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Abstract

:

Adsorption thermodynamic characteristics are an important part of the methane adsorption mechanism, and are useful for understanding the energy transmission mechanism of coalbed methane (CBM) migration in coal reservoirs. To study the effect of coal pore characteristics on methane adsorption heat, five different types of rank coals were used for low-pressure nitrogen, low-pressure carbon dioxide, and methane adsorption experiments. Pore structure and adsorption parameters, including maximum adsorption capacity and adsorption heat, were obtained for five coal samples, and their relationships were investigated. The results show that the low-pressure nitrogen adsorption method can measure pores within 1.7–300 nm, while the low-pressure carbon dioxide adsorption method can measure micropores within 0.38–1.14 nm. For the five coal samples, comprehensive pore structure parameters were obtained by combining the results of the low-pressure nitrogen and carbon dioxide adsorption experiments. The comprehensive results show that micropores contribute the most to the specific surface area of anthracite, lean coal, fat coal, and lignite, while mesopores contribute the most to the specific surface area of coking coal. Mesopores contribute the most to the pore volume of the five coal samples. The maximum adsorption capacity has a significant positive correlation with the specific surface area and pore volume of micropores less than 2 nm, indicating that methane is mainly adsorbed on the surface of micropores, and can also fill the micropores. The adsorption heat has a significant positive correlation with the specific surface area and pore volume of micropores within 0.38–0.76 nm, indicating that micropores in this range play a major role in determining the methane adsorption heat.
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1. Introduction


As the main source of coal mine accidents, coalbed methane (CBM) is a type of unconventional natural gas resource [1,2]. CBM mainly consists of methane, most of which is adsorbed in coal seams [3,4]. The study of coal adsorption characteristics is of great significance in CBM exploration and mine gas disaster prevention [5,6,7].



Currently, extensive research has been performed on coal adsorption characteristics, most of which focused on the effects of the coal properties [8,9,10]. Coal is a type of natural porous material with a large internal surface area due to the abundance of pores [11,12,13], and coal pores are the main storage space for CBM. The adsorption capacity of CBM is closely related to the pore characteristics of coal, thus the relationship between the pore structure of coal and the adsorption capacity of CBM has become an important research topic. Several classification methods have been proposed to classify coal pores, and the Hodot method (micropores, <10 nm; transitional pores, 10–100 nm; mesopores, 100–1000 nm; macropores, >1000 nm) and IUPAC method (micropores, <2 nm; mesopores, 2–50 nm; macropores, >50 nm) have been widely used [14,15]. In this work, the IUPAC method is applied to analyse pore characteristics. Currently, there are many techniques for investigating coal pore characteristics, such as scanning electron microscopy (SEM) [16], small-angle X-ray scattering (SAXS) [17], nuclear magnetic resonance (NMR) [18], mercury intrusion porosimetry (MIP) [19], low-pressure nitrogen adsorption (LP-N2GA) [20], and low-pressure carbon dioxide adsorption (LP-CO2GA) [21]. Among the above methods, the LP-N2GA and LP-CO2GA methods have been widely used to quantitatively analyse the pore structure of coal [20,21,22,23,24]. Because activation diffusion is limited during N2 adsorption at 77 K, the LP-N2GA method cannot be used to analyse pores less than 1.2 nm. Whereas CO2 can access pores within 0.3–1.5 nm at 273.15 K. Therefore, the LP-CO2GA method is more suitable for analysing micropores [21]. Based on the above experimental techniques, many studies have shown that the SSA of micropores is positively correlated with the saturated adsorption capacity of CBM [20,21,22,23,24].



