[image: image1]Oil Occurrence States in Shale Mixed Inorganic Matter Nanopores

		ORIGINAL RESEARCH
published: 14 January 2022
doi: 10.3389/feart.2021.833302


[image: image2]
Oil Occurrence States in Shale Mixed Inorganic Matter Nanopores
Shuang Liang1,2*, Jia-Ming Wang1,2, Yi-Kun Liu1,2*, Bo Liu3, Shuo Sun1,2, An-Qi Shen1,2 and Fei-Yu Tao4
1Department of Petroleum Engineering, Northeast Petroleum University, Daqing, China
2Key Laboratory of Enhanced Oil Recovery, Ministry of Education, Northeast Petroleum University, Daqing, China
3Key Laboratory of Continental Shale Hydrocarbon Accumulation and Efficient Development, Ministry of Education, Northeast Petroleum University, Daqing, China
4Daqing Oilfield Limited Company, Daqing, China
Edited by:
Kun Zhang, Southwest Petroleum University, China
Reviewed by:
Yu Song, China University of Geosciences Wuhan, China
Zhe Cao, SINOPEC Petroleum Exploration and Production Research Institute, China
* Correspondence: Shuang Liang, liangshuang21@163.com; Yi-Kun Liu, liuyikun111@126.com
Specialty section: This article was submitted to Geochemistry, a section of the journal Frontiers in Earth Science
Received: 11 December 2021
Accepted: 29 December 2021
Published: 14 January 2022
Citation: Liang S, Wang J-M, Liu Y-K, Liu B, Sun S, Shen A-Q and Tao F-Y (2022) Oil Occurrence States in Shale Mixed Inorganic Matter Nanopores. Front. Earth Sci. 9:833302. doi: 10.3389/feart.2021.833302

In present paper, the mineral and fluid compositions of shale oil from the Songliao Basin are analyzed systematically using core samples, X-ray diffractometer (XRD), and gas chromatography (GC). The effects of shale mineral composition, pore size, temperature, and pressure on the mass density of the adsorbed layers are then studied utilizing molecular dynamics simulation. The results show that illite and quartz are predominant in the micro petrological components of the shale, and nC19 is the main carbon peak. The fluid consists primarily of n-alkane molecules, and nC19 is found to be representative of the shale oil composition. Moreover, the adsorbing effect of quartz-illite mixed wall is between that of a pure mineral wall (illite and quartz), indicating that the selection of a mixed wall is similar to the actual shale composition. If the pores are inorganic, the minimum pore size of only adsorption oil is smaller than the organic pores. The critical adsorption point of shale oil in inorganic pores is less than 3.2 nm. Furthermore, compared to pressure, the temperature has a more significant effect on fluid adsorption due to the correlation with the kinetic energy of alkane molecules. This research shows the oil occurrence status in inorganic matter nanopore with a mixed solid wall, and provides theoretical support for shale oil exploration.
