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Abstract 12 

Coal and shale are strong heterogeneous anisotropic media involving nanoscale 13 

pore size and variance of microstructure. The complexity of methane adsorption is 14 

expressed both in diverse chemical properties and confined pore structures. In this study, 15 

Grand canonical Monte Carlo simulations were carried out to assess the influence of 16 

pore structure on methane adsorption at temperature 318 K, 333 K and pressure up to 17 

20 MPa. The pore radii of physical carbon-based model range from 0.55 nm to 1.15 nm 18 

at the step of 0.1 nm. Simulated results indicate that the excess adsorption isotherms 19 

and maximum excess adsorption density are notably different for different pore 20 

structures. The triangle pore exhibits largest value of maximum excess adsorption 21 

density followed by the slit pore, circle pore and square pore. The maximum excess 22 



 

adsorption density is larger than 6×103 mol/m3 at simulated temperatures for triangle 23 

pore with pore radius less than 1 nm. The excess adsorption amount first increases with 24 

the increase of pressure and then decreases when the pressure is larger than 7.5 MPa 25 

for slit pore and 5 MPa for the circle pore, triangle pore and square pore. The excess 26 

adsorption amount for circle pore and square pore drops down to to negative value when 27 

the pressure is larger than 12.5 MPa while the excess adsorption amount stays above 28 

zero across simulated pressure for the slit pore and triangle pore. The adsorption 29 

isotherms of micro-porous carbons were obtained by superposition of simulated 30 

adsorption isotherms based on the pore size distribution and were compared with coal 31 

samples experimental data gathered from the same temperature. The experimental 32 

isotherm is more close to slit pore excess isotherm and predicted excess isotherms based 33 

on circle pore and square pore under-estimate excess adsorption capacity. 34 

Key words: Methane adsorption; Grand canonical Monte Carlo; Pore structure; Coal 35 

and shale; Porous characterization. 36 

1. Introduction 37 

Finding environmental-friendly and sustainable sources of energy becomes urgent 38 

due to depletion of global oil reserves and concerns over increasing carbon dioxide 39 

levels in atmosphere [1–3]. Methane is widely distributed in large amounts on earth [4–40 

6] and the specific combustion enthalpy of methane is higher than that of petroleum. 41 

Furthermore, the carbon dioxide emission amount from methane combustion is lower 42 

compared with petroleum combustion. Therefore, methane is deemed as the substitute 43 

energy. Large amounts of methane adsorb in coal and organic matrix of shale [7–12]. 44 



 

The heterogeneities of coal and shale are demonstrated in terms of nanoscale pore size, 45 

pore structures, surface chemical properties and mechanical properties [13–16]. 46 

Numerous image studies suggest that the pore structures in coal and shale exhibit a wide 47 

range of possible shapes [17–23]. Zhao and Elsworth et al. [24] observed slit pore and 48 

circle pore for both high- and low-volatile bituminous in the transmission electron 49 

microscopy (TEM) images. Nie et al. [25] detected slit pore, bottle-shaped pore, 50 

cylindrical pore and wedge-shaped pore on coal surface by Scanning Electron 51 

Microscopy (SEM) images. Javadpour et al. [26] categorized the shale pore structures 52 

into triangle pore, slit pore, square pore and circular pore and analyzed the liquid slip 53 

flow in these different pore structures. Two shale SEM images in Fig. 1 obtained from 54 

[27] clearly show the four different pore structures. 55 

   56 

                   (a)                         (b) 57 

Fig. 1. Shale SEM images, triangle pore, slit pore, circle pore and square pore are 58 

illustrated on the image. (a) Eagle Ford shale. (b) Marcellus Shale. Green color 59 

represents organic pores, red color represents inorganic pores. The SEM images are 60 

obtained from Rine et al. [27] work. 61 

Molecular simulation methods are commonly applied to study methane adsorption 62 



 

behavior in nanoscale porous media. Saha et al. [28] reviewed computation models on 63 

methane adsorption and purification of natural gas. Keith E. Gubbin et al. [29] 64 

performed Grand canonical Monte Carlo (GCMC) simulations to compare methane 65 

adsorption capacity in porous carbons and zeolites by slit pores model and cylindrical 66 

pores model. Jennifer Wilcox et al. [30] studied the adsorption isotherms of methane 67 

change versus pore size in micro- and mesoporous carbons based on slit-shaped pore. 68 

Olumide O. Adisa et al. [31] investigated methane adsorption on both graphite and in 69 

the region between two aligned single-walled carbon nanotubes. Sergi Vela et al. [32] 70 

studied the methane adsorption in single walled carbon nanotubes bundles. Delavar et 71 

al. [33] experiment results confirmed that pore structure influences the final methane 72 

uptake value. GCMC simulation results by K. Vasanth Kumars et al. [34] indicated that 73 

the competitive adsorption of methane molecules from methane and hydrogen mixtures 74 

is strongly affected by the the pore size distribution and pore geometry. Palmer et al. 75 

