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ABSTRACT 
 

Methane storage in carbon materials is widely studied since activated carbons are 
still one the most promising adsorbents applied for this purpose. Many computer 
simulations performed for carbon models composed of slit-like pores showed that the 
optimal slit for methane storage has the width in the range 0.7-0.8 nm. However, there 
are still new reports in the literature showing that the slit-like model of carbon pores is far 
from reality. For example, based on the observation of HRTEM images Harris et al. 
proposed the fullerene-like model of “hard” activated carbon. This model was tested in 
our previous studies and the results showed that many empirical correlations observed for 
different activated carbons can be successfully recovered by the model. In the presented 
chapter using the model of Harris the results of GCMC simulations of methane storage 
are shown. Two sets of data are presented, and the results of the change in carbon 
porosity and surface chemical composition on methane adsorption are shown. Using the 
Monte Carlo method the porosity of carbon model was changed and controlled. The 
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changes in chemical composition of carbon surface layers were obtained via random 
introduction of carbonyl groups (“virtual oxidation”). Next for all models methane 
adsorption isotherms were simulated by the standard GCMC method. The results 
obtained show systematic changes due to porosity as well as the appearance of oxygen on 
the carbon surface. Moreover it is shown that the parameters of the Dubinin-Astakhov 
model (as well as the parameter k used for approximation of apparent saturation pressure 
of methane) as well as the constants of Sips and Toth equations depend on carbon 
porosity and chemical composition of carbon surface.  
 
 

1. INTRODUCTION AND THE AIMS OF THE STUDY 
 
Methane storage in carbon materials is widely studied since activated carbons are still the 

most promising adsorbents applied for this purpose. There are reviews in the literature dealing 
with this subject [1] and showing the optimal procedures for obtaining carbons, coals and 
MOFs [2-9] possessing high methane storage capability. The results of computer simulations 
performed for carbon models composed of slit-like pores showed that the optimal slit for 
methane storage has a width in the range 0.7-0.8 nm [10,11]. However, there are still new 
reports in literature showing that the slit-like model of carbon pores is far from reality [12-
17]. For example, based on the observation of HRTEM images Harris et al. proposed the 
fullerene-like model of “hard” activated carbon [18-23] (called later the Virtual Porous 
Carbon (VPC)). This model was tested in our previous studies and the results showed that 
many empirical correlations observed during adsorption on different activated carbons can be 
successfully recovered by the model [24-27]. In the presented chapter using the model of 
Harris the results of GCMC simulations of methane storage are shown. Simulations offer 
many possibilities unavailable in experiment namely one can simply manipulate with carbon 
porosity by adding/deleting new fragments to the structure [24] or by shifting those 
fragments, the pore size distribution (PSD) curve can be calculated from geometric 
considerations [25,28] thus the absolute (true) porosity is known [25,28] and what is also 
important, different functional groups (for example carbonyls) can be added to structure at 
arbitrarily chosen places and in controlled amounts (using what we call “virtual oxidation”). 

An important problem in projecting of carbon adsorbents for optimal methane storage is 
the application of theoretical models to a description of experimental data. In this field the 
most popular is the adsorption isotherm equation proposed by Dubinin et al. [29,30]: 
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where a0 is the adsorption capacity of a given system, E is the characteristic adsorption 
energy, n is the best fit parameter related to the heterogeneity of an adsorbent, and A is 
adsorption potential defined as: 
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where *

sp  is saturated vapour pressure (for subcritical gas) and/or the apparent saturated 
vapour pressure if adsorption of supercritical gas is measured. Here a problem arises, since 
many relations have been proposed to evaluate this apparent pressure (see for example [31]). 
Among those relations the most general was proposed by Amankwah and Schwarz [32]: 
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where TC and pC are the critical temperature and pressure, respectively, and k is the parameter 
specific for the system studied. In their paper Amankwah and Schwarz showed that for 
experimental data measured for different activated carbons the value of this parameter 
changes in the range 2.10-2.73 (methane adsorption) or 2.72-4.16 (hydrogen adsorption). 
Note that in the case of k = 2, Eq. (3) reduces to the relation proposed by Dubinin [33] 
however this original relation not always leads to the single characteristic curve as pointed out 
by Ozawa et al. [34]. 