In addition to matter transmission, energy transmission also exists during the process of CBM adsorption and desorption. Some studies have shown that coal temperature increases during the process of CBM adsorption [25,26]. The CBM adsorption process belongs to physical adsorption, which is a spontaneous exothermic process. The heat released in the adsorption process is the adsorption heat [27]. The adsorption heat directly reflects the adsorption energy between the adsorbent molecule and the adsorbed molecule [28]. The adsorption thermodynamic characteristics are important for understanding the energy transmission mechanism of CBM migration in coal seams [29]. Currently, direct calorimetric and indirect non-calorimetric methods are two experimental methods for measuring adsorption heat [27]. The direct calorimetric method is based on the measurement of the heat evolved when a known amount of gas is adsorbed on the surface. The indirect non-calorimetric method is based on the adsorption isotherms at different temperatures and the adsorption heat can be calculated using the Clausius–Clapeyron equation. Because of the simple experimental device, the indirect non-calorimetric method is the most commonly used, whereas the direct calorimetric is considered more expensive [30]. Based on the above experimental methods, some studies have focused on the effects of coal properties (such as maceral composition [31], functional group [32], and adsorbates [33]) on methane adsorption heat. At present, many studies focus on the pore structure of coal and its influence on the adsorption capacity of CBM. The adsorption capacity reflects the number of adsorption sites, and simple research on the adsorption capacity of CBM is insufficient to roundly understand the adsorption mechanism of CBM. Therefore, the adsorption heat of CBM should be also well studied as an important adsorption parameter. The main objectives of this study were to quantitatively characterise the pore structure of coal and explore the influence of the pore structure on the adsorption heat of CBM. Based on the low-pressure nitrogen adsorption (LP-N2GA), low-pressure carbon dioxide adsorption (LP-CO2GA), and methane adsorption isotherm experiments, the effects of the coal pore characteristics on methane adsorption heat were studied in this work.




2. Experimental Section


2.1. Sample Preparation


In this work, five types of coal samples with different metamorphic grades were collected from different coal mines in China. The geological information of coal seams from which the samples were collected is shown in Table 1, and the basic parameters of the five coal samples are shown in Table 2. According to the National Standard GB/T 5751-2009 [34], the coal types of the five coal samples are anthracite, lean coal, coking coal, fat coal, and lignite from the high rank to the low rank, respectively. Fresh coals were collected and crushed and coal samples with a mesh size fraction of 60–80 (0.177–0.250 mm) were sieved for the following experiments.




2.2. Experimental Methods


2.2.1. Measurement of Pore Characteristics


The LP-N2GA experiments were performed at 77 K by the ASAP 2020 experimental system (Micromeritics Instrument, Norcross, GA USA). The specific surface area (SSA), total pore volume (TPV) and pore size distribution (PSD) were obtained using the Barrett–Joyner–Halenda (BJH) theory. The LP-CO2GA experiments were performed at 273.15 K by the same experimental system, and the SSA, TPV, and PSD were obtained using the density functional theory (DFT).




2.2.2. Measurement of Adsorption Isotherms


The methane adsorption isotherms of the coal samples were measured with a BSD-PH ultrahigh-pressure gas sorption analyser (Beishide Instrument, Beijing, China) with a volumetric method. The equilibrium pressure of the adsorption experiments ranges from 0 to 5 MPa, and the equilibrium temperature ranges from 303.15 to 323.15 K. Because of its simple mathematical form, the Langmuir equation has been widely used by the CBM industry [10]. Hence, the methane adsorption isotherms were modelled using the Langmuir equation [35] as follows:


   n a  =  n m    b p   1 + b p    



(1)




where nm is the maximum adsorption capacity (mmol/g); p is the pressure (MPa); b is the Langmuir constant (MPa−1). The Langmuir constant b has the following form [35]


  b =  b ∞  exp    ε  R T      



(2)




where b∞ is the pre-exponential factor (MPa−1); ε is the adsorption energy (kJ/mol); R is the universal gas constant (8.314 J mol−1·K−1), and T is the temperature (K).




2.2.3. Measurement of Adsorption Heat


The typical adsorption heat usually refers to the isosteric heat of adsorption (qst) or the enthalpy change of adsorption (  Δ H  ) [29]. Because the physical adsorption process is exothermic, the value of the enthalpy change is negative. The isosteric heat of adsorption usually represents the positive value of the enthalpy change in the references [29], namely,


   q  s t   = − Δ H  



(3)







For ease of exposition, in this work, the adsorption heat refers to the isosteric heat. The enthalpy change of adsorption can be obtained using the Clausius–Clapeyron equation [36] as follows:


    d ln p   d T   =   Δ H   R T    



(4)







Integrating Equation (4) yields:


  ln p =   Δ H   R T   + C  



(5)




where C is a constant.



The pressure values at a fixed adsorption capacity can be calculated for each T after fitting the isotherms. Then, the pressure can be plotted as lnp versus 1/T at a fixed adsorption capacity, and the enthalpy change of adsorption can be obtained from the slope of the line [27].






