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mixtures on a silica surface†

Ping Feng, *abc Yangwen Zhu,abd Keling Zhao,c Ying Gao,c Haiying Liao,abd

Quanqi Dai,abd Yongqiang Tang,abd Kezhen Goue and Xueshuai Zhuc

Produced gas re-injection is an effective and eco-friendly approach for enhancing oil recovery from shale

oil reservoirs. However, the interactions between different gas phase components, and the oil phase and

rocks are still unclear during the re-injection process. This study aims to investigate the potential of

produced gas re-injection, particularly focusing on the effects of methane (CH4) content in the

produced gas on shale oil displacement. Molecular dynamics simulations were employed to analyze the

interactions between gas, oil, and matrix phases with different CH4 proportions (0%, 25%, 50%, and

100%), alkanes and under various burial depth. Results show that a 25% CH4 content in the produced gas

achieves almost the same displacement effect as pure carbon dioxide (CO2) injection. However, when

the CH4 content increases to 50% and 100%, the interaction between gas and quartz becomes

insufficient to effectively isolate oil from quartz, causing only expansion and slight dispersion.

Interestingly, the presence of CH4 has a synergistic effect on CO2, facilitating the diffusion of CO2 into

the oil film. During the gas stripping process, CO2 is the main factor separating oil from quartz, while

CH4 mainly contributes to oil expansion. In addition, for crude oil containing a large amount of light

alkanes, extracting light components through mixed gas may be more effective than pure CO2. This

study offers valuable insights for applications of produced gas re-injection to promote shale oil recovery.
1. Introduction

Unconventional oil and gas have been given more attention,
especially the “shale oil and gas revolution” in North America,
which has triggered a global shale oil and gas exploration and
production boom.1–3 The worldwide technically recoverable
reserves of shale oil amount to 4.69 × 1010 tons. Russia, the
U.S., and China are abundant in shale oil with recoverable
resources of 1.05 × 1010 tons, 6.72 × 109 tons, and 4.48 × 109

tons, respectively.4 Nonetheless, oil-bearing shale reservoirs are
characterized by low porosity and permeability, thereby limiting
the application of conventional oil recovery techniques.4,5 As
a result, various methods of enhanced oil recovery (EOR) have
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been proposed, including hydraulic fracturing, thermal
recovery, chemical enhanced oil recovery, microbial enhanced
oil recovery, and gas ooding.6–9 Gases such as CO2, natural gas,
and nitrogen, with their high efficiency in enhanced recovery
and unique advantage of low cost, have become the current
trend in the development of EOR in shale reservoirs. CO2 exists
as supercritical uid (scCO2) under practical reservoir condi-
tions, has superior diffusivity and solubility, and can easily
penetrate shale reservoirs and dissolve crude oil.10,11 CO2

sequestration in oil-bearing shale reservoirs could enhance
shale oil recovery and meanwhile realize CO2 geological
sequestration.12–14

The adsorption and diffusion characteristics of CO2/CH4

mixtures on shale matrix have been investigated through
experiments and simulations in gas ooding. The preferential
adsorption of shale matrix for CO2/CH4 mixture varied signi-
cantly with temperature, pressure, and the properties of shale
matrix.16 The ability of shale matrix to preferentially adsorb CO2

weakened as the pressure increases, while the high temperature
reduced the preferential selectivity of CO2 adsorption under low
pressure.17 The adsorption of CO2/CH4 gas mixture was mainly
contributed by CO2.15 Simulations showed that CO2 was more
easily adsorbed on kerogen matrix compared to CH4, and the
selectivity for CO2 decreased as the temperature rose.18,19

Moreover, the wettability of organic nanoscale pores increased
© 2024 The Author(s). Published by the Royal Society of Chemistry
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with the increase of CO2 mole fraction in CO2/CH4 mixture.20

The interfacial tension between CO2/CH4 mixture increased as
the CH4 content rose.21 These researches mainly focus on the
interaction between CO2/CH4 and shale matrix, while there are
limited reports on inuence of the shale oil on both gas and
shale matrix.

Extensive researches have been conducted on improving oil
recovery through gas ooding, mainly concentrating on the
inuence of the compositions of uids and shale matrix on
recovery rate.22 The addition of DME could reduce the oil
viscosity and effectively increase the recovery rate of shale oil.23

The simulation of DME-assisted CO2 ooding for shale oil
showed that DME could enhance the solubility of CO2, improve
its competitive adsorption capacity, and effectively reduce
interfacial tension.24 The adsorption and diffusion process of
reservoir uids on matrix was also inuenced by inorganic
minerals and organic matter25 and micropores.26 The desorp-
tion of uids from organic matter and large-pore inorganic
minerals aer CO2 injection was much more signicant than
that from small-pore inorganic minerals. The aforementioned
experimental and simulation studies mostly focus on the effects
of reservoir properties and displacement parameters on CO2

enhanced shale oil recovery (CO2-ESOR). However, there is
a lack of research on the effects of CO2 mixed with hydrocar-
bons on improving oil recovery.