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INTRODUCTION
A continuous decline in conventional oil reserves has led to increasing attention to unconventional oil resources (Awan et al., 2021), especially shale oil, due to its vast number of resources and considerable production rate after fracturing (Zhou et al., 2020a; Zhou et al., 2020b). The output of shale oil in the United States has reached 60% of the total output of crude oil (Dong et al., 2011). The geological resources of continental shale oil achieved approximately 3,700 × 108 tons in the major continental basins in China (Yang et al., 2018), especially the Gulong Shale oil in the Daqing Oilfield, reported having nearly 1.3 billion tons of oil (Liu et al., 2021a; Jin et al., 2021; Sun et al., 2021). Shale oil is stored in an organic-rich source rock with ultralow porosity (Zou et al., 2015). Pores consist of interparticle pores, intraparticle pores, and organic matter pores (Loucks et al., 2012; Liu et al., 2021b). The diameters of the pores range from 5 to 200 nm and can be measured using field emission scanning electron microscopy (FE-SEM) and nano-CT techniques (Zou et al., 2010). In such nanopores, the interactions between fluid molecules and the substrate surface are dominant (Li et al., 2019). Significant shale heterogeneity and widespread nanopores led to different occurrence states of hydrocarbons and fluid transport compared to conventional reservoirs. Due to surface adsorption, uneven fluid distribution, and transport, the resource estimation, total volume flux, and economic evaluation are affected. They are also affected by other various factors, such as temperature, pressure, and pore size. X-ray diffraction (XRD) analysis shows that shales are typically composed of diverse amounts of inorganic minerals (Loucks et al., 2012). These materials in various combinations can affect the occurrence and distribution of shale oil. Kelly studied the pore size distribution of unconnected, fabricated silica and borosilicate glass nanochannels and showed a positive correlation between the saturation of the imbibing fluid and unique disjoining pressure of the fluid (Kelly 2013). Guo et al. (2015) studied gas flow behavior in nanomembranes, utilizing the advection-diffusion model while considering slip flow and Knudsen diffusion. A new formula for apparent permeability and flow rate was theoretically derived.
Molecular dynamics simulation methods (MD) have been applied broadly in studying the surface of minerals and organic matter (Beckers and Leeuw, 2000; Martic et al., 2002; Jin and Firoozabadi, 2015). Severson and Snurr (2007) evaluated single-component adsorption of alkanes (C5 and C15) in carbon slit pores. They summarized the adsorption of long alkanes and short alkanes at different temperatures. Wang et al. (2015a), Wang et al. (2015b), Wang et al. (2016) studied the adsorption of liquid alkanes (C5 and C8) in shale nanopores using molecular dynamics. Periodic fluctuation of density distribution in organic (six-layer graphene) and inorganic (quartz) slits were found. Li et al. (2019) simulated oil-water two-phase flow in graphite pore. They concluded that the total oil-water flow rate depended on the mixture composition. Zhang et al. (2021) studied the occurrence state and flow behavior of water-nC8 in calcite nanopores. It was concluded that Darcy’s law could describe nC8 when the water content was large enough. Dong et al. (2021) constructed “organic matter-oil-water,” “quartz-oil-water,” and “kaolinite-oil-water” models, studied the morphological changes of different oil components (C6, C12, C14, and C18) and water on different surfaces. Cao et al. (2020) evaluated the adsorption of saturated hydrocarbon, aromatic hydrocarbons, and resin in the slits of clay minerals. Although previous numerical simulation studies provided essential insights into the occurrence state and liquid flow mechanisms in shale nanopores, most focused on the single composition pore wall. Furthermore, the fluid model selection was mainly based on literature or hypothesis rather than experiment. No documented study has been found that investigated the effect of temperature, pressure, and pore size on the occurrence states of liquid alkane under the condition of a mixed shale wall. Therefore, in present study, we focus on the experiment result of XRD and GC on the Songliao Basin shale, using equilibrium molecular dynamics simulation to investigate the adsorption characteristics of oil in the inorganic matter mixed solid wall and single mineral solid wall of shale. The effect of pore size, temperature, and pressure on the mass density in mixed shale walls are discussed. Finally, the radial distribution function and intermolecular force are analyzed. In this paper, the composition of shale wall is further close to the actual situation, which will provide theoretical guidance for the development of shale oil reservoir.
MINERAL COMPOSITION AND FLUID COMPONENT OF SHALE
The mineral composition is an essential factor in the development of shale oil resources. It affects the brittleness of the shale, the pore structure distribution in a shale reservoir, and the seepage characteristics. The most widely used method of mineral percentages determination is XRD (Cody and Thompson, 1976). The principle behind XRD is to obtain the characteristics of X-ray signal using the diffraction phenomenon of an X-ray interacting with the crystalline structure of a material; the crystal structure is analyzed according to the spectrum information (Han et al., 2019; Ibrahim et al., 2020). Shale oil is rich in alkanes, arenes, nitrogen-, sulfur-, and oxygen-containing non-hydrocarbons (Ibrahim et al., 2020). The physical and chemical properties of the oil composition significantly impact the subsequent exploitation; hence, it is critical to understand the components and their contents in shale oil.