3. Results and Discussion


3.1. Pore Structure Characteristics of Coal Samples


3.1.1. Pore Structure Measurement by LP-N2GA


The N2 adsorption-desorption isotherms of the five coal samples at 77 K are shown in Figure 1 and can be classified as a type II isotherm based on the IUPAC [23]. The adsorption curves show a slow increase at a low relative pressure and a rapid increase at a high relative pressure. Micropore filling (p/p0 < 0.1) and multilayer adsorption (0.4 < p/p0 < 0.8) phenomena appear at a low relative pressure. When the relative pressure is higher than 0.8, N2 starts to concentrate, and the adsorption volume grows suddenly with increasing relative pressure. Except for the DH coal sample, there are significant hysteresis loops among the adsorption-desorption isotherms. Because semi-open pores do not form hysteresis loops [23], the DH coal sample may have some semi-open pores. According to IUPAC, the type of loops for the CZ, JJ, SS, and DL coal samples can be classified as type H3. When the relative pressure is within 0.5–1, there are narrow hysteresis loops among these isotherms, indicating that the pore type is a parallel plate or cylinder [23].



The pore structure parameters obtained by LP-N2GA are shown in Table 3. Notably, the SSA and pore volume range from 36.96 to 118.40 m2/g and 0.0902 to 0.2865 cm3/g, respectively. The SSA and pore volume of the SS coal sample are the largest, while the SSA and pore volume of the DL coal sample are the smallest. As seen in Table 3, mesopores (2–50 nm) contribute the most to the SSA for all five coal samples, followed by micropores (1.7–2 nm). In addition, mesopores (2–50 nm) also contribute the most to pore volume for the five coal samples, followed by macropores (>50 nm). The pore volume and SSA distributions are shown in Figure 2. Figure 2 shows that the LP-N2GA can measure the pores within 1.7–300 nm. The incremental SSA value at 1.7–50 nm is higher than that at 50–300 nm, indicating that micropores and mesopores develop and contribute mainly to the specific surface area. The incremental volume value at 10–100 nm is higher than that of the other pore sizes, indicating that mesopores in this range contribute the most to pore volume.




3.1.2. Pore Structure Measurement by LP-CO2GA


Figure 3 shows that the CO2 adsorption isotherms of the five coal samples at 273.15 K increase slowly with increasing pressure, and all of them have a slightly convex shape. The pore structure parameters calculated by LP-CO2GA are shown in Table 4. Notably, the SSA and pore volume range from 42.60 to 144.14 m2/g and 0.0138 to 0.0443 cm3/g, respectively. The SSA and pore volume of the CZ coal sample are the largest, while the SSA and pore volume of the SS coal sample are the smallest. These results show that the micropores of the CZ coal sample are more developed, and the micropores of the SS coal sample are poorly developed.



The pore volume and SSA distributions are shown in Figure 4. Figure 4 shows that the LP-CO2GA can measure micropores within 0.38–1.14 nm. The PSD lines of the five coal samples show a multi-peak type, and the main peaks are at 0.5–0.6 nm. The dynamic diameter of methane is 0.38 nm; therefore, methane can only access pores larger than 0.38 nm. According to the dynamic diameter of methane, the pore structure can be divided into two parts, as shown in Table 4. The pore diameter range of the first part is 0.38–0.76 nm, which is one to two times the dynamic diameter of methane. The pore diameter range of the second part is 0.76–1.14 nm, which is two to three times the dynamic diameter of methane. Table 4 shows that the SSA and pore volume of the 0.38–0.76 nm micropores are significantly larger than those of 0.76–1.14 nm. Moreover, the 0.38–0.76 nm micropores are the main contributors to the SSA and pore volume of the five coal samples.




3.1.3. Comprehensive Pore Structure Obtained by LP-N2GA and LP-CO2GA


In this study, the pore structure parameters were obtained by combining the results of LP-N2GA and LP-CO2GA. According to the test range, both LP-N2GA and LP-CO2GA were used to characterise micropores (<2 nm), and only LP-N2GA was used to characterise mesopores (2–50 nm) and macropores (>50 nm). The comprehensive pore structure parameters are shown in Table 5. Notably, the total SSA and pore volume range from 96.25 to 216.25 m2/g and 0.1119 to 0.3003 cm3/g, respectively. The SSA of the CZ coal sample is the largest, whereas the SSA of the DH coal sample is the smallest. The pore volume of the SS coal sample is the largest, whereas the pore volume of the DL coal sample is the smallest. Figure 5 shows the SSA and pore volume ratios for the different pore types. From Table 5 and Figure 5, it can be seen that micropores (<2 nm) are the major contributors to SSA for the CZ, JJ, DL, and DH coal samples, followed by mesopores (2–50 nm). Mesopores are the largest contributors to SSA for the SS coal sample, followed by micropores. Moreover, mesopores contribute the most to the pore volume in all the five coal samples.