The adsorption capacity a0 from Eq.(1) decreases with rising temperature due to thermal 
expansion of an adsorbate. To take it into account in this chapter the relation proposed by 
Ozawa et al. [34] is used: 

 

( ) ( )0 0 expB
Ba T a T T⎡= −α −⎣  (4) 

 
where  is the adsorption capacity at the boiling point temperature (TB ) and 0

Ba α  =  
1/K [34]. 

0.0025

Other models widely applied in the field of methane adsorption are those proposed by 
Toth and Sips [35-39] in the following forms [40]: 
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where am is the maximum adsorption value, KT and KS are constants specific for adsorbate -
adsorbent pairs, t and n (also specific studied system) are related to the heterogeneity [40]. In 
Toth equation t is a parameter which is usually less than unity. When t = 1, the Toth isotherm 
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reduces to the famous Langmuir equation; hence like in the Sips equation the parameter n is 
said to characterize the system heterogeneity. If it is deviated further away from unity, the 
system is said to be more heterogeneous. The parameter n of the Sips equation is usually 
greater than unity and therefore, the larger is the parameter the more heterogeneous is the 
system. As pointed out by Do [40] the behaviour of Sips equation is the same as that of the 
Freundlich equation except that the Sips equation possesses a finite saturation limit when the 
pressure is sufficiently high. However, it still shares the same disadvantage with the 
Freundlich isotherm in that neither of them have the right behaviour at low pressure, that is 
they do not give the correct Henry law limit. Contrary, the Toth equation has correct limits 
when p approaches either zero or infinity. 

Taking into account the temperature dependence of the parameters, following Do [40]: 
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where KT,0 and KS,0 are almost temperature independent entropic factors, QT and QS are the 
enthalpy values related to each constant. Do [40] proposed the following equations for 
temperature dependence of t (Toth Eq.(5)) and n (Sips Eq.(6)) parameters: 
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where t0 and n0 are the values of parameters at some reference temperature (T0), and χ is the 
proportionality factor. In this chapter the reference temperature as equal to 268 K is assumed. 
Also the value of maximum adsorption is temperature dependent due to the thermal 
expansion of adsorbed molecules. For this case one can assume the temperature dependence 
of am analogous as in Eq. (4): 

 

( ) ( )expB
m m Ba T a T T⎡= −α −⎣  (11) 

 
The major purpose of this chapter is to check to what extent changes in porosity and in 

the chemical composition of activated carbon change the parameters of Eqs.(1) (5) and (6). 
Special attention is also paid to the parameter k of Eq.(3) since it is empirical. To check this 
we use the VPC model proposed by Harris et al. and the GCMC simulations of supercritical 
methane adsorption. 
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Figure 1. Schematic representation of the construction of VPCs applied in this chapter. From the initial 
structure called S0 (or S0_000) the structures with gradually changed porosity (1st series - shown on 
LHS) or contents of surface carbonyls (2nd series - RHS) are obtained.  
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Figure 2. Histogram of the pore diameters for studied VPCs. 

 



Artur P. Terzyk, Sylwester Furmaniak, Radosław P. Wesołowski et al. 486 

2. VIRTUAL POROUS CARBONS 
 
Two series of VPCs generated previously [24,27] and based on the model proposed by 

Harris [18,19,21] are studied. As was shown previously application of those models leads to 
successful recovering of many empirical relations obtained in real systems [24-27]. The initial 
structure called S0 is described in details previously [24]. The first series of VPCs (having 
systematic changes in porosity) was generated by the Monte Carlo insertion of carbon 
fragments in the pores of S0 structure using the method described in details previously (see 
Figure 1) [24]. Those structures are labeled as: S0, S4, S8, S12, S16, S20, S24, S28, S32 and 
S35. The second series was obtained by introduction of surface carbonyl groups using 
described recently so called “virtual oxidation” procedure [27]. Obtained structures are 
labeled as S0_000 (initial structure - identical with S0), S0_036, S0_072, S0_108, S0_144 
and S0_180, where the last number denotes the number of introduced carbonyl surface 
groups. All structures were placed in cubicoid simulation box having dimensions 4.6 × 4.6 × 
4.6 nm. 

