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Abstract:  11 

The shale gas adsorption and flow characteristics play essential roles in improving shale gas recovery. 12 

Motivated by the desire to clarify these characteristics carefully and precisely, a series of shale models 13 

with different water contents from 0.6-2.4 wt% were established. Presumably, these characteristics were 14 

sought to pin down answers by using the grand canonical Monte Carlo (GCMC) and molecular dynamics 15 

(MD) methods respectively. Importantly, the analysis of the pore structure of these models is firstly taken 16 

into account considering its microstructure to meet the demand for the explanation of the adsorption 17 

characteristics of methane. The results showed that the enterable volumes decrease significantly with the 18 

increase of water content due to the diffusion and aggregation of water molecules in the middle of 19 

enterable pores. Intuitively, it could lead to a marked linear decrease in the adsorption amount of methane 20 

from 1.2 mmol/g to 0.6 mmol/g. A curiosity of this study is that the diffusion coefficients of methane 21 

increase as the increase of temperature and ensuring the low pressure outside the channel could boost the 22 

flux of methane intriguingly. Suffice to say, the optimum development shale gas conditions in this work 23 

are at the temperature of 358 K and in the presence of water content of 2.4 wt%. Hence, there is an 24 

expectation that this study would provide a guidance for the exploitation of shale gas in the presence of 25 

water.  26 

Keywords: Shale gas, Adsorption and diffusion, Kerogen, Water content, Pore structure. 27 

 28 

1. Introduction 29 

mailto:dingbin@upc.edu.cn


2 

 

Shale gas, as an unconventional resource, has been regarded as an essential fuel for meeting the 1 

demand for energy all over the world [1-3]. This fuel is mainly stored in micropores and mesoporous in 2 

a shale matrix, which is a rock with ultralow porosity and ultralow permeability. This means that shale 3 

gas cannot move freely as it is trapped in the pores [4, 5]. Organic matter and clay minerals are the two 4 

distinct parts of the shale matrix. Even though the organic matters account for little space in shales, the 5 

organic matters are considered as the main bed for shale gas. The organic material is primarily made of 6 

kerogen, which is an amorphous organic mixture containing multiple chemical components [6, 7]. 7 

According to its geographic origin, maturity, and sedimentary history, kerogen has a wide range of 8 

chemical composition [8]. The van Krevelen diagram was used to distinguish six kerogen samples in 9 

Kelemen’s work [9]. For instance, kerogen I-A and II types deposited in anoxic lacustrine and marine 10 

anoxic environment, respectively. Moreover, the kerogen III types were originated from higher pants or 11 

terrestrial. Among these kerogen types, the type II-D model represents the over mature state in the dry 12 

gas window, which means that type II-D kerogen provides great storage space for dry shale gas. The 13 

main component of shale gas is CH4, which has three main forms, adsorbed state, free state, and dissolved 14 

state [10]. It should be noted that methane in adsorbed and free states take the major proportion,  and the 15 

volume proportion of the adsorbed CH4 in the shale reservoirs accounts for 70%~85% [11, 12]. In the 16 

past decade, the production and utilization of shale gas have succeeded in the United States and China. 17 

Those countries mostly extracted the shale gas by using traditional methods such as hydraulic fracturing 18 

or horizontal drilling [13, 14]. These methods are all the processes where water is pumped into shale 19 

formations to make fractures and increase the extraction of shale gas [15-17]. However, the effect of 20 

water content on the adsorption, diffusion, and displacement characteristics of shale gas is still inadequate. 21 

Therefore, an in-depth understanding of the effect of water on adsorption and diffusion of shale gas is 22 

essential and crucial for the efficient extraction. 23 

To study the effect of water on methane adsorption and diffusion properties in kerogen, it is 24 

necessary to establish a correct and realistic kerogen model firstly. There are three major methods to 25 

construct realistic models. The first approach is based on the experimental data. Some experimental 26 

techniques such as XPS, S-XANES, and CNMR are used to characterize kerogen models [18]. Such 27 

models can be used to obtain the heat capacity, density, and adsorption data. However, it is rather 28 

troublesome to obtain the transport and mechanics information in these models, owing to the existence 29 

of unconnected polyaromatic. Coasne’s group [8] proposed the second construction model solution that 30 

used a Molecular Dynamics (MD)-Hybrid Reverse Monte Carlo approach to building models of kerogen. 31 
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This method is based on the experimental data and simulation results about C-C pair distribution 1 

functions. Unfortunately, a small number of defects limit the generalizability of this method. While 2 

Ungerer et al. and Collell et al. [19-21] proposed a rather general and efficient method, which used some 3 

model units matched with the elemental analysis to building blocks for the creation of the porous structure. 4 

