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Adsorption Study of Methane on Activated Meso-carbon  
Microbeads by Density Functional Theory 
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A combined method of density functional theory (DFT) and statistics integral equation (SIE) for the determina-
tion of the pore size distribution (PSD) is developed based on the experimental adsorption data of nitrogen on acti-
vated mesocarbon microbead (AMCMB) at 77 K. The pores of AMCMB are described as slit-shaped with PSD. 
Based on the PSD, methane adsorption and phase behavior are studied by the DFT method. Both nitrogen and 
methane molecules are modeled as Lennard-Jones spherical molecules, and the well-known Steele’s 10-4-3 poten-
tial is used to represent the interaction between the fluid molecule and the solid wall. In order to test the combined 
method and the PSD model, the Intelligent Gravimetric Analyzer (IGA-003) was used to measure the adsorption of 
methane on the AMCMB. The DFT results are in good agreement with the experimental data. Based on these facts, 
we predict the adsorption amount of methane, which can reach 32.3 w at 299 K and 4 MPa. The results indicate that 
the AMCMBs are a good candidate for adsorptive storage of methane and natural gas. In addition, the capillary 
condensation and hysteresis phenomenon of methane are also observed at 74.05 K. 
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Introduction 
Carbonaceous porous materials play an important 

role in many areas of modern science and technology.1 
Activated mesocarbon microbead (AMCMB) is a new 
type of carbonaceous materials produced by mesophase 
pitches,2,3 being widely used for many years as fillers in 
paints, electrical and many other fields.4,5 The stud-
ies6,7on AMCMB show that AMCMBs are expected to 
be more ordered in structure than activated carbon fiber 
(ACF). The ideal structure of the MCMB is illustrated 
in Figure 1. However, the real materials always exhibit 
inhomogeneity of geometry and a single pore size can 
not describe the structure feature of the real pore struc-
ture well. The pore size distribution (PSD) is a useful 
method to characterize the porous solids.8,9 There are 
many researchers who use the pore size distribution 
method to study the gas adsorption and fluid behavior in 
porous materials.10-14 Cao and Wang10 discussed the 
methane and carbon tetrachloride adsorption in acti-
vated carbon using the grand canonical Monte Carlo 
(GCMC) method with PSD. Ravikovitch et al.11 used 
the density functional theory (DFT) and GCMC meth-
ods for the determination of PSD of activated carbon.      

Methane is the major component of natural gas. 
Finding a kind of suitable nanomaterials to store meth-
ane is very important in industry process. About the 
methane storage and its adsorption behavior in porous  

 
Figure 1  The ideal structure of MCMB. 

carbon materials have been studied extensively.15 In this 
work, we use a slit-shaped pore with pore size distribu-
tion to describe its structure in AMCMB. A combined 
method of density functional theory and statistics inte-
gral equation (SIE) is developed based on the experi-
mental adsorption data of nitrogen on Meso-carbon mi-
crobeads at the temperature of 77 K. Using the PSD, the 
adsorption and phase behaviors of methane on AMCMB 
are discussed. In addition, the capillary condensation 
and hysteresis phenomena of methane at 74.05 K are 
observed. Our results indicate that the temperature is an 
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important factor of the hysteresis loop. 

Theory and potential model 
Density functional theory  

Density functional theory has been proved to be a 
powerful method in the study of inhomogeneous fluid in 
confined systems.16 In the DFT method, the density pro-
file is obtained by minimizing the grand potential Ω. 
The grand potential can be expressed as: 