The porosity of studied structures was determined by the geometric method proposed by 
Bhattacharya and Gubbins [28]. This method leads to the pore size distribution function of 
any structure placed in a simulation box. In this method a uniform grid of points is generated 
in the simulation box (for studied structures 100 x 100 x 100) and for each such a point 
(located in pore) the largest sphere containing this point (and situated in the pore) is found. 
The diameter of this sphere is equal to the diameter of the pore and the collection of 
histogram of the diameters of pores for each such a point of the grid makes it possible to plot 
the histogram of the pore diameters (related to the PSD curve). The program works in an 
iterative way. For each node of the grid located in the structure of carbon, the centre of the 
testing sphere is placed randomly (at the start as the centre of the sphere the coordinates of the 
node are assumed, the diameter of the sphere is limited by the distance to the nearest fragment 
of carbon structure). Each displacement of the centre of the sphere (the sphere must contain 
the test point) leading to a rise in the diameter is accepted and the next attempts of 
displacement are made. The program stops calculations for a given point when after 1000 
following iterations a sphere with a larger diameter is not found. The histogram of dimensions 
of spheres for all nodes is equivalent to the histogram of pore dimensions [24-27]. Figure 2 
shows the results for all studied structures. 

 
 

3. INTERMOLECULAR INTERACTIONS 
 
Methane molecules were modelled using the rigid 5-centre model [41]. In this model 

each atom of methane molecule is approached by a single Lennard-Jones site with a single 
charge. Generally the energy of interactions between a pair of molecules can be written as: 
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Figure 3. The comparison of bulk methane densities obtained from GCMC using the parameters from 
this chapter with the densities from experiment [55]. 

where r is the distance between the centres of molecules (this energy depends also on angular 

orientation of molecules),  is the energy of dispersion interactions between a pair of 

centres i and j being placed at the distance rij, and calculated from the truncated LJ potential: 
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where σij and εij are the collision diameter and the well depth of the potential energy for 
interactions between i and j. The second term in Eq. (12) (Uelectr(r)) is the energy of 
electrostatic interactions between a pair of molecules which can be written as: 
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Table 1. The values of the interaction parameters for VPC [44] 
 

Center ε/kB 

[K] 
σ 
[nm] 

q 
[e] 

C* 28.0 0.34 0 
C** 28.0 0.34 + 0.5 
O 105.8 0.296 – 0.5 

* Atom of C in the structure. 
** Carbonyl group C atom. 
 
where qi and qj denote the values of the charges of the centers and ε0 (8.8543 10-12 C2 J-1 m-1) 
is the permittivity of the free space. The cut-offs for electrostatic interactions but for all 
molecules [42] were used and if the centers of the mass of two molecules are located at the 
distance smaller than the cut-off for electrostatic interactions (rcut,C , assumed as equal to 1.5 
nm) the sum of the energy of interactions between all pairs of charges occurring in the 
molecules are calculated, otherwise the electrostatic interactions are neglected. At the cut-off 
distance the energy of interactions of a pair of molecules is negligibly small (the energy of 
electrostatic interactions of methane molecules having octopole moments decreases 
proportionally with the distance in the large power [43]). The values of the parameters of 
fluid-fluid interactions, taken from [41] are as follows: σCC = 0.34 nm, σHH = 0.265 nm, σCH 
= 0.3025 nm, εCC/kB = 55.055 K, εHH/kB = 7.901 K, εCH/kB = 30.6 K, qC/e = -0.66, qH/e = 
0.165. 

