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Pore is the main adsorption and desorption space of coalbed methane (CBM). Pore size configuration and connectivity affect the adsorption/desorption hysteresis effect. Using tectonically deformed coal (TDC) and original structure coal of medium- and high-rank coal as the research objects, through the N2/CO2 adsorption experiment to analyze the pore size distribution and connectivity of different scales. We investigate the control mechanism of heterogeneous evolution in the key pore scales against adsorption/desorption hysteresis characteristics during coal metamorphism and deformation by combining the CH4 isothermal adsorption/desorption experiment under 30°C equilibrium moisture. The findings indicate that the super micropores (<2 nm) are mainly combination ink bottle-shaped pores and have worse connectivity as the degree of metamorphism and deformation increases. The super micropores occupy the vast majority of pore volume and specific surface area; its pore size distribution curve change presents an “M” bimodal type and is mainly concentrated in two pore segments of 0.45–0.70 nm and 0.70–0.90 nm. The effect of ductile deformation exerts a significantly greater effect on super micropores than brittle deformation. The exhibited adsorption–desorption characteristics are the result of the combined effect of the unique pore structure of the TDCs and different moisture contents. The presence of a large number of super micropores is the most important factor influencing the degree of gas desorption hysteresis. The “ink-bottle effect” is the primary cause of gas desorption hysteresis. For CBM development, some novel methods to increase desorption and diffusion rate at the super micropores scale should be considered.
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INTRODUCTION
Coalbed methane (CBM) is a significant clean energy resource, as an unconventional natural gas and mainly adsorbed in coal. CBM is primarily composed of methane. To meet the “double carbon target”, coal mine methane emissions must be reduced, which necessitates the advancement of efficient CBM mining technology. China has an abundance of CBM reserves. According to studies, the total CBM resources with a burial depth of less than 2,000 m are approximately 36.82 × 1012 m3, where the CBM resources of medium- and high-rank coal reservoirs are about 22.12 × 1012 m3, accounting for about 60% of the total CBM resources, and reservoirs of medium- and high-rank coal have relatively high gas content (Qin et al., 2018). Tectonically deformed coals (TDCs) are compositionally and structurally transformed by tectonic stresses that occurred extensively during the geological period in the selected regions (Song et al., 2020a). Coal has very different internal pore structures when subjected to different tectonic stresses. Coal deformation types are classified as brittle deformation, brittle-ductile deformation, and ductile deformation, involving more than ten series of TDCs such as fragmented coal, flax seed coal, scaled coal, and mylonitized coal (Ju et al., 2004; Jiang et al., 2010; Cheng and Lei, 2021). Different tectonic deformation mechanisms have significant effects on the nanopore structure and macromolecular structure of coal (Hou et al., 2012; Pan et al., 2015; Hou et al., 2017; Cheng et al., 2020). TDC has a larger total pore volume (TPV) and total specific surface area (TSSA) than original structure coal (OSC). Pore volume (PV) is mainly contributed by macropores and mesopores. Specific surface area (SSA) is mainly contributed by micropores, where mylonitized coal has the biggest PV and SSA at different pore size stages (Meng et al., 2015; Li et al., 2019a; Mou et al., 2021). In the brittle deformation stage, structural deformation causes the complex micropore structure of coal and poor pore connectivity, and a simple mesopore structure is due to the loss of functional groups and the shrinkage of some mesopore structures under stress. There is still a significant difference in micropore structure during the ductile deformation stage, and the difference in mesopore structure changes from weak to strong, which is related to the formation of large quantities of intermolecular pores, defects, and air pores under the action of strong tectonic stress (Guo et al., 2019; Song et al., 2020b). The brittle deformation coal, while there are more small open pores in ductile deformation coal. Due to poor pore connectivity, the gas adsorption capacity of coal increases, with gas diffusion capacity decreasing (Song et al., 2017a; Song et al., 2020b; Yan et al., 2021). The inner surface of coal pores became rougher as structural deformation increased, the pore structure tended to become more complex as the fractal dimension increased, and the pore structure displayed multi-fractal characteristics, according to fractal theory (Niu et al., 2017; Niu et al., 2019; Wang et al., 2020a). Studies have shown that ductile deformation coal has a higher pore fractal dimension than brittle deformation coal, showing more complex pore structure and increased heterogeneity, which results in increased adsorption capacity, enhanced micropore capillary condensation effect, and prominent desorption hysteresis loop (Zhang et al., 2014a; Wang and Li, 2016; Li et al., 2017). Through low-temperature N2 adsorption (LTAN) and low-pressure CO2 adsorption (LPCA) experiments, Hu et al. (2020) and Cheng et al. (2020) found that super micropore structures smaller than 2 nm accounted for the majority of the total pore specific surface, while methane adsorption capacity increased with the increase of micropore PV and micropore SSA, concluding that super micropore structures smaller than 2 nm were the dominant factor affecting methane adsorption capacity. The