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Abstract:The majority of coalbed methane (CBM) in coal reservoirs is in adsorption states in the coal matrix pores. To reveal the 

adsorption behavior of bituminous coal under high-temperature and high-pressure conditions and to discuss the microscopic control 

mechanism affecting the adsorption characteristics, isothermal adsorption experiments under high-temperature and high-pressure 

conditions, low-temperature liquid nitrogen adsorption-desorption experiments and CO2 adsorption experiments were performed on coal 

samples. Results show that the adsorption capacity of coal is comprehensively controlled by the maximum vitrinite reflectance (Ro, max), as 

well as temperature and pressure conditions. As the vitrinite reflectance increases, the adsorption capacity of coal increases. At low 

pressures, the pressure has a significant effect on the positive effect of adsorption, but the effect of temperature is relatively weak. As the 

pressure increases, the effect of temperature on the negative effect of adsorption gradually becomes apparent, and the influence of pressure 

gradually decreases. Considering pore volumes of pores with diameters of 1.7 − 100 nm, the peak volume of pores with diameters 10 - 100 

nm is higher than that from pores with diameters 1.7 - 10 nm, especially for pores with diameters of 40 - 60 nm, indicating that pores with 

diameters of 10-100 nm are the main contributors to the pore volume. The pore specific surface area shows multiple peaks, and the peak 

value appears for pore diameters of 2 - 3 nm, indicating that this pore diameter is the main contributor to the specific surface area. For pore 

diameters of 0.489 − 1.083 nm, the pore size distribution is bimodal, with peak values at 0.56 - 0.62 nm and 0.82 - 0.88 nm. The 

adsorption capability of the coal reservoir depends on the development degree of the supermicroporous specific surface area, because the 

supermicroporous pores are the main contributors to the specific pore area. Additionally, the adsorption space increases as the adsorption 

equilibrium pressure increases. Under the same pressure, as the maximum vitrinite reflectance increases, the adsorption space increases. In 

addition, the cumulative reduction in the surface free energy increases as the maximum vitrinite reflectance increases. Furthermore, as the 

pressure increases, the surface free energy of each pressure point gradually decreases, indicating that as the pressure increases, it is 

increasingly difficult to adsorb methane molecules. 
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1. Introduction 

 
Coalbed methane (CBM) is a type of unconventional oil and gas resource (Laubach et al., 1998). Unlike traditional oil and 

gas resources, coal reservoirs are dual porous mediums composed of matrix pores and fissures (Clarkson et al., 1997; Jin et al., 
2018). CBM is mainly distributed in the coal matrix pores in an adsorption state (Mastalerz et al., 2004; Meng et al, 2014). 
Therefore, revealing the adsorption characteristics and its control mechanism of coal is one of the important aspects to 
address in CBM research. At present, research on the adsorption characteristics of coal is mostly based on isotherm 
adsorption experiments, which can describe the adsorption characteristics of coal in terms of temperature and pressure 
changes (Li et al, 2008; Han et al, 2017; Wang et al., 2018). In addition, the Langmuir volume and the Langmuir pressure can 
be obtained, which can be used to evaluate the adsorption characteristics of coal (Fitzgerald et al., 2006). 

Previous studies have suggested that there are two main factors that affect the coal adsorption capacity. One factor is the 
coal's inherent properties, such as its microscopic composition, proximate analysis, coal rank, and coal body structure 
(Clarkson and Bustin, 2000; Ross and Bustin, 2009; Li et al., 2015).

 
Especially, the microscopic pore type and the pore size 

of coal have a significant impact on the coal adsorption capacity (Chen et al., 2017; Wang et al., 2018).
 
Zhao et al. (2016) find 

that, as the coal rank increases, the specific surface area of the supermicroporous pores at first decreases and then increases, 
while the adsorption capacity continuously grows. The other factor includes the external conditions, such as temperature and 
pressure. Under normal circumstances, pressure has a positive effect on adsorption, and temperature increase is not conducive 
to adsorption (Liu et al., 2013; Wang et al., 2018). In addition, methane is mainly adsorbed on the pore surface of the coal 
matrix. The energy change during the adsorption process is reflected by a series of thermodynamic changes, which occur in 
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the adsorption field on the surface of the coal body (Marecka and Mianowiski, 1998; Zhang et al., 2011; Wang et al., 2015). 
Wu et al., (2016) discussed the energy and the change in temperature and pressure in the adsorption process using an analysis 
of the isothermal adsorption data. 