3.2. Methane Adsorption Capacity and Adsorption Heat


Figure 6 shows the methane adsorption isotherms of the five coal samples at three different temperatures. For the five coal samples, the adsorption capacity first increases rapidly and then increases slowly with increasing pressure from 0 MPa to 5 MPa. Moreover, the adsorption capacity decreases with increasing temperature. The adsorption isotherms at three different temperatures were simultaneously fitted using the Langmuir equation for each coal sample. The 1stOpt 6.0 fitting software was used to process the experimental data, and the fitted parameters are listed in Table 6. Table 6 shows that the Langmuir equation fits the adsorption isotherms well with R2 > 0.99. The maximum adsorption capacity (nm) can be used for the evaluation of the adsorption ability of coal seams. The maximum adsorption capacity ranges from 0.84 to 1.45 mmol/g. The CZ coal sample has the highest maximum adsorption capacity, whereas the SS coal sample has the lowest. The maximum adsorption capacity decreases with the reduction of coal rank for the CZ, JJ, SS, and DH coal samples, indicating that coal rank has a certain influence on the adsorption capacity. In addition, the maximum adsorption capacity has no clear relationship with the maceral composition of the five coal samples. The isometric adsorption lines (lnp vs. 1/T at a fixed adsorption capacity, 0.2 mmol/g in this study) are plotted in Figure 7, and the adsorption heat was obtained from the slope of these lines. Table 7 shows that the adsorption heat ranges from 18.61 to 23.50 kJ/mol. The CZ coal sample has the highest adsorption heat, whereas the SS coal sample has the lowest. The adsorption heat decreases first and then increases with the reduction of coal rank for the five coal samples. Similarly, the adsorption heat has no clear relationship with the maceral composition of the five coal samples.




3.3. Effect of Pore Structure on Methane Adsorption


3.3.1. Effect of SSA on Methane Adsorption


Figure 8 shows the relationships between the maximum adsorption capacity and SSA for each pore type (total pores, 0.38–300 nm; micropores, 0.38–2 nm; mesopores, 2–50 nm; macropores, 50–300 nm; and micropores, 0.38–0.76 nm). Figure 8 shows that the maximum adsorption capacity has a strong positive correlation with the SSA of 0.38–2 nm micropores (R2 = 0.9752) and 0.38–0.76 nm micropores (R2 = 0.9512). However, their relationship with the SSA of mesopores and macropores is not evident. These results show that methane is mainly adsorbed on the surface of micropores (<2 nm) in coal, and the SSA of micropores (<2 nm) contributes the most to the adsorption capacity. Table 3 and Table 4 also show that 0.38–0.76 nm micropores occupy the largest proportion of micropores (<2 nm); thus, 0.38–0.76 nm micropores have a stronger influence on methane adsorption capacity. In addition, the maximum adsorption capacity has a positive correlation with the SSA of total pores (R2 = 0.6448), indicating that mesopores and macropores may provide mild adsorption sites.



The adsorption heat reflects the interaction energy of methane with the coal surface at each adsorption site. The relationships between the adsorption heat and SSA for each pore type are also shown in Figure 8. Notably, the adsorption heat has a significant positive correlation with the SSA of 0.38–2 nm micropores (R2 = 0.7995) and 0.38–0.76 nm micropores (R2 = 0.9026), whereas the adsorption heat has no clear relationship with the SSA of mesopores and macropores. These results show that micropore SSA has a strong influence on the adsorption heat. Because of the potential energy overlap between methane molecules and micropore walls, the interaction energy of methane with the coal surface was enhanced [37], which increased the adsorption heat. The adsorption energy of micropore walls can reach twice that of flat surfaces when the distance between the micropore walls is approximately the gas dynamic diameter [38]. The adsorption energy of micropore walls can be higher than that of flat surfaces when the distance between the micropore walls is larger than the gas dynamic diameter. With increasing pore size, this potential energy overlapping effect will be reduced gradually. According to the dynamic diameter of methane, micropores within 0.38–0.76 nm can contain 1–2 methane molecules along the pore diameter direction. Therefore, the overlapping effect of the adsorption energy in micropores (0.38–0.76 nm) is stronger, and the corresponding adsorption heat is higher. Figure 8 shows that the correlation (R2 = 0.9026) between adsorption heat and SSA of micropores within 0.38–0.76 nm is higher than that (R2 = 0.7995) between adsorption heat and SSA of micropores within 0.38–2 nm. Thus, 0.38–0.76 nm micropores play a dominant role in determining the adsorption heat of methane.




