 10. The solubility values of oil molecules
in different injected gases are in the order of CO2 (88.1%) > CH4 (76.8%) > N2 (75.4%).
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at 333 K and 20 MPa.

Figure 11 shows the variation of the interaction energy with time during the mixing
of CO2/N2/CH4 with oil. It can be seen that EOil−CO2 is much larger than EOil−N2 and
EOil−CH4 , indicating that CO2 has a stronger adsorption capacity and is easier to peel off
oil from the rock surface. Therefore, EOil−Rock (CO2 flooding) is small because the CO2
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molecules occupy the sites near the surface and block the contact between rock and oil.
Competitive adsorption also exists between CH4 and alkane molecules. However, only a
small portion of CH4 can be adsorbed on the rock because of the short carbon chain of CH4,
which has less contact with the rock and weaker interaction with the long-chain oil. The
EOil−Rock (CH4 flooding) is higher, with large numbers of oil molecules remaining attaching
to the rock. Comparatively, N2 has weaker competitive adsorption on the rock, and almost
no N2 is adsorbed on the rock. Therefore, the adsorption layer on the rock is still oil phase
with the largest EOil−Rock (N2 flooding). And the oil molecules are clustered together due
to the low EOil−N2 .
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Additionally, upon the gas injection, the oil/gas occurrence state will change during
the displacement process. There will be competitive adsorption between CO2 and oil
during the CO2 flooding process, so that the intertwined oil molecules will be separated
and peel off from the rock surface. The destruction of the oil film can be seen from the
decrease in the oil density peak in Figure 2. Finally, all the oil near the rock will be stripped
by CO2 into a free state. Based on the distribution of CO2 density, it can be observed that
the density peak of CO2 gradually appears on the rock surface. This suggests that after
oil has been stripped, CO2 is adsorbed on the rock surface, creating an adsorption layer
of CO2 on the rock surface. During the process of displacement, compared to the density
peak of oil, which is 1.29 g/cm3, the highest adsorption peak of CO2 can reach 1.45 g/cm3.
Therefore, the competitive adsorption of CO2 in hydrophilic shale is stronger than that
of petroleum.

Due to the good elasticity and expansion ability, N2 will not be adsorbed on shale
rock, but will form a gas channel in the oil phase instead. A large number of free oil
molecules will be driven out of the pores by N2, but some oil molecules remain, existing
in the adsorption layer during displacement. In the case of CH4 flooding, the solubility
of CH4 in the oil phase is low, so that it is easier to form a CH4 gas channel than CO2.
Due to the competitive adsorption between CH4 and crude oil on the rock, part of the oil
will be adsorbed to the rock again after being peeled off by CH4 and thus re-form an oil
adsorption layer. Therefore, both CH4 and oil phases exist in the adsorption layer during
CH4 flooding.

3.4. Effect of Different Shale Reservoir Conditions

The reservoir environment is complex because the formation temperature and pressure
change rapidly at different depths. The state of oil/gas occurrence is frequently altered by
the diversification of the reservoir environment. When the temperature in the reservoir
increases or the pressure decreases, the oil molecules will be more closely adsorbed on the
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rock surface. Therefore, the peak value of the oil adsorption layer and the density of the
free state will be higher. As shown in Figure 12, the higher temperature or lower pressure
in the reservoir will cause the average kinetic energy of molecules to increase, enabling oil
molecules to dissolve more effectively in CO2. As a result, oil molecules will be more easily
dissolved in CO2. Furthermore, the density of the adsorbed layer and the free oil will drop
faster during the entire CO2 displacement process.
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4. Conclusions

The occurrence state of oil/gas/water in the shale reservoir is investigated in this
research by molecular dynamics simulation. The main conclusions are as follows:

(1) When the alkane is light oil, in narrow pores with width of less than 3 nm, the space is
occupied by the oil adsorption layer, with almost none in a free state. In pores larger
than 3 nm, the oil is in both adsorbed and free states. The oil molecules in the free
state have significantly higher mobility than those in the adsorbed layer due to the
strong interaction with the pore wall. In addition, oil molecules with longer carbon
chains tend to stay in the adsorption layer, and those with shorter chains are more
likely to be peeled off from the surface to form free oil.

(2) The presence of water in shale nanopores affects the adsorption behavior of oil and
water on the surface. Due to the stronger competitive adsorption with the rock
surface than oil, water tends to occupy the adsorption sites near the rock, reducing
the adsorbed oil molecules. The content of water in the pore determines whether it
exists in the form of water film or water bridge. The injection of CO2 gas can displace
free oil molecules out of the pore and affect the occurrence state of the oil phase, as
well as breaking water bridges and changing the occurrence state of water.

(3) During the displacement process, the oil/gas occurrence state is influenced by the
type of gas. Due to the strong adsorption capacity, CO2 can separate the intertwined
oil molecules to peels them from the rock and form a CO2 adsorption layer on the
rock surface; the maximum adsorption peak of CO2 can reach 1.45 g/cm3, which is
higher than the density peak of oil (1.29 g/cm3). The simulation results show that
the solubility of octane molecules in different injected gases is in the following order:
CO2 (88.1%) > CH4 (76.8%) > N2 (75.4%). Comparatively, N2 and CH4 have weak
competitive adsorption on the rock. N2 forms a gas channel between oil molecules,
and CH4 forms an oil adsorption layer again after peeling off the oil.

(4) At high temperature or low pressure, oil/gas molecules can enter the free state or be
displaced more easily, whereas at low temperature or high pressure, oil/gas molecules
are more tightly adsorbed on the reservoir rock surface.
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