[ ( )] [ ( )] d [ ( ) ] ( )r F r r V r rΩ ρ ρ µ ρ∫  (1) 

where and  are the density profile, 
chemical potential, external field potential and free en-
ergy, respectively. The key question in density func-
tional theory is to calculate the free energy. In our work, 
the free energy is given by a first-order perturbation 
around the hard-sphere fluid, with the attractive part of 
the fluid-fluid potential interactions approximated by a 
mean-field term
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where h  is the hard-sphere part, [ ( )]F rρ attr ( )Φ 'r r  
is the attractive part which is taken from the 
Weeks-Chandler-Anderson division of the LJ poten-
tial.17 The hard-sphere part is split into an ideal part and 
an excess part. The excess part is adopted by Tarazona’s 
weighted density approximation. The detailed informa-
tion can be obtained from references.18,19  

Then the equilibrium density is a solution to the fol-
lowing Euler-Lagrange equation:17 
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By the solution of equation (3), the final equation of 
density can be expressed as20-22 
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where  is the excess part of free energy, exf
( , (W r r' '))rρ is the weighted function, iρ (i 1, 2) 

is the weighted density.  

Pore size distribution  
In this paper, we use the statistics integral equation 

to calculate the pore size distribution, which is defined 

as the fraction of the pore volume with the width H oc-
cupying total pore volumes in the AMCMB. For a 
slit-shaped pore, the real adsorption amount can be 
written as10,23,24 : 

max

min

sim ( ) ( )
H

H
H g H HΓ Γ ∆∑  (5) 

where is the calculation result by pore size dis-
tribution, Γ(H) is the calculated adsorption amount in a 
single model pore of width H, and g(H) is the pore size 
distribution, H

simΓ

max and Hmin are minimum and maximum 
pore sizes in the cases investigated, respectively. We can 
obtain the pore size distribution by minimizing the de-
viation between the experimental isotherm and the 
simulation results.24  

Potential model 
Nitrogen and methane molecules are modeled as 

Lennard-Jones spherical molecule. The interaction be-
tween a solid wall and a fluid molecule is represented 
by the well-known steele’s 10-4-3 potential25,26 
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where  is the number density of solid wall, the 
value of  is taken 114 nm

wρ
ρw

3,26 the subscripts  
and f represent the wall and the fluid,  is the distance 
between lattice planes, and is set to 0.335 nm, z is the 
normal distance between a fluid molecule and one of the 
solid wall.  and  are the cross interaction pa-
rameters, which are obtained from the Lorentz-Berthelot 
combing rules,

w
∆

fwε fwσ

ffε ε 0.5
fw ww( )ε ; fw ff ww5(σ σ0. )σ . 

The parameters of fluid-fluid and fluid-solid in this 
work are shown in Table 1.  

Table 1  Parameters of fluid-fluid and fluid-solid in this worka 

N2  CH4  Solid wall of AMCMB 
σ/ 

nm 
ε κ 1/ 

K 
 σ/ 

nm 
ε κ 1/ 

K 
 σ/ 

nm 
ε κ 1/ 

K 
0.375 95.2  0.381 148.1  0.34 28.0 

a The parameters for N2, CH4 and the solid wall of AMCMB are 
taken from Refs. 10, and 18, respectively. 

Results and discussion 
Nitrogen adsorption of 77 K  

Nitrogen adsorption is a standard procedure for car-
bonaceous adsorbents.27 The adsorption isotherm of 
nitrogen of 77 K is the information source about the 
porous structure. 

The sample was prepared at the Center of Carbon 
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Fiber of Beijing University of Chemical and Technology. 
A Micromeritics ASAP 2010 apparatus was used to 
measure nitrogen adsorption isotherm at 77 K in the 
range of relative pressure , where  is the stan-
dard vapor pressure of nitrogen at 77 K. Before the 
measurements, the sample was out-gassed at 300 

0/P P 0P

 
for 15 h. The BET surface area results are listed in Table 
2.  

