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ABSTRACT

Microscopic pore structure in continental shale oil reservoirs is characterized by small pore throats and complex
micro-structures. The adsorption behavior of hydrocarbons on the pore walls exhibits unique physical and
chemical properties. Therefore, studying the adsorption morphology of hydrocarbon components in nan-
ometer-sized pores and clarifying the exploitation limits of shale oil at the microscopic level are of great practical
significance for the efficient development of continental shale oil. In this study, molecular dynamics simulations
were employed to investigate the adsorption characteristics of various single-component shale oils in inorganic
quartz fissures, and the influence of pore size and shale oil hydrocarbon composition on the adsorption properties
in the pores was analyzed. The results show that different molecules have different adsorption capacities in shale
oil pores, with lighter hydrocarbon components (CsH;,) exhibiting stronger adsorption abilities. For the same
adsorbed molecule, the adsorption amount linearly increases with the increase in pore diameter, but larger pores
contribute more to shale oil adsorption. In shale pores, the thickness of the adsorption layer formed by shale oil
molecules ranges from 0.4 to 0.5 nm, which is similar to the width of alkane molecules. Shale oil in the adsorbed
state that is difficult to be exploited is mainly concentrated in the first adsorption layer. Among them, the volume
fraction of adsorbed shale oil in 6 nm shale pores is 40.8%, while the volume fraction of shale oil that is difficult to
be exploited is 16.2%.
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1 Introduction

The depletion of conventional oil and gas resources has led to a decline in production, while the
development of shale oil and gas is changing the global energy system [1], stimulating the initiation of
shale oil and gas development projects in the oil and gas industry [2,3]. However, the abundant nanoscale
pores and extremely low permeability of shale make its exploitation more complex compared to
conventional oil and gas, and its microscopic mechanism is still unclear [4—6]. Due to the affinity of shale
oil to the pore walls in extremely small pore spaces, its adsorption behavior exhibits unique physical and
chemical properties [7]. Therefore, studying the microscopic exploitation limits of shale oil and revealing
the adsorption laws of shale oil are of great research significance in seeking new approaches to promote
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desorption and enhance recovery efficiency. In unconventional shale reservoirs, the pore sizes are generally
in the nanometer range. The existence of extremely small pores in the range of 2-200 nm has been
experimentally confirmed by atomic force microscopy (AFM) [8,9]. However, conducting micro-scale
experiments targeting nanometer-sized pores is extremely challenging due to the pore size being below
the optical resolution. With the development of computer technology and molecular dynamics theory,
molecular dynamics simulation has been applied in recent years as an effective method to compensate for
experimental limitations and study the behavior of oil and gas in shale nanoscale pores. Currently,
molecular dynamics simulation has become an effective method for studying molecular behavior within
nanoscale pores [10-12], obtaining the dynamic properties of gas molecules through simulating
molecular-scale random Brownian motion [13]. In molecular simulation, different force fields are used to
describe the interaction parameters between shale and gas, such as the dredging force field [14], ReaxFF
force field [15], COMPASS force field [16], CLAYFF force field [17]. In order to better study the
adsorption state of shale oil in pores, the grand canonical Monte Carlo (GCMC) simulation method has
been widely used in molecular simulation. The GCMC method maintains the temperature, chemical
potential, and volume of the system unchanged during the simulation process, allowing the number of
adsorbate molecules in the system to vary and enabling the exchange of substance and energy within the
pore. Through the GCMC method, researchers can simulate the adsorption behavior of adsorbate
molecules in shale pores and accurately calculate and analyze the adsorption amount, adsorption position,
and substance and energy exchange during the adsorption process [18], this allows for in-depth study of
the adsorption mechanism of shale oil in pores, prediction of adsorption amount, and further optimization
of exploitation strategies.