Therefore, this paper will use the models of kerogen from Ungerer. 5 

Once the model of kerogen is built, we can do some adsorption and diffusion of light hydrocarbon 6 

simulation in kerogen models by using the grand canonical Monte Carlo (GCMC) and MD. It should be 7 

noted that the adsorption and diffusion mechanisms of adsorbed methane in shale are incredibly 8 

complicated. Recently, scholars have done much research on the effect of water and other components 9 

contained in organic matter on methane adsorption. For instance, Zhao et al. [22] explored the effect of 10 

water content on methane adsorption on type II kerogen by using Monto Carlo simulations and MD 11 

simulations and found that water molecules are more easily adsorbed on the surface of kerogen than 12 

methane. Zhao et al. [23] also explored the effect of the maturity and water content on methane adsorption 13 

on type II kerogen and proved that the presence of the water content has a more dramatic effect on the 14 

kerogen with high maturity than on that with low maturity. Moreover, Sui et al. [24] performed GCMC 15 

simulations on the effect of functional groups on methane adsorption in kerogen. The results indicated 16 

that the N- and S- function groups have a stronger influence on adsorption. Besides, Huang et al. [25] 17 

studied the adsorption characteristics of CH4 and CO2 on four kerogen models with different maturities 18 

by GCMC simulations. By the way, there are fundamental experimental studies around the methane 19 

adsorption and diffusion in kerogen. Yuan et al. [37] studied the methane adsorption and diffusion 20 

behavior in shale by SEM experimental, as well as concerning with the effect of pore size and water 21 

molecules. The results showed that both Fickian diffusion and Knudsen diffusion are important in shale 22 

diffusion, and gas adsorption and diffusivity were significantly reduced in a moist situations. In 2015, 23 

Merkel et al. [38] found that water molecules can decrease methane sorption and gas storage capacity. 24 

The methane excess adsorption capacity decreases linearly correlating with increases water content up 25 

to 0.6-1 mmol/g. Based on these studies, Fan et al. [39] proposed a novel HC method for preparing moist 26 

shale samples to study the relationship between methane adsorption and moisture content. There are two 27 

main aspects to have an effect on the methane sorption in a moist environment. One is the competition 28 

for adsorption sites on the surface of shale pores between water and methane. The other is water 29 

condensation in organic pores blocking the available surface area for methane adsorption. We note that 30 

there is substantial literature on shale gas adsorption phenomena in kerogen, such as the consideration in 31 
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the effect of water content and kerogen construction. However, the explanation for the shale gas 1 

adsorption amount variation as the change of water content is still rare under different ambient 2 

environments. In particular, a few studies are using MD to study the effect of water on methane 3 

adsorption and diffusion characteristics from the perspective of pore structure variation of shale model. 4 

In this work, the MD and GCMC simulation was adopted to study the effect of water content on 5 

adsorption and diffusion characteristics of methane on kerogen II-D models. The kerogen structures were 6 

built using the molecular structure proposed by Ungerer et al. Besides the consideration in the influences 7 

of the dry and wet development environment on methane adsorption, the analysis of the pore structure 8 

of these models is firstly considered. The calculated results are expected to provide theoretical guidance 9 

for the exploitation of shale gas in the presence of water. 10 

 11 

2. Models and methodology 12 

2.1 Atomistic models 13 

The kerogen type II series have four stages ranging from the immature to over mature. Obviously, 14 

kerogen II-D belonged to the over mature stage, where most remaining oil is cracked into gas. This 15 

kerogen model could well simulate the required real gas environment. Therefore, the kerogen II-D unit 16 

presented by Ungerer was adopted as the simulation model in this paper [21]. Sulfates and pyrite do not 17 

include in this kerogen unit, as these components are associated with the mineral fracture only [26]. Table 18 

1 analyzed the structural parameters of the kerogen II-D. The chemical formula of kerogen II-D is 19 

C175H102O9N4S2, and the molecular model is shown in Figure 1. 20 

 21 

 22 
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Figure 1. The molecular structure of kerogen II-D model. 1 

 2 

Table 1. Structure parameters of the kerogen model unit II-D [21]. 3 

  II-D 

 Analytical data Model unit 

H/C 0.56 0.58 

O/C 0.047 0.051 

N/C 0.021 0.023 

S/C 0.01 0.011 
% of aromatic carbon from XPS(a) or NMR(b) 72(a), 80(b) 79 

Avg. number of C atoms per aromatic cluster 20 19.9 

Fraction of aromatic carbon with attachments (sp3 C, N, S, O) 0.24 0.28 

Protonated aromatic carbons (per 100 C) 28 25 

Number of O in C-O per 100 C 4.7(a), 2(b) 5.1 

Number of O in carboxylic groups (-COOH) per 100 C 0 0 

Number of O in carbonyl groups (>C=O) per 100 C 0 0 

Pyrrolic (mol % of N) 62 75 

Pyridinic (mol % of N) 15 25 

Quaternary (mol % of N) 23 0 

Amino (mol % of N) 0 0 

Aromatic S (% of organic S) 80 100 
Aliphatic S (sulfides and thiols) (% of organic S) 20 0 