Table 2  Specific surface area and average pore size measured 
by ASAP-2010 

SBET/(m2 g 1) d/nm (average) 

3180 2.47 

 
The results indicate that our sample is of high spe-

cific surface area with 3180 m2 g 1. The average pore 
size is 2.47 nm. The nitrogen isotherm at 77 K is shown 
in Figure 2 (the line). It can be seen that there is a large 
adsorption amount. Based on the experimental data, the 
pore size distribution was calculated in Figure 3. Obvi-
ously, the widths of pores ranging from 2.0 to 2.6 nm 
are the main pore size distribution of our sample. Using 
the density functional theory and statistics integral 
equation method, the nitrogen adsorption data at 77 K  
were calculated based on the PSD result seen in Figure 
2 (the dot). it can be seen that the result from density 
functional theory is in good agreement with the experi-
mental data.  

 
Figure 2  The comparison of experimental isotherm and DFT 
resluts of nitrogen at 77 K. 

Methane adsorption in AMCMB 
Natural gas adsorbed in nanomaterials at 4 MPa and 

299 K is a promising alternative to compressed natural 
gas (20 MPa and 299 K) as a clean vehicular fuel and 
for bulk transportation.27 In DFT calculation, we use the 
reduced unit to replace the adsorption density. The fol-
lowing equation is applied to convert the reduced unit to 
real unit (mmol/g) 
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where Γ is the adsorption amount, Γexce is the excess 
adsorption amount, T  is the reduced density in pore, 

 is the bulk density,  is the Avogadro constant, 
c is the bulk density of the adsorbent, and equal to 0.4 

g/cm

*ρ
*
bρ

ρ
N

3 of our sample.  

 

Figure 3  Pore size distribution of the sample by a combined 
method of DFT and SIE. 

 
Figure 4  Adsorption of methane at the temperature of 299 K in 
various pores in AMCMB by DFT method. 

DFT method was used to calculate the adsorption of 
methane at the temperature of 299 K in various pore 
sizes ranging from 0.76 nm to 4.57 nm of the sample, 
and the result is shown in Figure 4. One can see that the 
adsorption amount decreases with the increase of pore 
size on the AMCMB. The adsorption reaches saturation 
state quickly at the pore size of 0.76 nm because of the 
pore filling effect. It is noticed that AMCMB with pore 
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size at 1.14 nm shows the greatest uptake of adsorption 
because the interactions between adsorbate and adsorb-
ent decrease slightly when the pore size increases.10 
However, there are no changes of the isotherm profiles 
at larger pores. Figure 5 is the excess adsorption amount 
in various pores of this sample. One can notice that 
there exists an optimal pressure to store methane for 
each pore size. After the optimal pressure, the excess 
amount decreases gradually even the pressure is in-
creasing. When the pore size is at 0.76, 1.14, 1.52, 1.91, 
2.29 and 2.67 nm, the corresponding optimal pressures 
are 0.88, 2.42, 4.09, 5.35, 5.96 and 6.66 MPa, respec-
tively. 

 

Figure 5  Excess adsorption isotherms of methane at 299 K in 
various pores in AMCMB by DFT method. 

The combined method of DFT and SIE and the PSD 
model are adopted in order to get the total adsorption 
amount of methane on the real AMCMB. In order to 
verify the density functional theory and the pore size 
distribution method, we use an Intelligent Gravimetric 
Analyzer Equipment (IGA-003) to measure the adsorp-
tion of methane in the sample. Using gravimetric 
method to get the adsorption amount directly is the ma-
jor feature of this analyzer equipment. Before the meas-
urements, sample in the reactor was out-gassed at 300 

 for 15 h and the vacuum is up to 10 5 Pa. The pres-
sure transducer in the gravimetric analyzer has a pres-
sure limit at 1.0 MPa. The measurement result is shown 
in Figure 6 (the circle dot). The adsorption amount can 
reach 9.64 mmol/g at 0.97 MPa. The combined method 
of DFT and SIE is used to get the calculation result, 
which is shown in Figure 6 (the triangle pot). The com-
parison shows that the experimental data are in good 
agreement with the DFT result. 