Deep CBM has great resource potential, and recent research on deep CBM exploration and development has been 
conducted in the Linxing-Shenfu area of China in recent years (Li et al., 2016; Shen et al., 2017; Gao et al., 2018). The burial 
depth of No. 8+9 coal seam is approximately 2000 m in the Linxing-Shenfu area, and the gas content mainly ranges from 8 
m

3
/t to 18 m

3
/t. However, the adsorption characteristics and the control factors of deep coal seams under high temperature and 

pressure conditions are unclear. Isothermal adsorption experiments under high temperature and pressure conditions, low 
temperature liquid carbon adsorption-desorption experiments and CO2 adsorption experiments were conducted using coal 
samples from the Linxing-Shenfu area. The research objectives are as follows: 1) to reveal the adsorption characteristics of 
bituminous coal under high temperature and pressure conditions; 2) to research the micropore type, adsorption pore size 
(0.489 - 100 nm), pore specific surface area and pore volume distribution of coal from the Linxing-Shenfu area; 3) to reveal 
the change law of thermodynamic energy in the adsorption process; 4) to provide theoretical support for the study of gas-
bearing properties of deep CBM in the Linxing-Shenfu area. 

 
2. Coal samples and experimental methods 

 
2.1. Sample collection and treatment 

All of the coal samples were collected from the Linxing-Shenfu area, which is located in the north eastern Ordos Basin, and 
tectonic location of the Linxing-Shenfu area is on the Jinxi flexural fold belt of the eastern Ordos Basin (Fig. 1a, b) (Jiao et al, 
2016; Tao et al., 2017; Gao et al., 2018; Li et al., 2019). The No. 8+9 coal seam was developed in a tidal flat-barrier coast 
sedimentary environment, and was buried between 1700 and 2200 m depth, with an average depth of approximately 2000 m. 
The maximum vitrinite reflectance (%Ro, max) is mainly between 0.8% and 1.8%. The maximum vitrinite reflectance increases 
to above 3% at the uplift area that was affected by the Zijinshan magmatic event (Wang et al., 2018). The coal seam is as 
shallow as 400 - 500 m depth in the Xiegou coal mine area, and the Ro, max of coal is reduced to less than 1% in this area. 

To study the influence of coal rank on the experimental test results, six coal samples with different burial depths and levels 
of maturity were selected for experimental testing (4 from the Linxing area, 1 from the Shenfu area and 1 from the Xiegou 
coal mine area) (Fig. 1c). Before testing, the samples were sealed to prevent oxidation. 
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Fig. 1. (a) Location of the Ordos Basin in China (b) Location of the study area in the Ordos Basin (c) The distribution of coal samples in 

the Linxing-Shenfu area (China basemap after China National Bureau of Surveying and Mapping Geographical Information) 

 
2.2. Experimental method 

(1) Proximate analysis, maximum vitrinite reflectance and maceral analysis  
The maximum vitrinite reflectance (Ro, max) and the quantitative statistics of coal macerals were determined by optical 

microscope techniques using oil immersion and reflected light, following the national standard GB/T6948-2008. Proximate 
analysis was completed in accordance with GB/T 202-2008. The tests were completed at the China University of Mining and 
Technology, Beijing. 

(2) Isothermal adsorption experiments at high temperature and pressure 
After having been sent to the laboratory, the coal samples were crushed and sieved to a size of 0.25 – 0.18 mm (60 – 80 

mesh). Then, sufficient samples were weighed for the moisture-equilibrium treatment, which was conducted in a vacuum dryer 
with a saturated solution of K2SO4 for at least 5 days (30 °C temperature and 96 – 97% moisture content). The samples were 
taken out and weighed every 24 h until the neighboring weight change was less than 2% of the total sample amount. The 
temperature points of the isothermal adsorption experiment were 30, 45, 60 and 75 ℃, respectively. The adsorption 
equilibrium pressure was 0 - 25 MPa, and the maximum adsorption equilibrium pressure was approximately 25 MPa. The 
tests were completed by the CBM laboratory of the Petro China Huabei Oilfield Company.  