Molecular dynamics (MD) simulations have been used to study the adsorption and diffusion
mechanisms of shale oil molecules in shale nanochannels. For example, some researchers have studied
single-component adsorption of normal and branched alkanes in slit with different pore sizes (1, 2, and
4 nm) at temperatures of 390 K. Wu et al. [19] used molecular simulation and experimental data to
establish a model of uniform gas migration in shale nanoscale pores, which took into account the real gas
effect, stress and adsorption layer coupling effect. Sui et al. [20] studied the adsorption and transport
behavior of n-octane in the slit pores of nanoscale dolomites by using the giant Regular Monte Carlo
simulation (GCMC) and MD simulation. Szczerba et al. [21] used MD simulation method to study the
occurrence state and characteristics of shale gas in nanoscale pores, and proposed a shale gas reserve
estimation model considering adsorption. Many experts and scholars have studied adsorption in clay
science, and through the study of the interaction between clay aggregates and water, we can better
understand the interaction between shale minerals and wetting media such as water or oil [22,23]. In
summary, the study of the occurrence, adsorption state and distribution of shale oil in nanocracks is of
great significance for the study of the flow and production of shale oil, and is conducive to further
elucidate the mechanism of the occurrence state of shale oil in pores and fractures, as well as the
coupling relationship between shale oil and pore/fracture media.

In this study, the Funing Formation shale in the Sandu block of the Subei Basin is chosen as the object of
study. By constructing inorganic shale pore walls on the nanometer scale, the grand canonical Monte Carlo
(GCMC) simulation method and molecular dynamics (MD) simulation method are applied to investigate the
occurrence state and adsorption characteristics of multiple single components (CsHi4, CgHig, C12Hag) in
inorganic shale pores of different diameters. By studying the influence of pore size and shale oil
hydrocarbon composition on the occurrence state of shale oil in pores and fractures, theoretical guidance
is provided for the calculation of adsorbed oil and free oil in shale, as well as the quantitative
characterization of shale oil mobility, which helps to explore new approaches to promote desorption and
enhance shale oil recovery efficiency.
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2 Model Construction and Molecular Simulation

2.1 Construction of Pore Structure and Alkane Molecular Models for Shale Oil

The chemical composition of crude oil is highly complex, including a significant amount of normal
alkanes, branched alkanes, cyclic alkanes, aromatics, and asphaltenes. However, due to the light nature of
shale oil (0.7-20 mPa-s), this study primarily focuses on normal alkanes. The molecular structures of n-
hexane (C¢H14), n-octane (CgHig), and n-dodecane (C;,H,¢) were constructed in this research. Quartz is
one of the most typical inorganic components in shale, making it a suitable candidate for simulating shale
pore structures with high accuracy. In this study, the quartz unit cell was replicated, and a silica cell was
used to construct shale pores. Quartz slit-type shale pores with dimensions of 3, 4, 5, 6, 8, 10, 18, and
20 nm were established. The initial atomic positions of the unit cell were obtained from the American
Mineralogist Crystal Structure Database (AMCSD), with no ion substitutions. The size of a single unit
cell was 4.913 x 4.913 x 5.405 A. During the construction of the shale pore models, the quartz unit cell
was cleaved along the (0 0 1) crystal plane, (0 0 1) crystal surface is a relatively stable and clear surface
of quartz minerals. The mineral molecules on the innermost surface of the quartz wall were hydroxylated
to simulate the wettability in real core pores. Surface hydroxylation (—OH) is achieved by adding H to
the surface O atom to obtain a wet shale pore surface. Surface methylation is achieved by connecting the
surface to —CHj3, which can be used to simulate oil-wet pore surfaces. Through the above operations, the
surface structures of different wettability minerals can be obtained. In this study, we mainly study the
occurrence state of shale oil in inorganic water-wet pores, so we hydroxylated the quartz surface. Fig. 1
depicts the molecular structure models of shale oil in the simulated pores and the adsorbate molecules
after configuration optimization, where yellow and red represent the silicon and oxygen atoms
constituting the shale pore framework, and gray and white represent the hydrogen and carbon atoms in
the alkanes, respectively.
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Figure 1: Molecular structure model of shale oil occurrence state simulation in pores

2.2 Simulation Conditions and Procedures

The present study initially employed grand canonical Monte Carlo (GCMC) simulation method to
investigate the adsorption behavior of shale oil molecules in a molecular model of shale nanopores. The
simulations were performed using the isothermal-isobaric ensemble at different temperatures, and the
corresponding fugacity values at each point were obtained for isothermal adsorption simulation. To
handle the calculations for large particles, the simulation system adopted periodic boundary conditions,
tracking only the motion of particles within the central box. Under periodic boundary conditions, the
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simulation assumed an infinite number of equivalent boxes containing the same particles. When a particle in
the central box was forced to leave the box at a certain velocity, a corresponding particle from the other side
of the box entered the box with the same velocity to eliminate boundary effects. The number of particles in
the system remained constant, equivalent to an infinitely large space with a large number of computational
particles. In periodic boundary conditions, the nearest image method was used to calculate the intermolecular
interaction forces in the system, and the truncation method was used to calculate the long-range nonbonded
interactions.