3.3.2. Effect of Pore Volume on Methane Adsorption


The relationship between maximum adsorption capacity and pore volume for each pore type is shown in Figure 9. Notably, the maximum adsorption capacity has a significant positive correlation with the pore volume of 0.38–2 nm micropores (R2 = 0.9636) and 0.38–0.76 nm micropores (R2 = 0.9575), whereas the maximum adsorption capacity has no clear relationship with the pore volume of total pores, mesopores, and macropores. According to the dynamic diameter of methane, methane molecules can only be adsorbed on the inner surface of micropores (0.38–0.76 nm) due to the limited pore space. For larger micropores, methane can not only be adsorbed on the inner surface of the micropores, but also can be filled into the pore volume [39]. Figure 9 shows that the correlations of the maximum adsorption capacity with the pore volume of 0.38–2 nm micropores and 0.38–0.76 nm micropores are both high. The above results indicate that methane can not only be adsorbed on the surface of micropores, but also can fill the micropores.



The relationships between the adsorption heat and pore volume for each pore type are also shown in Figure 9. Figure 9 shows that the adsorption heat has a significant positive correlation with the pore volume of 0.38–2 nm micropores (R2 = 0.7314) and 0.38–0.76 nm micropores (R2 = 0.8925), whereas the adsorption heat has no significant relationship with the pore volume of total pores, mesopores, and macropores. These results show that a higher pore volume of micropores corresponds to a higher adsorption heat. The correlation (R2 = 0.8925) between the adsorption heat and pore volume of the micropores within 0.38–0.76 nm is higher than that (R2 = 0.7314) between the adsorption heat and pore volume of the micropores within 0.38–2 nm, also indicating that micropores (0.38–0.76 nm) play a major role in determining the methane adsorption heat.






4. Conclusions


The adsorption heat is not only helpful to understand the methane adsorption mechanism, but also a key parameter to reveal the energy evolution mechanism during gas migration in coal seams. The in-depth research of the adsorption heat can provide a theoretical basis for CBM extraction technology. In this work, the pore structure of five coal samples with different coal ranks was tested using LP-N2GA and LP-CO2GA. The methane adsorption isotherms at different temperatures were also tested, and the maximum adsorption capacity and heat were obtained. Then, the effects of the pore characteristics on methane adsorption were analysed. The following conclusions can be drawn from this study:



(1) Due to the different pore test ranges, the pore structure parameters obtained by LP-N2GA and LP-CO2GA have significant differences. The LP-N2GA results show that micropores and mesopores contribute the most to the specific surface area, and mesopores contribute the most to the pore volume of the five coal samples. The LP-CO2GA results show that micropores within 0.38–0.76 nm contribute the most to the specific surface area and pore volume of the five coal samples.



(2) The comprehensive pore structure parameters of the five coal samples could be obtained by combining the LP-N2GA and LP-CO2GA results. The comprehensive results show that different types of pores make distinct contributions to the specific surface area for the five coal samples. Micropores contribute the most to the specific surface area of anthracite, lean coal, fat coal, and lignite, while mesopores contribute the most to the specific surface area of coking coal. Moreover, mesopores contribute the most to the pore volume of the five coal samples.



(3) For the five coal samples, methane is mainly adsorbed on the surface of micropores less than 2 nm, and can also fill the micropores. The maximum adsorption capacity has a significant positive correlation with the specific surface area and pore volume of the 0.38–2 nm micropores.