(3) N2 adsorption-desorption and the CO2 adsorption experiments 
Then, both N2 adsorption – desorption and the CO2 adsorption experiments were conducted to all 6 of the coal samples. 

Before the test, all samples were crushed and sieved through 60 − 80 mesh and dried for 48 h. In this work, both N2 
adsorption – desorption and the CO2 adsorption experiments were conducted using a Micromeritics ASAP2020 specific 
surface analyzer. The only difference was that the temperature of the N2 adsorption – desorption was 77.15 K, while the test 
temperature of the CO2 adsorption was 273.15 K. The experiments were conducted by the unconventional state key laboratory 
of the China University of Geosciences, Beijing. 

 
3. Results and discussions 

 
3.1. Proximate and maceral analyses 

The test results of maximum vitrinite reflectance (Ro, max), proximate analysis and maceral composition of the 6 coal 
samples are shown in Table 1. The Ro,max of the 6 coal samples ranges from 0.77% to 1.78%, indicating that the samples are 
bituminous coal. The vitrinite content varies from 73.10% to 85.20%, with an average value of 79.27%. Overall, there is a 
positive correlation between the vitrinite content and the maximum vitrinite reflectance, but the correlation is not obvious (Fig. 
2). The inertinite content is 5.40 ~ 14.00%, with an average value of 8.77%. Ash content is 4.12~14.64%, with an average 
value of 10.25%, indicating that the coal samples are medium - low ash coal. The volatile content is 12.66 ~ 35.12%, with an 
average value of 22.27%. Water content is relatively low, ranging from 0.53% to 2.41%. There is a strong negative 
correlation between the volatile content and the maximum vitrinite reflectance, and the volatile content decreases with the 
increase in coal maturity (Fig. 2). 
Table 1 Proximate and maceral composition of the coal samples 

Sample No. Depth (m) Ro,max (%) Vitrinite (%) Inertinite (%) Mad (%) Aad (%) Vad (%) 

XG 450.0 0.77 78.32 7.86 2.41 10.50 35.12 

L10 1636.6 1.16 76.45 8.50 0.95 11.12 26.85 

S14 2118.5 1.29 80.12 6.58 1.45 4.12 19.85 

L2 1928.6 1.36 73.10 14.00 0.53 13.25 18.90 

L41 2158.0 1.47 85.20 10.20 1.12 7.85 20.24 

L8 1888.0 1.78 82.42 5.40 0.63 14.64 12.66 

Note: Vitrinite and inertinite contents are testing items for maceral composition. Mad = moisture content (wt%, air dried basis); Aad = ash content (wt%, air dried 

basis); Vad = volatile matter (wt%, air dried basis); Mad, Aad and Vad are testing items for proximate analysis. 
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Fig. 2. Relationship between vitrinite, ash and volatile vs Ro,max 

 
3.2. Adsorption characteristics of coal 

The methane adsorption data were obtained through isothermal adsorption experiments conducted under high temperature 
and pressure conditions using a volumetric method. The test temperatures were 30 °C, 45 °C, 60 °C and 75 °C, and the 
adsorption pressures were 0 ~ 25 MPa, with a maximum equilibrium adsorption pressure of 25 MPa. As shown in Fig. 3, 
under the same temperature conditions, when the pressure is 0 ~ 5 MPa, the adsorption volume increases almost linearly as 
the pressure increases. When the pressure is between 5 and 20 MPa, the rate of increase in the adsorption gas gradually 
decreases as the pressure increases. When the pressure exceeds 20 MPa, the adsorption volume increases very slowly; that is, 
it reaches the relative saturation state. Under the same pressure and the same coal rank conditions, the adsorption gas 
decreases as the temperature increases. This is because as the temperature increases, the movement ability of the methane 
molecules become stronger, which is not conducive to the adsorption of the methane molecules by coal (Crosdale et al., 1998; 
Lamberson and Bustin, 1993).  