[35] analyzed the influence of pore structure on the separation of carbon dioxide and 76 

methane mixtures by nanoporous carbon structures. Xiong et al.[36] found that methane 77 

adsorption capacity in slit pore decreases with the decreasing O/C ratio. 78 

Very few studies have emphasized the pore structure influence on methane storage. 79 

Narandalai Byamba-Ochir et al. experimental results indicated that specific surface area 80 

of adsorption media is not always a major factor in storing of methane [37]. Qajar et al. 81 

[38] extended lattice density functional theory (DFT) model to cylindrical and spherical 82 

pore and identified the pore structures of the coal and shale samples by comparing with 83 

nitrogen adsorption isotherms. However, the disadvantages of DFT over GCMC are 84 



 

that DFT needs statistical mechanical approximations [39] and deviates significantly 85 

from exact value for small pore sizes less than 1.125 nm due to inherent approximations 86 

[40]. Molecular simulation [41,42] and experimental results [43] both showed that pore 87 

structure significantly influences the storage capacity of hydrogen molecules. Previous 88 

work mainly focuses on the methane adsorption behavior in cylindrical pore and slit 89 

pore and the adsorption capacity in different pore structures is poorly understood. The 90 

novelty of this work is to investigate the pore structure influence on the adsorption of 91 

methane by GCMC and to quantify this effects to improve understanding of methane 92 

adsorption capacity in coal and shale systems. 93 

2. Methodology 94 

In this work, GCMC molecular simulations [44,45] were applied to study the 95 

methane adsorption behavior in micro-porous carbons system. A grand canonical 96 

ensemble is defined in GCMC to represent the particles states under thermodynamic 97 

equilibrium. The grand canonical ensemble is termed as μVT ensemble [46] because 98 

chemical potential μ, volume V, absolute temperature T, are constant value. Therefore, 99 

particle distributions and total number in each pore are obtained during each simulation. 100 

The size of GCMC simulation box is 5.964 nm×4.919 nm×3.35 nm in three orthogonal 101 

(X, Y, Z) directions and the box boundary condition is set as periodic boundary 102 

condition. The structures of carbon sheets were constructed based on ABA stacking [47] 103 

and were kept rigid in the simulation. 104 

A pore with pore width less than 2 nm is defined as a micropore according to the 105 

International Union of Pure and Applied Chemistry (IUPAC) definition [48]. Four 106 



 

different structures of carbon pores were considered (Fig. 2) including slit, triangle, 107 

circle and square. The variable pore sizes are defined based on the the diameter of the 108 

inscribed circle on the pore cross section. The radii of the inscribed circles are deemed 109 

as pore radii and range from 0.55 nm to 1.15 nm at the step of 0.1 nm. 110 

      111 

                  (a)                             (b) 112 

      113 

                   (c)                          (d) 114 

Fig. 2. Visualization of constructed carbon pore structures: (a) slit pore, (b) circle 115 

pore, (c) triangle pore, (d) square pore. 116 

The potentials for a pair of molecules (methane and methane, methane and carbon) 117 

are defined by 12-6 Lennard-Jones (LJ) potential model (Eqs.(1)). Because the octupole 118 

moment of methane is relatively weak, methane was regarded as a one-center Lennard–119 

Jones (12–6) sphere [49]. The values of σff and εff/kB were taken from literature [50,51]. 120 

In the Table 1, σff and εff/kB are the finite distance at which the intermolecular potential 121 



 

is zero and the depth of the potential well. Standard Lorentz–Berthelot mixing rules 122 

were used to calculate potential energies associated with different Leonard-Jones sites 123 

[44]. The metropolis Monte Carlo algorithm was used and three trail moves including 124 

insertion, deletion and displacement of particles, were considered. Each trial move has 125 

equal probability for acceptation and rejection. 126 
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Table 1 Force field potential parameters. 128 

 εff/kB (K) σff (nm) 

CH4 [51] 148 0.373 

C 28 0.34 

Temperatures of 318 K, 333K and pressures up to 20 MPa were investigated. 129 

Densities were calculated based on the fugacity rather than pressure in molecular 130 

adsorption simulations and fugacity is defined as the deviation in the vapor pressure 131 

exerted by a real gas from the corresponding ideal gas. The Peng–Robinson equation 132 

of state [52] in Eqs.(2) was applied to calculate the fugacities. The critical pressure and 133 

temperature of methane are 4.6 MPa and 190.4 K, respectively. The acentric factor of 134 

methane is 0.011. Each GCMC simulation generated a total of 110 million GCMC 135 

moves. The excess molecules number is related to the absolute molecules number by 136 