The structure of VPC was modeled as the set of Lennard-Jones centres, moreover we take 
into account the point charges of atoms forming surface carbonyl groups. Generally the 
equation for the potential energy of adsorbate - adsorbent interactions can be written as: 
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where NC is the number of (not involved in carbonyl groups) carbon atoms forming the VPC, 
and NK is the number of carbonyl groups in the structure. For the last two terms the second 
summation (with respect to j) denotes the sum with respect to the atoms of carbonyl group  
(j = 1 – carbon atom, j = 2 – oxygen atom). For all LJ interactions the cut - offs were placed at 
rcut,ij = 5 σij. The values of the parameters of interactions for adsorbent were taken from [44] 
and they are shown in Table 1 (for solid – fluid interactions we used the Lorentz-Berthelot 
mixing rules). 

 
Table 2. The values of critical parameters, boiling point temperature and density at this 

point for methane [55] 
 

TC [K] 190.564 
pC [MPa] 4.5992 
TB [K] 111.667 
dB [kmol/m3] 26.327 
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4. GRAND CANONICAL MONTE CARLO (GCMC) SIMULATIONS 
 
For all above described structures simulations of supercritical methane adsorption at 268, 

283 and 298 K using the standard GCMC method were performed [45]. For each adsorption 
point 25 ⋅ 106 iterations were performed (reaching the equilibrium state), and next 25 ⋅ 106 
equilibrium iterations (from those results the average values were calculated). A single 
iteration represents an attempt to change the state of a system via rotation, displacement, 
creation or annihilation of the adsorbate (note that the displacement of a molecule in this case 
is connected with the change in angular position). The probability of an attempt to change the 
state of a system for rotation and displacement is equal to 1/6, and for creation and 
annihilation 1/3. Figure 3 shows the recovery of experimental densities of methane by the 
model applied in this chapter. 

 
 

5. DESCRIPTION OF SIMULATED ADSORPTION ISOTHERMS 
 
To plot the temperature invariance of the characteristic curve from simulated data it is 

necessary to recalculate adsorption data and plot them as the volume occupied by methane. 
We applied the following relation: 

 

( ) ( )
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where <N> is the average number of methane molecules in the simulation box for a given 
adsorption point, NAv is the Avogadro number, and d is the density of the adsorbate at a given 
temperature. It was assumed that the temperature dependence of the latter is given by the 
formula analogous to Eq.(4): 

 

( ) ( )expBd T d T T⎡= −α −⎣ B ⎤⎦  (17) 

 
where dB is the density of liquid methane at the boiling point (see Tab.2). 

To verify the validity of Eqs. (1)-(11) we applied the simultaneous fitting of the branch of 
isotherms simulated for a given system using the genetic algorithm of Storn and Price 
[46,47]. This algorithm was successfully applied previously for description of different 
experimental data [24,26,48], also for description of the isotherm branches [49-52]. The plots 
of theoretical adsorption isotherms are generated by the DA (Eqs.(1)-(4)), Toth (Eqs. 
(5),(7),(9),(11)) and Sips equations (Eqs. (6),(8),(10),(11)) and the best fit parameters are: 

, E, n and k (DA equation); , KT,0, QT, tT = 268 K and χ (Toth equation) and , KS,0, QS, 

nT = 268 K and χ (Sips equation), respectively. The procedure is the same as applied recently 
[51]. The parameter describing the quality of the fit of theoretical isotherm to simulated one is 
the determination coefficient: 

0
Ba B

ma B
ma
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1TDC = − ηT  (18) 
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asim,i and atheo,i are simulated and theoretical adsorption values, respectively, sima  is the 
average adsorption from simulated isotherm, and LT is the number of points on isotherm at a 
given temperature. The global parameter describing the quality of the fit is defined by: 

 
2

1
3

T
TDC

η
= −

∑
 (20) 

 
where 3 is the number of temperature values. Tables 3 - 5 shows obtained results.  