As for CO2-ESOR, the produced uid always contains oil and
produced gas. The composition of the produced gas mainly
includes CO2, as well as hydrocarbons (mainly including CH4)
and other mixed gases dissolved in the crude oil.27 In terms of
utilizing the produced gas, reinjecting the produced gas as
a driving agent back into the oil and gas reservoirs gains
popularity,28 due to reducing resource waste and mitigating
environmental pollution.29,30 During the gas ooding process,
the most dominant factor is the interaction mechanism
between gas, oil and the reservoir matrix. However, the
combined effect of scCO2 and CH4 during gas ooding process
has not been well studied yet. In addition, factors such as burial
depth and alkane carbon chain length play a crucial role in
enhancing the recovery rate during gas ooding process.25,31–33

Therefore, investigating the displacement of CO2/CH4 mixtures,
burial depth, and crude oil properties on gas ooding process
could provide valuable insights for optimizing injection
parameters and select gas injection schemes for improved
recovery.

This study aims to reveal the displacement mechanism of
CO2/CH4 binary mixture toward shale oil through molecular
dynamics simulations. A series of molecular dynamics simula-
tions were conducted under the CH4 proportions of 0%, 25%,
50%, and 100% and also at various burial depths with different
alkane carbon chain lengths. The interactions between gas
phase, oil phase, and matrix were analysed. The interaction
energies and diffusion coefficients were calculated between the
components in each system. In response to variations in crude
oil compositions, an analysis was conducted on the displace-
ment of ooding gases with different components. The ndings
of this work may contribute to the development of more effi-
cient gas-phase selection strategies for oil displacement and oil
© 2024 The Author(s). Published by the Royal Society of Chemistry
lm separation processes. It may also benet the development
of more efficient and environmentally friendly methods for oil
and gas production.
2. Computational details
2.1. Construction of simulation model

A molecular dynamics system composed of silicon dioxide
(SiO2), C10H22, CO2, and CH4 molecules with the z-axis being
perpendicular to the silica surface was adopted (Fig. 1). The a-
quartz crystal cell model was imported from the Material Studio
soware (MS) database and a-quartz was cut along the (0 0 1)
crystal plane. A hydroxylated silica surface was constructed to
simulate the underground caprock considering the water envi-
ronment in reservoir and the surface charges.34,35 The hydrox-
ylated SiO2 were with dimensions of 59.5 × 29.5 × 17.0 Å3.
Decane was used to represent shale oil, and the size of the oil
lm was about 59.5 × 29.5 × 20.0 Å3. The produced gas, that is
CO2, CH4 or their mixtures, is used for shale oil extraction
during gas ooding at 323 K and 15 MPa at rst. A hidden layer
of CO2 molecules with a density of 1.5 g cm−3 was placed above
the gas phase to seal the lattice system and prevent gas mole-
cules escaping from the system.36 To eliminate the inuence of
the periodic boundary in the Z direction of the system,
a vacuum layer with a thickness of 18 Å was added to the top
layer of the system.
2.2. Simulation methods

All molecular dynamics simulations were conducted using MS
soware. At the beginning of simulation, geometric optimiza-
tion was carried out using smart method for quartz surface, oil
box, and gas phase box, respectively. Accordingly, the oil
molecules were randomly placed on the silica surface, and a 1
ns NVT (constant atom number, constant volume, constant
temperature) dynamic simulation was conducted to obtain the
adsorption conguration of the oil molecules on the quartz
surface. Aerwards, the gas phase was placed above the oil layer
and a 4000 ps simulation was conducted under the NVT
ensemble. The simulation time step was set to 1 fs, and frames
were output every 1 ps for analysis. The cutoff distance is set to
12.5 Å. The system temperature was controlled by the Nose–
Hoover thermostat. The COMPASS force eld is widely used
based on ab initio and experimental data optimization.37 It can
accurately predict the intramolecular properties of isolated
molecules and the intermolecular properties of condensed
phase molecules. The COMPASS force eld has been widely
applied to study the interactions between CO2/CH4/
hydrocarbons/quartz/organic matter systems.16,38 The electro-
static interactions were calculated using the Ewald summation
method, while the van der Waals interactions were represented
by the Lennard-Jones 9–6 potential function which are
expressed by eqn (1) and (2), respectively.

Evdw ¼
X
ij

3ij

2
42
 
r0ij

rij

!9

� 3

 
r0ij

rij
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3
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Fig. 1 Configuration of produced gas (mixture of CO2 and CH4) displacement toward the oil film on the hydrophilic quartz surface. (a) Initial
configuration of quartz-oil-produced gas system, (b) hydroxylated silica surface, (c) decane representing shale oil, (d) molecular structures of
CO2 and CH4. Atomic color codes: C, gray; H, white; O, red; Si, yellow.