production of CBM mainly goes through the processes of drainage depressurization–desorption–diffusion–seepage (Lin et al., 2016; Gao et al., 2020). Maximizing the desorption of gas adsorbed inside the pore space is the most important factor in achieving maximum capacity in CBM wells. One of the most important factors affecting CBM recovery efficiency and the design of a CBM drainage system is the desorption characteristics of CBM (He et al., 2020). Previous studies have shown that the adsorption and desorption of CBM in coal are not fully reversible in most cases, and there is a hysteresis (lag) in adsorption and desorption (Wang et al., 2014; Wang et al., 2016; Ma et al., 2020). In the CBM desorption process, desorption hysteresis is defined as a phenomenon in which the desorption process lags behind the adsorption process due to physicochemical effects like temperature, pressure, moisture, and pore capillary condensation phenomena (Wang et al., 2014; Lin et al., 2016; Xu et al., 2021). Based on the results of previous studies, desorption hysteresis is controlled by various factors with one or more dominant factors for any given coals (Zhang and Liu, 2017; Hou et al., 2020). The physical composition of the coal rock, thermal maturity, pore structure distribution, reservoir temperature, water content, and other factors all have an impact on the desorption hysteresis effect (Wang et al., 2014; Hou et al., 2020; Xu et al., 2021). Methane adsorption/desorption processes in TDCs are not consistent with OSC. Different degrees of desorption hysteresis effects develop in different types of TDCs (Song et al., 2012). The desorption hysteresis mechanisms proposed in the literature include the following: gas adsorbed into the coal matrix or dissolved into the residual moisture (Busch et al., 2003; Wang et al., 2016), irreversible deformation (swelling/shrinkage) (Wang et al., 2020b; He et al., 2020), or thermodynamic (energy barrier) limits on accessibility to pore throats (Ma et al., 2012; Liu et al., 2021). The explanations for the hysteresis mechanism are all directly or indirectly related to the pore structure distribution (Wang et al., 2014; Wang et al., 2016; Xu et al., 2021). The key pore scales influencing the generation of hysteresis in gas desorption from coal, on the other hand, are still poorly understood. The influence of the nonuniform evolution of super micropores smaller than 2 nm on the hysteresis characteristics of adsorption and desorption in TDC is still poorly understood, and the relationship between the pore distribution of super micropores smaller than 2 nm and the hysteresis characteristics of adsorption and desorption is mostly analyzed qualitatively.
Therefore, the author takes medium- and high-rank TDCs and OSC as the research objects conduct CH4 isothermal adsorption/desorption experiments and uses LTNA and LPCA experiments to analyze the pore size distribution (PSD), pore shape (PS) connectivity, PV, SSA, and fractal characteristic of different scales, especially the distribution characteristics of <2-nm super micropores. On a microscopic level, the author discusses the control mechanism of heterogeneous evolution in pore structure during coal deformation against CH4 adsorption/desorption hysteresis characteristics, which is important for understanding the nature of gas adsorption and desorption, and provides a theoretical basis for CBM exploration and development in medium- and high-rank TDCs and OSC distribution areas.
EXPERIMENTAL SAMPLES AND EXPERIMENTAL METHODS
Experimental Samples
Jiaozuo Coalfield and Pingdingshan Coalfield are the main distribution areas of medium- and high-rank CBM resources, with CBM resources exceeding 10–100 billion cubic meters (Cheng and Pan, 2020). China’s coal-bearing basins have a complicated structural evolution. The Late Paleozoic coal-bearing basins of the North China Plate, which have undergone multiple stages of tectonic stress superimposition and transformation such as compression, tension and shear, face deformation, and destruction of coal seam structure, form various types of TDCs widely distributed in Jiaozuo and Pingdingshan mining areas. Therefore, the experimental coal samples were collected from high-rank anthracite (No. WYM) of the Zhongma Mine in Jiaozuo Mining District, as well as medium-rank fat coal (No. FM) of the 12th mine in Pingdingshan Mining District, Henan Province, where both OSC and TDCs are developed in the Late Paleozoic Shanxi Formation coal seam. Concerning the coal structure classification plan in China’s national standard (GB/T 30050-2013), samples of OSC, fragmented coal, flax seed coal, and mylonitized coal were collected. TDC samples correspond to three deformation series: weak brittle deformation coal (WBDC), strong brittle deformation coal (SBDC), and strong ductile deformation coal (SDDC). As shown in Table 1, a 20-g air-dried base coal sample smaller than 0.2 mm was chosen for maximum vitrinite reflectance measurement and industrial analysis following China’s national standards GB/T6948-2008, GB/T212-2008, and so on.
TABLE 1 | Maximum vitrinite reflectance and industrial analysis results.
[image: Table 1]At present, a series of approaches to sort the pore structures in the coal reservoir have been put forward based on the physical adsorption property and capillary condensation theory (Song et al., 2020b; Mou et al., 2021). To better understand the effects of pore structure on gas adsorption capacity and flow capability, this work employs a combined classification for coal pore size from the International Union of Pure and Applied Chemistry (IUPAC) (Thommes et al., 2015; Wang et al., 2021a) and Hodot (Li et al., 2015; Li et al., 2020): supermicropores (<2 nm), micropores (2–10 nm), mesopores (10–50 nm), and macropores (50–100 nm).