For this study, the COMPASS force field was selected for simulation, which has a broad applicability
range. It is the first force field that is suitable for both organic and inorganic materials and is currently
widely used to calculate covalent molecules containing a majority of inorganic and organic materials,
such as silicates/aluminosilicates and polymers. This force field includes both intra-molecular interactions
and intermolecular interactions, and its functional form is expressed as follows:

Eiwl = Ep + Eg + Eg+ Eyo+ Epg + Ego + Ego+ Egoo + Eele + Eij (1

The total potential energy consists of ten components: £, represents the potential energy change due to
bond stretching, E, represents the potential energy change caused by bond angle bending, £ represents the
potential energy change resulting from dihedral angle torsion, E,4; represents the bond-torsion coupling
energy, £, represents the bond—angle coupling energy, Egy represents the angle—angle coupling energy,
Eyp represents the angle-torsion coupling energy, Eggp represents the angle—angle—torsion coupling
energy. The Coulomb interaction energy is denoted as E,;,:

Eelec = ‘11_‘]1 (2)

i

After obtaining the initial adsorption configuration of shale oil pores through GCMC simulation, the
system was subjected to energy minimization to adjust the positions of fluid atoms and obtain a stable
initial structure. Subsequently, molecular dynamics simulation was performed to analyze the adsorption
morphology of shale oil. The smart algorithm was used for geometric optimization during the energy
minimization process, which integrates commonly used algorithms such as the steepest descent method
and the conjugate gradient method. The smart algorithm automatically allocates the algorithm based on
the energy situation of the configuration and is suitable for geometric optimization of most configurations.

To ensure the comparability of simulation results, a uniform set of simulation parameters was used for
the molecular dynamics simulation process: the simulated pressure was set at 30 MPa, while the simulated
reservoir temperature was maintained at 350 K. The temperature control method was the Nose-Hoover
algorithm, the force field used was COMPASS, the van der Waals and coulomb interaction radius was
both set to 1.25 nm, the Ewald method was used to handle electrostatic interactions, the Atom-based
method was used to handle van der Waals interactions, and the Lennard-Jones potential was used to
describe atomic interactions. The time step of the dynamics simulation was 1 fs, and the simulation time
ranged from 1000 to 2000 ps. Molecular trajectories were stored every 1.0 fs, and configurations were
stored every 0.01 ns for result analysis. The molecular simulations were performed using the Forcite
module of the Materials Studio software developed by Accelrys. The parameters of molecular simulation
are shown in Table 1.

The dynamics simulations mainly employed the NVT and NVE ensembles. During the energy
minimization and dynamics simulation process, the pore walls were kept fixed. The minimum and
maximum adsorption capacities were calculated by Bet isotherm model. The Bet isotherm model assumes
that adsorbed molecules form multiple layers on the adsorbed surface and there are interactions between
the layers. To obtain the density distribution curve of the fluid inside the slit-type pore, the pore was
divided into 50 cells along the z-axis, and the number of molecules in each cell was integrated to
calculate the density distribution curve.
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Table 1: Parameter setting of molecular simulation

Simulation parameter Setting

Simulated pressure 30 MPa

Reservoir temperature 350K

Temperature control method Nose-hoover algorithm
Force field COMPASS

Van der waals interaction radius Ewald method 1.25 nm
Coulomb interaction radius Atom-based method 1.25 nm
Atomic interactions Lennard-Jones potential
Time step 1fs

Simulation time range 1000 to 2000 ps
Trajectory storage interval Every 1.0 fs
Configuration storage interval Every 0.01 ns

Software used Materials Studio

3 Analysis of Microscopic Adsorption Characteristics and Calculation of Mobilization Limit of Shale
Oil
3.1 Analysis of Microscopic Pore Space Adsorption Characteristics

Under Reservoir Conditions of 10 MPa and 350 K, the equilibrium adsorption capacities of CgH 4,
CgH g and C,,H,¢ molecules in silica pores with widths ranging from 3 to 20 nm are presented in Fig. 2.