The mineral composition and fluid composition are studied taking the organic-rich shale in the first member of Qingshankou Formation in the Songliao Basin. The shale oil resource in the Qingshankou Formation is a new resource target for shale oil exploration in Northeast China. Shale oil in the Qingshankou Formation represents the typical continental shale oil reservoirs, the average total organic carbon (TOC) content exceeding 2%, the organic matter is mostly type I kerogen, Ro ranges from 0.5 to 1.2% (Liu et al., 2017). Ten shale samples from the first member of Qingshankou Formation in the Songliao Basin are measured using XRD, the composition of the whole shale and clay minerals are shown in Figure 1; the fluid composition of shale oil is measured by gas chromatograph (GC), analysis results are shown in Figure 2 and Table 1.
[image: Figure 1]FIGURE 1 | Shale mineral composition. (A) Composition of the whole shale; (B) Clay mineral composition.
[image: Figure 2]FIGURE 2 | Fluid component analysis results.
TABLE 1 | Analysis results of total hydrocarbon gas chromatography.
[image: Table 1]The mineral components of ten shale core samples varied, although mainly consisting of clay minerals, quartz, plagioclase, calcite, pyrite, and siderite. Overall, the shale is mainly composed of quartz and clay minerals. The main clay minerals are illite (I), chlorite I, mixed-layer minerals of illite and smectite (I/S), and a very small amount of mixed-layer minerals of chlorite and smectite (C/S). The average contents of I, C, I/S are 74.1, 12.1, 13.1%, respectively. Illite accounts for 83.1% in the (I/S) and is the main component in clay minerals. It can be concluded that the main components in shale samples are quartz and illite, with average contents of 37.7% clay minerals and 36.12% quartz.
The GC analysis showed that the carbon numbers of n-alkane ranged from C2 to C38. The main fraction of the shale sample is the neutral fraction with 87.08%, which chiefly consists of C8∼C33, with a maximum at C19. The ∑C21−/C22+ ratio is 2.28, indicating a weak predominance of long-chain n-alkanes. The pristane/phytane (Pr/Ph) ratio is 0.96, implying that the shale oil derived from source rock is deposited under a reducing environment (Wang et al., 2018). The value of OEP is 1.05, indicating that the sediment consists of mature organic matter.
MODELS AND SIMULATIONS
Models Information
The shale pore and shale oil were denoted by the illite-quartz mixed substrate and nC19, respectively, based on experiments analysis results. The illite unit cell was imported from the AMCSD (American Mineralogist Crystal Structure Database) (Downs and Hall-Wallace, 2003). The original lattice parameters were a = 5.2021Å, b = 8.9797 Å, c = 10.226 Å, α = 90°, β = 101.57°, γ = 90°. A quartz model was built using the software Materials Studio using the α-quartz crystal from the database with lattice parameters of a = 4.91 Å, b = 4.91 Å, c = 5.402 Å, α = 90°, β = 90°, γ = 120°. The illite-quartz mixed unit cell was constructed (Figure 3), then expanded to a supercell of 10 × 2×2 to obtain a substrate surface with a size of 5.3 × 4.8 × 1.8 nm3. A slit-shaped pore was built using two mixed sheets, nC19 was the major component of the shale oil in the Songliao Basin; therefore, nC19 was used to represent the oil.
[image: Figure 3]FIGURE 3 | Snapshot (front view) of the initial system for nC19 in a 5 nm pore. (A) Front view; (B) Left view-illite; (C) Right view-quartz; (D) Top view.
