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Abstract

:

As kerogen is the main organic component in shale, the adsorption capacity, diffusion and permeability of the gas in kerogen plays an important role in shale gas production. Based on the molecular model of type II kerogen, an organic nanoporous structure was established. The Grand Canonical Monte Carlo (GCMC) and Molecular Dynamics (MD) methods were used to study the adsorption and diffusion capacity of mixed gas systems with different mole ratios of CO2 and CH4 in the foregoing nanoporous structure, and gas adsorption, isosteric heats of adsorption and self-diffusion coefficient were obtained. The selective permeation of gas components in the organic pores was further studied. The results show that CO2 and CH4 present physical adsorption in the organic nanopores. The adsorption capacity of CO2 is larger than that of CH4 in organic pores, but the self-diffusion coefficient of CH4 in mixed gas is larger than that of CO2. Moreover, the self-diffusion coefficient in the horizontal direction is larger than that in the vertical direction. The mixed gas pressure and mole ratio have limited effects on the isosteric heat and the self-diffusion of CH4 and CO2 adsorption. Regarding the analysis of mixed gas selective permeation, it is concluded that the adsorption selectivity of CO2 is larger than that of CH4 in the organic nanopores. The larger the CO2/CH4 mole ratio, the greater the adsorption and permeation selectivity of mixed gas in shale. The permeation process is mainly controlled by adsorption rather than diffusion. These results are expected to reveal the adsorption and diffusion mechanism of gas in shale organics, which has a great significance for further research.
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1. Introduction


Recently, with the development and utilization of unconventional natural gas resources around the world, shale gas, as a kind of the unconventional gas, plays an important role in the exploration and development of natural gas reservoirs [1,2,3]. Among the various kinds of methods developed, hydraulic fracture technology is commonly applied in these reservoirs. Nevertheless, in order to reduce greenhouse gases around the world, CO2 capture and sequestration technologies [4,5,6], tight gas and coalbed methane reservoir recovery by CO2 injection and the method of exploring gas hydrates by CO2 displacement have emerged [7,8,9,10,11]. Gas injection is considered an effective way to enhance oil and gas recovery and it has been widely used worldwide [12,13]. According to the adsorption capacity difference between CO2 and CH4 on shale [14,15,16], using CO2 displacement to enhance the shale gas recovery has become one of the most promoted ways [17,18,19]. As the insoluble organics in shale, kerogen is mainly composed of C, H and O and small amounts of the elements N and S, and it is an important material for gas production [20]. Most organics in shale are embedded in the inorganic mineral of the shale reservoir, and the organic pore size is about 5–250 nm [21]. The occurrence of fluids in the shale gas reservoir with organic nanopores is different from that seen in conventional gas reservoirs. Because of the large specific surface of shale, the content of gas adsorbed on the surface of clay mineral and organics should not be ignored. The content of adsorbed gas is about 5%–80% of the shale gas [22]. The diffusion of free gas in natural fractures is also important in the process of shale gas migration. Consequently, it is crucial to study the adsorption and diffusion of natural gas in organics, which provides a prominent understanding of the production and development of shale gas in the tight reservoirs.



Researchers have studied the mechanical properties of shale rock and the migration of shale gas through experimental and theoretical methods [23]. Chen proposed a new multilevel micromechanical homogenization scheme to predict the transversely isotropic properties of shale rock with the multi-inclusion and interfacial transition zone effects. By comparing the available experimental data with the theoretical data, the results of their research play an important role in determining the macroscopic properties of shale rocks [24]. By first discussing how shale is classified in relation to coal mining, Murphy researched the failure mechanics and intervention measures of shale in underground coal mines and shared the collective ground control experience of controlling roof structures dominated by shale rock in coal mining [25]. Nezhad proposed a simplified multiscale damage model to predict transversely isotropic shale rocks under tensile loading [26]. Nœtinger proposed the discrete fracture networks flow model to solve diffusion problems in complex three-dimensional (3D) fracture networks and researched the flow behavior of fluid in the matrix and fractures. Nœtinger pointed out that this method could be used to study the migration of oil and gas in unconventional shale [27]. Considering the effects of matrix-matrix and matrix-fracture molecular diffusion, Tao proposed a dual-permeability model to overcome the drawback of a single-porosity model. The simulation results demonstrated that matrix-matrix molecular diffusion and matrix-fracture molecular diffusion cannot be ignored in the process of gas injection except other factors [28].