 
Table 3. The values of the best-fit parameters obtained using DA equation (Eqs.(1)-(4)) 

for simulated data 
 

Structure 
0
Ba  

[molecules/box] 

E 
[kJ/mol] 

n k DCT
* DC 

S0 (S0_000) 998.7 4.754 1.280 2.717 0.9994; 0.9998; 0.9994 0.9995 
S4 993.9 5.033 1.362 2.717 0.9992; 0.9997; 0.9993 0.9994 
S8 973.1 5.390 1.448 2.743 0.9992; 0.9997; 0.9993 0.9993 
S12 936.3 5.775 1.519 2.802 0.9992; 0.9998; 0.9993 0.9994 
S16 888.7 6.093 1.566 2.847 0.9993; 0.9998; 0.9994 0.9995 
S20 861.7 6.309 1.600 2.888 0.9994; 0.9998; 0.9994 0.9995 
S24 831.2 6.499 1.620 2.932 0.9995; 0.9999; 0.9995 0.9996 
S28 804.4 6.680 1.693 2.945 0.9995; 0.9999; 0.9996 0.9996 
S32 773.9 6.864 1.661 2.997 0.9996; 0.9999; 0.9996 0.9996 
S35 750.2 6.992 1.688 3.037 0.9995; 0.9999; 0.9996 0.9996 
S0_036 1010 4.855 1.296 2.717 0.9994; 0.9998; 0.9994 0.9995 
S0_072 1021 4.945 1.310 2.717 0.9993; 0.9998; 0.9994 0.9995 
S0_108 1031 5.078 1.337 2.732 0.9994; 0.9998; 0.9995 0.9995 
S0_144 1039 5.194 1.357 2.754 0.9994; 0.9999; 0.9995 0.9995 
S0_180 1051 5.313 1.375 2.799 0.9994; 0.9998; 0.9995 0.9995 

* The values arranged according to the rise in temperature. 
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Table 4. The values of the best-fit parameters obtained using Toth equation 
(Eqs.(5),(7),(9),(11)) for simulated data 

 
Structure B

ma  
[molecules/box] 

KT,0 
[1/MPa] 

QT 
[kJ/mol] 

tT = 268 K χ DCT
* DC 

S0 
(S0_000) 

2372 1.021 10-3 12.49 0.5210 0.3199 0.9992; 
0.9996; 
0.9997 

0.9995 

S4 1741 1.596 10-3 12.00 0.6468 0.3110 0.9991; 
0.9994; 
0.9996 

0.9994 

S8 1458 1.803 10-3 12.23 0.7248 0.3261 0.9991; 
0.9994; 
0.9996 

0.9994 

S12 1319 1.778 10-3 12.77 0.7351 0.3355 0.9993; 
0.9996; 
0.9997 

0.9995 

S16 1220 1.660 10-3 13.36 0.7210 0.3551 0.9994; 
0.9996; 
0.9997 

0.9995 

S20 1162 1.671 10-3 13.61 0.7163 0.3453 0.9995; 
0.9997; 
0.9998 

0.9996 

S24 1119 1.486 10-3 14.15 0.6936 0.3648 0.9996; 
0.9997; 
0.9998 

0.9997 

S28 1078 1.368 10-3 14.62 0.6767 0.3867 0.9996; 
0.9998; 
0.9998 

0.9997 

S32 1031 1.265 10-3 15.03 0.6647 0.3899 0.9997; 
0.9998; 
0.9998 

0.9998 

S35 983.5 1.343 10-3 14.99 0.6736 0.3634 0.9997; 
0.9998; 
0.9999 

0.9998 

S0_036 2256 1.107 10-3 12.54 0.5329 0.3085 0.9992; 
0.9995; 
0.9997 

0.9995 

S0_072 2169 1.189 10-3 12.57 0.5435 0.3010 0.9992; 
0.9995; 
0.9997 

0.9994 

S0_108 2038 1.125 10-3 12.94 0.5622 0.3328 0.9992; 
0.9995; 
0.9997 

0.9995 

S0_144 1956 1.074 10-3 13.24 0.5732 0.3582 0.9992; 
0.9996; 
0.9997 

0.9995 

S0_180 1932 1.079 10-3 13.40 0.5731 0.3450 0.9993; 
0.9995; 
0.9997 

0.9995 

* The values arranged according to the rise in temperature. 
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Table 5. The values of the best-fit parameters obtained using Sips equation 
(Eqs.(6),(8),(10),(11)) for simulated data 