 4 

To make a realistic shale environment, 10 kerogen units were used to make a simulation box of 5 

34.48×34.48×34.48 Å. All directions of this box were set as periodic boundary conditions. The structure 6 

of the kerogen matrix is generated by compressing the molecular model of initial kerogen configuration 7 

from high temperature to typical reservoir conditions of 300 K and 15 MPa. These compressing 8 

procedures are conducted by using a series of MD simulations, which are exposed in Table 2. The initial 9 

configuration is relaxed firstly by using the NVT ensemble at 900 K for 150 ps. Then a series of MD 10 

simulations using the NPT ensemble are calculated at 15 MPa with a temperature decay process from 11 

900 K to 300 K. Eventually, to reach the equilibrium state of these models, the kerogen configurations 12 

are simulated at 0.1 MPa and 300 K for 400 ps. In the end, we got the stable kerogen model illustrated 13 

in Figure 2. Figure 3 also displays the density variation of kerogen II-D during MD relaxations. The 14 

density changes greatly at the beginning MD simulations then becomes stable at 1.24 g/cm3, which is 15 

the final density for the densest configuration. To explore the methane adsorption and diffusion 16 

characteristics on kerogen II-D model with various water contents, a series of moisture kerogen model 17 

with different water content (0.6, 1.2, 1.8, and 2.4 wt%) are established. Water molecules are randomly 18 

pre-adsorbed in pores of kerogen models, depending on the water content. The range of water content is 19 

borrowed from the experimental results [27] and the simulation work of Liu et al. [28].  20 

 21 
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Table 2. Relaxation procedures of the kerogen II-D initial configuration. 1 

Ensemble T (K) t (ps) P (MPa) 

NVT 900 150 - 

NPT 900 150 15 

NPT 700 150 15 

NPT 500 300 15 

NPT 300 300 15 

NPT 300 400 15 

NPT 300 400 0.1 

 2 

 3 

Figure 2. The structure of the final 3D kerogen model. 4 
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Figure 3. Kerogen density variation during the MD relaxations. 7 

 8 

To better characterize the flow characteristics of methane in shale pore, the flow model was 9 

optimized according to the following points. The pore is obtained by digging a cylindrical hole with a 10 

certain diameter (15 Å) in the center of the silica crystal. As shown in Figure 4, the ratio of silicon to 11 

oxygen remains unchanged. Because the system belongs to a periodic structure, there is no pressure 12 
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difference between the gas phase region in the cell and the vacuum side in the preceding cell. To simulate 1 

the pressure driving process under real conditions, a helium cover is added at the bottom of the cell to 2 

form a vacuum-like state on the right side of the model. Five hundred methane molecules were placed 3 

on the left side of the gas phase region to maintain a high-pressure state, and then the system was 4 

experienced a pre-balanced process for a certain simulated length of time. The pre-equilibrium gas phase 5 

region, pore region, and helium cover were superimposed to form a diffusion flow model. In this way, 6 

there is a pressure difference between the two sides of the model. 7 

            8 

Figure 4. Silica channel model used in the flow of methane simulation. 9 

 10 

2.2 Simulation details 11 

The entire simulations operation uses the COMPASS force field [28], considering it parameterize a 12 

wide range of organic compounds and has a broad coverage of organic and inorganic zeolites, which is 13 

an all atoms force field representing the interactions. The van der Waals (vdW) force and the electrostatic 14 

force in the non-bond interactions between pairs of atoms are expressed by LJ-9-6 function and 15 

Coulombic function respectively. The total potential of the simulated system consists of the Coulomb 16 

and Lennard-Jones (L-J) terms: 17 

𝐸𝑖𝑗 =  ∑ 𝜀𝑖𝑗𝑖𝑗 [2 (
𝑟𝑖𝑗

°

𝑟𝑖𝑗
)

9

 − 3 (
𝑟𝑖𝑗

°

𝑟𝑖𝑗
)

6

] + ∑
𝑞𝑖 𝑞𝑗

𝑟𝑖𝑗
𝑖,𝑗                                        (1) 18 

In the compressing MD simulations, the cutoff radius of 12.5 Å is selected as the standard for 19 

simplification LJ and Coulombic interactions. The temperature thermostat during the simulations is set 20 

as Nose-Hoover thermostat, and the pressure is set as Berendsen barostat. Each relaxation MD process 21 

is done as the value in Table 2 with a time step of 1fs and a damping factor for the Berendsen barostat 22 

and thermostat of 0.1 ps.  23 
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The adsorption of methane on the kerogen matrix is studied using the GCMC method, once the 1 

dense kerogen structure is established. The metropolis algorithm is adopted to reflect the acceptance or 2 

rejection of a trial move. Each equilibration production procedure needs steps for about 1.5×106. The 3 