Low-Temperature N2 Adsorption Experiment
Experimental Instruments and Methods
The LTNA experiment used the QuadraWin SI SSA and pore size analyzer produced by Quantachrome, United States, with a pore size test range of 0.35–500 nm. The instrument is designed according to the isothermal adsorption principle of the “static adsorption capacity method”. The coal sample was crushed before selecting a coal sample with a particle size of 0.17–0.25 mm. Weigh 3 g on a balance, dry it in the oven, and degas each sample under vacuum. Heat it for 12 h at 105°C. N2 was injected under pressure at a low temperature of 77 K after the coal sample had cooled (Niu et al., 2019). Finally, the instrument supporting software can be used to calculate the PSD, PV, and SSA of the sample for various pore sizes using the BJH, BET, and DFT methods (Li et al., 2019b; Zhang et al., 2019).
Experimental Results
The adsorption isotherm is a concentrated representation of the measurement results of the LTNA experiment, which can reflect the characteristics of PS and PSD in coal. As is shown in Figure 1. The measurement results of PV and SSA of eight samples are shown in Table 2.
[image: Figure 1]FIGURE 1 | N2 adsorption isotherm of fat (A-D) and anthracite coal (E-H) at 77 K.
TABLE 2 | The PV and SSA parameter test results of the medium- and high-rank coal samples.
[image: Table 2]Low-Pressure CO2 Adsorption Experiment
Experimental Instruments and Methods
The LPCA experiment has a similar principle to the LTNA experiment. The QuadraWin SI type SSA and pore size analyzer produced by Quantachrome, United States, was used, and the pore size measurement range was 0.35–2.0 nm. Select sample 2–4 g with a particle size of 0.17–0.25 mm. The experimental process is mainly divided into three steps: drying, degassing, and adsorption–desorption measurement, which is the same as N2 adsorption. The temperature at which CO2 adsorption was measured was 273 K, and the maximum equilibrium pressure was 0.12 MPa. The relative pressure varied between 0 and 0.035 because the saturated vapor pressure of CO2 was 3.48 MPa at this temperature and pressure. Since it is difficult for N2 molecules to enter pores <2 nm, while CO2 molecules can enter pores with a minimum diameter of about 0.35 nm, CO2 adsorption was used to study the distribution of super micropores with pore size <2 nm (Pajdak et al., 2019).
Experimental Results
The measurement results of PV and SSA of eight samples are shown in Table 2, and the CO2 adsorption isotherms of the coal samples are shown in Figure 2.
[image: Figure 2]FIGURE 2 | CO2 adsorption isotherm of fat (A-D) and anthracite coal (E-H) at 273 K.
CH4 Isothermal Adsorption/Desorption Experiment
Experimental Instruments and Methods
The isotherm adsorption/desorption experiment adopted the IS-300 isotherm adsorption/desorption instrument produced by Terra Tek, United States. Sample pretreatment is the preparation of samples with equilibrium moisture (Me/%). First, the test samples were crushed to 0.17–0.25 mm, and then a small sprayer was used to spray distilled water on the coal sample for pre-wetting. After a thorough mixture, spread the pre-wet coal sample flat in a low-flat open pan and place it in a thermostat with a temperature of 30°C and relative humidity of 97%–98%. Every day, the samples were weighed until the sample weight remained essentially unchanged after 2 days. Then, under 30°C equilibrium moisture, conduct an isothermal adsorption/desorption experiment. The experiment used CH4 as the adsorbate gas, which had a purity of 99.99%. The maximum pressure in the experiment was 12 MPa, while the equilibrium pressure was 10 MPa. Six equilibrium adsorption pressure points and nine desorption pressure points were set, with the equilibrium time of each pressure point at 12 h.
Experimental Results
The isothermal adsorption/desorption curve measured in the experiment is shown in Figure 3. The Langmuir adsorption model is widely used to characterize the adsorption behavior of CH4 (Meng et al., 2015; Hou et al., 2020). According to GB/T 19560-2008, under certain temperature and adsorbate, the adsorption capacity of coal against CH4 gas can be described by Langmuir equation, which is
[image: image]
where P is the gas pressure (MPa); V is the adsorption capacity under pressure P (cm3/g); VL is the maximum adsorption capacity, also known as Langmuir volume (cm3/g); and PL is the Langmuir pressure (MPa), which refers to the pressure value when the adsorption capacity reaches 1/2 of VL.
[image: Figure 3]FIGURE 3 | Adsorption–desorption isotherm of fat (A-D) and anthracite coal (E-H) at 30°C.
Generally speaking, VL reflects the ultimate adsorption capacity of coal reservoirs, while PL represents the difficulty level of gas desorption. Smaller PL, greater VL, and higher curvature of the adsorption isotherm mean stronger gas adsorption capacity (Wang et al., 2014; Xu et al., 2021). According to Eq. 1, the VL, PL, and the correlation coefficient, R2, of the adsorption curve and the desorption curve are calculated respectively, as shown in Table 3.
TABLE 3 | The VL and PL by CH4 adsorption–desorption isotherm for samples.
[image: Table 3]RESULTS AND DISCUSSION
Pore Shape Analysis
Due to the different physical properties of porous media solids and adsorbed gas, the gas adsorption isotherms of porous media solids present different types. The gas adsorption isotherms of porous solid solids have been summarized and concluded by the IUPAC, and they have been divided into eight isotherm types (I–VI) (Thommes et al., 2015). Coal is a complex disordered carbon material with super micropores to macropores, according to the IUPAC standard. The adsorption process can be divided into micropore filling, single-layer adsorption, multi-layer adsorption, and capillary condensation (Hu et al., 2020; Liu et al., 2021).