 
Structure B

ma  
[molecules/box] 

KS,0 
[1/MPa] 

QS 
[kJ/mol] 

nT = 268 K χ DCT
* DC 

S0 
(S0_000) 

1705 2.897 10-3 8.691 1.242 0.2753 0.9996; 
0.9998; 
0.9999 

0.9998 

S4 1496 2.911 10-3 9.585 1.179 0.2245 0.9995; 
0.9997; 
0.9998 

0.9997 

S8 1345 3.048 10-3 10.19 1.147 0.2244 0.9995; 
0.9997; 
0.9998 

0.9996 

S12 1233 3.027 10-3 10.71 1.148 0.2364 0.9996; 
0.9998; 
0.9999 

0.9997 

S16 1141 3.013 10-3 11.06 1.162 0.2563 0.9997; 
0.9998; 
0.9999 

0.9998 

S20 1087 2.951 10-3 11.34 1.167 0.2525 0.9998; 
0.9999; 
0.9999 

0.9998 

S24 1041 2.851 10-3 11.56 1.186 0.2756 0.9998; 
0.9999; 
0.9999 

0.9999 

S28 998.9 2.877 10-3 11.71 1.203 0.3007 0.9999; 
0.9999; 
0.9999 

0.9999 

S32 953.6 2.748 10-3 11.96 1.215 0.3102 0.9999; 
0.9999; 
1.0000 

0.9999 

S35 914.6 2.624 10-3 12.21 1.210 0.2862 0.9999; 
1.0000; 
1.0000 

1.0000 

S0_036 1674 2.767 10-3 9.009 1.241 0.2604 0.9996; 
0.9998; 
0.9999 

0.9998 

S0_072 1653 2.716 10-3 9.235 1.239 0.2488 0.9996; 
0.9998; 
0.9999 

0.9997 

S0_108 1611 2.767 10-3 9.462 1.234 0.2750 0.9996; 
0.9998; 
0.9999 

0.9997 

S0_144 1581 2.812 10-3 9.629 1.231 0.2889 0.9996; 
0.9998; 
0.9999 

0.9997 

S0_180 1573 2.642 10-3 9.895 1.236 0.2823 0.9996; 
0.9998; 
0.9999 

0.9998 

* The values arranged according to the rise in temperature. 
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Figure 4. Snapshots of equilibrated methane – VPC systems (T = 283 K) for arbitrarily chosen 
pressures (the view from the top of simulation boxes after dividing them into two equal parts by the xy 
plane). 
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Figure 5. (Continued) 
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Figure 5. The comparison of the plots of simulated adsorption isotherms of methane at 283 K and the 
plots of related adsorption enthalpy (calculated from the theory of fluctuations). Isotherms are presented 
as the average number of molecules in the simulation box (<N>). The arrows show the changes from S0 
up to S35 and from S0_000 up to S0_180. 
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Figure 6. The results of fitting of DA equation (Eqs.(1)-(4)) to simulated data for arbitrarily chosen 
systems with gradually changed porosity (upper panel) and the characteristic curves generated for the 
same systems basing on simulated data. 
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Figure 7. The same as in Figure 4 but for systems with gradually changed number of surface carbonyls.  