MD method is used to explore the diffusion of methane in the pore of the kerogen matrix. Firstly, the 4 

NVT ensemble is used to perform the 1000 ps MD calculation of the whole system. Then, the NVE 5 

ensemble is used to perform the 1000ps MD calculation. For the shale flow model, NVT canonical 6 

ensemble is used for the simulation. Andersen method is used for the temperature control, and the 7 

collision frequency is every 143 steps. Velocity Verlet method is used for the integration, and the time 8 

step is 1 fs. Periodic boundary conditions are used for the entire system, and then 500 ps MD calculation 9 

is run. Every 50 ps tracks are collected, resulting in 10 instantaneous conformations collected. 10 

The absolute adsorption isotherms can be produced by using GCMC simulations. The absolute 11 

adsorption isotherms are fitted with the Langmuir adsorption model. Then the excess adsorption 12 

isotherms of methane can be produced by this function [23]: 13 

𝑛𝑒𝑥 = 𝑛𝑎𝑏 − 𝑣𝑝𝜌𝑏𝑢𝑙𝑘 (𝑝, 𝑡)                                                                      (2) 14 

where 𝑛𝑒𝑥 is the excess adsorption, 𝑛𝑎𝑏 is the absolute adsorption, 𝑣𝑝 is the total pore volume of kerogen 15 

determined by methane probe,  𝜌𝑏𝑢𝑙𝑘  is the gas density which can be figured out from the Peng-Robinson 16 

equation.  17 

The heat generated with adsorption is a measure of the strength of the interaction between methane 18 

molecules and kerogen model. Isosteric heats of adsorption are usually used to define the properties of 19 

materials for gas and liquid-phase adsorption. The isosteric heat of adsorption between kerogen and 20 

methane models can be obtained by the Clausius Clapeyron equation [30, 31]: 21 

 𝐻𝑆𝑇 = 𝑅𝑇2 (
𝜕ln𝑝

𝜕𝑇
)

𝑛
                                                                           (3) 22 

where 𝐻𝑆𝑇  is the isosteric heat of adsorption, n is the absolute amount, 𝑅 is the universal gas constant, 𝑝 23 

is the pressure and 𝑇 is the temperature. 24 

The pore size distribution can be calculated by using the probe insertion method. We can put a series 25 

of probes into the kerogen model. When the Connolly probe rolls over the atoms, the resulting surface is 26 

the same as the vdW surface. The free pore volumes are on the outside of the atom volume surface 27 

without atoms. When we change the radius values of the probes from 0.1 ~ 3 Å, the pore size distribution 28 

can be plotted gradually. 29 
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The flow of methane molecules 𝐽𝑋  is obtained by calculating the mass of all methane particles 1 

passing through the half of the pore region[32]. 2 

                                                             𝐽𝑋 =  
𝑛ℎ𝑙−𝑛𝑙ℎ

𝑛𝑡∆𝑡𝐴𝑦𝑧
                                                                            (4) 3 

where 𝑛ℎ𝑙 and 𝑛𝑙ℎ representing the number of methane molecules moving from the high-pressure region 4 

to the vacuum region, 𝑛𝑡 is the total number of the time step, 𝐴𝑦𝑧 is the cross-section region of shale pore. 5 

 6 

2.3. Model validation 7 

In this section, the kerogen model is validated by comparing the adsorption isotherms and radial 8 

distribution function with other simulation results. After a series of MD relaxations, the densest kerogen 9 

II-D model is obtained. The density of our model in the postmature state is 1.243 g/cm3, which is similar 10 

to the conclusions of Okiongbo et al. [33] and Ungerer et al. [21]. At the same time, the kerogen model 11 

is also validated by comparing the radial distribution function (g(r)) with the results of Collell et al. [19] 12 

and Colin et al.[13], just as shown in Figure 5. It can be seen that the curve of our kerogen model is 13 

consistent with the other results, which estimates that the structure of the final densest model is 14 

reasonable.  15 

Besides, the kerogen II-D model is validated further by comparing the adsorption isotherms of 16 

methane on various kerogen models. Felipe et al. [34] sorted the kerogen II-D models by bulk density, 17 

model 1 with the density of 1.147 g/cm3 corresponds to the least dense structure, and model 3 corresponds 18 

to the densest one with the density of 1.209 g/cm3. To compare the simulation results with Felipe’s results, 19 

the absolute adsorption capacity of methane at T=298 K and the pressure (p) of 5, 10, 15, and 18 MPa 20 

are calculated and shown in Figure 6. It indicated our simulation results are closed to Felipe’s value at 21 

p=5 MPa. As the pressure grows up, conclusions in this paper are 6.6% larger than Felipe’s results even 22 

though the simulation results in this paper have the same trend of magnitude as the other simulation data 23 

by Felipe et al.  24 

 25 
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Figure 5. Comparison of radial distribution functions of different kerogen II-D models 2 