Table 1 Charge parameters for CO2, CH4, alkanes and quartz

Substance Atom Charge/e

Methane H −0.212
C −0.053

Carbon dioxide O +0.8
C −0.4

Alkanes C(CH3) −0.159
C(CH2) −0.106
H +0.053

Quartz Si +0.89
O −0.445
H +0.25
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Eele ¼
X
ij

qiqj

rij
(2)
6510 | RSC Adv., 2024, 14, 6508–6520
In the eqn (1) and (2), 3ij represents the potential well depth and
r0 denotes the hard sphere radius of the atoms. rij and q
respectively represent the distance between two sites and the
atomic charge at site i. The charge parameters for CO2, CH4,
alkanes and quartz are listed in Table 1.
3. Results and discussion
3.1. Effect of CH4 content in produced gas on displacement
of crude oil

Both the initial and equilibrium states of crude oil stripping by
CO2, CH4 and CO2/CH4 mixture are shown in Fig. 2a. In the
initial state, the decane molecules are adsorbed on the quartz
surface, forming a dense oil lm. In equilibrium state, with the
absence of CH4 in the produced gas, as well as at 25% CH4

concentration, the majority of oil molecules on the quartz
surface dissolve into the gas phase. Both CO2 and CH4 mole-
cules reach the quartz surface and thereby replace the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Initial and equilibrium configurations of system under
different molar ratios of CH4 and CO2; (b) density distribution of
decane in equilibrium (to facilitate the observation of the distribution
of CH4, CO2, and decane molecules, the molecules are recolored to
distinguish from each other: silica surface, gray; decane, blue; carbon
dioxide, red; methane, green).
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previously adsorbed oil molecules. When the CH4 concentra-
tion reaches 50%, some oil molecules dissolve individually in
the gas phase, while the majority remains in close proximity to
the quartz surface. The oil layer expands and disperses
compared with its initial state. In the case of pure CH4, the oil
layer remains predominantly tightly adsorbed on the quartz
surface, with only a small fraction of the outermost layer of free
oil separating from the dense adsorbed oil layer and diffusing
into the gas phase.

Fig. 2b illustrates the density distribution of oil along the
quartz radial direction under equilibrium conditions for
various CH4 concentrations during displacement. Without gas
in the system, the density distribution of oil lm molecules on
the quartz surface forms four distinct peaks, located at 21 Å, 26
Å, 30 Å, and 35 Å, respectively. We suppose that the rst three
peaks correspond to clearly discernible adsorption layer, while
the last peak represents free shale oil, as evidenced by its
density close to that of decane in its natural state, that is
approximately 0.72 g cm−3.39,40Upon gas injection, in the case of
© 2024 The Author(s). Published by the Royal Society of Chemistry
pure CO2, the peak of the oil layer density curve shis to the free
state region, indicating that the majority of adsorbed oil has
converted to the free oil.41 In the presence of CH4 in the gas
phase, the highest density peak of the oil layer remains in the
adsorbed state region. This is extremely evident in pure CH4

ooding, as the peak value of the adsorption layer experiences
only a slight change compared to the initial oil. Under this
condition, the introduction of CH4 only leads to a certain degree
of expansion of the oil layer, without causing the detachment of
the oil molecules from the quartz surface. When CH4 is present
in the gas phase, its displacement potential toward oil is infe-
rior to pure CO2.
3.2. Microscopic interaction process of gas and oil layer on
quartz surface

Based on the aforementioned results, the microscopic interac-
tion process of produced gas and crude oil was analyzed (Fig. 3).
As for pure CO2 injection, the outermost layer of free oil is
initially ruptured by CO2 and dissolved with gas, following
which CO2 gradually penetrates through the inner oil layer and
diffuses toward the quartz surface. By 2000 ps, even the inner-
most decane molecules are mostly detached from quartz, but
still form clusters near the surface. Almost all oil molecules are
dispersed and dissolved by CO2 by 4000 ps, with only a few oil
molecules remained near quartz. As CH4 is introduced with
molar fraction of 25% in gas phase, more oil molecules are
dissolved by the gas phase as single molecules in the rst 1000
ps compared to pure CO2 injection. By 4000 ps, almost all of the
oil lm is dispersed into the gas phase, but some oil molecules
still adsorb on the quartz surface. When the CH4 content is 50%
or 100%, the proportion of CO2 in the gas phase signicantly
decreases. The majority of the gas molecules penetrate into the
interior of the oil, causing the oil to expand instead of exfolia-
tion from the quartz surface. The oil exhibits minimal detach-
ment from the quartz surface. Therefore, CH4 is capable of
inducing swelling of the oil layer. However, compared to CO2,
CH4 shows a weaker replacing effect on the oil molecules.

