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ABSTRACT

It is crucial to expose the miscible mechanism of CO,
and crude oil for the development of ultra-deep
reservoirs. The influence of oil composition and electrical
properties of rock surface on the miscible process of CO,
and crude oil (C7H16, C7H165, C7H17N, C7H150, C7H140z,
CoH,o, Ci11Hy4) at 453 K and 90 MPa is investigated by
using the molecular dynamics simulation. The simulation
results indicate that the adsorption of CO;, and C;H;s on
the calcite surface limits the diffusion of CO, and C;Hy
along the Z direction. Meanwhile, high pressure could
weaken the effect of temperature on the adsorption of
CO; and CsHis on the calcite surface. In addition, the
functional group and long chain of crude oil molecules
adversely affect the miscibility between crude oil and
CO,. Moreover, the positively charged surface could
promote the miscibility of C;Hic and CO,. The miscibility
of C;H140, and CO, could be facilitated in nanoslits with
the same surface charges while it could be hindered in
nanoslits with the opposite charges. This work could
shed new light on the further research on the application
of CO; flooding in ultra-deep reservoirs.

Keywords: Ultra-deep reservoir, CO; flooding, molecular
dynamics simulation; miscible mechanism

1. INTRODUCTION

With the constant expanding of the oil demand and
the depletion of conventional medium-shallow
reservoirs, deep reservoirs (the drilling depth is from
4500 to 6000 meters) and ultra-deep reservoirs (the
drilling depth exceeds 6000 meters) have become the
main development target of oil exploration in the world

due to the abundant oil reserves®™. However, ultra-
deep reservoirs are characterized by high temperature,
high pressure, deep burial depth, strong heterogeneity
and complex geological conditions, which are difficult to
be extracted by conventional methods®®. Although the
hydraulic fracturing and horizontal drilling technologies
significantly boost the commercial oil production in
recent years, large amounts of crude oil tend to be still
remaining in reservoirs owing to the tightness of the
formation*, Thus, it is crucial to explore more feasible
methods for effectively improving oil recovery in ultra-
deep reservoirs.

Gas flooding has been identified as an efficient
method to enhance oil recovery (EOR) through extensive
experimental and numerical studies because of the
easier injection approach and the higher efficiency of
sweep™>*3l, Compared with N, and natural gases, CO,
could be more easily miscible with crude oil under high
temperature and high pressure, particularly for ultra-
deep reservoirs with microscale and nanoscale pore
structures, showing the considerable potential in EOR
techniques™ 8. Meanwhile, injecting CO; has attracted
the higher attention against the global background of
carbon emissions control, which could not only conquer
energy resource extraction issues, but also provide the
possibility to achieve CO, sequestration¥%,

Compared with experimental methods limited by
deep conditions, the molecular dynamics (MD)
simulation could be a valuable tool for investigating the
dynamics, thermodynamic and energetic properties of
complex nanoscale systems from a molecular scale,
which has become the bridge to connect the micro-scale
phenomenon and macroscale properties™ 2, Zhang et
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al.””® reported the structural and dynamic properties of
CO, and nCgHjg mixtures in calcite nanopores. It was
found that nCsH;s molecules could be displaced by CO,
on the pore surface at the low CO, content condition,
while CO, adsorption on the pore surface was wholly
saturated and CO, was able to mix with nCsHis in the bulk
phase at the high CO, content condition, significantly
decreasing the effective viscosity of CO,-nCgH1s mixtures.
Li et al.”” proved that high temperature and high
pressure were favorable for oil-gas miscibility. In
addition, the gas type had the remarkable influence on
the displacement performance in both medium-shallow
reservoirs and deep reservoirs with the sequence of
CO; > CsHg > CH4 > N,. Wang et al.””®! demonstrated that
CO, flooding was more applicable for reservoirs with a
high content of polar crude oil than hydrocarbon gas
flooding and N, flooding. These findings could play a
guiding role in the exploration of the miscible mechanism
and behavior of CO; and crude oil in nanoslits.