The study reveals variations in the adsorption abilities of different molecules within shale pore inner
wall, with the adsorption capacities of shale oil molecules being in the order of CcH; 4 > CgHig > CioHog,
as shown in Fig. 3. This discrepancy is attributed to the decrease in adsorption capacities of shale oil
molecules with increasing molecular size within pores of the same diameter. In actual reservoirs, limited
by pore volume, smaller pores can only adsorb smaller molecules of shale oil, thus larger micropores
contribute significantly to shale oil adsorption, while smaller shale oil molecules exhibit better adsorption
properties.
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Figure 2: Molecular structure model of shale oil occurrence state simulation in pores
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Figure 3: Adsorption curves of different shale oil molecules in pores with different pore radius

Furthermore, for the same adsorbate molecule, the adsorption capacity exhibits a linear increase trend as
the pore diameter increases. Additionally, when the pore diameter is small, the average adsorption capacity of
the three molecules shows relatively small differences compared to the maximum and minimum adsorption
capacities. However, as the pore diameter increases, the differences between the average adsorption capacity
and the minimum adsorption capacity gradually increase, although they remain relatively small compared to
the maximum adsorption capacity, as shown in Figs. 4a—4c.
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Figure 4: (a)—(c) Simulation curves of maximum, minimum and average adsorption capacity of C¢H 4 shale
oil molecules in pores (d) Adsorption heat curves of shale oil molecules of different sizes in pores

During the adsorption process, gas molecules move towards the solid surface and gradually slow down,
releasing heat. This thermal effect is known as the adsorption heat, which can be used to measure the strength
of adsorption. A higher adsorption heat value indicates stronger adsorption. Although adsorption itself is an
exothermic process, it is conventionally considered as a positive value. As shown in Fig. 4d, among the three
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different shale oil molecules, C;,H,¢ with the highest molecular weight exhibits the highest adsorption heat
value, followed by CgHg, while C¢H 4 has the lowest adsorption heat value. Additionally, as the pore radius
increases, the adsorption heat of these three molecules slightly decreases. This suggests that with the increase
in adsorption radius, the increased presence of free shale oil in the pore center affects the adsorption strength
of adsorbed shale oil.

3.2 Analysis and Calculation of Microscopic Mobility Boundaries of Shale Oil

In nanopores, the density distribution of alkanes is non-uniform and exhibits a periodic and symmetrical
pattern. The density peaks are maximum near the pore walls and gradually decrease and remain constant
away from the pore walls. This is attributed to the stronger interaction forces between the alkane
molecules and the wall surface in close proximity to the pore walls, while in the central region of the
pore, the fluid-wall interaction forces are weaker and the density variation is primarily governed by
intermolecular interactions among the alkane molecules, resulting in smaller density changes.

Near the walls of narrow slit-like pores, the density shows oscillations with three peaks and valleys. In
this region, the fluid-wall interaction forces are relatively stronger, indicating an adsorbed state of the fluid. In
contrast, in the pore center far from the walls, the fluid experiences weakened wall interactions, leading to a
more uniform distribution of density with negligible variation, representing a free state of the fluid. The
location of the molecules in these adsorbed states is divided into adsorption layers. According to Figs. Sa—
5S¢, for shale oil molecules in shale oil pores of different diameters, the width of the adsorption layer varies
only slightly, suggesting that the impact of increasing pore diameter on adsorption is insignificant once the
pore diameter exceeds the adsorption layer width. On the other hand, Fig. 5d shows that for the same
shale oil molecules, the adsorption density rules are the same in the pores with different pore sizes, and the
difference is very small. This is attributed to the superposition effect of potential fields generated by the pore
walls on the shale oil molecules. Due to the superposition of potential fields generated by pore walls on shale
oil molecules, when the pore diameter is small, the arrangement of shale oil molecules appears more ordered
(concentrated), exhibiting a higher density. The potential field generated by the pore wall will affect the
arrangement and density of shale oil molecules. When the pore size is small, the potential field will
produce a more concentrated arrangement of shale oil molecules, resulting in a higher density.
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Figure 5: (a)-(c) Density distribution curves of CgH;4 molecules in pores at 6, 8 and 10 nm (d)
Comprehensive density distribution curve
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This study reveals the distribution of adsorbed shale oil in shale pores through gas adsorption
experiments and microstructural analysis, as shown in Fig. 6. The experimental results indicate the
formation of a distinct first adsorption layer in the region close to the shale pore inner wall, with the first
adsorption layer separated from other alkane molecules, resulting in the lowest density value at the
separation point. Additionally, in the region further away from the shale pore inner wall, the formation of
a second adsorption layer and a third adsorption layer is observed, both with an adsorption thickness of
0.4-0.5 nm, similar to the width of alkane molecules.