In order to quantitatively clarify the microscopic process of
the interaction between the produced gas and oil on quartz
surface, the density distribution prole of the oil molecules on
the surface with time was plotted (Fig. 4). In the case of pure
CO2, the density of oil on the quartz surface gradually decreases
as CO2 interacts with oil. The increase in oil molecule density in
the radial range indicates that the expansion of oil occurs. The
adsorbed oil undergoes a transformation into the free oil and
dissolves in CO2. The density of oil molecules evenly distributes
in the radial range. When the CH4 proportion in the gas phase
increased to 25%, within the initial 1000 ps of the reaction, the
density of adsorbed oil on the quartz surface decreases more
signicantly compared to the pure CO2 condition. At 2000 ps,
the density peak of oil in the innermost layer disappeared, and
a more obvious density peak appears at a radial distance of 25 Å
and 58 Å. It suggests that the presence of CH4 under current
condition accelerates the expedition of oil and the rapid sepa-
ration of oil from the quartz surface. It is noteworthy that
a small amount of adsorbed oil reappears on the quartz surface
RSC Adv., 2024, 14, 6508–6520 | 6511
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Fig. 3 Microscopic interaction process between gas and oil layers on quartz surface.
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when the time of the interaction reaches 4000 ps. This indicates
that aer the oil detach from the quartz surface, the gas mole-
cules do not continue to form a stable “barrier layer” on the
quartz surface to effectively separate the quartz and oil mole-
cules. A small number of decane molecules reattach to the
quartz surface due to their strong interaction. When the CH4

content exceeds 50% (Fig. 4c and d), the density distribution of
oil still remains in the adsorption region. This observation
highlights that, unlike CO2, CH4 is unable to completely
displace the oil from the quartz surface, instead inducing
a certain degree of expansion within the oil.

To quantify the swelling of decane, the radial distribution
functions (RDFs) between carbon atoms of decane molecules (C
(dec)) were calculated in different simulation systems (Fig. 5a).
6512 | RSC Adv., 2024, 14, 6508–6520
The decrease in coordination number indicates that decane
molecules tend to separate from each other, leading to an
increase in the average separation distance between decane
molecules. It is worth noting that in comparison to the pure CO2

system, in the case of 25% CH4, the RDF peak height between
carbon atoms of decane molecules decreases, indicating the
formation of amore relaxed structure of oil. As shown in Fig. 5b,
in a pure CO2 system, decane molecules entangle together and
form more clusters than in a 25% CH4 system. This may be due
to the diffusion coefficient of CH4 being greater than CO2

(Section 3.3.2), which leads to the diffusion of CH4 into
molecular clusters and increases the separation distance
between decane. Additionally, in the case of 50% CH4 and pure
CH4, the RDF peak values between carbon atoms of decane
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Density distribution profile of oil phase on quartz surface over time: (a–d) are the curves when the mole percentage of CH4 is 0%, 25%,
50% and 100%, respectively (the orange vertical line in the figures represents the boundary between adsorbed oil and free oil).
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molecules are signicantly higher than the other two systems,
suggesting a smaller average molecular distance between
decane molecules and that decane molecules are not fully
dispersed. Compared to the RDF of decane molecules' carbon
atoms in the initial state, the RDF peak value in the pure CH4

system only slightly decreases. It indicates that the CH4 system
has only a slight degree of expansion on decane.

The density distribution of gas molecules on the quartz
surface is shown in Fig. 6. In a pure CO2 gas system, the density
of CO2 on the quartz surface gradually increases with prolonged
Fig. 5 (a) RDF profile of C (dec)–C (dec) at equilibrium state in different

© 2024 The Author(s). Published by the Royal Society of Chemistry
contact time, and the molecular density of the oil on the quartz
surface decreases simultaneously (Fig. 6a). At 4000 ps, CO2

forms two closely packed adsorption layers on the quartz
surface, completely replacing the adsorbed oil. It shows that
during this process, CO2 causes expansion of the oil and grad-
ually traverses the oil to contact with the quartz surface, thereby
isolating the decane molecules from the quartz surface and
achieving the detachment of the oil. Therefore, CO2 plays a dual
role in this process, causing oil to expand and separating it from
the surface of quartz.42
systems. (b) Decane clusters in pure CO2 system.

