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ROLES OF ADSORPTION POTENTIAL AND SURFACE FREE ENERGY ON PURE CH4 AND 

CO2 ADSORPTION UNDER DIFFERENT TEMPERATURES 
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Advances in the understanding of coal–gas adsorption characteristics have changed the 
manner in which we enhance coalbed methane (ECBM) recovery through other gas injection into the 
coalbed (eg. pure/a mixture of CO2 and N2)[1-3]. They are different ECBM mechanisms between with 
CO2 and N2 as injectants. When CO2 is injected, CH4 is displaced from coal because of the stronger 
adsorption of CO2. While N2 as injectant, CH4 is desorbed from coal due to the reduction of the partial 
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To fill the knowledge of adsorption characteristics of CH4 and CO2 
associated with equilibrium and thermodynamics, adsorption equilibrium 
tests of pure gas on a coal were conducted under the different temperatures 
(35oC, 50oC and 65oC) by the static volumetric method. The equilibrium data 
were well matched by the SLD-PR model. The influence of some significant 
factors including temperature, pressure, adsorption potential and surface 
free energy on gas adsorption capacity were discussed. The results showed 
that the higher temperature (gas pressure) corresponds to the smaller 
(larger) adsorption capacity; the larger adsorption potential is, the smaller 
adsorption capacity is. Taking CH4 as adsorbent, the modified Langmuir 
equation can well match the SLD-PR model. However, when the adsorption 
medium is CO2, modified Freundlich equation is better. Using the two 
modified equations, we study further the relationship among the variation of 
surface free energy, its reduction rate and gas adsorption capacity. It can be 
concluded the larger the gas adsorption capacity is, the greater the 
reduction of surface free energy is, and the smaller the reduction rate of 
surface free energy is. 
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pressure of CH4 in the cleat system[4, 5]. An accurate understanding of the pure gas 
adsorption/desorption characteristics in a specific coal is essential for the design of CBM recovery[6]. 
Crushed coal in experiments is generally used to measure the adsorption/desorption of pure gas 
because of remarkable reduction of the experimental time[7, 8].  

Some parameters of coal particle size, coal rank, moisture, temperature and 
shrinkage/swelling that play important role in the adsorption/desorption of gases on/from coal have 
been analyzed through experimental observation[8, 9]. However, the influence of thermal effect on gas 
ad/desorption has not been well understood. Crosdale et al., 2008 thought that temperature had 
insignificant effect on storage capacity of low rank coals through the thermal experiment[10]. While 
some studies have shown that adsorption capacity decreases significantly with increasing temperature 
for the high rank coals[11]. Zhou and Lin, 1999 found that when the temperature was increased by 1°C, 
the adsorption capacity could be reduced about 8%[12]. Obviously, Langmuir gas sorption models 
can't well match these observation results, because it predicts that the sorption capacity is independent 
of temperature[6,13]. Even though the Langmuir pressure pL, it was found that the Langmuir pressure 
pL decrease with increasing temperature and vary as a function of rank [10, 14,15]. 

In this work, the motivation for this study is several-fold to fill the knowledge of 
adsorption characteristics of equilibrium and thermodynamics. First, the adsorption equilibrium 
isotherms for pure CH4 and CO2 on the coal at 35°C 50°C and 65°C were acquired by static 
volumetric method. Second, adsorption affinities of CH4 and CO2 on different coals and temperatures 
were analyzed based on SLD-Peng–Robinson (SLD-PR) model. Third, adsorption behavior of pure 
CH4 and CO2 was explained based on adsorption potential and surface free energy.  

Adsorption Equilibrium 

Many adsorption models have been performed based on the different theoretical 
foundation, mainly including the mechanisms of monolayer surface adsorption, multilayer surface 
adsorption and pore filling[6,15]. In this work, the simplied local-density (SLD) adsorption model 
based on pore filling mechanism is utilized to describe the adsorption behavior of pure gases on a coal. 
The model envisions that (1) the chemical potential at any point near the adsorbent surface is equal to 
the bulk-phase chemical potential, and (2) the chemical potential at any point above the surface is the 
sum of the fluid–fluid and fluid–solid interactions[16], as illustrated in Fig. 1. In other word, the SLD 
model is used to account for the fluid−fluid and fluid−solid interactions in a slit-shaped pore. For a slit 
of width L, the equilibrium chemical potential of the fluid, μ, is calculated by contributions from these 
fluid–fluid and fluid–solid interactions at a position, z, as follows[16]:  

( ) ( ) ( ) bulkfsff µµµµ =+= zzz                      （1） 

where subscripts “ff” and “fs” denote the fluid−fluid and fluid−solid interactions, respectively. The 
subscript “bulk” refers to the bulk fluid, whose chemical potential can be expressed in terms of 
fugacity as [17] 
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where subscript ‘‘0’’ designates an arbitrary reference state and ‘‘f’’ refers to fugacity.  
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The chemical potentials from fluid–fluid and fluid−solid interactions are respectively 
given as[18], respectively. 
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( ) ( ) ( )[ ]zLzNz −Ψ+Ψ= fsfs
afsµ             （4） 

where fff(z) is fluid fugacity at a position z , Na is Avogadro’s number, and Ψfs(z) and Ψfs(L− z) are the 
fluid−solid interactions for the two surfaces of a slit of length L. 