Furthermore, the relevant studies have reported
that the rock surface characteristics have a vital effect on
the miscibility between crude oil and C0O,"*®". The fluid
features in carbonate rocks have been widely researched
in recent years® 2%, Sun et al.B” investigated the
adsorption behaviors of CH; and CO; in slit nanopores
with various surface compositions. Due to the stronger
adsorption interactions between the CO, molecules and
the calcite surface, CH, could be widely replaced by CO,
on the calcite surface. Notably, previous studies
primarily focused on neutral carbonate surface rocks®!
while most carbonate surfaces are electrical®?. It has
been proved that the polarizability of calcite mineral
surfaces could affect dramatically the interactions
between crude oil and rock surfaces®**!. However,
there are few pieces of research on charged surfaces.
Therefore, it is meaningful to study the miscible
characteristics of crude oil and CO, in charged carbonate
reservoirs.

In summary, although there have been extensive
investigations on the application of CO, flooding in
reservoir development, the research on the miscible
process and mechanism of CO, and crude oil in ultra-
deep reservoirs, especially for polar crude oil
components and charged calcite surfaces, is still
deficient. To solve the above problems, the miscible
behavior and mechanism of CO, and crude oil in ultra-
deep reservoirs are systematically studied by the MD
simulation method. The selected temperatures are 413
K, 433 K, 453 K, 473 K and 493 K, and the selected
pressures are 50 MPa, 70 MPa and 90 MPa, respectively.

The present study is basically divided into the following
three parts: (1) the diffusion and adsorption processes of
CO, and CsHjs system are studied at different
temperature and pressure, (2) the effect of crude oil type
on the miscible process of oil molecules and CO; is
investigated, including functional group and chain
length, (3) the influence of calcite surface properties on
the miscible process of CO, and apolar/polar crude oil is
discussed.

2. MODELS AND METHODS

In this study, Materials Studio (MS) computer
simulation software package was adopted to perform all
MD simulations. The Condensed-phase Optimized
Molecular Potentials for Atomistic Simulation Studies
(COMPASS) force field®® was used to depict interactions
and miscible properties of CO, phase and oil phase®”.. All
systems were geometrically optimized before dynamic
simulations. Bonding energy and non-bonding energy
played a significant role in the COMPASS force field,
where the non-bonding energy included van der Waals
(vdW) interactions and electrostatic interactions. The
vdW interactions were calculated by the 9-6 Lennard-
Jones potential function with a cut-off distance of 15.5 A
and the electrostatic interactions were computed by the
Coulomb potential®!. All MD simulations were carried
out under the NPT (constant number of atoms, constant
pressure, constant temperature) ensemble and the NVT
(constant number of atoms, constant volume, constant
temperature) ensemble. The temperature and pressure
of the systems were controlled by Andersen thermostat
and Berendsen methods, respectively. The data was
collected every 5 ps with a fixed time step of 1 fs. The
simulation time was sufficient for all MD systems
because the variation of the total energy of all MD
systems was slight with the increasing simulation time.

Additionally, density functional theory simulations
were chosen to calculate the dipole moments of
different oil molecules. Generalized gradient
approximation with the Perdew-Burke-Ernzerhof was
employed for exchange and correlation potential
function. A double numerical basis set with polarization
function was applied. To acquire high-quality simulation
results, the convergence tolerances were 1 x 10~° Ha (1
Ha = 27.2114 eV) for the total energy, 0.02 Ha/nm for
atomic forces, 5 x 10 nm for maximum displacement,
respectively.

The MD system consisted of CO, phase, oil phase,
calcite surface and helium (He) nanosheet. Herein, He



nanosheets were fixed to keep the constant volume of
oil phase and CO, phase. Fig. 1 showed (a) CO,, (b) C7Hys,
(C) C7H165, (d) C7H17N, (e) C7H160, (f) C7H1402, (g) CgHz(), (h)
Ci11Ha4, (i) the neutral surface and (j) the charged surface.
The neutral surface and charged surface were produced
by cleaving calcite along the (104) and the (001)
crystallographic orientation and its dimensions (X Y Z)
were 14.0 x 3.0 x 1.5 nm?, respectively. The Neutral
System (NS) was composed of two parallel neutral
surfaces with a pore width of 7 nm, as presented in Fig.
2. The part of calcite surfaces was fixed. CO, and crude
oil molecules were placed on both sides of the nanoslits.
For each system, the number of CO, and crude oil
molecules was determined according to the density of
CO, and crude oil.
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Fig. 1. (a) COy, (b-h) crude oil and (i-j) calcite models used in
this study
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Fig. 2. The initial miscible system used in the simulation