With the development of modern experimental technology, the first step is to separate the organic matter from the shale. Most studies are based on organic solvent extraction. The disadvantage of this method is that the relevant information about the organics in clay mineral layers is easily ignored. The organics in the mixed layer minerals were extracted by using supercritical fluid and 12-amoniolauric acid, respectively, and very good experimental results were obtained. It has been proved that the proportion of interlayer organics in the sample can be up to 50% of the total extraction [29,30]. The carbon skeleton structure of kerogen was obtained using a solid-state nuclear magnetic resonance (NMR) spectrum experiment [31]. The chemical group components, relative abundance and bond properties of kerogen were obtained by analyzing the position and intensity of infrared absorption bands in a thermogravimetry-infrared spectroscopy (TG-FTIR) coupled analysis. The structure and the electron images of kerogen were obtained by X-ray diffraction (XRD) and scanning electron microcopy (SEM), respectively, and then they were combined with the X-ray energy dispersive analysis to analyze the surface elements of kerogen. Based on the abovementioned experiments, the component, structure and structural parameters were obtained [32,33,34]. However, because kerogen is a complex polymer, using a variety of experimental analysis techniques to test the structure of kerogen requires considerable time and effort. On the one hand, the molecular structure of biological compounds is included in the test results. On the other hand, due to the complexity of the structural model, the structure characteristics of kerogen cannot be described accurately and systematically.