 3 

0 5 10 15 20

0.0

0.5

1.0

1.5

2.0

Case 1

Case 2

Case 3

Felipe et al. [34]

A
b

so
lu

te
 a

d
so

rp
ti

o
n

 o
f 

C
H

4
 (

m
m

o
l/

g
)

Pressure (MPa)  4 

Figure 6. Comparison of the adsorption isotherms of methane on dry kerogen models. 5 

 6 

3. Results and discussion 7 

3.1. Methane adsorption characteristics on dry kerogen model 8 

It should be noted that the gas adsorption capacity has a close connection with the pore structure in 9 

kerogen. Investigation of pore properties could help us to learn adsorption mechanisms clearly. The pore 10 

size distribution, as an effective method, would clarify the relationship between the adsorption capacity 11 

of gases and pore sizes. Therefore, the probe insertion method is adopted to investigate the distribution 12 

of pore surface area, and the spherical probes are set as from 0.1~3 Å. The regions where the probe 13 

molecules do not overlap with the skeleton atoms are considered to be the free pore volumes once these 14 

probes are put into the kerogen model. That is, the surface area distribution of pores can be plotted by 15 

distinguishing the volumes of the free pore at various sizes of spherical probes. Figure 6 shows the 16 

distribution of pore size (dV/dr) under various pore width in the kerogen II-D model. It indicated that the 17 
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surface area of pores presents a single peak type, and the peak value is 6500 Å2, which presents at the 1 

pore width equals to 1.3 Å. According to the results of Huang et al. [35], there are two types of pores in 2 

kerogen models (ineffective pores and enterable pores). Specifically, ineffective pores mean that the 3 

diameter of pores is lower than 4 Å, and these pores take up a most proportion in kerogen II-A and II-B 4 

models. By contrast, kerogen II-D and II-C models are dominated by enterable pores, whose diameter is 5 

larger than 4 Å. Besides, the volume proportion of ineffective pores in this paper is 53%, as displayed in 6 

the illustration of Figure 7. The gas transport is limited by the high proportion of ineffective pores, 7 

whereas, the adsorption capacity of gas is governed by the volume proportion of enterable pores. On the 8 

other hand, considering the limitation of scale and calculation efficiency of MD simulation, we only 9 

study the nanopores from 0~6 Å and neglect the micro-pores or larger. In larger pores, the LBM and pore 10 

network models are powerful tools for research. 11 
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Figure 7. Surface area distribution of pores under different pore width in the kerogen II-D model.  13 

 14 

Then the adsorption capacity of methane on the kerogen II-D model is investigated by using the 15 

GCMC method. Moreover, the adsorption simulations are performed three times for each specified 16 

pressure from 0.1~20 MPa at T=298 K, 318 K, 338 K, and 358 K. Then the average and standard 17 

deviation of the loading amount of methane are obtained. Figure 8(a) indicated that the error bar of the 18 

four sets of data is small, which is consistent with the statistical requirements. Moreover, the absolute 19 

adsorption capacity of methane presents an upward trend firstly and then becomes stable, which is the 20 

adsorption equilibrium state at high pressure. Furthermore, the absolute adsorption isotherms of methane 21 

on the kerogen II-D model fit well with the Langmuir model. The effect of temperature on the excess 22 

adsorption isotherms of CH4 on the kerogen II-D model is also investigated, as shown in Figure 8(b). 23 

The adsorption amount of methane increases firstly and then decreases with an increase in temperature. 24 
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Moreover, the peak value of excess adsorption amount at T=298 K appears at the pressure of 3 MPa, and 1 

it presents at p=5 MPa once the temperature increases to 358 K. The excess adsorption amount of 2 

methane in kerogen II-D is 1.21 mmol/g at T=298 K, close to the experimental data of Blakely kerogen 3 

(1.25 mmol/g) [23]. However, the differences between simulation data and experimental results can 4 

result from the discrepancies of molecular structure, thermal maturity, and inorganic content between 5 

our kerogen II-D models and the experimental models. Meanwhile, the excess adsorption isotherms can 6 

be affected by the occurrence of inorganic matter in experimental kerogen samples. Moreover, the 7 

magnitude and tendency of excess adsorption isotherms are similar to experimental results. Therefore, 8 

our simulation data is reasonable and can provide data support for exploring the adsorption of methane 9 

in kerogen. 10 
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Figure 8. The adsorption capacity of methane in kerogen II-D model. (a) Absolute adsorption isotherms of methane in 12 

kerogen II-D model; (b) Excess adsorption isotherms of methane in kerogen II-D model. 13 