The LTNA isotherms of fat OSC and different types of TDCs are shown in Figures 1A–D. It can be seen that the shape of the adsorption isotherm is a combination of type II and IV(a) curves. When the relative pressure (P/P0) < 0.8, the curve rises slowly, transiting from micropore filling and monolayer adsorption to multi-molecular layer adsorption. As the P/P0 increases, the adsorption capacity increases slowly. When the P/P0 > 0.8, capillary agglomeration occurs and the gas adsorption capacity increases sharply, indicating that the coal contains a considerable number of micropores and super micropores. As shown in Figures 1E–H, it can be seen that the shape of anthracite adsorption isotherm is also a combination of type II and IV(a) curves. The adsorption curve almost linearly rises at the lower P/P0 (0–0.15), indicating micropore filling. It has a higher proportion of super micropores than medium-rank fat coal. As the P/P0 increases, the number of molecules arranged in the monolayer of the micropores increases, and multi-layer adsorption occurs where surface tension is concentrated, with the adsorption layer thicker and the curve rising. When the P/P0 exceeds 0.8, capillary condensation appears in the mesopores, with adsorption capacity gradually increasing. SDDC samples has significantly greater adsorption capacity than SBDC, WBDC, and OSC under the condition of dry coal sample, as measured by the total adsorption capacity of the longitudinal axis, which is consistent with the analysis results in the literature (Cheng and Hu, 2021).
According to the IUPAC classification standard, the hysteresis loop in the gas adsorption isotherm can be divided into six categories (H1–H5) (Thommes et al., 2015). The nano-scale PS in coal can be predicted by the hysteresis loop pattern in the gas adsorption isotherm, which is also a widely used practice at present (Li et al., 2019b; Song et al., 2020b; Mou et al., 2021). As shown in Figure 1, after the adsorption process ends, desorption begins and the adsorption loop of each coal sample produces a certain “hysteresis loop”. The adsorption loops of OSC (FM-1, Figure 1A), WBDC (FM-2, Figure 1B), and SBDC (FM-3, Figure 1C) samples for medium-rank fat coal are a combination of type H1 and H4 curves. Whereas the adsorption loop in the mesopore stage is of the H1 type, the adsorption loop in the micropore stage is of the H4 type, which is consistent with OSC, fragmented coal findings in the literature (Song et al., 2017b). Under P/P0 < 0.8, the adsorption and desorption curves are almost parallel, belonging to the H4 type due to the filling of micropores. After P/P0 > 0.8, the adsorption and desorption curves present an obvious upward trend. Because of the mesoporous multi-molecular layer adsorption, the curves rise sharply as P/P0 approaches 1.0, indicating that they are of the H1 type. The hysteresis loop as a whole is small and close to the reversible adsorption and desorption state. The PS corresponds to a cylindrical pore with one end closed, a wedge-shaped pore with one end closed and a tapered pore with one end closed. Meanwhile, it contains some cylindrical pores open at both ends and parallel plate-shaped pores open on four sides (Guo et al., 2017). The adsorption loop of fat SDDC is also a combination of type H1 and H4 curves. The desorption curve exhibits a clear inflection point when the FM-4’s P/P0 is approximately 0.5. The desorption branch rapidly decreases when the P/P0 is slightly lower than the inflection point, indicating that there are many ink bottle-shaped pores similar to the H1 type with one end open (Jiang et al., 2011). For high-rank anthracite (Figures 1E–H), the adsorption and desorption curves are irreversible, almost parallel within the entire relative pressure range and corresponding to cylindrical pores open at both ends and parallel plate-shaped holes open on four sides. The PS of fat coal differs significantly from this. The most obvious thing is that the hysteresis loop does not close at low P/P0. This is not the case with medium-rank fat coal. Similar occurrences have been reported in the literature (Nie et al., 2015; Zhang et al., 2019). It shows that high-rank anthracite has greater residual adsorption capacity than medium-rank fat coal, with more developed super micropores and micropores not easy to desorb. Table 2 also confirms this analysis result. As a result, during the adsorption process, gas molecules enter super micropores, causing inelastic expansion and deformation of the coal matrix or gas molecules in pores with similar widths to adsorbate molecules to exhibit irreversible absorption. It can be seen from Figure 1 that, under the same deformation degree, as the metamorphism increases, the semi-closed pores in the micropore stage evolve into open pores, resulting in better pore connectivity.
Figure 2 shows the CO2 adsorption isotherms of eight samples at 273 K. The shape of the CO2 adsorption isotherm is also a combination of type II and IV(a) curves. As P/P0 increases, coal samples have a higher CO2 adsorption capacity. It can be seen from Figure 2 that regardless of fat coal or anthracite, there is no overlapping in the adsorption curve and desorption curve. The adsorption loop is the type H4 curves. A desorption hysteresis loop is also present, with pore shapes corresponding to cylindrical pores open on both ends, parallel plate-shaped pores open on four sides, and ink bottle-shaped pores. Analysis suggests that “ink bottle-shaped pores” at the super micropore (<2 nm) segment can be regarded as a combination of a smaller-size cylindrical pore open at both ends and a spherical pore (plant tissue pore, air pore, and macromolecular structure pore). Literature (Efremov and Fenelonov, 1989; Sang et al., 2005; Song et al., 2017b) also believes that such “combination ink bottle-shaped pores” may be more dominant.