The rapid development of molecular simulation technology provides a convenient method for these studies. Researchers can now provide a reasonable prediction of molecular structure and the physical and chemical properties of kerogen. Simultaneously, the method has made certain progress in the research of shale and coal gas reservoirs. Hartman et al. used the Monte Carlo (MC) and MD method to choose carbon nanotubes in place of the shale organics. The adsorption law of the mixtures was predicted by the IAS adsorption model, and a new equation was proposed to describe the adsorption phase densities of the mixtures [35,36]. Billemont et al. studied the adsorption law of CO2, CH4 and their mixtures by combining the experimental and molecular simulation methods and taking into account the adsorption law of gas under water preload conditions [37]. The results showed that the conclusion regarding gas adsorption was similar to that of previous research. However, in terms of the difference between experimental and simulation results, the authors proposed that the phase equilibrium between gas and water under different conditions should be considered [38,39]. Botan et al. used microporous carbon materials to replace the organic structure of shale and coal and simulated the separation process and the permeability of natural gas. The researchers found that this microporous material has no significant pressure gradient. Also, they found that the variation of permeability with temperature and pressure is consistent with diffusion theory. In the research process, carbon nanotubes and the disordered structure of carbon materials were used to replace the kerogen structure in shale [40]. By simulating the adsorption and diffusion characteristics of fluid in nanostructures, it is inevitable that there are some deficiencies. With domestic and foreign scholars’ deep examination of this problem, the adsorption and diffusion process of shale gas and coalbed methane were studied using the average unit structure of organics or organic structure fragments. This has achieved good results for the adsorption and diffusion process of coalbed methane [41,42]. Hu et al. used a molecular simulation to research the adsorption and diffusion of CH4 and CO2 in coal. The results showed that the order of magnitude of CO2 diffusion coefficient in coal was at 10−9 m2/s, which was close to the experimental results. Combined with the Maxwell-Stefan diffusion theory, Hu calculated the mutual diffusion coefficients of mixtures [43]. The adsorption capacity of CO2 is greater than that of CH4 under a certain temperature and pressure. Therefore, according to the law of competition adsorption between CO2 and CH4, Hu analyzed the basic principle of enhancing the gas recovery by CO2 injection in a coal seam [44]. Liu et al. used the Density Functional Theory (DFT) and the GCMC method to research the adsorption of CO2, H2O, N2 and the mixture of these gases on the coal, analyzing the adsorption capacity of fluid and considering the effect of moisture on it [45]. Based on the molecular model of wise coal and using the molecular simulation method to build the diffusion model of the CO2/CH4 mixture in coal pores. Zhao et al. analyzed the self-diffusion coefficient and transport diffusion coefficient under different conditions and studied the effect of temperature and gas mole fraction on diffusion coefficients. The results showed that the transport diffusion coefficient is larger than the corrected diffusion coefficient, and the corrected diffusion coefficient is larger than the self-diffusion coefficient. The three diffusion coefficients increased with temperature and the gas phase mole fraction increased gradually [46]. Meanwhile, scholars have researched the adsorption and diffusion of shale gas using molecular simulation methods. According to the ratio of C/H and C/O, Collell et al. established the structure of kerogen molecular fragments, used this structure to build the nanopore structure, and then used the GCMC and MD methods to study the adsorption characteristics of methane and ethane in this structure. At the same time, using the Extended Langmuir model and Ideal Adsorbed Solution (IAS) model to fit the experimental results, Collell found that the predicted results of the two models were consistent with the simulation results under low pressure conditions, but at high pressure, only a small part of the predicted results was in agreement with the simulation results, and the smaller the pores, the worse the match between the properties became [47]. In the same year, based on the experimental data, Collell used the molecular simulation method to obtain the molecular structure and the physical properties of shale organics and obtained the stable kerogen molecular structure by molecular dynamics simulation [48]. Based on the C/H and C/O ration of I, II and III kerogen, Ungerer et al. applied a molecular simulation method to establish a molecular structure model. The thermodynamic properties of different types of organics such as maturity, density, compressibility, swelling and adsorption isotherm were studied [20]. Hu [49] studied the change of gas and water distribution in organic pore by molecular dynamics simulation. The results showed that, if the kerogen pore is water wetted, the water molecules are adsorbed near the functional groups and the methane molecules were adsorbed on the surface of the organics. Also, a gas-water two-phase exists within the pore. If the kerogen pore was non-wet, the methane molecules were adsorbed on the pore surface and the pores were filled with free gas. Falk et al. [50] utilized CS1000 and CS1000a as organic structures by using the Configuration-Bias Monte Carlo (CBMC) and MD to simulate the adsorption characteristics of long-chain paraffins on it at the actual temperature of the reservoir and it’s the adsorption characteristic curve satisfied with the Langmuir isothermal adsorption model. Guan, et al. [51] analyzed the molecular structure information of Huadian oil shale and established the kerogen molecular structure by using NMR, X-ray photoelectron spectroscopy, Fourier transform infrared and a X ray diffraction experiment testing technique combined with DFT. Sui et al. [52] established the 3D structure of kerogen II and analyzed the pore size distribution (PSD) of this structure. Using the GCMC and MD methods, they studied the adsorption and diffusion of CO2 and CH4 gas molecules on the kerogen and the adsorption capacity, self-diffusion coefficient and radial distribution function (RDF) of CO2 and CH4. Falk et al. used molecular simulation and statistical mechanics to show the transmission behavior of hydrocarbon in shale nanoporous matrix, the results demonstrated that the Darcy’s law fails to predict the transport of shale gas at the nanoscale. In particular, when studying on the transmission mechanism of shale gas in disordered pores, the influence of permeability, porosity and tortuosity should be considered [53]. It was found that whether the gas is adsorbed on coal or shale, the organics structure is the main research object.



On the basis of the literature review, we have investigated the adsorption and diffusion law of the gas in the organics, respectively, and different factors on adsorption and diffusion of gas are studied. We established the organic nanoporous structures based on type II kerogen. By simulating the adsorption and diffusion and analyzing the permeation selectivity of CO2/CH4 mixtures in the organics, this research has important significance for the further determination of mixed gas permeability in organic pores.




2. Simulation Details


2.1. Grand Canonical Monte Carlo (GCMC)


The Grand Canonical Monte Carlo (GCMC) is a simulation method which is calculated under selected ensemble conditions. It is a universal and effective method for research on adsorption and gas mixtures, and it has been widely used in the fields of engineering, economics and physics. In the field of geology, many scientists have used this method to evaluate oil and gas resources. The GCMC is a stochastic simulation method based on the probabilistic statistical theory. It uses computer simulation to establish a probabilistic model or stochastic process and obtain final results. At the same time, in order to improve the computational efficiency, the Metropolis sampling method is adopted in this study to simulate the random configuration of the microparticles.