The conjugate gradient algorithm was applied to minimize the initial configuration to prevent molecular overlap or the distance being too short. Periodic boundary conditions were applied in all three directions. A vacuum with a thickness of 1 Å was added in the z-direction to minimize the boundary effects. The force field of a mixed surface was developed by Cygan et al. (2004) and used here. The CLAYFF explicitly described the atomic interaction of T-O-T structure clay and cations. Meanwhile, it considered only angle bend and bond stretch terms for water molecules, hydroxyls. Hence, this potential model was used to characterize the illite-quartz mixed substrate. The Lorentz-Berthelot mixing rules were used to calculate the interaction parameters between the unlike atoms ij (Cygan et al., 2004). OPLS All-Atom force field was employed to mimic the nC19 molecules, and geometric mixing rules solved the parameters of Lennard Jones interaction between different atoms. The mixing rules of the CLAYFF force field and OPLS were different. Sun et al. (2018), Zhao et al. (2018), Li et al. (2019) have documented the use of the Lorentz-Berthelot mixing rule to obtain the interaction parameters between clay and organic materials. Ye et al. (2013) stated that a scaling factor of 0.5 (default) for the 1-4 intramolecular interactions in the OPLS All-Atom force field is appropriate for linear alkane chains with less than 10 carbon atoms. It yields quasi-crystalline structures when the alkane chain has 12 or more carbon atoms. Therefore, a scaling factor of 0.3 was used here for the 1-4 intramolecular interactions in all nC19 molecules.
Simulation Details
The EMD simulations were performed with the Large-scale Atomic-Molecular Massively Parallel Simulator (LAMMPS) package. The cutoff distance was set to 12 Å, as the cutoff distance cannot be greater than half of the minimum simulated box size. Long-range electrostatic interactions were calculated by the Fourier-based Ewald summation method. The accuracy of the particle-to-particle mesh method was set to a precision value of 10−6, nC19 molecules were initially randomly placed in the illite-quartz mixed nanopores. The number of nC19 molecules was calculated by the density and pore size of a sample. A time step of 1 fs was used for 5,000 ps to reach simulation equilibrium in the NPT ensemble. The pressure was maintained by the Parrinello-Rahman barostat (Parrinello and Rahman, 1981) while the temperature was controlled at a constant level by the Nose Hoover thermostat (Nosé, 1984). The system equilibration and the trajectory were collected for data analysis. The initial simulations were run at 373 K, 322 atm in the 5 nm slab spacing. The results were then evaluated to determine the influence of pore size under a pressure of 322 atm and a temperature of 373 K. The pore size of the systems varied from 2.0 to 7.2 nm. The impact of temperature was assessed by varying from 363 to 383 K. The effect of pressure was varied from 272 to 372 atm. The occurrence state under different conditions of nC19 in the slit-shaped illite-quartz mixed nanopores was studied by EMD. Figure 4 shows that the system’s energy, temperature, and pressure eventually stabilized, indicating that the simulation time was enough to reach equilibrium. The simulation snapshots were created by OVITO 3.0.0 (Stukowski, 2010).
[image: Figure 4]FIGURE 4 | Simulation results of nC19H40 in equilibrium stage at different temperatures (A,B) and pressure (C,D). The red, blue, green colors represent temperatures of 383, 373, 363 K, the purple, black and orange colors represent pressures of 372, 322, 272 atm, respectively.
RESULTS AND DISCUSSION
Effect of Shale Composition on Adsorption
Figure 5 shows the density distributions of the fluid in a single-component pore and multi-component mixture pore. The red curve is the result for quartz, the green curve is the result of illite, and the black curve is the result of the quartz-illite mixed solid wall. Four ordered adsorbed layers lie parallel to the multi-component solid wall, three adsorbed layers lie parallel to the single-component solid wall. The average mass density of each adsorbed layer for quartz, quartz-illite mixed, and illite are 1.205, 1.055, and 0.894 g/cm3. In contrast to illite, the quartz is easier to adsorb the alkane molecules. In addition, the adsorption effect of the quartz-illite mixed wall is between that of the pure mineral walls, indicating that the selection of a mixed wall is closer to actual shale samples.