 14 

3.2. Effect of water content on methane adsorption characteristics 15 

In a realistic shale environment, there are mixed with organic matters, inorganic minerals, and water 16 

molecules. It should be noted that we neglected the desorption process of methane molecules in the 17 

presence of water content because it is a complicated problem to consider the water occupying the 18 

adsorption sites and the analysis desorption process of the water molecules at the same time. To 19 

understand the adsorption capacity of methane on the kerogen II-D model in the presence of water, four 20 

moist kerogen models with various water contents (f) were constructed, including 0.6, 1.2, 1.8, and 2.4 21 

wt%. Figure 9 illustrates the effect of water content on the surface area of the pore (dV/dr) under various 22 

pore width of kerogen II-D models.  As the increase of water content, it can be seen that the surface area 23 

of ineffective pores increases gradually and reach peaks at the pore width of 1.5 Å, which reveals that 24 
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water molecules could enter into the accessible pores, and the accessible pores are broken down into 1 

many ineffective pores. At the same time, the surface area of enterable pores decreases with an increase 2 

in water contents. It can be noted that these enterable pores have less transport limitations on water 3 

molecules. As a result, these pores are filled with water molecules, and the volume of enterable pores 4 

decreases from 50.7 to 49.2%, as shown in the illustration of Figure 8. Besides, the volume of pores over 5 

6 Å is approaching zero at 2.4 wt% moisture condition. It means that nearly volumes of these pores are 6 

full of water molecules.  7 

0 2 4 6
0

2000

4000

6000

8000

0.6 1.2 1.8 2.4
49.0

49.5

50.0

50.5 Enterable pores

 

 

V
o
lu

m
 p

r
o

p
o
r
ti

o
n

 (
%

)

Water content(wt%)

Enterable poresd
V

/d
r 

(Å
2
)

Pore width (Å)

 f=0.6 wt%

 f=1.2 wt%

 f=1.8 wt%

 f=2.4 wt%

Ineffective pores

 8 

Figure 9. Effect of water content on the surface area distribution of pores in the kerogen II-D model. 9 

 10 

To explain the cause of the pore size distributions intuitively, the pore volume distributions of 11 

kerogen II-D models with various water contents were investigated by using the tool of Atom Volumes 12 

& Surface in Material Studio. Figure 9 shows the pore volume distributions of kerogen II-D models under 13 

different water contents. The orange and grey color regions represent the internal and outside surface of 14 

pore volumes respectively. At the lower water content, the shale pores and channels can have connected 15 

each other and to form a more expansive space for methane adsorption. This will lead to the more orange 16 

field will be enlarged and stretched to an elongated bar shape in Figure 10(a) and 10(b). That means, the 17 

large pores can be maintained, and the connectivity of these pores is enhanced, leading to the increase of 18 

the pore volumes during the reduction of the surface area. By contrast, at high water content, some tiny 19 

pores in the kerogen model appear, but the volume of enterable pores with strong connectivity decreases 20 

remarkably, as shown in Figure 10(c) and 10(d). Moreover, with the increase of water content in the 21 

kerogen models, a large number of water molecules begin to occupy and aggregate in the large pores. 22 

Then large pores are scattered and separated into numerous small pores, resulting in an increase in the 23 

porosity of the models and a decrease in the connectivity of the pores. Correspondingly, this also 24 



14 

 

illustrates why the proportion of ineffective pores (<4 Å) increases, and the percentage of enterable pores 1 

(>4 Å) decreases significantly at a higher water content in Figure 8. 2 

 3 

 4 

Figure 10. Pore volume distributions of kerogen II-D model with different water contents (orange and grey color region 5 

represent internal and outside surface of pore volumes). (a) f=0.6 wt%, (b) f=1.2 wt%, (c) f=1.8 wt%, (d) f=2.4 wt%. 6 

 7 

The distributions of pore surface area and pore volume in moist kerogen models have been 8 

illustrated. Then, the influence of water contents on the absolute adsorption capacity of methane on 9 

kerogen II-D models were explored by using the GCMC method. The adsorption processes were 10 

performed at p=30 MPa and T=298~358 K, and the results were presented in Figure 11. As the increase 11 

of water content in kerogen II-D models, the absolute adsorption capacity of methane also decreases 12 

obviously from 1.2 mmol/g to 0.6 mmol/g. This reveals that water molecules can be used as displacement 13 

gases to displace methane from reservoirs. Moreover, the absolute adsorption capacity of methane 14 

reduces slowly at a lower water content and then drops rapidly at a higher water content. This trend is 15 

obviously at T=298 K. Water molecules can either exist in small pores or adsorb on the surface of 16 

kerogen at low water content, resulting in an indistinctive effect on the effective pore volumes. At higher 17 

water content, clusters of water molecules will present around the hydrophilic sites, which will cause a 18 

dramatic reduction in the effective pore volume [23]. As the increase of temperature, the adsorption 19 