3. RESULTS AND DISCUSSIONS
3.1 Temperature and pressure

Herein, the diffusion and adsorption process of CO,
and C;Hs¢ in calcite nanoslits is studied at 453 K and 90
MPa. The diffusion coefficients (D) are employed to
depict the diffusion characteristics of CO, and C;H;¢ along
the X and Z directions, as depicted in Fig. 3. The detailed

D of CO, and C;His are computed by equation (1),
respectively,

D=IimM (1)

5 6t
where <...> is the averaging over all the molecules, D is
the diffusion coefficient (m?%/s), r(t)-r(0) represents the
displacement of the center mass of a molecule, t
represents simulation time. The figure illustrates that the
diffusion velocity of CO; is much higher than that of C;Hy
at the initial simulation time. However, the diffusion
velocity of CO, shows a sharp decrease while the
diffusion velocity of C;His manifests a slight decrease
along X and Z directions with increasing simulation time.
In addition, the diffusion coefficient along the X direction
is larger than that along the Z direction because of the
adsorption of CO, and C;H;¢ on the calcite surface. The
diffusion coefficient along the Z direction is close to zero
at the later stage of the simulation, meaning that the
adsorption of CO, and C;His on the calcite surface
reaches the equilibrium state.
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Fig. 3. At 453 K and 90 MPa, the variation of the diffusion

coefficients of CO, and C;H4¢ versus the simulation time

To certify the above conclusions, the interaction
energies between CO,/C;His and rock surface are
computed according to equation (2) and equation (3),
Esur + co.— (ESur + ECOz)

Esur 1 co. = 2)
Nco:
Esur / CrHis = ESur+C7H15—(ESur+ EC7H15) (3)
NC7H16

where Eqrco2 is the interaction energy between CO,
phase and calcite surface, Esrcoz is the total energy of
CO, phase and calcite surface, Es,r/c7116 is the interaction
energy between C;H;6 phase and calcite surface, Esur+c7mis
is the total energy of C;Hi¢ phase and calcite surface, E.r,
Eco2 and Ec7u16 represent the energy of calcite surface,



CO, phase and C;Hi¢ phase, respectively, Ncoz and Nezuie
represent the number of CO, molecules and C;Hj
molecules, respectively. It is discovered in Fig. 4a and Fig.
4c that Esrco2 and Egc7mis increase as increasing
simulation time at the early stage of simulation, which
are gradually stable with increasing simulation time.
Additionally, the relative concentrations of CO, and
crude oil indicate that CO, has a monolayer adsorption
and C;H;¢ has a double-layer adsorption as simulation
time increases, as depicted in Fig. 4b and Fig. 4d.
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Furthermore, the diffusion and adsorption
processes of CO, and C;Hi¢ in calcite nanoslits at
different temperatures and pressures are studied in this
section, where Egr/co2 and Esurc7nze are calculated in Fig.
5. Clearly, under different temperature conditions, the
difference of Esco2 at the lower pressure is significantly
larger than that at the higher pressure. For instance, at
50 MPa, the value of Esyco2 at 493 K (1.938 Kcal/mol) is
21.05% higher than that at 413 K (1.601 Kcal/mol) while
the value of Eq/co2 at 493 K (1.427 Kcal/mol) is close to
that at 413 K (1.418 Kcal/mol) at 90 MPa. Compared with
the difference of Esrco2, under the different
temperatures, the difference of E.u/c7n16 at low pressure
is slightly larger than that at high pressure. At 50 MPa,
the value of Es/c7n16 at 413 K (0.930 Kcal/mol) is 3.9%
higher than that at 493 K (0.895 Kcal/mol). At 90 MPa,
the value of Escrmvis at 413 K (0.89593 Kcal/mol)
approaches that at 493 K (0.89597 Kcal/mol).
Accordingly, it could draw a conclusion that temperature
shows the slight effect on the adsorption of CO, and
C;Hi6 on the calcite surface at high pressure.
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Fig. 5. (a) Esur/coz and (b) Esyr/c7mis at different temperatures
and pressures

3.2 Crude oil composition

Crude oil composition could affect the miscible
properties of CO, and crude oil in calcite nanoslits®..
Accordingly, the effect of functional group and chain
length of crude oil on the miscible processes between
crude oil and CO; is investigated and the underlying
mechanism is uncovered.