[image: Figure 5]FIGURE 5 | Effects of single-component pore and multi-component mixtures pore on the mass density profiles for alkanes in a 5 nm pore.
Effect of Pore Size on n-Alkanes Adsorption
In Figure 6A, we presented the continuous mass density profiles of nC19 in mixed nanopores at pore sizes of 2, 3.2, 5, and 7.2 nm. As it depicted in Figure 6A, there are only two adsorbed layers in a 2.0 nm pore. The pore is entirely occupied by adsorbed phase, and no bulk phase is present. Four symmetric adsorbed layers form in other nanopores. The peak density of the adsorbed layer increases with distance from the pore center. Compared with the density distribution curve of chain alkanes in other pores (such as graphene, silica, calcite, montmorillonite), the adsorption layer of alkanes molecules near the pore wall is a common phenomenon (Ledyastuti et al., 2012; Le et al., 2015). The difference is the adsorption layer density value is associated with the composition of the pore wall. Figure 7 shows the equilibrium configurations snapshots of nC19 in a 5 nm pore. The alkane molecules in the near-wall region aggregate together at a high density. The distribution of the bulk fluid molecules is relatively scattered with a low molecular density. In the 3.2 nm pore, the density of the first adsorbed layer (0.770 g/cm3) is approximately 1.11 times that of the bulk phase. The density of the second adsorbed layer (0.835 g/cm3) is approximately 1.20 times that of the bulk phase. The density of the third and the fourth adsorbed layer (1.051, 1.430 g/cm3) are approximately 1.51 times and 2.06 times that of the bulk phase; the average density of adsorbed layer is 1.022 g/cm3. In the 5 nm pore size, the mass density ratios between the first, second, third, fourth adsorbed layer and the bulk phase range from 1.13 to 2.21. In the 7.2 nm pore size, the mass density ratios range from 1.20 to 2.45. The average density of each adsorption layer increased with the pore size. The density of bulk fluid under each pore size was about 0.691 g/cm3, which was close to the experimental result (0.724 g/cm3). The spacing between two adjacent crests estimated the thickness of each adsorbed layer. The adsorbed layers of different pore sizes were then compared. The thicknesses of the first and second adsorbed layers are about 4.4 and 5.6 Å in a 2.0 nm pore. The thicknesses of the first adsorbed and other adsorbed layers are about 2 and 3.5 Å in a 3.2 nm pore. The values in a 5 nm pore are 3.5 and 5.5 Å. In 7.2 nm pore, the thicknesses are 5.5 and 7.5 Å. The thickness of the first adsorbed layer is smaller than the other three adsorbed layers. The interactions between the mixed solid surface and nC19 molecules gradually decreased, and the intermolecular interactions among nC19 molecules were enhanced. Figure 6B depicts the total thickness of the adsorbed phase and bulk phase. All adsorption phases are present in 2 nm pores; the thickness of adsorbed phase is 20 Å. The thicknesses of the adsorbed phase are 26 Å (3.2 nm), 40 Å (5 nm), and 55 Å (7.2 nm). The thicknesses of the bulk phase are 6 Å (3.2 nm), 10Å (5 nm), and 17 Å (7.2 nm). The value “a/b” represented the ratio of the thickness of the adsorbed phase to the bulk phase. With an increase in pore size, the value “a/b” decreases.
[image: Figure 6]FIGURE 6 | (A) Effect of pore size on the continuous mass density profiles for nC19 in the mixed nanopores. (B) The thickness of adsorbed phase and bulk phase at different pore sizes.