The Pore Volume, Specific Surface Area, and Pore Size Distribution
The Pore Volume and Specific Surface Area
The LTNA and LPCA method can be used to quantitatively characterize PV, SSA, and PSD of coal. Due to the N2 activation and diffusion effect, N2 cannot enter super micropores <2 nm. As a result, the LTNA method is suitable for the measurement of pores with a pore size of 2–100 nm (Wang et al., 2021b; Yan et al., 2021). CO2 molecules are smaller than N2 molecules, which have a faster diffusion rate, with high saturation pressure (P0 = 26,142 mm Hg) at 273 K, making it easier to collect micropore filling data at a lower relative pressure. Therefore, the CO2 adsorption curve at 273 K can provide PSD information of samples with super micropores <2 nm (Cheng et al., 2020; Wang et al., 2021b). The PV and SSA results of super micropores, micropores, mesopores, and macropores are shown in Table 2 and Figure 4.
[image: Figure 4]FIGURE 4 | Changes in PV and SSA at different pore segments.
From Table 2 and Figure 4, the TPV of fat coal ranges from 0.01422 to 0.02471 cm3/g, and the proportion of super micropores ranges from 54.99% to 62.17%. The TPV of anthracite ranges from 0.06432 to 0.09001 cm3/g, and the proportion of super micropores ranges from 61.67% to 77.92%. The TSSA of fat coal ranges from 63.458 to 83.114 m2/g, and the proportion of super micropores ranges from 95.15% to 96.76%. The TSSA of anthracite ranges from 181.199 to 268.4449 m2/g, and the proportion of super micropores ranges from 94.29 to 96.97%. The super micropores occupy the vast majority of PV and SSA, with SSA being more prominent. With increasing deformation and metamorphism degree, mesopore PV and micropore PV increase. With increasing deformation and metamorphism degree, micropore SSA and super micropore SSA and TSSA increase. Metamorphism has a greater impact on PV and SSA than deformation.
Pore Size Distribution Characteristics
Figures 5A–D show the changes of PV and SSA per unit pore segment as measured by the LTNA method. For medium-rank fat coal, when the pore size D < 100 nm, dV/dD increases significantly with the increasing deformation degree, and SDDC (FM-4) exhibits the most significant change (Figure 5A). When D < 10 nm, dA/dD increases significantly with the increasing deformation degree, and SDDC (FM-4) exhibits the most significant change (Figure 5B). For high-rank anthracite, when D < 10 nm, dV/dD and dA/dD increase rapidly as the pore size decreases and the SDDC (WYM-4) exhibits the highest growth rate (Figures 5C,D). According to the findings, the deformation effect is more pronounced on the PV and SSA of various types of TDCs, as well as the OSC of medium-rank fat coal. However, when viewed along the longitudinal axis, the dV/dD and dA/dD increase rates of high-rank anthracite are more than 10 times those of medium-rank fat coal when deformed to the same degree, indicating an inherited development based on metamorphism from medium-rank fat coal to high-rank anthracite. That is, as the metamorphism and deformation degree increase, the coal pore structure exhibits the characteristics of differential and inherited evolution.
[image: Figure 5]FIGURE 5 | Change of dV/dD and dA/dD as measured by LTNA (A–D) and LPCA (E–H).
Figures 5E–H show the change of dV/dD and dA/dD as measured by the LPCA experiment. When D < 2 nm, dV/dD and dA/dD curve change presents an “M” bimodal type, the left peak contains a slightly larger range of pore sizes than the right peak, and the increments of dV/dD and dA/dD are mainly concentrated in the two pore segments of 0.45–0.70 nm and 0.70–0.90 nm, but the dV/dD and dA/dD of medium-rank fat coal fluctuate greatly in the pore segment 0.70–0.90 nm. When D < 2 nm, dV/dD and dA/dD first increase and then decrease as the pore size decreases, followed by an increase and further decrease, showing the most significant changes in SDDC (FM-4, WYM-4). The increase rate of dV/dD and dA/dD of anthracite under the same deformation degree is more than 2–3 times that of fat coal, as measured by the magnitude of the longitudinal axis. The effect of metamorphism on the dV/dD and dA/dD of the super micropore is reduced when compared to the 10-fold growth rate of micropore (Figures 5A–D), whereas the effect of deformation on super micropores is increased, where ductile deformation exerts a significantly greater effect on super micropores than brittle deformation.