Relative concentration

Distance / A

Figure 6: Density distribution curves of CgHy4, CgHig and C;,H,¢ molecules in 10 nm pores

Further analysis reveals that the inaccessible adsorbed shale oil is primarily concentrated in the first
adsorption layer, while the second adsorption layer and the third adsorption layer, located further away
from the shale pore inner wall, consist of adsorbed shale oil. Therefore, the shale oil molecules within
shale pores can be classified into adsorption and free states. Taking an 8 nm pore diameter as an example,
the results are shown in Fig. 7. According to the experimental data, it is calculated that the volumetric
fraction of adsorptive shale oil in the 8 nm shale pore is 40.8%, while the volumetric fraction of
inaccessible shale oil is 16.2%. The classification of adsorptive and free states of shale oil is of great
significance for a deeper understanding of the distribution and assessment of reserves of adsorbed oil in
shale reservoirs. In addition, this study is of great significance for estimating shale oil reserves,
optimizing and increasing shale oil production, and provides scientific basis for optimizing shale oil
production technology and developing efficient and environmentally friendly shale oil production methods.
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Figure 7: (a) The division result of adsorption state and free state of shale oil molecules in 8 nm pores. (b)
Schematic diagram of shale oil adsorptive and available state division in pores

4 Conclusion

This study investigates the adsorption characteristics of various single-component (CgH4, CgHisg,
C1,Hy6) inorganic quartz fissures through molecular dynamics simulations and experimental research. The
influence of pore size and shale oil composition on the occurrence of shale oil in pores and fractures is
analyzed, providing theoretical guidance for calculating the proportion of adsorbed oil and free oil in
shale pores, as well as the evaluation of shale micro-accessibility. The research findings are as follows:

(1) The adsorption capacity of different molecules in shale pore inner wall is different. The adsorption
capacity of heavier hydrocarbon components is C¢H 4 > CgH;g > C1,H,6. With the increase of pore diameter,
the adsorption capacity of the same adsorption molecules increases linearly. Larger pores contribute more to
the adsorption of shale oil, while smaller shale oil molecules have better adsorption properties. With the
increase of pore diameter, the gap between the average adsorption capacity and the minimum adsorption
capacity increases gradually, but the gap between the maximum adsorption capacity is still relatively small.

(2) During the adsorption process, the largest molecule C1,H,4 has the highest adsorption heat value,
followed by CgH;g, and C¢Hy4 has the lowest adsorption heat value. With the increase in pore radius, the
adsorption heat of these three molecules slightly decreases. The density of the same shale oil molecule
adsorbed in pores of different diameters is slightly different. When the pore diameter is small, the
potential field effect of the pore walls on the shale oil molecules is superimposed, resulting in a more
ordered (concentrated) arrangement of shale oil molecules and a larger density.

(3) In shale pores, distinct first adsorption layers and second and third adsorption layers are formed. The
inaccessible adsorbed shale oil is primarily concentrated in the first adsorption layer, while the second and
third adsorption layers, located further away from the shale pore inner wall, consist of adsorbed shale oil. The
adsorption thickness in all layers is approximately 0.4—0.5 nm, which is similar to the width of alkane
molecules. The inaccessible adsorbed shale oil is mainly concentrated in the first adsorption layer
(16.2%), while the second and third adsorption layers, located further away from the shale pore inner
wall, consist of adsorbed shale oil (40.8%).
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