 
Fig. 3. Methane isothermal adsorption curves with balancing water for different coal ranks 

The Langmuir volume represents the maximum adsorption capacity of coal, and the Langmuir pressure represents the 
corresponding adsorption pressure when the maximum adsorption amount reaches half. Table 2 shows the experimental 
results of the isothermal adsorption. It can be seen that temperature and coal rank have a positive influence on the coal 
adsorption capacity. It can be seen in Fig. 4, under the same temperature conditions, the Langmuir volume increases as the 
coal rank increases. On the whole, the vitrinite content of coal has a positive correlation with the Langmuir volume, but not a 
significantly correlation with the ash content (Fig. 5). According to this analysis, the vitrinite content of the six coal samples is 
73.10 ~ 85.20%, and the ash content is 4.12 ~ 14.64%. On the whole, the difference in coal composition is relatively small, 
and the effect on the coal adsorption capacity is relatively weak. Previous studies have shown that as the vitrinite content 
increases, the adsorption capacity of coal increases (Lamberson and Bustin, 1993). The relationship between the vitrinite 
content and the adsorption capacity of coal did not show a good correlation in this test. The reason for this observation may 
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be that the temperature and pressure have an increased influence on the adsorption under high temperature and pressure 
conditions; in addition, the number of test samples is relatively small. 

 

Table 2 Langmuir volume and pressure by CH4 isothermal adsorption 

of different temperatures for coal samples 

Sample  

No. 

Langmuir 

 constant 

Temperature (℃) 

30 45 60 75 

XG 
VL 12.23 10.31 9.92 6.79 

PL 4.61 3.41 5.45 4.05 

L10 
VL 16.88 14.38 12.66 11.50 

PL 4.87 4.21 4.78 3.98 

S14 
VL 23.97 20.90 17.44 16.10 

PL 5.47 4.76 5.49 6.03 

L2 
VL 26.80 23.56 20.74 18.42 

PL 4.78 4.45 4.44 4.02 

L41 
VL 28.23 25.32 21.56 19.23 

PL 3.92 4.13 4.52 4.86 

L8 
VL 30.64 26.45 22.64 20.78 

PL 3.49 3.56 3.51 3.77 

Noto: VL=Langmuir volume, m
3
/t; PL=Langmuir pressure, MPa 

   
Fig. 4. Langmuir volume by CH4 isothermal adsorption   Fig. 5. Relationship between vitrinite and ash content 

of different temperatures for coal samples                     vs Langmuir volume at 60 ℃ for coal samples 

 
3.3. Distribution of nanoporosity pore size  

Different pore scales have different effects on the adsorption and the seepage capacity of coal, and previous studies have 
inferred that the macropore (>1000 nm) and the mesopore (100 – 1000 nm) are seepage pores; and the transitional-pore (10 – 
100 nm) and micropore (<10 nm) are adsorption pores, according to the Hodot's decimal pore structure classification system 
(Hodot, 1966; White et al., 2005; Liu et al., 2015; Li et al., 2017).The density functional theory (DFT) is a molecular 
dynamics method, which not only provides a microscopic model of adsorption but also reflects the thermodynamic properties 
of confined fluids in the pores at different sizes (Tommes and cychosz, 2014). Therefore, the DFT theory was used to evaluate 
the pore structure parameters in this study. As shown in Table 3, the total pore volume tested by N2 (N2 TVP) of the 6 coal 
samples is 0.0106 - 0.0281 cm

3
/g, with an average value of 0.0205 cm

3
/g. The specific surface area tested by N2 (N2 SSA) of 

the 6 coal samples is 0.2154-0.8892 cm
3
/g, with an average value of 0.5286 cm

3
/g. As shown in Fig. 6, the peak value of the 

pore incremental volume of pores with diameters of 10 - 100 nm is higher than that of pores with diameters of 1.7 - 10 nm, 
especially for pores with diameters of 40 - 60 nm, indicating that the pores with diameters of 10 - 100 nm are the main 
contributors to the pore volume. The pore specific surface area shows multiple peaks, and the peak value appears at the pore 
diameter of 2 - 3 nm, indicating that this pore diameter is the main contributor to the specific surface area. In other words, the 
more pores of diameter of 2 - 3 nm, the larger the coal pore specific surface area. 
Table 3  Pore volume and specific surface area calculated by the DFT theory of coal samples 

Sample No. Ro,max (%) 
N2 adsorption CO2 adsorption total SSA CO2 SSA/total SSA 

N2 TPV N2 SSA CO2 TPV CO2 SSA  (%) 