RSC Adv., 2024, 14, 6508–6520 | 6513
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Fig. 6 Density distribution profile of gas phase on quartz surface over time: (a–d) are the curves when the mole percentage of CH4 is 0%, 25%,
50% and 100%, respectively. The orange vertical line in the figure represents the boundary between adsorbed oil and free oil.
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In a coexisting system of CH4 and CO2, CH4 exhibits
similar behaviour to CO2, as it is capable of swelling the oil
lm and contacting with the quartz surface. However, the
distribution density of CH4 on the quartz surface is signi-
cantly lower than that of CO2, indicating that the gas mole-
cules adsorbed on the quartz surface are predominantly
CO2. Additionally, the mass density of CH4 on the quartz
surface did not always increase over time (Fig. 6b and c),
suggesting that CH4 is at a disadvantage in competing with
CO2 for adsorption on the quartz surface.43,44 In a pure CH4

system, the density of CH4 outside the oil lm is signicantly
higher than that within the oil lm. CH4 could penetrate oil
and reach the surface of quartz (Fig. 6d). However, due to its
inability to form a stable “barrier” on the quartz surface,
CH4 cannot effectively displace the oil. On the other hand,
CO2 is able to swell the oil lm and form a stable density
layer on the quartz surface. As a result, CO2 enables the
detachment of the oil lm.
3.3. Interaction mechanism of gas and oil lm on quartz
surface

3.3.1 Intermolecular interaction energy. To reveal the
inherent reasons for the microscopic interaction among
CO2, CH4, oil lms and quartz surfaces, it is necessary to
quantitatively calculate the interaction energy between the
components in each system. The interaction energy reects
the binding strength between molecules, which increases as
6514 | RSC Adv., 2024, 14, 6508–6520
the absolute value becomes larger. Taking the calculation of
the interaction energy between CO2 and decane as an
example, the calculation formula is shown in eqn (3).

ECO2–decane
= Etotal − (ECO2

+ Edecane) (3)

where Etotal is the total energy of CO2 molecule and decane
molecule (kcal mol−1); ECO2

and Edecane are the energy of CO2

molecule and decane molecule respectively. The interaction
energy between decane molecule and quartz surface (Edecane–
surface) and the interaction energy between gas molecule and
quartz surface (Egas–surface) were also calculated by the same
method, which were used to determine the adsorption strength
of decane molecule and gas molecule on quartz surface.

Fig. 7 shows the interaction energy between different
components in the system when the mole percentage of CH4 is
0%, 25%, 50%, and 100% in the produced gas. ECO2–dencane

dominates among all the interactions in the oil displacement
process with pure CO2 condition, thereby making CO2 rapidly
rupture the oil and diffuse into its interior. Diffusion channels
form within the oil lm and CO2 moves toward the quartz
surface.36,45 Aer 650 ps, ECO2–surface surpasses Edecane–surface, and
the interaction strength between CO2 and quartz surface is
greater than that between decane and quartz surface, enabling
CO2 to replace oil molecules and form stable adsorption on the
quartz surface, resulting in the desorption of the oil.32,36 When
CH4 occupies 25% of the gas phase, the Egas–surface remains
stronger than the Edecane–surface. Gas molecules have
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Interaction energy of each component under different gas mixtures: (a) pure CO2, (b) 75% CO2 + 25% CH4, (c) 50% CO2 + 50% CH4, and
(d) pure CH4.
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a competitive advantage over oil molecules in adsorbing onto
the quartz surface. Therefore, the produced gas can still
completely strip the oil from the quartz surface. It is important
to note that the presence of CH4 reduces the desorption time of
the oil from 650 ps in the pure CO2 system to 500 ps, indicating
that the addition of CH4 accelerates the oil displacement
process. However, the effectiveness of oil displacement does not
necessarily increase with a higher proportion of CH4 in the gas
phase. When the CH4 proportion is 50%, Egas–surface becomes
comparable to Edecane–surface. Consequently, gas molecules and
decane molecules remain in a competitive adsorption state,
preventing complete detachment of the oil lm. When the gas
consists only of CH4, Edecane–surface consistently exceeds Egas–
surface, rendering CH4 unable to strip the oil from the quartz
surface.

Therefore, the oil displacement using CO2/CH4 can be
summarized into four stages. Firstly, gas molecules (both CO2

and CH4) diffuse into the oil, causing swelling of the oil.46

Secondly, CO2 mainly adsorbs on the quartz surface, replacing
some decane molecules. Then the stable adsorption of CO2

leads to the detachment of the oil from the quartz surface.47

Finally, the oil lm disperses and dissolves in the gas phase. It is
important to note that each stage is inuenced by the compo-
sition and properties of the gas molecules, ultimately resulting
in different oil displacement effects.

To further elucidate the effect of CH4 introduction on the
properties of gas phase, the interaction energy between gaseous
components and oil, as well as between gaseous components
© 2024 The Author(s). Published by the Royal Society of Chemistry
and the surface were compared in different systems (Fig. 8). In
the pure CO2 and the 25% CH4 + 75% CO2 system, Egas–decane is
nearly the same, and higher than that in the 50% CO2 + 50%
CH4 and 100% CH4 cases. The gas molecules in the former two
cases exhibit a stronger swelling effect on the oil layer. Before
1500 ps, the interaction energy between gas molecules and
decane is higher in the 25% CH4 + 75% CO2 system, indicating
that gas molecules penetrate the oil lm more rapidly during
this stage, which is consistent with the ndings illustrated in
Fig. 4 and 5.