capacity of methane decreases gradually. Meanwhile, we also investigated the isosteric heat of methane 20 

adsorption on kerogen II-D models with various contents of moisture. As shown in Figure 12, the 21 

isosteric heat of methane on kerogen II-D models decreases as water content increases. These results are 22 

consistent with the Huang’s values; that is, the kerogen II-D model is a post-mature type. Therefore, this 23 

model is highly ordered, causing the kerogen configuration to show a structure of a parallel slice. Water 24 

molecules can easily enter this structure and diffuse to the sites with high energy, reducing the isosteric 25 
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heat of methane adsorption. Conversely, the isosteric heat of methane adsorption on kerogen II-D models 1 

can an increase as the increase of temperature. As a result, there is no more adsorption volume or sites 2 

available for methane adsorption. This downward trend indicates that moisture has a significant impact 3 

on methane adsorption on kerogen models.  4 
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Figure 11. Effect of water content on the absolute adsorption capacity of methane on kerogen II-D models. 7 
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Figure 12. Effect of water content on the isosteric heat of methane on kerogen II-D models. 10 

 11 

The isosteric heat can reflect the adsorption strength of the whole adsorption system. The large 12 

adsorption heat means the strong interaction between adsorbent and adsorbent molecules. Besides, 13 

another parameter, the distribution of interaction energy of methane (P(E)), can also clarify the difference 14 

of methane adsorption under different water contents. Figure 13 illustrated the distribution of the 15 

interaction energy of methane under different water contents. The curves of interaction energy of 16 

methane move to the right with the increase of water contents, indicating that the adsorption of methane 17 
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in the pores is gradually transferred from lower energy adsorption to higher energy adsorption sites. It 1 

also indicates that the adsorption capacity of methane on kerogen is lower under high water content. 2 

Besides, with the increase of water content, the peak values of the interaction energy distributions of 3 

methane gradually decrease and become gentle, which indicates that there is not only a competition of 4 

adsorption sites but also a competition of adsorption space between water and methane molecules in 5 

kerogen pores. Therefore, water molecules occupy the adsorption sites and adsorption space of methane 6 

molecules, resulting in a decrease in methane adsorption capacity on kerogen. 7 
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Figure 13. Distribution of interaction energy of methane under different water contents. 9 

 10 

3.3 Effect of water content on methane diffusion characteristics 11 

For the efficient development of shale gas, it is not enough to know the methane adsorption and 12 

burial state under different water-bearing conditions. We also need to introduce a parameter, diffusion 13 

coefficient, to characterize the migration rate of methane molecules in the pores of the shale matrix. 14 

Figure 14 gives the mean square displacement of methane in different water contents from 0.6 wt% to 15 

2.4 wt%. For the MSD curves of methane, one-sixth of the slope represents the diffusion coefficient of 16 

the substance. At the end of the MD simulation, we only use the last 50 ps results to plot the MSD curves.  17 

As the increase of the water content in a model, the diffusion coefficient of methane molecules (D) 18 

decreases from 4.43 to 1.54×10-11 m2/s at T=298 K, as the data shown in Table 3. When a large number 19 

of water molecules absorb and accumulate in the large pores, these molecules even can disperse the large 20 

pores into many independent small pores. This means that the porosity connectivity of the shale matrix 21 

decreases, and methane can be adsorbed in these independent pores. Due to space constraints and 22 

competitive adsorption of water molecules, the diffusion capacity of methane molecules becomes weak. 23 
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Therefore, as the increase of water content, the diffusion ability of methane saw a downward trend at 1 

different temperatures. At higher temperatures, the diffusion coefficients would be bigger than those at 2 

a lower temperature. This is because methane molecules would become active and frequently move in 3 

the pores as the temperature increase. On the contrary, with the increase of water content, the diffusion 4 

fitting line increases gradually. When the water content in shale is low, only a few water molecules 5 

occupy the volume of pores of the shale matrix. Water molecules have not dispersed the connectivity of 6 

the pore structure of the shale model. Hence, many methane molecules will occupy large pores. Because 7 

methane molecules dominate in the pores, leaving little room for the diffusion of water molecules. The 8 

diffusion ability of water molecules is weak under low water content. In high water content state, water 9 

molecules occupy a dominant position in the pores, and the space for methane adsorption is small, 10 

resulting in the shallow content of methane molecules in the pores. Water molecules have a large space 11 

for movement, and the diffusion capacity is relatively increased. However, the ratio of macrospore to the 12 

whole pore decreases at high water content, which results in little difference of diffusion coefficients at 13 

different water concentrations. Overall, the diffusion coefficients at T=358 K are very close to the 14 

situation at T=338 K. Considering the impacts of the development costs and efficiency; it is reasonable 15 

to choose injection gases at T=358 K to displace shale gas for real production. 16 