3.2.1 Functional group

Herein, C7H15$, C7H17N, C7H160 and C7H140z,
containing mercaptan, amino, hydroxyl and carboxyl
groups, respectively, are selected to compare with C;Hgs.
Fig. 6 presents the miscible processes of CO, and
different crude oil at 453 K and 90 MPa. It could be found
that CO, molecules and oil molecules are placed in the
calcite nanoslits with a well-defined interface at the
initial state for the five systems. As the simulation time
increases, the interfaces between C;H;6/C;H16S phase
and CO; phase are gradually blurred and C;H16/C7H16S
molecules diffuse into the CO, phase, showing the better
miscibility between C;H16/C;H16S and CO,. In contrast,
the proportion of C;Hi7N, C;H160 and C;H1,0, molecules
in CO, phase is less than that of C;H;s and C;Hi¢S
molecules. Because more C;Hi7N, C;H160 and C;H140;
molecules are absorbed on the calcite surface or remain
in the initial position, leading to a lower miscibility with
CO,. Fig. 7a exhibits the relative concentration
distribution of crude oil along the Z direction. It could be
seen that there exist two adsorption peaks of C;HisN,
CsH160 and C;H140; in the ranges of 11 A-14 A and 86 A-
89 A, respectively. However, the concentration
distribution of C;H;s and C;H46S is approximately zero in
these ranges. These phenomena demonstrate that CO,



could replace C;His and C;Hi6S on the calcite surface,
which could not replace C;H;7N, C;H160 and C;H140,.

CHyS
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Fig. 6. The miscible process of CO2 and crude oil at 453 K and
90 MPa

To elucidate the impact of functional group on the
miscible process of crude oil and CO,, the miscibility (M)
between oil molecules and CO, at 453 K and 90 MPa is
calculated™!. The calculation equation is as follows,

M= N2 (4)

N1

where N; represents the number of oil molecules in free
state, N, represents the number of oil molecules
dissolved in CO; phase. Fig. 7b illustrates the miscibility
values of different oil molecules in CO, phase at 4 ns. Itis
obvious that the order of M values is C;H36 (0.42) > C;H16S
(038) > C;Hy7N (029) > C7H460 (027) > C7H140; (010)
The above results show that the miscibility of CO, and
C;Hi6 is higher than that of CO, and other crude oil,
indicating that functional groups could have a negative
effect on the miscible process of CO, and crude oil. In
addition, there are differences in the effects of various
functional groups on the miscibility of crude oil and CO,.

For instance, the M value of C;H16S (0.38) is close to the
M value of C;Hi6 (0.42) while is 41% larger than that of
C;H160 (0.27). To investigate the reason of the above
phenomenon, the dipole moment of crude oil is
calculated, as shown in Table 1. The dipole moment is
often used to quantificationally depict the polarity of oil
molecules®®. It could be discovered that the dipole
moments of C;H1, C7H16S and C;H;160 are 0.0955 Debye,
1.5913 Debye and 1.5988 Debye, respectively, indicating
that C;Hi¢ is an apolar molecule and C;H1¢S and C;H;60
belong to polar molecules. Based on the above results, it
is proved that polarity could not be the major factor for
the miscibility of crude oil and CO,.

Table 1. The dipole moments (Debye) of different crude oil

molecules
Oil type GHis  GHieS  GHiyN  GHisO  GH10,
Dipole 0.0955 1.5913 1.2205 1.5988  3.98
moment

To reveal the mechanism of functional groups
affecting miscibility, the interaction energy between rock
surface and crude oil molecules is computed in Fig. 8. It
could be observed that the interaction energy between
rock surface and oil (C;Hi7N, C;H160 and C;H1405) is
significantly stronger than that for rock surface and
C7H16/C7H16S, which is the main reason for the adsorption
of C;H7N, C;H160 and C;H140, molecules on the rock
surface. Furthermore, electrostatic energy is the main
driving force for C;H;;N, C;H:¢0 and C;H140,, while vdW
interaction is the main driving force for C;H16S and C;H1e.
The relevant studies have shown that S atoms have
stronger Lennard-Jones interactions than C, N and O
atoms, while Lennard-Jones interactions could be
disrupted by high temperature, which could reduce the
vdW interactions*”’. The above discussions could well
explain the miscible behavior and molecular distribution
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of CsH16S at 453 K and 90 MPa. Thus, it could be
concluded that the interaction energy might be the key
factor for the miscibility of crude oil and CO; in the ultra-
deep reservoir.
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In order to verify the above conclusion, the
difference between Eg i and Egco2 to describe the
interaction between CO; and crude oil is analyzed. Fig. 7c
shows that the sequence of Eur/oi-Esur/co2 at 4 ns is C7H16
< CyH46S < C7H17N < C7H160 < C7H140,. The M values of
different oil molecules follow the order of C;Hie >
C7H155 > C7H17N > C7H150 > C7H140z. Consequently, the
smaller value of EwpirEsurscoz, the better miscibility
between crude oil and CO,. The aforementioned results
certify that the miscibility between crude oil and CO, is
not mainly determined by polarity and is mainly related
to the competitive adsorption between oil and CO; on
the rock surface.