 
Fig. 1. Schematic of a slit-shaped pore model in the SLD approach[14] 

Substituting Eqs. 2-4 into Eq. 1, we can obtain the equilibrium relationship for adsorption 
within the slit 
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where k is the Boltzmann’s constant, and the fluid–solid interaction ( )zfsΨ  can be represented by 
Lee’s partially integrated 10–4 potential[18] 
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where εfs is the fluid−solid interaction energy parameter, ρatoms is the solid atom density. σfs and σss are 
the fluid−solid molecular diameter and the carbon interplanar distances, respectively. Their relation 
can be defined as 

2
σσσ ss

fs
+

= ff                                （7） 

where σff is the molecular diameter. 
In terms of bulk fluid density and fugacity, the Peng−Robinson equations of state 

(PR-EOS) are used to provide [19].  
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（9）  
where p is the gas pressure within the systerm, and a(T) and b are the energy and co-volume 
parameters of the adsorbed gas phase, which can be described as: 
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where Tc and pc are the critical gas temperature and pressure, respectively. The term, ( )Tα , can be 
expressed as [20] 

 ( ) ( )( )( )ωω EDCTBTATα +++= rr -1exp                      （11） 

where A, B, C, D, and E are correlation parameters. 
 For the adsorbing fluid, the fugacity for fluid−fluid interactions is 
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（12） 
where aads(z) depends on the ratio of slit length L to the molecular σff. 

The excess adsorption can be expressed as [16]: 

                    （13） 

where As is the surface area per unit mass of adsorbent. 

Materials and experimental procedure  

One typical coal obtained from Anhui province was used in this study. The coal sample 
was preserved in sealed plastic bags with helium preventing oxidation. The experimental sample was 
pulverized into particles with diameter between 180 and 250 μm. Because moisture can have a great 
effect on adsorption, all samples are dried in a vacuum oven at 80°C for over 36 h to remove the 
moisture before adsorption[21]. Adsorption equilibrium isotherms of CH4 and CO2 were performed at 
different temperatures of 35oC, 50oC and 65oC using a static volumetric instrument (as shown in [22]). 

Results and discussion 

Adsorption Equilibrium Isotherms 

Equilibrium isotherm data of pure CH4 and CO2 at 35oC, 50oC and 65oC on coal were 
well matched using SLD model, as shown in Fig. 3 a and b. The parameters of SLD model for 
adsorption of CH4 and CO2 can be found in table 1. As can been seen from Fig. 2 a and b, the higher 
temperature corresponds to the smaller adsorption quantity, while the larger gas pressure corresponds 
to the larger adsorption quantity. It is because the increase of temperature and the decrease of gas 
pressure will cause more thermal energy or lower constraint force for adsorbate, resulting in many gas 
molecules slit-shaped pore escaping the adsorbent surface[23]. For example, the highest excess 
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adsorption quantity of CH4 and CO2 occurs at 35oC among experimental temperatures at the same gas 
pressure level. When the gas pressures are 6.294 and 4.333MP, respectively, corresponding to the 
highest excess adsorption quantity of CH4 and CO2 are 1.812 and 2.169 mmol/g, respectively.  

Table 1. SLD regression parameters for gas adsorption 

 
Fig.2 Experimental data and SLD fitting results under different temperatures 

Adsorption potential 

The concept of adsorption potential reflects the variation of Gibbs free energy under the 
adsorption of 1 mol mass. It can be described as[24]  

                      （14） 

where ε is the adsorption potential, J/mol; p0 is the saturation vapor pressure of the adsorbate at 
temperature T, MPa; pi is the equilibrium pressure of ideal gas under a constant temperature, MPa. 