 17 

Table 3. Diffusion coefficients of methane in kerogen II-D models. 18 

D (×10-11 m2/s) 0.6 wt% 1.2 wt%  1.8 wt% 2.4 wt% 

298 K 4.43 3.23 2.41 1.54 

318 K 4.84 4.12 3.76 1.69 

338 K 5.77 4.45 3.86 1.95 

358 K 5.82 5.29 4.07 3.50 
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Figure 14. Effect of water content on the diffusion of methane on kerogen II-D models.  2 

(a) T=298 K, (b) T=318 K, (c) T=338 K, (d) T=358 K. 3 

 4 

3.4 Effect of pressure on migration characteristics of methane 5 

In this chapter, we mainly discuss another parameter flow flux (J), which is closely related to flow 6 

phenomena. We keep the left high-pressure region at pl=20~60 MPa. Correspondingly, the right vacuum 7 

area in the optimized model was simulated at pr=0.1~20 MPa. At each pressure, three repeated 8 

calculations were carried out to ensure the accuracy of the simulation results. It obviously can be seen 9 

that the fluxes of methane molecules decrease gradually with the increase of pressure in the right region. 10 

Keeping the right pressure constant, the flow flux will increase with the increase of the left pressure. In 11 

the same simulation time, the molecule migration rate increases, resulting in an increase of the number 12 

of molecules passing through the slit. The relevant flow data are summarized in Figure 15, and this trend 13 

is similar to the work of Abbas et al. [36]. To visualize the movement of methane molecules in the shale 14 

channel, snapshots of three different statues in the vacuum area were provided (Figure 16, pl=20 MPa). 15 

At pr=0.1 MPa, most of the methane molecules begin to diffuse into the shale pore, and some of the 16 

methane molecules even diffuse into the vacuum region. As the simulation continues, the methane 17 

molecules continue to diffuse into the vacuum region under pressure-driven. When the simulation is half 18 

done, there are many methane molecules accumulating in the vacuum zone. When the simulation was 19 

finished and the whole system stabilized, methane molecules filled in the complete vacuum region and 20 

the number of molecules in the vacuum region was higher than that in the high-pressure region, resulting 21 

from a diffusion and flow process from the high-pressure region to the vacuum region.  22 

By investigating the flow fluxes of methane molecules in the shale pore at different pressures, we 23 

can also conclude that the movement of methane molecules is intense, and the flux is the largest at the 24 
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pressure of 0.1 MPa. As an increase of pressure, a small number of methane molecules can transport and 1 

stay in the vacuum area. This means that in the actual production process, maintaining the low pressure 2 

outside of the orifice is more conducive to the migration and flow of methane molecules, thus greatly 3 

improving the mining efficiency. 4 
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Figure 15. Flow flux of methane in shale pore model. 7 

   8 

 9 

Figure 16. Snapshots of methane flow at different pressure in the vacuum area. 10 

(a) pr=0.1 MPa, (b) pr=5 MPa, (c) pr=10 MPa, (d) pr=20 MPa. 11 

 12 

4. Conclusion 13 
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In this work, we combined the existing model of kerogen II-D unit and experimental data, and 1 

constructed two types of different kerogen models, including kerogen II-D model and moist kerogen II-2 

D models. In addition, we also constructed a shale floe model to investigate the flow fluxes of methane 3 

molecules. The pore size distributions for these different kerogen models were investigated. Then the 4 

adsorption and flow capacity of methane on these different models were studied by using GCMC and 5 

MD simulation respectively. The effect of water content in the kerogen II-D model were discussed in 6 

detail. We reached the following conclusions: 7 

(1) There are two main types of pores in different kerogen II-D models. The ineffective pore volume can 8 

provide the transport limitation for molecules, whereas the enterable pore volume is beneficial to the gas 9 

adsorption capacity. The occurrence of water can reduce the pore volume of enterable pore obviously. 10 

This is the main reason for the decrease in the adsorption amount of methane on kerogen II-D models. 11 

(2) The adsorption capacity of methane on the dry kerogen II-D model is the highest. As the increase of 12 

moisture content, it will lead to a marked linear decrease in the adsorption amount of methane from 1.2 13 

mmol/g to 0.6 mmol/g. The isosteric heat of methane also experienced a similar tendency. This means 14 

that water molecules can aggregate into clusters in the middle of enterable pores, which has a significant 15 

effect on the adsorption capacity of methane. 16 

(3) The diffusion capacity of methane decreases as the increase of water content. On the contrary, the 17 

diffusion coefficients increase as the increase in temperature. The temperature condition of 358 K and in 18 

the presence of content of 2.4 wt% is a relatively economical and highly efficient development 19 

environment for shale gas. Besides, maintaining low pressure outside the pore path is more conducive to 20 

the migration and flow of methane molecules, thus greatly improving the mining efficiency. 21 
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