In this paper, GCMC was used to study the adsorption behavior of gas in organics. According to the variation range of the temperature and pressure of a shale reservoir, the simulated temperature is 333.15 K, which is close to the formation temperature. The pressure range is 0–40 MPa. The three dimensional periodic boundary condition is used in the simulation process. The van der Waals is an atom-based method, and the electrostatic long-range effect is calculated using the Ewald summation method [54]. The simulation step number is 1 × 107, and the total number is 3 × 107. It outputs a structure every 6000 steps, which confirms that each adsorption simulation will reach a balanced state. The first half of process is used to guarantee adsorption equilibrium, and the latter half is used for ensemble average and for calculate the required parameters, such as adsorption isotherms and adsorption isosteric heat.




2.2. Molecular Dynamics (MD)


Molecular Dynamics (MD) is an integrated science and technology method based on molecular particles, atomic particles and other microscopic particles as the research object combined with the physical, chemical and mathematical theories. Newton’s equation is used to calculate the position, velocity and energy of particles at different times. The appropriate statistical method is used to obtain the physical parameters [55].



Based on the results of adsorption simulated, the MD method was used to simulate the diffusion of CH4/CO2 in kerogen. The trajectory of microparticles is calculated, and the diffusion mechanism is revealed from the micro level. At the beginning of the simulation, in order to ensure the simulation structure is optimal, the first step was to simulate the structure by using crystal lattice relaxation. Then, the canonical ensemble (NVT) MD was carried out to reach the equilibrium state. The time step was 1 femtosecond for all simulations. The total simulation time was 300 picosecond to ensure that the mean squared displacement is truly linear in time. The Hoover-Nosé method was used throughout the process to obtain the self-diffusion coefficients, radial distribution functions, etc.




2.3. Kerogen Molecule Structure


In research on bituminous structures, by using molecular simulation methods, the previously mentioned concept of “average molecular structure” refers to an atom aggregate that averages the number of aromatic clusters in the structure. It cannot be used as a special molecular structure or as the basic unit of the molecule [47]. In fact, the actual structure of kerogen does not exist as a single chemical structure. It is necessary to research all kinds of representative fragments and functional groups in order to establish the average molecular structure of kerogen. Considering the interaction between the atoms, functional groups, molecular structure and geometric morphology of kerogen, the molecular structure of the final kerogen was obtained. In this paper, we chose the representative kerogen of type II is chosen as the research object (in the following sections, it is just called kerogen) [18]. The chemical formula is C252H294O24N6S3 and the molecular structure is shown in Figure 1.





3. Established the Structure of Organic Pore


According to the selected molecular structure of kerogen, the Amorphous Cell module of Accelrys Studio Material software is used to add periodic boundary conditions and a 3D periodic structure that contains six kerogen molecules is established. In order to obtain the stable periodic boundary model, the 3D kerogen molecular structure with periodic boundary must be optimized. Based on the initial structure model, the Geometry Optimization module was used to optimize this structure. The periodic boundary of the space lattice is gradually reduced until the stable configuration is obtained. The total energy of the model changes gradually during molecular mechanics and molecular dynamics optimization. In the process of optimizing kerogen structure by molecular dynamics, the total energy of the model is decreased first and then increased. Meanwhile, the structure corresponding to the minimum total energy is considered the most stable configuration. The simulated force field is COMPASS force field, which is widely applied to organics [56,57]. Finally, the isobaric-isothermal ensemble (NPT) of molecular dynamics is used to achieve the crystal lattice relaxation for the optimized model and obtain the stable 3D structure as shown in Figure 2a. The pore size distribution of kerogen structure is shown in Figure 2b, while Figure 3 shows the size of the 3D structure: 3.305 nm × 3.305 nm × 3.305 nm. Density change is shown in Figure 4. It can be seen that the final density is 1.073 g/cm3. Because the actual density of kerogen is very difficult to test, there is a variation range between 0.8 and 2.2 g/cm3 [58], the simulated result is within this range. The uncertainty concerning kerogen density arises mainly from the following aspects. On the one hand, although the experimental test ruled out the effect of clay minerals and other inorganic substances, the microelements existing in the form of non-minerals lead to the experimental test density being greater than the calculated density [59]. On the other hand, a great number of small molecules of substances exist in the actual kerogen structure, and it will fill in the kerogen pores.