An empirical formula of the saturation vapor pressure in the adsorbate under supercritical 
conditions was proposed [25] 

                         （15） 

 

Fig. 3 Comparison of adsorption potential and adsorption quantity under different temperatures 
Fig. 3 a-c shows the comparison of adsorption potential and adsorption quantity for CH4 

and CO2 under different temperatures. There is the same law of changes of adsorption potential and 

Gases Tc(K) pc(MPa) (nm) As(m2/g) L(nm) σfs(nm) σss(nm) 
(K) 

35  50  65  
CH4 190.56 4.599 0.3758 

138 1.02 0.38 0.34 
129 90 69 

CO2 304.13 7.377 0.3941 165 105 91 
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adsorption quantity in these three pictures. It can be concluded from every picture that (i) the 
adsorption potential decreases with the increase of gas pressure. that is, the greater the adsorption 
potential is, the smaller adsorption capacity of the gas is. (ii) the adsorption potential and adsorption 
quantity for CO2 are all larger than CH4 under the same conditions of adsorption pressure and 
temperature. Thus, the greater the adsorption potential for one gas is, the stronger adsorption capacity 
of the gas is.  

Surface free energy 

According to surface chemistry theory, Surface tension reduction induced by gas 
adsorption in coal can be described as[24]  

                          （16） 

where  is the surface tension, J/m2 . 
In order to get the integral result of Eq. 16, we take a modified Langmuir or Freundlich 

equation to match the results based on SLD models at different temperatures. The modified Langmuir 
or Freundlich equation can be expressed as  

                          （17-a） 

                         （17-b） 

where ,  and are fitting constants. As shown in table 2, we found that the modified Langmuir 
equation can well match the curves of SLD model when adsorption medium is CH4. However, when 
the adsorption medium is CO2, the modified Freundlich equation is better. 

Table 2. SLD regression parameters for gas adsorption 

Fitting equation of SLD model for CH4 Fitting equation of SLD model for CO2 

Equation 
Temperat

ures 

Parameters 
R2 Equation 

Temper
atures 

Parameters 
R2 

   
   

 

35 oC 2.07 9.22e-5 0.29 0.99 

 

35 oC 1.33e-5 2.07 0.06 0.93 
50 oC 1.78 1.09e-5 0.20 1.0 50 oC 2.19 -178.58 0.6 0.98 
65 oC 1.41 5.6e-7 0.03 1.0 65 oC 2.29 -199.91 0.54 0.99 

The variations of surface free energy of coals Δγ due to gas adsorption based on the two 
modified fitting equations can be derived, respectively 

                    （18-a） 

                          （18-b） 

Further, the changes of surface free energy at a given pressure can be obtained, 
respectively 

                               （19-a） 
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                            （19-b） 

As we know, any object tends to decrease its surface free energy for a more stable state. 
The surface free energy of coals will decrease with gas adsorption, which reflects gas adsorption 
capacity. That is, the greater the reduction of surface free energy is, the larger the gas adsorption 
capacity is. Fig. 4 illustrates the variation of surface free energy and its reduction rate at a 
given pressure under different temperatures. It can be seen from Fig. 4(I) that the variation of surface 
free energy increases with the increase of gas pressure under the same temperature, decreases with 
the increase of temperature under the same gas pressure. The variation of surface free energy for 
CH4 is smaller than CO2 under the same gas pressure and temperature. Compared with the variation of 
surface free energy ∆γ  in Fig. 4(I), the reduction rate of surface free energy exhibits an inverse 
relationship as shown in Fig. 4(II). That is, the reduction rate of surface free energy  decreases 
with the increase of gas pressure under the same temperature. However, the reduction rate of surface 
free energy  decreases also with the increase of temperature under the same gas pressure. 

 

(I)Variations of surface free energy       with pressure under different temperatures 

(II)Reduction rates  of surface free energy       with pressure under different temperatures   

Fig. 4 Variations of surface free energy and its reduction rate at a given pressures under 
different temperatures 

Conclusion 

In this study, adsorption equilibrium isotherms of CH4 and CO2 on the same coal under 
different pressures and temperatures were analyzed based on SLD-PR model. The adsorption 
equilibrium curves of the same coal are different because of adsorbents. When the adsorbent is CH4, 
the SLD adsorption model can be well represented by the modified Langmuir equation. However, it is 
well matched by the modified Freundlich equation as the adsorbent is CO2. Based on the analysis of 
roles of temperature, pressure, adsorption potential and surface free energy on gas adsorption capacity, 
the main conclusions can be drawn: The higher temperature corresponds to the smaller excess 
adsorption quantity of gas, while the larger gas pressure corresponds to the larger excess adsorption 



 

 
 

8 8 

quantity. The larger the gas adsorption capacity is, the adsorption potential and the reduction of surface 
free energy are, and the smaller the reduction rate of surface free energy is.  
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Nomenclature 

L—a slit of width,[nm] σ—surface tension, [J/m2] 
ρatoms—the number of carbon plane atoms per 
unit area,[atoms/Å2] 

As—surface area,[nm2/g] 
z—location parameter,[nm] 

pc—critical pressure,[MPa] nex—excess adsorption,[mmol/g] 
k —Boltzmann’s constant, [J/K] Tc—critical temperature,[K] 
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