3.3.2 Diffusion coefficient. The interaction between mole-
cules and solid surfaces, as well as the intermolecular interac-
tions, are closely related to the diffusion capability of molecules.
The quantication of the interactions between the gas phase, oil
phase, and quartz during the displacement process can be
further achieved by analyzing the diffusion coefficients (Table
2). The self-diffusion coefficient (D) was calculated based on the
mean squared displacement (MSD) adopting the Einstein rela-
tion.48 MSD and D are calculated as follows.

MSDðtÞ ¼ 1

N

*XN
t¼1

½riðtÞ � rið0Þ�2
+

(4)

where N is the total number of molecules; ri (t) and ri (0) are the
position of i molecule at time t and 0, respectively.

The slope is equivalent to D below.

D ¼ 1

6
lim
t/N

dMSD

dt
(5)
RSC Adv., 2024, 14, 6508–6520 | 6515
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Fig. 8 Interaction energy between (a) gas and decane, (b) gas and quartz surface in different systems.
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The diffusion coefficient can be further divided into Dk, x and
y directions paralleling to the quartz surface, and Dt, z-direc-
tion perpendicular to the quartz surface.

Dk ¼ 1

4
lim
t/N

d
�
MSDxx þMSDyy

�
dt

(6)

Dt ¼ 1

2
lim
t/N

dMSDzz

dt
(7)

MSDxx, MSDyy, MSDzz are the mean square displacement in the
x, y, and z directions, respectively.

Before gas injection, at equilibrium, Dt of crude oil is 0.07 ×

10−8 m2 s−1, and Dk is 0.24 × 10−8 m2 s−1. The Dt of decane
Table 2 Diffusion coefficients in parallel and vertical directions at differ

Condition
Time
(ps)

Dk (decane) (10
−8 m2

s−1)
Dt (decane) (10−8

m2 s−1)
Dk (C
s−1)

Pure CO2 0–1000 0.39 0.05 1.80
1000–
2000

0.41 0.07 1.66

2000–
3000

0.44 0.15 1.65

3000–
4000

0.86 0.23 1.78

25% CH4 + 75%
CO2

0–1000 0.41 0.15 1.78
1000–
2000

1.23 0.07 2.13

2000–
3000

0.86 0.18 1.68

3000–
4000

0.89 0.16 1.87

50% CH4 + 50%
CO2

0–1000 0.55 0.07 2.34
1000–
2000

0.76 0.08 1.99

2000–
3000

0.52 0.07 1.79

3000–
4000

0.70 0.06 2.08

Pure CH4 0–1000 0.33 0.03 —
1000–
2000

0.46 0.04 —

2000–
3000

0.35 0.03 —

3000–
4000

0.31 0.02 —

6516 | RSC Adv., 2024, 14, 6508–6520
molecules is signicantly higher than Dk, due to the stronger
adsorption force from the quartz surface in the direction
perpendicular to the surface, resulting in weaker diffusion.49 Aer
gas injection, both Dt and Dk of decane increase signicantly
under pure CO2 and 25% CH4 conditions, indicating that the
addition of the gas improves the uidity of the oil. In the case of
50% CH4 and pure CH4, Dk of decane increases, suggesting that
the expansion of decane is conducive to its ow in the XY direc-
tion, whileDt remains almost unchanged, with decane still being
subjected to the strong adsorption force from the quartz surface.

Due to the stronger interaction between CO2 molecules and
quartz compared to CH4 molecules, the diffusion coefficient of
ent time periods during displacement of crude oil by produced gas

O2) (10
−8 m2 Dt (CO2) (10

−8 m2

s−1)
Dk (CH4) (10

−8 m2

s−1)
Dt (CH4) (10

−8 m2

s−1)

0.04 — —
0.14 — —

0.13 — —

0.13 — —

0.02 3.28 0.02
0.12 3.41 0.06

0.13 2.63 0.11

0.09 3.21 0.03

0.02 3.85 0.02
0.03 3.65 0.1

0.09 3.71 0.02

0.09 4.03 0.04

— 9.31 0.01
— 8.40 0.01

— 8.04 0.04

— 7.82 0.01

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Density distribution of decane in equilibrium state at different burial depths with 50% CH4 + 50% CO2, (b) density distribution of CO2