 
6. RESULTS AND DISCUSSION 

 
From the results shown in Figure 2 one can conclude that proposed procedures of 

creation of VPCs lead to satisfactory results. In fact the series of carbons with progressively 
changed porosity (PSD shifts from S0 up to S35 towards smaller average pore diameters) 
were obtained. On the other hand virtual oxidation retains porosity almost unchanged but the 
chemical composition of surface is strongly influenced by introduction of surface carbonyl 
groups (small differences in porosity are due to steric effects caused by surface groups). From 
Figure 3 one can conclude satisfactory recovering of experimental density of methane in the 
range applied for simulations of high pressure isotherms, and this is the confirmation of 
validity of applied parameters of intermolecular methane-methane interactions. In Figure 4 
selected snapshots from GCMC isotherms for two of studied structures are shown, and the 
isotherms (and isosteric enthalpy) are plotted in Figure 5. One can observe the rise in 
adsorption in the range up to c.a. 3 MPa with the decrease in the average pore diameter of 
VPC (higher methane compression) however at larger pressures the steric effect dominates. 
Interesting are also the results showing that the virtual oxidation leads to the rise in methane 
adsorption, therefore it can be postulated that the mild oxidation of carbon (i.e. remaining 
carbon skeleton intact) with creation of carbonyl groups should lead to rise in methane 
adsorption. One can observe a progressive rise in the enthalpy of adsorption with the decrease 
in average pore diameter (due to the rise in the van der Waals energy) and with the rise in the 
number of surface carbonyls, however in the latter case this rise is smaller due to small 
electric moment of methane molecule. Table 3 shows the results of fitting of DA model to 
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simulated data by the above described procedure (some representative cases are also shown in 
Figures  6 and 7). The correlations plotted in Figure 8 confirm that even in realistic carbon 
model the optimal pore diameter for methane adsorption is located around 0.8 nm and this is 
similar diameter as obtained from simulations in slit-like pores. One can also observe 
mentioned above rise in adsorption with the rise in content of surface carbonyls. The most 
important results are plotted in Figure 9. The inverse relation between characteristic energy of 
methane adsorption and pore diameter confirms the well known observation that E is related 
to the pore diameter [26,53,54]. For the studied systems also the parameter n of the DA model 
is correlated with the micropore diameter i.e. the more heterogeneous is carbon structure the 
larger n value is. The values of the parameter k obtained from fitting of the GCMC results by 
Eqs. (1)-(4) are for some systems close to the upper limit reported by Amankwah and 
Schwarz [32]. For this parameter one can also observe systematic changes with carbon 
porosity. For the systems: S0, S4, S0_036 and S0_072 the values of this parameter being the 
lowest possible for acceptance (to conserve the physical sense) were obtained. This is due to 
the fact that the smaller value of this parameter must predict the value of *

sp  (Eqs. (1)-(4)) 
being not smaller than the largest pressure observed on isotherm therefore, for mentioned 
systems, the value of k is related at 268 K to the *

sp  equal to the largest pressure on isotherm 
for temperature. If one omits those points in Figure 9 (marked as crosses) a linear relation 
occurs between k and the average pore diameter. From Figure 10 one can observe that E, n as 
well as k are also correlated with the contents of oxygen in structure. 
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Figure 8. The relation between maximum methane adsorption at the boiling temperature (calculated 
from the fitting of DA equation (Eq.(1)-(4)) to simulated isotherms) and the pore diameter from BG 
model (left) and the ratio of oxygen to carbon in VPC (right).  
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Figure 9. The correlation between average diameters of pores from BG method and the best fit 
parameters of Eqs.(1)-(4) for the series of VPCs with different porosity (S0 – S35). In the case of 
parameter k we excluded from linear regression those systems where the k value reaches the lowest 
physical range (points marked as crosses). 
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Figure 10. (Continued) 
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Figure 10. The correlations between the ratio of oxygen to carbon in VPCs and the parameters of 
Eqs.(1)-(4) for the structures with different contents of surface carbonyl groups (S0_000 – S0_180). In 
the case of parameter k we excluded from linear regression those systems where the k value reaches the 
lowest physical range (points marked as crosses). 