3.2.2 Chain length of crude oil

The miscible processes between C;H16/CoHz0/C11H24
and CO, are studied in this section. Here, the calculated
M values manifest that C;H;s and CO, show better
miscibility compared with CoHyo and CiiHa4 (Fig. 9b). In
order to demonstrate abovementioned results, the
interaction energy between CO, and crude oil is
calculated according to equation (4), as illustrated in Fig.
93,

Eoit + co> — (Eoil + Eco2) 4)
Noil

where E,ico2 is the interaction energy between CO,

phase and crude oil, E,ncoz is the total energy of CO;

phase and crude oil, Eco; and E,; represent the energy of

CO;, phase and oil phase, respectively, N, represents the

Eoil 1 co. =

number of crude oil molecules. It could be seen that the
interaction energy between CO; and crude oil follows the
order of C;Hie < CoHyp < CiiHag, indicating that the
interaction energy between CO; and crude oil increases
with increasing chain length of crude oil. Accordingly, it
indicates that the interaction energy between CO, and
crude oil is not the major factor affecting the miscibility.
To further clarify the mechanism of chain length
affecting miscibility between CO, and crude oil, the
diffusion coefficients of crude oil is calculated in Fig. 9b.
It shows the order of the diffusion velocity of C;His >
CoHiyo > Ci1Ha4, which is consistent with that of the
miscibility between CO, and crude oil. Furthermore, the
literature has demonstrated that the longer chain crude
oil has a higher molecular weight and larger molecular
interaction, resulting in a weaker diffusion coefficient!,
Based on the above analysis, it could be concluded that
CO, shows better miscibility with short-chain crude oil
owing to the larger diffusion velocity.
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3.3 The electrical property of the rock surface

To explore the effect of the electrical properties of
rock surfaces on the miscible process, Charged System
(CS), Positively Charged System (CS-P) and Negatively
Charged System (CS-N) are constructed for comparison
with the NS system. The CS system is the nanoslits with
positive charges on the lower surface and negative
charges on the upper surface®. The CS-P system is the
nanoslits comprised of positively charged surfaces and
the CS-N system is the nanoslits comprised of negatively
charged surfaces.



3.3.1 Apolar molecules

Fig. 10a exhibits the miscibility between C;H;6 and
CO, in four systems. It could be observed that C;Hie
exhibits greater miscibility in the CS and CS-P systems
than that in the NS and CS-N systems. Both CS and CS-P
systems contain positively charged surfaces. Accordingly,
it is assumed that the positively charged surface could
promote the miscibility of C;H;6 and CO,. To confirm this
assumption, the relative concentration distribution of
CO, along the Z direction is plotted. Fig. 10b and 10c
depict that the relative distribution of CO, in four
systems is different and the thickness of the CO,
adsorption layer follows the order of positively charged
surface < neutral surface < negatively charged surface.
This phenomenon could be attributed to the orientation
of CO, adsorbed on the rock surface (Fig. 11). The
negatively charged O atom of CO; is attracted by Ca**
the positively charged surface, causing some CO,
molecules to be largely parallel to the rock surface. The
positively charged C atom of CO, is drawn to COs* on the
negatively charged surface and CO, tends to form a
certain angle with the rock surface. In contrast, CO,
orientation is unevenly and randomly distributed on the
neutral surface. For a given pore size, CS and CS-P
systems have larger miscibility of crude oil and CO, due
to the thinner CO, adsorption layer on the positively
charged surfaces compared with NS and CS-N systems.
Because a thicker adsorption layer could result in a
smaller pore size, which is disadvantageous for the oil-
gas miscibility™®?. Based on the above discussions, it
could be concluded that the miscibility between C;H;
and CO, is higher in the nanoslits containing positively
charged surfaces.
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Fig. 11. The adsorption of CO, on each rock surface