XG 0.77 0.00194  0.2154  0.01130  44.904  45.119  99.52  

L10 1.16 0.00106  0.2734  0.00882  54.622  54.895  99.50  

S14 1.29 0.00281  0.6455  0.01415  70.075  70.721  99.09 

L2 1.36 0.00193  0.5530  0.01510  63.200  63.753  99.13  

L41 1.47 0.00188  0.5951  0.01404  65.896  66.491  99.10  
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L8 1.78 0.00267  0.8892  0.01652  72.309  73.198  98.79  

N2 TPV = total pore volume by N2 adsorption, cm
3
/g; N2 SSA = specific surface area by N2 adsorption, m

2
/g; CO2 TPV = total pore volume by CO2 adsorption, 

cm
3
/g; CO2 SSA = specific surface area by CO2 adsorption, m

2
/g; total SSA = (N2 SSA+ CO2 SSA), m

2
/g; CO2 SSA/total SSA represents the SSA contribution rate of 

CO2 SSA to total SSA, %. 

 

Fig. 6. Pore volume and specific surface area distribution of the 6 coal samples at different pore sizes 

The pore diameter tested by CO2 adsorption is 0.489 - 1.083 nm, and the pore size is classified as supermicroporous (Chen 
et al., 2017). As shown in Table 3, the total pore volume tested by CO2 (CO2 TVP) of the 6 coal samples is 0.00882-0.01652 
cm

3
/g, with an average value of 0.0133 cm

3
/g. The specific surface area tested by CO2 (CO2 SSA) of the 6 coal samples 

ranges from 44.904 to 72.309 cm
3
/g, with an average value of 61.834 cm

3
/g. In addition, the specific surface area of 

supermicroporous pores accounts for 98.79 - 99.52% of the total specific surface area (total SSA) of the adsorption pores. It 
can be seen that the supermicroporous pores are the main contributors to the specific surface area of the coal pores. As shown 
in Fig. 7., the pore size distribution presents a bimodal distribution, with peak values at 0.56 - 0.62 nm and 0.82 - 0.88 nm. 
The pore specific surface area increment and the pore volume increment have a similar pattern of change: as the pore volume 
increase, the pore specific surface area increases accordingly. The total amount of adsorption is the coverage multiplied by the 
surface area; therefore, the larger the surface area, the more the total amount of adsorption. Large micropore specific surface 
areas cause coals to have strong adsorption capacities. Additionally, as shown in Fig. 8, the specific surface area tested by N2 
adsorption and CO2 adsorption both are positively correlated with the maximum vitrinite reflectance (Ro, max) (Fig. 8a, b). 
There is a positive correlation between the pore volume tested by the CO2 adsorption and the Ro, max; however, the correlation 
is not obvious between the pore volume tested by N2 adsorption and the Ro, max (Fig. 8c, d). The pore specific surface area and 
the pore volume development of coal are closely related to the Ro, max, which is also an important explanation for why different 
coal ranks have different adsorption capacities. 
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Fig. 7. Pore volume and specific surface area distribution of the coal samples at different pore sizes 

 
Fig. 8. Relationship between Ro, max with pore volume and specific surface area of coal samples 

 
3.4. Adsorption potential and adsorption space 

Methane is mainly adsorbed on the pore surface of the coal matrix. The energy change during the adsorption process can be 
reflected by a series of thermodynamic changes. Based on the calculation of the adsorption potential and the surface free 
energy, the effects of molecular forces on coal adsorption of methane can be measured and the change in energy in the 
adsorption process can be revealed (Meng et al., 2016). The thermodynamic theory for physical adsorption was proposed by 
Polanyi (1963), which reflects the change in Gibbs free energy during the adsorption. The adsorption potential theory does 
not require an established physical model of the adsorption layer (Hao et al., 2014). The main idea is that the adsorption of 
methane molecules in the micropores occurs by a process of volume filling based on the adsorption potential. In addition, the 
adsorption characteristic curve of the correlation between adsorption potential and the adsorption space can be obtained 
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according to the isothermal adsorption experimental data (Dubinin, 1960; Li et al., 2003). The relationship between the 
adsorption potential and the pressure established by the adsorption potential theory is as follows: 

i

00P

iP P

P
RTln=dP

P

RT
=ε ∫                       （1） 

where ε is the adsorption potential (J/mol) and P0 is the saturation vapor pressure (MPa). 
Since the adsorption of methane in coal already occurs above the critical temperature, the saturated vapor pressure loses its 

physical meaning under critical conditions. In this study, the calculation formula for the virtual saturated steam pressure under 
supercritical conditions, established by Amankwah and Schwarz, (1995), is used:  

k

c
c0 )

T

T
(P=P                                   （2） 

where k is the coefficient associated with the adsorption system, which takes the value of 2 in the Dubinin-Radushkevich 
equation. 