Heterogeneous Fractal Characteristics
Fractal Calculation Model
Studies have shown that, due to the complexity and randomness of the pore structure in coal, there are obvious statistical fractal characteristics. Fractal dimension d value is generally between 2 and 3 (Song et al., 2020b; Mou et al., 2021). The fractal dimension calculation based on the experimental data of LTNA mainly targets the adsorption pores (2 < D < 100 nm). According to the measurement results of the LTNA data, the fractal FHH model is selected for calculation (Song et al., 2017a; He et al., 2020), as shown in Eq. 2:
[image: image]
where P is the equilibrium pressure of gas adsorption, MPa; P0 is the saturated vapor pressure of gas adsorption, MPa; V is the volume of gas molecules adsorbed at equilibrium pressure P, cm3/g; and di is the fractal dimension of the ith pore segment, dimensionless. By plotting a scatter diagram with [image: image] and [image: image] fitting a straight line, the slope K is obtained, i.e., di = 3 + K.
The fractal of super micropores is characterized based on the LPCA experiment. Jaroniec et al. found that the PSD function J(x) and the pore radius x display an obvious linear relationship in the double logarithmic curve under the scale of 0.1–2.0 nm, as shown in Eq. 3 (Jaroniec et al., 1993):
[image: image]
where x is the radius of super micropores, nm; and d4 is the fractal dimension, dimensionless.
If the pore radius x of the super micropore meets x = x(z), where x(z) is a monotonically increasing function of z, then:
[image: image]
where z is the reciprocal of characteristic energy E0. F(z) is the normalized distribution function of z, and Gamma function is usually used to express the heterogeneity of super micropore:
[image: image]
where ρ and v are the relevant parameters of the F(z) distribution function; ρ is a scale parameter, kJ/mol; and v is a shape parameter, which is dimensionless. ρ > 0, v > 0, Γ(x) is a Gamma function, and its expression is:
[image: image]
According to the D–R equation (Nie et al., 2015), the micropore filling degree θ1 can be calculated. Jaroniec et al. proposed that the adsorption characteristics of micropores in heterogeneous solids obey the following integral form (Jaroniec et al., 1990):
[image: image]
where β is the CO2 affinity coefficient, β = 0.38, and z is the function of the characteristic energy E0 in the D–R equation.
By combining Eq. 5 and Eq. 7, we get:
[image: image]
Since z is a function of the characteristic energy E0, E0 is related to the super micropore size x. Therefore, F(z) and J(x) present a certain functional relationship. Stoeckli et al. found the following relationship between x and z (Stoeckli et al., 1989):
[image: image]
By combining Eqs 4, 5, 9, we obtain the expression of J(x):
[image: image]
Variation Characteristics of Fractal Dimension
According to Eqs 2–10, Figures 6, 7 show the statistical relationship of eight samples based on LTNA and LPCA experiment data. Fractal dimensions of macropores (50–100 nm), mesopores (10–50 nm), micropores (2–10 nm), and super micropores (<2 nm) are recorded as d1, d2, d3, and d4, respectively, as shown in Table 4.
[image: Figure 6]FIGURE 6 | Statistical relation between [image: image] and [image: image] of fat (A-D) and anthracite coal (E-H) by LTNA.
[image: Figure 7]FIGURE 7 | Plots of lnx vs. lnJ(x) of fat (A-D) and anthracite coal (E-H) reconstructed from LPCA.
TABLE 4 | Fractal dimension of pore distribution obtained by LTNA and LPCA.
[image: Table 4]The variation in di value of different pore segments with metamorphism and deformation is shown in Table 4. It can be seen that the fractal dimension of anthracite ranges from 2.681 to 2.956 and that of fat coal ranges from 2.469 to 2.729, indicating that the pore complexity and surface roughness increase with the increasing metamorphism degree. The pore complexity and surface roughness of micropores (d3) increase with the increasing deformation degree. It can be seen that fractal dimensions of macropores (d1), mesopores (d2), and super micropores (d4) present different change laws from PV and SSA (Figure 4). The analysis shows that brittle and ductile deformation have an all-around influence on the pore complexity and surface roughness. Fractal dimension is a comprehensive manifestation of changes in PV, SSA, and PS.
Adsorption and Desorption Hysteresis Characteristics
Adsorption and Desorption Characteristics
As shown in Figure 3, the isothermal adsorption–desorption curve of eight samples presents a very similar change trend on the whole. The adsorption capacity increases as pressure increases; the rate of growth is faster at lower pressure and significantly slower at higher pressure. Table 3 shows that the adsorption and desorption isotherm data of eight samples fit well with the Langmuir equation, and the correlation coefficient R2 is greater than 98.60%, indicating that the adsorption and desorption characteristics of the eight samples concerning CH4 obey the Langmuir equation, and thus it is reasonable to use this equation for description. Fu et al. conducted isothermal adsorption experiments on the 184 medium-rank coal samples (Ro,max = 0.65%–2.50%) under Me conditions and concluded that when the maximum pressure and maximum temperature are not higher than 12 MPa and 50°C, CH4 adsorption by medium-rank coal accords with the Langmuir equation (Fu et al., 2008). It can be seen from Table 3 that the Ad-VL value in the adsorption process of TDCs and OSC of fat coal is between 13.68 and 21.77 cm3/g; Ad-PL value ranges between 2.36 and 2.57 MPa. The maximum adsorption capacity Ad-VL of medium-rank fat coal decreases as the degree of deformation increases, whereas Ad-PL value increases and then decreases as the degree of deformation increases. The De-VL value ranges between 12.93 and 20.16 cm3/g in the desorption process; the De-PL value ranges between 1.64 and 1.84 MPa, presenting the same change law as the adsorption process. The Ad-VL value in the adsorption process of TDCs and OSC of anthracite ranges between 28.08 and 32.68 cm3/g; the Ad-PL value varies between 3.08 and 3.53 MPa. The utmost adsorption capacity Ad-VL of TDCs and OSC of anthracite first decreases and then increases as the deformation degree increases, while the Ad-PL value first increases, then decreases, and then increases as the deformation degree increases. The De-VL value of the desorption curve ranges between 25.56 and 31.34 cm3/g; the De-PL value varies between 2.03 and 2.94 MPa, presenting the same change law as the adsorption process. The De-VL and De-PL values fitted by the desorption curve are smaller than the Ad-VL and Ad-PL values fitted by the adsorption curve. This test result is consistent with previous research findings (Zhang et al., 2014b). According to Hu et al., the CH4 adsorption capacity of coal is determined by both micropore volume distributions and external surface areas (Hu et al., 2020). To investigate the relationship between Ad-VL and pore structure and equilibrium moisture, according to Tables 2, 3, we calculated the relationship between Ad-VL and PV and SSA of super micropore with the highest proportion, TPV and TSSA, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Relationship between adsorption curve Ad-VL and PV, pore SSA, and Me.