Eqs.(3). Fig. 3 shows simulated methane molecules distribution in different structures 137 

of carbon pores at 20 MPa, 318 K. A large proportion of total methane molecules locates 138 

near the pore wall and the free methane molecules occupy the center of the pore space 139 

in circle pore, triangle pore and square pore. The amount of free methane molecules 140 



 

away from the pore wall can be comparable to the amount of methane molecules near 141 

the pore wall in slit pore. Detailed analysis on the pore structure influence on the 142 

methane adsorption is given in the next section. 143 
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Where Vg is the carbon pore volume and ρg is the molar density of the bulk gas 149 

phase calculated with the Peng Robinson equation of state. 150 

     151 

                  (a)                            (b) 152 

    153 

                   (c)                           (d) 154 



 

Fig. 3. Simulated methane molecules distribution in different structures of carbon 155 

pores (red represents methane molecules, r=0.95 nm, 20 MPa, 318 K). 156 

3. Results and discussion 157 

Excess adsorption is the additional amount of adsorbed gas per unit pore volume 158 

compared with the amount of gas in the same volume of a given pore in the absence of 159 

pore walls. The adsorbed gas density is higher than that of the bulk gas, therefore 160 

subtraction of the expected gas density in the bulk from the total adsorption yields the 161 

additional gas density in the system as a result of adsorption. Fig. 4 and Fig. 5 show 162 

excess adsorption isotherms as functions of pore size and pressure. The increase with 163 

pressure followed by a subsequent decline indicates there exists a maximum adsorbed 164 

quantity, or a layering of adsorbed molecules up to a certain distance from the pore wall. 165 

At the peak of the isotherm, available locations within the adsorbed layer become filled. 166 

As pressure increases with no additions to the adsorbed layer, the bulk phase density 167 

increases and the relative difference between adsorbed phase density and bulk phase 168 

density decreases, which causes the excess isotherms dropping down. The smaller pore 169 

sizes have a higher excess adsorption density than the larger pore sizes and reach their 170 

excess adsorption density peak at lower pressures. The triangle pore exhibits largest 171 

value of maximum excess adsorption density followed by the slit pore, circle pore and 172 

square pore. The maximum excess adsorption density is larger than 6×103 mol/m3 at 173 

simulated temperatures for triangle pore with pore radius less than 1 nm in Fig. 4(c) and 174 

Fig. 5(c). The excess adsorption amount first increases with the increase of pressure 175 

and then decreases when the pressure is larger than 7.5 MPa for slit pore in Fig. 4(a), 176 



 

Fig. 5(a) and 5 MPa for the circle pore, triangle pore and square pore in Fig. 4(b)-(d), 177 

Fig. 5(b)-(d). The excess adsorption amount for circle pore and square pore drops down 178 

to negative value when the pressure is larger than 12.5 MPa in Fig. 4(b),(d) and Fig. 179 

5(b),(d) while the excess adsorption amount stays above zero across simulated pressure 180 

for the slit pore and triangle pore in Fig. 4(a),(c) and Fig. 5(a),(c). This is because the 181 

adsorbed gas density and bulk gas density both increase with the increase of the pressure 182 

when the pressure is smaller than a certain pressure, for example 5 MPa for the circle 183 

pore, triangle pore and square pore. When the pressure is larger than 5 MPa, adsorbed 184 

methane molecules occupy large proportion of available locations within the adsorbed 185 

layer and adsorbed gas density stays almost constant but bulk gas density continually 186 

increases with the increase of the pressure. Therefore, circle, triangle and square pore 187 

structures show a significant reduction of loading after 5 MPa pressure. The negative 188 

excess adsorption value in high pressure can be attributed to the fact that the bulk gas 189 

phase density increases with the increases of pressure and according to Eqs.(3), excess 190 

adsorption can become negative value when the bulk gas density is large enough, which 191 

is also discussed in [53]. Fig. 6 shows bulk adsorption isotherms of methane in 0.95-192 

nm carbon pores with different pore structures. The bulk phase density increases more 193 

rapidly with the increase of pressure in circle pore and square pore than that in triangle 194 

pore and slit pore. The bulk phase density in circle pore is three times larger than that 195 

in triangle pore and slit pore while the bulk phase density in square pore pore is twice 196 

larger than that in triangle pore and slit pore. The maximum excess adsorption density 197 

among different pore structures is compared in Fig. 7. The triangle pore exhibits largest 198 



 

value of maximum excess adsorption density followed by the slit pore, circle pore and 199 

square pore. The bulk adsorption density in Fig. 6 and maximum excess adsorption 200 

density in Fig. 7 both decrease with the increase of temperature. 201 

 202 

                    (a)                              (b) 203 

 204 

                   (c)                              (d) 205 

Fig. 4. Excess adsorption isotherms at 318 K in different structures of carbon pores 206 

with pore radii ranging from 0.55 nm to 1.15 nm (a) slit pore, (b) circle pore, (c) 207 

triangle pore, (d) square pore. 208 



 