4. Results and Discussion


4.1. Adsorption Isotherms


Shale contains abundant organics. The adsorption capacity of CO2 is stronger than that of CH4 in organics. Therefore, it is theoretically feasible to enhance the recovery of shale gas by CO2 injection [60]. In order to investigate the adsorption characteristics of CH4/CO2 mixture in organics pores, and the effect of CO2 injection volume on the enhancement of CH4 recovery, four different mole ratios of CH4/CO2 mixture gas were selected: 1:1, 1:2, 1:3 and 1:4. The adsorption isotherms of CH4 and CO2 under different pressure are then obtained, as shown in Figure 5.



As can be seen from Figure 5, the adsorption capacity of CO2 is much larger than that of CH4 in kerogen. Meanwhile, the adsorption capacity of these gasses is increased by the increase of pressure. In the range of 0–20 MPa, the gas adsorption capacity increased with the increase of pressure. When the pressure reached 20 MPa, the adsorption process reached saturation adsorption. Also, the effect of pressure on the adsorption was very small. Under different molar ratio conditions, with the increase of the CO2 concentration, the difference between the adsorption amount of CO2 and CH4 increased gradually because the partial pressure of CO2 in the mixture increased under the same pressure. Therefore, in the process of increasing the yield of shale gas reservoir by injection CO2, by properly increasing the total ratio of injected gas CO2 and the total CH4 of shale gas reservoirs, a higher CH4 recovery can be obtained. However, the results indicated that, with the increase of the mole ratio of CO2, the replacement efficiency of CH4 remains constant at CH4:CO2 < 4:1. This may be due to CO2 coverage on the surface of the kerogen under the corresponding conditions. Table 1 shows the change in the isosteric heat of adsorption with the pressure of the mixture in different proportions.



It can be seen that the isosteric heat of adsorption decreased first then increased with the increment of pressure. This result shows that at the start of adsorption, due to the surface heterogeneity of the kerogen pores, gas molecules prefer to adsorb in the higher energy positions. With the process of adsorption, the gas began to occupy the higher adsorption energy position and the isosteric heat of adsorption decreased gradually. As more gas molecules were adsorbed, the interaction between the molecules became stronger and their isosteric heat of adsorption became larger. This shows that the contribution of gas molecules to the heat of adsorption cannot be ignored as the adsorption progresses. The isosteric heat of adsorption of CO2 is larger than that of CH4, but they are less than 40 KJ/mol, and the adsorption heat of the chemical adsorption process is 40–600 kJ/mol [61]. Therefore, the adsorption of CH4 and CO2 on shale corresponds to physical adsorption.




4.2. Self-Diffusion


The diffusion law of gas in micronanometer pores is usually described by self-diffusion coefficient. The self-diffusion coefficient of shale gas in organics is calculated by Einstein equation [62]. Considering the interaction between CH4 molecules, CH4 and kerogen, in this paper, Equation (1) is used to calculate the Mean Square Displacement (MSD) of gas diffusion:


   M S D =  〈     |   r →   ( t )  −  r →   ( 0 )   |   2   〉  =  〈  Δ r   ( t )  2   〉  =  1 N    ∑  i = 1  N   Δ  r i    ( t )  2      



(1)







According to the Einstein Equation, when describing the relationship between the MSD and time, the relationship between the slope and self-diffusion coefficient is as follows:


    D  s e l f   =    lim   t → ∞     1  6 N t    〈    ∑  i = 1  N      |     r →   i   ( t )  −    r i   →   ( 0 )   |   2     〉    



(2)







Mean Square Displacement is usually fitted in a straight line, and the self-diffusion coefficient can be obtained from the 1/6 linear slope.



Due to the anisotropy of the kerogen molecular structure, in order to consider the influence of pore size and shape on the self-diffusion coefficient, the molecular dynamics simulation results were analyzed and the MSD data were output. The self-diffusion coefficients of gas in horizontal and vertical directions are calculated respectively [63], as shown in Figure 6.