[image: Figure 7]FIGURE 7 | (A) Equilibrium configurations snapshots of nC19 in mixed nanopores; (B) Snapshot showing the fluid distribution of nC19 in the near-wall region; (C) Snapshot showing the fluid distribution of nC19 in a bulk region.
Overall, the pore size affects the fluid distribution of the adsorbed phases and bulk phases, and there must be a minimum size where the pores are filled with adsorbed phase fluids and no bulk phase fluids. Wang W et al. (2015) proposed that if an organic pore is less than 3.84 nm, there will be only adsorption of n-octane and no free oil. Moreover, 3.84 nm corresponds to the thickness of the eight alkane layers. In our work, when the inorganic mixed solid wall is less than 3.2 nm, there is no bulk phase, and the thickness of eight alkane layers is about 3.6 nm. Bulk oil still exists in the 3.2 nm pore, indicating that when the pore is inorganic, the minimum pore size of only adsorption oil may be smaller than the organic pore.
Effect of Pressure on n-Alkanes Adsorption
Figure 8A shows that the continuous mass density profiles of nC19 in 5 nm mixed nanopores at pressures of 272, 322, and 372 atm under a temperature of 373 K. There is no noticeable deviation among the mass density profiles of the adsorbed phases for the different pressures. It was probably due to capillary condensation; the reservoir pressure is greater than the saturated vapor pressure of alkanes. With an increase in pressure, the adsorption capacity of alkanes on the pore wall hardly changed. The densities of the first adsorbed layer under different pressures are 0.780, 0.783, 0.783 g/cm3, respectively, almost unchanged. The densities of the bulk fluid in the center of the pore are 0.695, 0.694, and 0.684 g/cm3, respectively. With an increase in pressure, there is a certain influence on the bulk fluid density. The results show that the bulk fluid density values agree with the experimental data. The relative errors are about 4.05, 4.15, and 5.52% at 272, 322 and 372 atm, respectively.
[image: Figure 8]FIGURE 8 | (A) Effect of pressure on the continuous mass density profiles for nC19 in the mixed nanopores; (B) Effect of temperature on the continuous mass density profiles for nC19 in the mixed nanopores.
Effect of Temperature on n-Alkanes Adsorption
Figure 8B shows the continuous mass density profiles of nC19 in 5 nm mixed nanopores at temperatures of 363, 373, and 383 K under a pressure of 322 atm. These profiles are similar to the previous conclusion. There are four adsorbed layers under different temperatures, and the peak density of each adsorbed layer gradually increases with distance from the pore center. The density of the bulk fluid under different temperatures is ∼0.695 g/cm3. At 363 K, the ratio of the adsorption layer density to the bulk fluid density ranges from 1.13 to 2.49. The average density of the adsorption layer is 1.133 g/cm3. At 373 K, the density ratio is 1.13–2.21, and the average density of the adsorption layer is 1.055 g/cm3. At 383 k, the density ratio is 1.13–2.01, and the average density is 1.011 g/cm3. The average density ratio of the first adsorption layer to the bulk phase at different temperatures is 1.13. Overall, adsorption occurs near the pore wall at 363 K. With a gradual increase in temperature, the liquid-liquid effect near the pore wall gradually increases, resulting in the deceleration of the adsorption rate between alkane molecules and the wall. The density of each adsorption layer and the average density of the adsorption layer further decreases as well. The reason may be that the kinetic energy of alkane molecules in the system was calculated from the square sum of the particle velocity, and the system’s kinetic energy is positively correlated with temperature. Therefore, a higher temperature results in greater kinetic energy and a shorter movement time for the alkane molecules from the pore wall. It is much easier to detach from the pore surface of the shale and form a free state. Furthermore, with an increase in temperature, the viscosity of nC19 molecules decreases, resulting in a decrease in density. The bulk fluid density values of the model at different temperatures agree with the experimental data. The relative errors are about 3.57, 4.15, and 4.17% at the different temperatures of 363, 373, and 383 K.