3.3.2 Apolar molecules

Some MD simulations are performed to further
study the effect of different electrical property systems
on miscible processes of C;H140, and CO, (Fig. 12a). In
the NS, CS-P and CS-N systems, some C;H140, molecules
diffuse into CO, phase. However, in the CS system,
C,H140, molecules are difficult to diffuse, and most of the
C;H140; molecules are confined to the initial position.
The miscibility between C;H140, and CO; in the NS, CS-P
and CS-N systems is obviously higher than that in the CS
system (Fig. 12b), especially for CS-P and CS-N systems.
For example, the M (0.192) in the CS-N systems is about
twice as large as that (0.095) in the CS system. To explore
the miscible mechanism, the adsorption energy of
C;H140, on the rock surface is calculated. Meanwhile, the
figure exhibits that the adsorption energy of C;H;,0, on
the rock surface in the CS system is significantly higher
than that in other three systems. To explain this
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Fig. 10. (a) The miscibility between C;H;s and CO, in four systems; (b) The relative concentration of CO, on the lower surface of
the nanoslits along the Z direction; (c) The relative concentration of CO, on the upper surface of the nanoslits along the Z
direction.



phenomenon, the relative concentration distribution of
the two oxygen atoms of C;H140; along the Z direction in
the NS system and CS system is depicted in Fig. 12c. In
the NS system, the relative concentration distribution
profiles of the two types of oxygen atoms in C;H140;
basically coincide. However, in the CS system, there is a
disparity of 2 A in the distribution of 01 and 02 of
C,H140,, which confirms that C;H140; is ordered and has
a certain molecular orientation in the CS system. It could
be caused by the local electric field induced by the
opposite charges on both sides of the rock, which is
consistent with literature results*®. According to the
abovementioned discussions, a conclusion could be
drawn that the miscibility between C;H140, and CO, is
hindered in the nanoslits with oppositely charged
surfaces but is promoted in the nanoslits composed of
the same charged surfaces.

affected by the competitive adsorption between CO; and
crude oil instead of the polarity of crude oil molecules.
The smaller value of Eur/cnis-Esurrcoz, the better
miscibility between crude oil and CO,. Generally,
functional groups adversely influence the miscible
process between CO, and crude oil because of the strong
interaction energy between crude oil and rock surface.
C;H16S shows a difference because high temperature
could disrupt the interaction between C;H¢S and rock
surface. Additionally, the increasing chain length of
crude oil could hinder the miscibility between crude oil
and CO.,. Thus, CO, flooding could be suitable for the high
content of crude oil components with low carbon
content and without functional groups.

Finally, the influence of electrical properties of rock
surface on the miscibility between CO, and crude oil is
explored. The miscibility between C;His and CO, is higher

(a)
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Relative concentration
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»
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=
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Fig. 12. (a) The adsorption configurations of C;H140>; (b) The adsorption energy of C;H140, on the rock surface and the miscibility
between C;H140, and CO5; (c) The relative concentration distribution of the two oxygen atoms of C;H140, along the Z direction in
NS and CS systems

4, CONCLUSIONS

In this work, the miscible behavior and mechanism
of CO; and crude oil in calcite nanoslits under ultra-deep
conditions are studied via MD simulations. The results
indicate that the diffusion velocity of CO, shows a great
decrease while the diffusion velocity of C;H;s manifests a
slight decrease along X and Z directions with increasing
simulation time, which are caused by the variation of
Ecurcoo and  Esyscrnis. In addition, the influence of
temperature on the adsorption of CO, and C;Hi¢ on the
calcite surface could be negligible at high pressures.

Then, the effect of functional group and chain
length of crude oil on the miscibility of crude oil and CO,
is investigated under high temperature and high
pressure. The miscibility of crude oil and CO; is mainly

in the nanoslits containing positively charged surfaces,
which is related to the thickness of the CO, adsorption
layer. The miscibility between C;H140, and CO, in the
nanoslits composed of the same charges is higher than
that in the nanoslits consisting of neutral surfaces and is
lower in the nanoslits with oppositely charged surfaces
due to forming a local electric field induced by the
opposite charges. The above conclusions could be
conducive to further research on the miscibility between
CO; and crude oil in ultra-deep reservoirs.
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