Due to the anisotropy of the kerogen structure, the self-diffusion coefficients of gas in all directions are different. The self-diffusion coefficient in the horizontal direction (x, y direction) is significantly larger than that in the vertical direction (z direction). This result indicates that the resistance of gas in the horizontal direction is smaller, and it is the main direction for gas diffusion.



It can be seen that the self-diffusion coefficient decreased with the increase of pressure in different directions. The self-diffusion coefficient in the horizontal direction obviously decreased. The self-diffusion coefficient of CH4/CO2 was gradually decreased with the increase of pressure. The molecules’ self-diffusion coefficients tend to be consistent under higher pressure. This result shows that, with the increase of pressure, the density, the number of gas molecules and the probability of collisions between molecules were increased. The interaction between gas molecules became the key factor to control molecular diffusion. The self-diffusion coefficient of CO2 is less than that of CH4 under the same pressure. This is because the interaction between CO2 molecules and kerogen is stronger than that of CH4. Therefore, it will decrease the movement of a CO2 molecule.




4.3. Radical Distribution Function (RDFS)


Next, we analyze the Radial Distribution Function (RDF) between the gas and the kerogen and learn more about their interactions in the simulation system. The RDF is defined as the ratio of the local density to average bulk density. This kind of research method describes the ordering degree of system structure, and it is usually used to characterize the microstructure of the particles [64]. The calculated expression is:


   g  ( r )  =   d N   4 π ρ  r 2  d r     



(3)




where g(r) is RDF, N is the number of particles in the radius r + dr, and ρ is the density of particles.



From Figure 7, obvious main peaks were reached between CH4, CO2, N2 and H2O and atoms S, O and N in kerogen. Comparison of the peak values between CH4, CO2, N2 and H2O and atoms S, O and N shows that the interaction between CO2 and atoms S and O in kerogen are much larger than that of CH4 and N2. This also implies that the adsorption capacity of CO2 in the kerogen is larger than that of CH4 and N2. Two peaks appear in the RDF diagram between CO2 and both atoms S and N. This phenomenon indicates that the character of double-layer distribution near the S and N atoms, which causes the CO2 adsorption capacity, outperforms that of CH4 and N2.




4.4. Adsorption, Diffusion and Permeation Selectivity of Binary Gas


Finally, we investigated the permeation selectivity of CH4/CO2 in kerogen pores with different mole ratios. According to Equation (4), we first determined the adsorption selectivity and diffusion selectivity of mixed gas in kerogen. In the process of adsorption equilibrium, we used the adsorption selectivity (Ssorp) to determine the adsorption capacity of the gas mixture [65,66]:


    S  s o r p   =      x    CO  2     /   x    CH  4           y    CO  2     /   y    CH  4          



(4)




where     x    CO  2       and     x    CH  4       represent the mole fraction of the gas component in the adsorbed phase,     y    CO  2       and     y    CH  4       and the bulk phase.



Diffusion selectivity refers to the ratio of mixture’s fraction diffusion coefficient [67], the calculation formula is shown in Equation (5):


    S  d i f f   =    D    CO  2       D    CH  4        



(5)







Based on this Equation, the permeability coefficient of the CH4/CO2 can be obtained, as shown in Equation (6):


    S  p e r m   =      x    CO  2     /   x    CH  4           y    CO  2     /   y    CH  4        ⋅    D    CO  2       D    CH  4        



(6)







Figure 8 shows the adsorption selectivity, diffusion selectivity and permeation selectivity of CH4/CO2 with different molar ratios in kerogen.



It can be seen that the adsorption selectivity coefficients of kerogen for CH4/CO2 mixed gas are always greater than 1. This indicates that the adsorption capacity of kerogen for CO2 is greater than that of CH4. With the increase of pressure, the adsorption selectivity gradually decreases and finally stabilizes. Meanwhile, with the increase of CO2 in the mixed feed gas, the adsorption selectivity coefficient becomes correspondingly larger, but the diffusion selectivity coefficients are always less than 1, which explains that the diffusion capacity of CO2 is less than that of CH4 in kerogen, and the variation range of the diffusion coefficient is small in different proportions of CO2 and CH4 gas mixture. The mole ratio of CO2 is higher in the mixed gas. The permeation selectivity coefficient of mixed gas is greater, which indicates the effect of CO2 replacing CH4 will be more obvious under the corresponding conditions.