Radial Distribution Function and Intermolecular Force Analysis
The theory of radial distribution function (RDF) is one of the most active research aspects in chemical thermodynamics and the most precise section among the theory of liquids. It is a key function for describing the structure of fluids. It plays an important role in determining the equilibrium and non-equilibrium thermodynamic properties of fluids (Lyubartsev and Laaksonen, 1995). It is also the primary linkage between macroscopic thermodynamic properties and interaction forces among the molecules in pure fluid and fluid mixture.
At present, molecular simulation, integral methods, and micro-phase equilibrium methods are the main calculation methods to obtain RDF (Kirkwood et al., 1952; Carvalho et al., 2020). The results of RDF obtained from molecular simulation are the most accurate (Pérez Molina et al., 2021). As shown in Figure 9, RDF can be interpreted as the ratio of local density to bulk density of the system. The local density near the reference atom is different from the bulk density; however, when it is far away from the reference atom, the local density is the same as the bulk density. In other words, the RDF should be close to 1 when the r is large. It can be calculated by Eq. 1.
[image: image]
Where dN is the number of atoms (molecules) that have a force on the reference atom within a certain range (r, r + dr), ρ is the atom density.
[image: Figure 9]FIGURE 9 | Diagram of the radial distribution function and the region of radial distribution calculation (gray region), black balls represent reference particles.
The peak position of RDF played an important role (Chen et al., 2021). In the RDF diagram, if the peak position is less than or equal to 3.5 Å, there is a chemical or hydrogen bond between reference atoms and other atoms. If the peak position is more than 3.5 Å, the Coulomb and van der Waals forces are the main forces (Yang, 2020).
The two-dimensional radial distribution functions of CH3–CH3 correlations in 5 nm mixed solid wall of different pressures and temperatures were calculated from 3.5-ns EMD simulation. As shown in Figure 10, the adsorption peak position of CH3–CH3 is more than 3.5 Å, indicating that the main intermolecular forces are van der Waals force and Coulomb force. Since the position of the RDF is located near the wall (the position with the largest adsorption phase density), RDF can explain the force of fluid molecules on the mixed component shale wall. When the pressure changes, there is little difference in the value and position of the main peak, as shown in Figure 10A. This further indicates that the adsorption of the fluid on the wall changes little with pressure. In Figure 10B, when the temperature changes, the position of the main peak remains unchanged. The value of the main peak decreases with an increase in temperature, indicating that the number of fluid molecules in the near-wall region decreases with an increase in temperature. This is consistent with the density distribution curve analysis results in Figure 8. In addition, the RDFs reach 1 when the r is large. The short-range order of nC19 is also observed, illustrating the liquid-like structure under confinement.
[image: Figure 10]FIGURE 10 | Two-dimensional CH3–CH3 RDF for nC19 in 5 nm mixed nanopores of different pressures (A) and temperatures (B).
CONCLUSION
In this work, we combined the analysis results of XRD and GS from the Songliao Basin shale oil to determine primary compositions. The main mineral component of shale was quartz and illite. The main carbon peak of the fluid component was nC19. Molecular dynamics simulation technology was used to analyze the occurrence state of the fluid under the varying conditions of single-component walls and multi-component mixtures walls to further verify the accuracy of the selection of the pore wall. The analysis of mass density curves under different pore sizes, temperatures, and pressures revealed that the critical adsorption point of the shale oil in inorganic pores was smaller than that of organic matter. In this paper, the critical point was less than 3.2 nm. Because the kinetic energy of molecules was directly related to temperature, the density of the adsorbed phase and the thickness of the adsorbed layer were more sensitive to temperature; a higher temperature resulted in greater kinetic energy, where it was easier to form a free state on the pore wall. The density and thickness of adsorbed phase were less affected by pressure due to capillary condensation. The main intermolecular forces were van der Waals force and Coulomb force. The RDFs of nC19 showed a liquid-like structure under confinement.
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