Using DFT and PSD method, we predict the adsorp-
tion amount of methane at the temperature of 299 K, as 
is seen in Figure 7. It can be seen that the adsorption 

 

Figure 6  The comparison of DFT result by PSD and the ex-
perimental data by IGA-003. 

 
Figure 7  Methane adsorption isotherm predicted by DFT with 
PSD at T 299 K. 

amount can reach 20.2 mmol/g (weight ratio is 32.3 w) 
at the pressure of 4 MPa. The results indicate that 
AMCMBs are potential material to store methane. 

Methane adsorption at low temperature 
Capillary condensation will occur when the tem-

perature is below the pore critical temperature and the 
pore width is greater by a few times than the adsorbate 
molecule diameter,28 which is usually accompanied by 
hysteresis phenomenon. The adsorption and desorption 
isotherms of methane calculated by DFT method are 
shown in Figure 8 and Figure 9, which show that the 
capillary condensation occurs at low temperature. Fig-
ure 8 is the adsorption-desorption isotherms of methane 
in various pore sizes. One can see that the chemical po-
tential on the capillary condensation is increasing as the 
pore size is getting larger because the interaction be-
tween the adsorbate and the adsorbent is different in 
different pore size.29 When the pore size is getting larger, 
layering transitions are observed in the adsorption iso-
therms. Gelb and Gubbins et al.28 have discussed that 
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the adsorption isotherms on smooth surfaces can show 
stepwise behavior at relative low temperature, which is 
interpreted as layer-wise adsorption. The adsorbed gas 
prefers to complete each successive monolayer before 
beginning the next one. It can be concluded that the 
pore size is not an important factor on the hysteresis 
loop in comparison with the shapes in Figure 8 a c. In 
order to discuss the temperature effect, the adsorp-
tion-desorption isotherms were calculated as shown in 
Figure 9, corresponding temperature at 74.05, 97, 117 
and 157 K, indicating that the capillary condensation 
chemical potential (pressure) increases with temperature 
up. The hysteresis loop becomes narrower at the higher 
temperatures, and finally disappears at the hysteresis 
critical temperature which lies below the bulk critical 
temperature.28 Based on the calculation result, it is con-
cluded that the temperature is an important factor of the 
adsorption-desorption hysteresis loop. 

 
Figure 8  The hysteresis loops of methane at 74.05 K ( ad-
sorption,  ┄  desorption). 

 
Figure 9  The hysteresis loops of methane at 2.29 nm ( ad-
sorption, ┄ desorption). 

Conclusions 
In this paper, ASAP-2010 apparatus were used to 

measure the nitrogen adsorption on activated 
meso-carbon microbeads at 77 K. Based on the experi-

mental data, the pore size distribution of the AMCMB 
was calculated by a combined method of density func-
tional theory and statistic integral equation. The adsorp-
tion amount and the excess adsorption isotherms of 
methane on AMCMB with a uniform pore size ranging 
from 0.76 to 4.57 nm at 299 K were obtained by DFT. It 
is found that AMCMB with pore size of 1.14 nm show 
the greatest uptake of adsorption. The optimal pressures 
for excess adsorption amount in various pore sizes were 
calculated. When the pore size is ranging from 0.76, 
1.14, 1.52, 1.91, 2.29 to 2.67 nm, the optimal pressures 
are 0.88, 2.42, 4.09, 5.35, 5.96 and 6.66 MPa, respec-
tively.  

An Intelligent Gravimetric Analyser (IGA-003) was 
used to measure the adsorption of methane in the 
AMCMB. The comparison between the experimental 
data and DFT result is in good agreement. We predict 
the adsorption of methane in high pressure at 299 K. 
The high adsorption amount of 20.2 mmol/g (32.3 w ) 
was obtained at 4 MPa and 299 K. The hysteresis phe-
nomenon of methane at 74.05 K was observed. The re-
sults indicate that the temperature is not an important 
factor for hysteresis loop.  
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