5. Conclusions


According to the principles of GCMC and MD, we studied the interactions between kerogen and the different proportion of CH4/CO2 mixed gas and drew four conclusions:

	(1)

	
In the range of 0–20 MPa, the adsorption capacity of the two gases (CH4 and CO2) increased with pressure. When the pressure reached 20 MPa, the adsorption capacity reached a certain saturation value, after which with the further increase of pressure, the amount of adsorption became very small. Pressure and the gas mole ratio had no significant effect on the isosteric heat of CH4 and CO2. The adsorption heat of CO2 is higher than that of CH4, and it was less than 42 KJ/mol, which lies in the physical adsorption range.




	(2)

	
Due to the anisotropy of the kerogen structure, the self-diffusion coefficients of gas in all directions were different. The self-diffusion coefficient in the horizontal direction was significantly larger than that in vertical direction, and it decreased gradually with the increase of pressure. The self-diffusion coefficient of CO2 is less than that of CH4.




	(3)

	
The interaction between CO2 and S and O atoms in the kerogen was much larger than the interaction between CH4 and N2. Two peaks are evident for CO2 and the S and N atoms in the radial distribution function diagram. This phenomenon indicates that the characteristic of double-layer distribution near the S and N atoms makes the CO2 adsorption capacity outperform that of CH4 and N2.




	(4)

	
The adsorption selectivity coefficients of the mixed gas of CO2 and CH4 in different proportions were normally greater than 1, while the diffusion selectivity was normally less than 1. This indicates that the adsorption capacity of CO2 in kerogen was larger than that of CH4, while its diffusion capacity was less than CH4.The higher the molar ratio of CO2 in the mixed gas, the adsorption selectivity of the mixed gas, and there was no obvious change in diffusion selectivity. This result shows that the mixed gas permeability is mainly influenced by the adsorption selectivity instead of by diffusion.
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Figure 1. The molecular structure of kerogen. 
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Figure 2. Kerogen model: (a) 3D model and (b) pore size distribution. 
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Figure 3. Simulated 3D size of kerogen. 
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Figure 4. Simulated density of kerogen. 
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Figure 5. Adsorption isotherms of CH4/CO2. 
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Figure 6. Self-diffusion coefficient of CH4/CO2 mixture in different directions. 
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Figure 7. The RDF of CH4, CO2, N2, H2O and the atoms (C, H, O, N, S) in Kerogen. 
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Figure 8. Adsorption, diffusion and permeation selectivity of CH4/CO2. 
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Table 1. The isosteric heat of adsorption of mixture in different proportions (Unit: KJ/mol).







Table 1. The isosteric heat of adsorption of mixture in different proportions (Unit: KJ/mol).







	
Pressure (MPa)

	
1:1

	
1:2

	
1:3

	
1:4




	
CH4

	
CO2

	
CH4

	
CO2

	
CH4

	
CO2

	
CH4

	
CO2






	
5

	
18.54

	
26.48

	
18.85

	
26.55

	
18.71

	
26.76

	
19.07

	
26.67




	
10

	
18.98

	
26.76

	
19.49

	
27.57

	
19.62

	
27.41

	
19.34

	
27.35




	
15

	
19.05

	
27.21

	
19.65

	
27.32

	
19.58

	
27.66

	
19.93

	
27.50




	
20

	
19.32

	
27.06

	
19.40

	
27.76

	
19.70

	
27.73

	
19.86

	
27.55




	
25

	
19.11

	
26.89

	
19.57

	
27.55

	
19.65

	
27.93

	
19.61

	
27.76




	
30

	
19.48

	
26.71

	
19.66

	
27.53

	
19.78

	
27.94

	
19.60

	
27.36




	
35

	
19.26

	
27.12

	
19.73

	
27.65

	
19.67

	
28.00

	
20.29

	
28.02




	
40

	
19.51

	
26.80

	
19.73

	
27.54

	
19.79

	
27.81

	
19.94

	
27.89
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