The adsorption space refers to the place which can adsorb the methane under certain temperature and pressure conditions in 
the coal and is calculated by the following formula: 

ad
ad ρ

M
V=w                                      （3） 

where ω is the adsorption space volume (cm
3
/g); Vad is the absolute adsorption volume (cm

3
/g); M is the molecular weight 

of CH4 (g/mol); and ρad is the adsorbed phase density (g/cm
3
). 

The adsorption phase density can be calculated by the Empirical formula established by Ozawa et al., (1976): 

( )[ ]bbad TT×0.0025expρ=ρ                （4） 

where ρad is the adsorbed phase density (g/cm
3
); ρb is the CH4 density at the boiling point (g/cm

3
), which takes the value of 

0.4224; and Tb is the CH4 temperature while boiling under 1 atm (K), which takes the value of 111.7. 
When applying the formula above to calculate the adsorption space at different temperatures and different pressures, it is 

necessary to convert the Gibbs adsorption volume (visible adsorption volume, excess adsorption volume) into absolute 
adsorption volume. This calibration is usually conducted by the following formula and the adsorption volume, which is 
measured in the standard state, is converted into a molar volume: 

( )adgapad ρρ-1V=V                           （5） 

where Vab is the absolute adsorption volume (cm
3
/g) and Vap is the excess adsorption volume (cm

3
/g). 

The density of methane is known to be 0.000717 g/cm
3
 under standard conditions, and the methane volume of 1 cm

3
 and 

the gas phase density at other temperatures and pressures can be calculated by the formulas:  

01

100
1

TP

TVP
=V                                    （6） 

1

0

1 V

ρ 
=ρ                                         （7） 

where P0 is the standard atmospheric pressure, MPa; T0 is the temperature under the standard condition, K; ρ0 is the 
methane density under the standard condition, g/cm

3
; and ρ1 is the methane gas density under other temperatures and 

pressures. 
Based on Eqs. (1 – 7), the adsorption potential and the adsorption space of the different coal ranks under various pressure 

conditions can be calculated. The effect of temperature on the adsorption potential and adsorption space has been discussed 
by Wu et al. (2016). To reveal the influence of the coal rank and the adsorption equilibrium pressure on the adsorption 
potential and the adsorption space, we use a temperature of 60 ℃ as an example, as seen in Fig. 9, and show that the 
adsorption potential decreases and the adsorption space increases as the equilibrium pressure increases. The higher the 
pressure condition, the smaller the adsorption potential needed by the coals; as a result, the coals adsorb gas more easily. In 
addition, under the same adsorption equilibrium pressure, the adsorption space becomes larger as the coal rank increases. 
That is,  the increase in coal rank provides more space for the adsorption of methane gas. 
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Fig. 9. Varying trends of adsorption potential and adsorption space with pressure change for coal samples at 60 ℃ 

Furthermore, the relationship between the adsorption potential and the adsorption space can be obtained as well, which is 
called the adsorption characteristic curve (Dubinin and Radushkevich, 1947). Studies have shown that only one adsorption 
characteristic curve exists for a certain sorption system, and this curve is not influenced by the external temperature and 
pressure conditions (Wu et al., 2016). As shown in Fig. 10, the adsorption potential and the adsorption space present a 
negatively logarithmic correlation as follows: 

bwln-aε +=                                   （8） 

where a and b are the fitting coefficients of the adsorption characteristic curve. 
The slopes of the adsorption characteristic curves corresponding to different coal ranks are different. The higher the coal 

rank, the slower the decrease in the adsorption potential as the adsorption space increases. 

 
Fig. 10. The adsorption characteristic curve for coal-methane systems of different coal ranks. 