It can be seen from Figure 8 that the maximum adsorption capacity Ad-VL of eight samples is not strictly positively correlated with the super micropore PV, super micropore SSA, TPV, and TSSA. It can be seen that at 30°C, the Me content of fat coal is in increasing order as that of FM-1 (OSC), FM-2 (WBDC), FM-3 (SBDC), and FM-4 (SDDC). As the degree of deformation increases, so does the Me content of coal. The Me content of anthracite increases in the same order as that of WYM-1 (OSC), WYM-3 (SBDC), WYM-4 (SDDC), and WYM-2 (WBDC). As the degree of deformation increases, the Me content of coal tends to first increase, then decrease, and then increase. Studies have shown a competitive adsorption relationship between Me and CH4 on the matrix surface. Me occupies the effective adsorption sites on the coal matrix surface, resulting in decreased methane adsorption. Less than a 1% increase of water saturation in the matrix can reduce adsorption capacity by 25%, and 5% equilibrium moisture saturation will even cause a 65% loss of adsorption capacity (Krooss et al., 2002; Qin et al., 2005; Zhang et al., 2014a). The experiment results show that tectonic stress changes the pore structure of different metamorphic and deformed coals, resulting in different Me contents and thus varying methane adsorption. According to the results of the analysis, the adsorption–desorption characteristics of medium- and high-rank TDCs and OSC are the result of the combined effect of the TDC’s unique pore structure and different moisture contents.
Adsorption and Desorption Hysteresis Evaluation Model
In engineering practice, the mining of CBM involves a desorption process. As a result, it is critical to concentrate on the issue of CBM desorption and the concept of desorption hysteresis. Wang et al. proposed a quantitative evaluation index for understanding the effect of absorption hysteresis—improved hysteresis index (IHI value). As shown in Figure 9 and Eq. 11, the adsorption and desorption hysteresis evaluation model can be used to calculate the degree of adsorption and desorption hysteresis quantitatively (Wang et al., 2014; Wang et al., 2016).
[image: image]
where IHI is the improved hysteresis index, dimensionless; Ahy is the measured area of the hysteresis area; Ahf is the ideally completely irreversible hysteresis area; and Asf is the ideally completely irreversible adsorption area. When IHI = 0, adsorption and desorption are completely reversible; when IHI approaches 1, adsorption and desorption tend to be completely irreversible.
[image: Figure 9]FIGURE 9 | Illustration of improved hysteresis index (IHI) (Wang et al., 2016).
In this experiment, the adsorption/desorption isotherm has relatively poor consistency, the adsorption/desorption is irreversible, and there is a desorption hysteresis (Figure 3). According to Eq. 11, the IHI values of eight samples were calculated. At the same time, we calculated the error in Langmuir volume VL solved by adsorption data and desorption data, with results shown in Table 3.
As shown in Table 3, under 30°C equilibrium moisture, the IHI value of fat coal tends to first increase, then decrease, and then increase with the increase of the deformation degree; under 30°C equilibrium moisture, the IHI value of anthracite tends to first increase and then decrease with the increase of deformation degree. The IHI value follows the same relative error change trend as the Langmuir volume VL, which is calculated using adsorption and desorption data. As a result, increasing moisture reduces total adsorption capacity first, while moisture in the coal also hinders methane molecule desorption, resulting in a higher IHI (Wang et al., 2014; Hou et al., 2020; Xu et al., 2021).