0 2.5 5 7.5 10 12.5

0

175

350

525

700

a 
[m

ol
ec

ul
es

/b
ox

]

S0

0 2.5 5 7.5 10 12.5

0

200

400

600
S16

268 K, sim
268 K, fit
283 K, sim
283 K, fit
298 K, sim
298 K, fit

0 2.5 5 7.5 10 12.5

0

100

200

300

400

500
S35

0 2.5 5 7.5 10 12.5

0

175

350

525

700

a 
[m

ol
ec

ul
es

/b
ox

]

S0_036

0 2.5 5 7.5 10 12.5
p [MPa]

0

175

350

525

700
S0_108

0 2.5 5 7.5 10 12.5

0

175

350

525

700
S0_180

 

Figure 11. The results of fitting of Toth equation (Eqs. (5),(7),(9),(11)) to isotherms simulated for 
arbitrary chosen systems. 
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Figure 12. The results of fitting of Sips equation (Eqs. (6),(8),(10),(11)) to isotherms simulated for 
arbitrary chosen systems. 

The description of simulated data by Toth and Sips models (Eqs.(5) and (6)) leads to 
slightly better fit comparing to this from DA model (see Tabs. 4 and 5) however, the 
differences in the quality of the fit are rather small. Figures 11 and 12 show the results of 
fitting for arbitrary chosen systems. The values of the parameter QT of the Toth equation 
(equal to the isosteric heat at the zero coverage [40], Tab.4) and QS in the Sips equation 
(equal to the isosteric heat at the fractional loading 0.5 [40], Tab.5) quiet well correlate with 
the values calculated from the GCMC simulations (shown in Figure 5) showing similar 
tendency with the rise in microporosity as well as with the rise in oxygen content. The 
constant of the both models are related to the effective micropore diameters calculated from 
the BG method (see Figure 13). In this case the logarithm of the constant KT linearly 
decreases from structure S35 up to S8. However, for the next two remaining structures this 
decrease is not so sharp. In contrast the linear correlation between log KS and effective pore 
diameter is observed for all studied VPCs. This is due to mentioned above differences 
between the meaning of QT  and QS (therefore related differences between the constants of the 
both equations). Figure 13 also shows that for oxidised carbons the constants of the both 
equations linearly increase with the content of oxygen on surface. As mentioned above, the 
constant t of the Toth model is related to the heterogeneity for the adsorbate – adsorbent pair. 
Therefore, with the rise in the number of surface oxygen groups in the system one can expect 
the larger surface heterogeneity of the system, since porosity is constant. In fact Figure 14 
confirms this expectation since almost linear correlation between the values of t and oxygen 
content occurs. 
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Figure 13. The correlation between constants of Toth and Sips equtions (KT and KS, calculated using 
Eqs. (7) and (8) and the values tabulated in Tabs. 4 and 5) and the pore diameters from BG method (for 
the series with different porosity) and the content of oxygen (for the structures with different amount of 
carbonyl groups). 

 
7. CONCLUSION 

 
In a realistic carbon model the optimal pore diameter for methane adsorption is similar as 

for slit-like carbon micropores (i.e. around 0.8 nm). Dubinin-Astakhov model describes 
simulated isotherms satisfactorily. The validity of relation proposed by Amankwah and 
Schwarz [32] for determination of the apparent saturated vapour pressure of supercritical 
methane was confirmed, and the proposed VPC model leads to realistic (i.e. similar to 
obtained in experiment) values of the parameter k. Mild oxidation of carbons leading to 
creation of surface carbonyl groups increases methane adsorption. The parameters of the DA 
model as well as k are linearly correlated with the pore diameters and the contents of surface 
oxygen groups, however those correlations need further experimental confirmation. The 
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empirical Toth and Sips adsorption isotherm equations also describe simulated methane data 
well and even small rise in the value of DC is observed. The constants of the both equations 
correlate with the pore diameters and oxygen content in virtual porous carbons. Heterogeneity 
parameter t of the Toth model shows almost linear increase with the number of oxygen 
surface groups in the carbon structure. 
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Figure 14. The correlation between the value of t constant of Toth equation (Eq.(9)) and the content of 
oxygen in oxidised structure. 
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