 
3.5. Surface free energy of supercritical adsorption 

Coal is a macromolecular structure formed by different basic structural units through various forms of bridge bonds. The 
carbon atoms that make up the coal macromolecular skeleton are in a state of equilibrium with each other. When the pore 
surface of the coal is formed, one side of the carbon atom on the surface of the pore causes its force to be unbalanced; 
therefore, the carbon atoms have a tendency to move toward the inside of the coal body by the gravitational force directed 
toward the inside of the coal body. Because of this, the carbon atoms on the coal surface obtain the energy, which is called the 
surface free energy (Kaplan, 1986; Loh et al., 2010). According to surface chemistry theory, the Gibbs formula for the 
reduction in surface tension caused by the adsorption of methane by coal is expressed as: 

)mP(lndΓRT-dσ =                          （9） 

where σ is the surface tension (J/m
2
); г is the surface excess (mol/m

2
); and m is the coefficient helping to eliminate the unit 

of pressure (MPa
-1

), which takes the value of 1 in this study. 
The surface excess refers to the difference between the CH4 concentration on the surface and that inside the coal body, 

which can be formulated as: 

0

=
SV

V
Γ

ap
                                      （10） 

where S is the specific surface area of pores in coals (m
2
/g). 

Therefore, the cumulative reduction in surface free energy for CH4 supercritical adsorption can be calculated as follows: 
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where Δγ is the cumulative reduction in surface free energy (J/m
2
), denoting the difference between the surface free energy 

of coals before they adsorb gas and that after they adsorb gas under one pressure point. 
The differential equation of Eq. (11) for P is as follows: 

mPSV

RTV
pγΔ

ap

0

=                                 （12） 

where Δγp is the reduction in surface free energy at each pressure point (J/m
2
), denoting the difference between the 

cumulative reduction in surface free energy under one pressure point and that under the neighboring pressure point. 
The effects of temperature on the surface free energy changes have been described by Wu et al., (2016). That is the 

cumulative reduction of surface free energy increases with the increase of pressure and decreases with the increase of 
temperature. In addition, the increase of temperature enhances the activity of CH4 molecules and promotes more CH4 

desorption, which leads to less reduction of surface free energy. To reveal the influence of the coal rank and the adsorption 
equilibrium pressure on the surface free energy changes, we use a temperature of 60 ℃ as an example. As shown in Fig. 11, 
the cumulative reduction in the surface free energy increases as the pressure increases. In particular, when the pressure is 
relatively small, the rate of decrease is large. As the pressure increases, the rate of decrease gradually decreases. According to 
the minimum energy principle, the lower the energy of a system, the more stable the system. In the process of adsorption 
equilibrium, the coal system reduces its surface free energy by adsorbing CH4 molecules. In addition, under the same pressure, 
the cumulative reduction in the surface free energy increases as the maximum vitrinite reflectance increases, indicating that 
the increase in coal rank increases the adsorption capacity of coal. Additionally, as the pressure increases, the surface free 
energy of each pressure point gradually decreases. In the process of adsorption equilibrium, methane molecules are 
preferentially adsorbed at stronger adsorption points. As the pressure continuously increases, it is increasingly difficult for 
coal to adsorb methane molecules. 

 
Fig. 11. Varying trends in the reduction in the surface free energy with pressure and coal rank at 60 ℃. 

 
4. Conclusions 

 
(1) The adsorption capacity of bituminous coal is comprehensively controlled by the maximum vitrinite reflectance, and 

temperature and pressure conditions. As the maximum vitrinite reflectance increases, the adsorption capacity of coal 
increases. Temperature shows a negative effect on the coal adsorption capacity. The pressure shows a positive effect on the 
coal adsorption capacity. The adsorption capability of the coal reservoir depends on the development degree of the specific 
surface area in matrix pores, expecially for the supermicroporous. 

(2) The adsorption space increases as the adsorption equilibrium pressure increases. Under the same pressure, as the 
maximum vitrinite reflectance increases, the adsorption space of coal increases. In addition, the cumulative reduction in the 
surface free energy increases as the maximum vitrinite reflectance increases. Both of these observations indicate that as the 
maximum vitrinite reflectance increases, the adsorption capacity of coal increases. Additionally, as the pressure increases, the 
surface free energy of each pressure point gradually decreases, indicating that it is increasingly difficult for coal to adsorb 
methane molecules. 
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