and CH4 in equilibrium state and (c) MSDs of decane at various burial depths.
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CH4 is greater than that of CO2 which is in agreement with
Wang et al.33 As the proportion of CH4 in the produced gas
increases, the diffusion coefficients of CO2 and CH4 show
a gradual increasing trend. Moreover, in the 25% CH4 + 75%
CO2 system, the Dt and Dk of decane between 1000–3000 ps is
larger than that in the pure CO2, which is due to the decreased
mixed gas density resulting in a larger distance between mole-
cules, enabling faster diffusion of gas molecules andmore rapid
and pronounced expansion of decane.50,51 This also explains the
phenomenon of faster interaction between the oil and gas
phases in a mixed gas system during the initial stages of
simulation. Although the Dk of CH4 is larger than that of CO2,
CH4 can only diffuse into the oil lm to cause expansion,
thereby increasing the mobility of the oil phase. It also validates
the observation in Fig. 2, in the case of 25% CH4, a greater
proportion of oil molecules are present in a monomeric state.
Due to the weaker interaction between CH4 and the quartz
surface compared to decane, the oil lm is able to spread but
cannot be fully detached. Despite that the diffusion capacity of
CO2 on parallel quartz surfaces is slightly weaker than that of
CH4, CO2 can still enhance the uidity of the oil phase.
However, due to the stronger interaction between CO2 and the
quartz surface, CO2 exhibits a stronger diffusion capability in
the z-direction (perpendicular to the quartz surface). Once the
oil lm achieves a certain degree of mobility, a higher concen-
tration of CO2 can facilitate the detachment of the oil lm from
the quartz surface.

3.4. The impact of burial depth on produced gas ooding for
oil recovery

Different geological environments exhibit varying pressure and
temperature gradients. The inuence of different pressure and
Table 3 The interaction energies among CO2, decane and silica surface

Time (ps) Depth (km) Edecane–surface

0 1 −191.15
2 −188.87
3 −179.64
4 −170.77

4000 ps 1 −92.00
2 −118.32
3 −92.36
4 −79.14

© 2024 The Author(s). Published by the Royal Society of Chemistry
temperature gradients at different depths of the formation on gas
ooding for oil displacement was investigated. Since the mixed
gas showed poor displacement on shale oil at a CH4 content of
50%, this condition was chosen to explore whether increasing
temperature and pressure would enhance the displacement effect.
The surface temperature of the formation was set at 30 °C. There
is a signicant difference between the formation pressure and
atmospheric pressure. Therefore, atmospheric pressure was
neglected. The geothermal gradient and pressure gradient were
set at 20 K km−1 and 15 MPa km−1, respectively.

Regardless of the variation in burial depth, shale oil exhibits
two distinct density peaks near the matrix, indicating signi-
cant aggregation of aliphatic molecules on the matrix surface
(Fig. 9a). The increasing temperature and pressure cannot
effectively improve the displacement effect of gas injection. As
the depth rises, the density peak of the rst adsorption layer of
shale oil gradually decreases. With the increase in temperature,
the internal energy of the system increases and the molecular
kinetic energy increases, making shale oil less likely to be stably
adsorbed. However, at a depth of 2 km, the density peak of shale
oil on the matrix is signicantly higher than at other depths,
and the diffusion coefficient also indicates that the uidity of
shale oil is the poorest at 2 km (Fig. 9c). Moreover, the density
peaks of CO2 and CH4 near the matrix surface are also the
lowest (Fig. 9b). Combining with the ECO2–surface and Edecane–
surface, we speculate that at this temperature and pressure,
although the adsorption of shale oil is worse compared to
shallow depths, the adsorption of gas phase on the matrix
surface is also unstable. The difference between Edecane–surface
and ECO2–surface is expanded, indicating that the stability of shale
oil adsorption is greater than that of gas phase adsorption,
resulting in poor desorption of shale oil (Table 3). However,
(kJ mol−1)

ECO2–surface ECO2–decane Egas–decane

— — —
— — —
— — —
— — —
−122.35 −460.05 −902.77
−87.61 −423.61 −738.63
−102.12 −408.16 −760.31
−74.23 −412.53 −761.26

RSC Adv., 2024, 14, 6508–6520 | 6517
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Fig. 10 Snapshots of microscopic interaction process between alkanes (C5H12, C5H12, C15H32) and oil layers on quartz surface, and density
distribution profiles for alkanes (C5H12, C5H12, C15H32) of initial and equilibrium states.
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under the pressure of deeper reservoir conditions (>2 km),
Edecane–surface signicantly decreases, and the instability of shale
oil adsorption is greater than that of gas phase adsorption,
making shale oil more prone to desorption.

3.5. The inuence of alkane carbon chain length on
produced gas ooding for oil recovery

In addition to the proportion of CH4 in the injected gas, the
properties of the crude oil are equally important. The inuence of
Fig. 11 RDFs of C–C in (a) pentane, (b) decane, and (c) pentadecane m

6518 | RSC Adv., 2024, 14, 6508–6520
oil composition was compared and discussed by comparing the
results of the light oil model (C5H12) alkanes with conventional
carbon chain length (C10H22) and the heavy oil model (C15H32). As
shown in Fig. 10, as the carbon chain length increases, the density
of oil accumulation near the matrix surface increases in the pure
CO2 system, but the rst density peak of oil disappears, indicating
that the crude oil is effectively isolated from the matrix surface by
CO2. When the proportion of CH4 increased to 25%, the density
peak near the matrix for light oil disappeared, similar to the
olecules.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The interaction energies among gas (CO2/CH4), decane and
silica surface at equilibrium state (kJ mol−1)