(4) Due to the strong overlapping effect of the adsorption energy, micropores within 0.38–0.76 nm play a major role in determining the methane adsorption heat. The adsorption heat has a significant positive correlation with the specific surface area and pore volume of the 0.38–0.76 nm micropores.
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Figure 1. N2 adsorption-desorption isotherms at 77 K. 
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Figure 2. Pore volume and SSA distributions for the five coal samples using Barrett–Joyner–Halenda (BJH) theory: (a) CZ coal sample, (b) JJ coal sample, (c) SS coal sample, (d) DL coal sample, and (e) DH coal sample. 
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Figure 3. CO2 adsorption isotherms at 273.15 K. 
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Figure 4. Pore volume and SSA distributions for the five coal samples obtained by density functional theory (DFT) model: (a) CZ coal sample, (b) JJ coal sample, (c) SS coal sample, (d) DL coal sample, and (e) DH coal sample. 
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Figure 5. (a) Specific surface area proportion and (b) volume proportion for each pore type. 
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Figure 6. Methane adsorption isotherms at three different temperatures: (a) CZ coal sample, (b) JJ coal sample, (c) SS coal sample, (d) DL coal sample, and (e) DH coal sample. 
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Figure 7. Isometric adsorption curves of the five coal samples. 
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Figure 8. Relationships between adsorption parameters and SSA of total pores (a), micropores (b), mesopores (c), macropores (d), and micropores within 0.38–0.76 nm (e). 
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Figure 9. Relationships between adsorption parameters and pore volume of total pores (a), micropores (b), mesopores (c), macropores (d), and micropores within 0.38–0.76 nm (e). 
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Table 1. Geological information of the coal samples.
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Coal Sample

	
Coal Mine

	
Coal Seam

	
Geological Formation

	
Maceral Composition (%)




	
Vitrinite

	
Inertinite

	
Exinite

	
Mineral






	
CZ

	
Chengzhuang

	
3

	
Shanxi formation of the lower Permian system

	
67.26

	
28.56

	
–

	
4.18




	
JJ

	
Jinjia

	
18

	
Longtan formation of the upper Permian system

	
68.12

	
30.00

	
–

	
1.88




	
SS

	
Shoushan

	
2

	
Shanxi formation of the lower Permian system

	
55.03

	
42.01

	
–

	
2.96




	
DL

	
Daliuta

	
5

	
Yan’an formation of the middle Jurassic system

	
49.45

	
47.80

	
1.10

	
1.65




	
DH

	
Donghuai

	
1

	
Nadu formation of the lower Tertiary system

	
72.02

	
1.19

	
2.98

	
23.81
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Table 2. Basic parameters of the coal samples.






Table 2. Basic parameters of the coal samples.





	
Coal Sample

	
Ro,max (%)

	
Coal Type

	
Proximate Analysis(%)

	
Ultimate Analysis (%)




	
Mad

	
Aad

	
Vdaf

	
FCad

	
Cad

	
Had

	
Oad

	
Nad






	
CZ

	
2.37

	
Anthracite

	
0.72

	
13.88

	
8.83

	
77.86

	
77.59

	
2.84

	
3.48

	
1.21




	
JJ

	
2.04

	
Lean coal

	
0.54

	
15.20

	
10.54

	
75.38

	
76.63

	
3.30

	
2.89

	
1.20




	
SS

	
1.35

	
Coking coal

	
0.77

	
12.66

	
20.93

	
68.45

	
75.80

	
3.96

	
4.23

	
1.32




	
DL

	
0.76

	
Fat coal

	
3.62

	
5.38

	
34.99

	
59.16

	
73.30

	
4.48

	
11.72

	
1.03




	
DH

	
0.58

	
Lignite

	
3.17

	
42.02

	
51.01

	
26.85

	
39.33

	
3.48

	
9.06

	
1.57








Notes: Ro,max (%), mean maximum reflectance of vitrinite; Mad, moisture content on air-dried basis; Aad, ash content on air-dried basis; Vdaf, volatile content on dry-ash-free basis; FCad, fixed carbon content on air-dried basis; Cad, carbon content on air-dried basis; Had, hydrogen content on air-dried basis; Oad, oxygen content on air-dried basis; Nad, nitrogen content on air-dried basis.
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Table 3. Pore structure parameters of the coal samples obtained by LP-N2GA.
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Coal Sample

	
SSA

(m2/g)

	
TPV (cm3/g)