The Effect of Pore Structure on the Hysteresis Characteristics of Adsorption and Desorption
Coal contains pore structures of different genesis, sizes, shapes, and connectivity, including pores of different genesis such as primary pores, exogenous pores, metamorphic pores, mineral pores, pores with different pore sizes ranging from super micropores (<2 nm) to macropores (>100 nm), and pores of different shapes such as ink bottle-shaped pores, flat-shaped pores, cylindrical pores, and slit-shaped pores (Song et al., 2020b; Mou et al., 2021). The decrease in external pressure breaks the dynamic balance of adsorption/desorption in CBM wells during pressure reduction and desorption. CH4 adsorbed in macropores and mesopores of the coal matrix is first desorbed, followed by CH4 desorbed in micropores and super micropores due to the concentration difference. Studies have shown that ink bottle-shaped pores have the strongest adsorption capacity against methane, followed by slit plate-shaped pores, cylindrical pores, and wedge-shaped pores (Wu et al., 1991; Ma et al., 2020). “Ink bottle-shaped pores” of the super micropore (<2 nm) segment can be regarded as a combination of a smaller-sized cylindrical pore open at both ends and a spherical pore (Efremov and Fenelonov, 1989; Sang et al., 2005; Song et al., 2017b). Such combination flask pore is likely to exist in large quantities, and the small pore throat (concentrated in the two pore segments of 0.45–0.70 nm and 0.70–0.90 nm) has a great binding capacity against methane, making desorption more difficult.
As shown in Figure 10, it can be seen that the IHI value of different types of TDCs and OSC has the same change trend as super micropore (<2 nm) fractal dimension d4, indicating that IHI is closely related to the complexity and irregularity of super micropores. The presence of large quantities of super micropores is the key factor affecting the degree of gas desorption hysteresis. By analyzing the explanation of this phenomenon in different documents and combining the discussion of the experimental results (Ma et al., 2012; Wang et al., 2014; Wang et al., 2016; Pan et al., 2019; He et al., 2020; Xu et al., 2021), it is believed that the key reason for the hysteresis of gas desorption in medium and high-rank coal lies in the “ink-bottle effect”, which specifically includes blockage of pore throat due to various reasons, such as capillary condensation blockage of adsorbed gas (Figure 11A), condensation blockage of water molecules (Figure 11B), impurity blockage (Figure 11C), gas cavitation effect (Figure 11D), adsorption deformation (coal matrix adsorption-induced expansion deformation) (Figure 11E), and pore network effect of the desorption path (Figure 11F). As a result, in addition to increasing the permeability of coal fractures, some novel methods for increasing desorption and diffusion rate at the super micropore scale should be considered for CBM development.
[image: Figure 10]FIGURE 10 | Relationship between IHI value and fractal dimension under each pore segment.
[image: Figure 11]FIGURE 11 | Schematic diagram of the mechanism affecting the hysteresis of adsorption and desorption. [Blockage (A-C); Gas cavitation effect (D); Adsorption deformation (E), Pore network effect (F)].
CONCLUSION

(1) Multi-scale PS analysis of medium- and high-rank fat coal and anthracite shows that the shape of N2/CO2 adsorption isotherm is a combination of type II and IV(a) curves, and the adsorption loop is a combination of type H1 and H4 curves. Super micropores are mainly “combination ink bottle-shaped pores”, which contain a certain number of open pores. As the degree of metamorphism and deformation increases, pores with D > 2 nm have better connectivity, while pores with D < 2 nm have poorer connectivity.
(2) The super micropores occupy the vast majority of PV (54.99%–77.92%) and SSA (94.29%–96.97%), and are more pronounced in the SSA. The micropore SSA and super micropore SSA and TSSA increase with the increase of deformation and metamorphism degree. When D < 2 nm, the PSD curve change presents an “M” bimodal type, mainly concentrated in two pore segments of 0.45–0.70 nm and 0.70–0.90 nm, and there is a reduced effect of metamorphism on the dV/dD and dA/dD of the super micropore, while there is an increased effect of deformation, where ductile deformation exerts a significantly greater effect on super micropores than brittle deformation.
(3) Fractal dimension of anthracite ranges from 2.681 to 2.956, fat coal ranges from 2.469 to 2.729, and the pore complexity and surface roughness increase with the increasing metamorphism degree. The fractal dimension (d3) of micropores increases as the degree of deformation increases. The results show that both brittle and ductile deformation have an impact on pore complexity and surface roughness. Fractal dimension is a comprehensive manifestation of changes in PV, SSA, and PS.
(4) Under Me conditions, Ad-VL does not show a strict positive correlation with super micropore PV and SSA, TPV, and TSSA. The adsorption–desorption characteristics are the result of the combined effect of the TDC’s unique pore structure and different moisture contents. The IHI value has the same change trend as super micropore (<2 nm) fractal dimension d4, which is closely related to the complexity and irregularity of super micropores.
(5) The presence of a large number of super micropores is the most important factor influencing the degree of gas desorption hysteresis. The “ink-bottle effect” has been identified as the primary cause of coal gas desorption hysteresis, which includes pore throat blockage due to a variety of factors [capillary condensation blockage of adsorbed gas, condensation blockage of water molecules, impurity blockage, gas cavitation effect, adsorption deformation (coal matrix adsorption-induced expansion deformation), and pore network effect of the desorption path]. Some novel methods to increase desorption and diffusion rate at the super micropore scale should be considered for the CBM development.
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Note: Langmuir volume fitted by adsorption curve (Ad-\.); Langmuir pressure fitted by adsorption curve (Ad-P,); Langmuir volume fitted by desorption curve (De-V,); Langmuir pressure
fitted by desorption curve (De-P,).
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