Alkanes Condition Ealkane–surface Egas–surface Egas–alkanes

nC5 Pure CO2 −43.05 −223.97 −798.50
25% CO2 + 75% CH4 −53.77 −193.50 −782.13

nC10 Pure CO2 −65.80 −214.11 −906.11
25% CO2 + 75% CH4 −71.83 −163.68 −895.03

nC15 Pure CO2 −84.60 −180.28 −675.28
25% CO2 + 75% CH4 −122.30 −139.92 −767.09
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situation with pure CO2. However, for heavy oil, there are still two
distinct density peaks near the matrix surface, indicating that the
alkane molecules on the matrix surface still have prominent
aggregation characteristics and the gas phase cannot effectively
displace the crude oil at this stage.

To further study the molecular distribution of alkanes, the
radial distribution function between alkanes was calculated.
Compared to other alkanes, the initial RDF peak of pentane is
the lowest, indicating its looser adsorption near the matrix
surface. Owing to the diminished dimensions of pentane
molecules, intermolecular spaces are expanded, facilitating the
swi traversal of CO2 and CH4 through the interstices amidst
pentane molecules towards the silica surface. Upon the inte-
gration of the gas phase with the alkane molecular system, the
dispersibility of the system becomes stronger. The free move-
ment of pentane also strengthens and gradually moves away
from the rock wall. Moreover, under the 25% CH4 system, the
RDF peak of pentane is slightly higher than that of the pure CO2

system, indicating that the dispersibility of pentane in the 25%
CH4 system is stronger (Fig. 11). As the carbon chain length
increases, the initial RDF peak of alkanes gradually increases,
and the alkane molecules become denser. This is because the
aggregation ability of high molecular weight alkanes increases
with the increase in carbon number, resulting in a gradual
decrease in the gaps between alkane molecules and a weak-
ening ability for the gas phase to pass through them. Especially
in the pentadecane system, it tends to aggregate and does not
mix with the gas phase. Among the three alkane systems, the
RDF peaks under the 25% CH4 phase system are lower than
those under the pure CO2 system, further conrming that the
presence of CH4 causes a greater expansion of alkanes. In
addition, we calculated the interaction energy under different
alkane systems (Table 4). Ealkane–surface of hexane and decane
molecules are relatively low, indicating a weak interaction
strength between the alkane molecules and quartz surface.
Therefore, the mixed gas can effectively strip hexane and decane
molecules. The difference between Egas–surface and Ealkane–surface
is rather small, which is not sufficient to cause pentadecane to
separate from the quartz surface. It indicates that when crude
oil contains a signicant amount of light components, it may be
more effective to extract the oil using a mixture of CO2 and CH4.
4. Conclusions

The impact of CH4 content in produced gas on the displace-
ment efficiency of shale oil was investigated in the present study
© 2024 The Author(s). Published by the Royal Society of Chemistry
using molecular dynamics simulations. The oil recovery effi-
ciency is signicantly inuenced by the CH4 content in the
produced gas. When the CH4 content in the produced gas rea-
ches 25%, the oil displacement efficiency of shale oil is
comparable to that of pure CO2. As the proportion of CH4 in the
produced gas increases, the diffusion coefficients of CO2 and
CH4 gradually increase which causes the oil lm to expand
more rapidly. However, when the proportion of CH4 in the
produced gas becomes too high (increasing to 50% and 100%),
the interaction energy between the gas molecules and the
quartz surface is signicantly reduced. The gas can only cause
crude oil expansion and dispersion, but cannot separate from
the quartz surface, thus affecting the nal oil displacement
performance. Furthermore, since CH4 is difficult to adsorb
stably on the quartz surface, the CH4 content in the produced
gas will increase during the cyclic injection and production
process, thereby affecting the gas ooding performance. In
addition, the binding force of CO2 molecules on the quartz
surface is not strong enough under the temperature and pres-
sure of deep reservoirs, so the effect of burial depth on CO2/CH4

displacement of crude oil seems to be less signicant.
Furthermore, the extraction efficiency of light hydrocarbons
may be more effective with mixed gas (with a methane content
of 25%), while the extraction efficiency for heavy oil is relatively
poor.

The research is to investigate the behaviour and interaction
between CH4, CO2, oil and quartz during oil displacement. The
results are helpful in potentially developing strategies in gas
selection for more efficient oil displacement and lm detach-
ment processes. Additionally, the ndings may also contribute
to the development of more effective and environmentally
friendly methods for oil extraction and production by produced
gas. It also holds promise for enhancing our understanding of
multiphase interactions in oil and gas systems, which can have
implications for various applications in enhanced oil recovery
and reservoir engineering.
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