	
Specific Surface Area (m2/g)

	
Pore Volume (cm3/g)




	
1.7–2 nm

	
2–50 nm

	
50–300 nm

	
1.7–2 nm

	
2–50 nm

	
50–300 nm






	
CZ

	
72.11

	
0.1275

	
15.92

	
54.80

	
1.39

	
0.0072

	
0.0826

	
0.0377




	
JJ

	
55.64

	
0.1167

	
9.87

	
44.41

	
1.36

	
0.0045

	
0.0767

	
0.0355




	
SS

	
118.40

	
0.2865

	
14.64

	
99.95

	
3.81

	
0.0066

	
0.1723

	
0.1076




	
DL

	
36.96

	
0.0902

	
2.80

	
33.01

	
1.15

	
0.0013

	
0.0577

	
0.0312




	
DH

	
41.71

	
0.1150

	
5.46

	
34.79

	
1.46

	
0.0025

	
0.0717

	
0.0408








Notes: SSA, specific surface area; TPV, total pore volume.
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Table 4. Pore structure parameters of the five coal samples obtained by LP-CO2GA.
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Coal Sample

	
SSA

(m2/g)

	
TPV (cm3/g)

	
Specific Surface Area (m2/g)

	
Pore Volume (cm3/g)




	
0.38–0.76 nm

	
0.76–1.14 nm

	
0.38–0.76 nm

	
0.76–1.14 nm






	
CZ

	
144.14

	
0.0443

	
117.96

	
26.18

	
0.0329

	
0.0114




	
JJ

	
84.64

	
0.0265

	
67.42

	
17.22

	
0.0189

	
0.0076




	
SS

	
42.60

	
0.0138

	
32.82

	
9.78

	
0.0094

	
0.0044




	
DL

	
71.69

	
0.0217

	
59.82

	
11.87

	
0.0166

	
0.0051




	
DH

	
54.54

	
0.0159

	
48.46

	
6.08

	
0.0133

	
0.0026
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Table 5. Comprehensive pore structure parameters obtained by LP-N2GA and LP-CO2GA.
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Coal Sample

	
SSA

(m2/g)

	
TPV (cm3/g)

	
Specific Surface Area (m2/g)

	
Pore Volume (cm3/g)




	
<2 nm

	
2–50 nm

	
>50 nm

	
<2 nm

	
2–50 nm

	
>50 nm






	
CZ

	
216.25

	
0.1718

	
160.06

	
54.80

	
1.39

	
0.0515

	
0.0826

	
0.0377




	
JJ

	
140.28

	
0.1432

	
94.51

	
44.41

	
1.36

	
0.0310

	
0.0767

	
0.0355




	
SS

	
161.00

	
0.3003

	
57.24

	
99.95

	
3.81

	
0.0204

	
0.1723

	
0.1076




	
DL

	
108.65

	
0.1119

	
74.49

	
33.01

	
1.15

	
0.0230

	
0.0577

	
0.0312




	
DH

	
96.25

	
0.1309

	
60.00

	
34.79

	
1.46

	
0.0184

	
0.0717

	
0.0408
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Table 6. Langmuir equation parameters of the five coal samples.
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	Coal Sample
	nm (mol/g)
	b∞ (×10−4 MPa−1)
	ε (kJ/mol)
	R2





	CZ
	1.45
	1.67
	23.50
	0.9978



	JJ
	1.01
	3.04
	21.19
	0.9989



	SS
	0.84
	3.58
	18.61
	0.9975



	DL
	0.99
	2.18
	20.54
	0.9974



	DH
	0.81
	1.73
	20.91
	0.9973
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Table 7. Fitting parameters of the isometric adsorption curves.






Table 7. Fitting parameters of the isometric adsorption curves.





	Coal Sample
	Fitting Formula
	R2
	   Δ H    (kJ/mol)
	qst (kJ/mol)





	CZ
	lnp = 13.77–2826.47/T
	0.99
	−23.50
	23.50



	JJ
	lnp = 13.61–2548.41/T
	0.99
	−21.19
	21.19



	SS
	lnp = 13.69–2238.43/T
	0.99
	−18.61
	18.61



	DL
	lnp = 13.97–2470.20/T
	0.99
	−20.54
	20.54



	DH
	lnp = 14.46–2514.90/T
	0.99
	−20.91
	20.91
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