 209 

               (a)                                    (b) 210 

 211 

(c)                                (d) 212 

Fig. 5. Excess adsorption isotherms at 333 K in different structures of carbon pores 213 

with pore radii ranging from 0.55 nm to 1.15 nm (a) slit pore, (b) circle pore, (c) 214 

triangle pore, (d) square pore. 215 

 216 

Fig. 6. Bulk adsorption isotherms of methane in 0.95-nm carbon pores with different 217 



 

pore structures. 218 

 219 

Fig. 7. Comparison of maximum excess adsorption ability in 0.95-nm carbon pores 220 

with different pore structures. 221 

To study pore structure influence on methane adsorption in micro-porous carbons, 222 

simulated adsorption results were compared with available experimental data gathered 223 

from the same temperature [54] and are shown in Fig. 9. The experimental data was 224 

collected by coal samples from the Sulcis, Italy [54]. Fig. 8 shows pore size distribution 225 

for Sulcis coal micro porous carbon system. The pore size distribution for the coal was 226 

obtained based on low-pressure carbon dioxide adsorption measurements. The 227 

adsorption isotherms of micro-porous carbons were calculated by superposition of 228 

simulated adsorption isotherms based on pore size distribution in Eqs.(4), following the 229 

same superposition method used in [30]. 230 

 
1

( )
n

porous sim j
j

jρ ρ α
=

= ∑   (4) 231 

ρsim(j) is the above-mentioned simulated excess adsorption isotherms based on 232 

different pore radii for single pore structure. The pore radii range from 0.55 nm to 1.15 233 



 

nm at the step of 0.1 nm. αj is the proportion of pores with corresponding pore radius. 234 

Predictions of excess adsorption isotherms of microporous carbon show notably 235 

different trends based on different pore structures (Fig. 9). The triangle pore excess 236 

isotherm and slit pore excess isotherm stay above zero across the range of pressure 237 

while the circle pore excess isotherm and square pore excess isotherm drop down to 238 

negative value at pressure larger than 12.5 MPa. The calculated adsorption isotherms 239 

of micro-porous carbons by each of the four types of pores were compared with 240 

experimental data. Predicted excess isotherms based on circle pore and square pore 241 

under-estimate excess adsorption capacity. The experimental isotherm is more close to 242 

slit pore excess isotherm than the other three predicted excess isotherms. However, 243 

there are still apparent discrepancies between the slit pore excess isotherm and the 244 

experimental isotherm. There are several possible reasons for these discrepancies. First, 245 

heterogeneous pore structure of the coal contains the mixture of different pore structures 246 

[24,25,55]. Therefore, we tried to predict the experimental isotherm by the mixture of 247 

four different pore structures based excess isotherms but the mixture isotherm still 248 

doesn’t match well with experimental isotherm. This indicates that there are other pore 249 

structures that exist in coal sample besides the four types of pore structures studied here. 250 

Second, methane adsorption can be hindered or enhanced by structural and chemical 251 

heterogeneities [56,57]. Another possible reason is that measured pore size distribution 252 

in literature [54] does not consider the complete pore structure adsorbed by methane 253 

[58]. 254 



 

 255 

Fig. 8. Pore size distribution for Sulcis coal micro porous carbon system obtained 256 

from [54]. 257 

 258 

                   (a)                               (b) 259 

Fig. 9. Excess adsorption isotherms from simulation and experiments [54] at (a) 318 260 

K (b) 333K. 261 

4. Conclusion 262 

The adsorption of methane on carbon pores with different pore structures is studied 263 

in detail by GCMC simulations. The following conclusions are made: 264 

1) The excess adsorption isotherms based on different pore structures show 265 

significantly different trends with different maximum excess adsorption density. 266 

The triangle pore exhibits largest value of maximum excess adsorption density 267 



 

followed by the slit pore, circle pore and square pore. The maximum excess 268 

adsorption density is larger than 6×103 mol/m3 at simulated temperatures for 269 

triangle pore with pore radius less than 1 nm.. 270 

2) The larger pore sizes have a relatively lower excess adsorption density than the 271 

smaller pore sizes and reach their excess adsorption density peak at higher 272 

pressures. The bulk adsorption density and maximum excess adsorption density 273 

both decrease with the increase of temperature. 274 

3) The predictions of excess adsorption isotherms of microporous carbon show 275 

notably different trends based on different pore structures. The triangle pore excess 276 

isotherm and slit pore excess isotherm stay above zero across the range of pressure 277 

while the circle pore excess isotherm and square pore excess isotherm drop down 278 

to negative value at high pressure. In order to correctly estimate methane excess 279 

adsorption capacity, it is significant to identify the pore structure in coal and shale 280 

characterization. 281 
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