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The regulation of pore structure on methane adsorption and free state in tectonically deformed coals directly affects the efficiency of coalbed methane extraction and coal mine safety. In this paper, we systematically characterised the full-size pore structure of different deformed coals (primary, brittle and ductile) in Huaibei mining area by integrating mercury intrusion, low-temperature nitrogen adsorption, carbon dioxide adsorption and methane isothermal adsorption, quantified the pore dynamics evolution law by combining with the fractal theory, and resolved the adsorption mechanism. The results show that: (1) the coal mainly consists of micropores (17.0–45.9%) and macropores (46.8–76.9%), with fewer mesopores (1.6–7.3%). With the intensification of tectonic deformation, the volume of micropores and macropores increased by 0.013 cm3/g and 0.097 cm3/g, respectively, and the specific surface area increased by ∼40 m2/g and <2 m2/g, respectively. Fractal analysis showed that macroporous complexity (D1) decreased while microporous complexity (D3) increased during ductile deformation; (2) microporous parameters (volume, specific surface area) dominated methane adsorption capacity (R2 > 0.7), while macroporous enlargement (up to 0.108 cm3/g) exacerbated the risk of free methane enrichment; (3) Brittle deformed coal is suitable for coalbed methane development due to microporous optimisation, while ductile deformed coal requires enhanced gas prevention and control due to free gas enrichment in large pores. The study reveals the dynamic correlation mechanism of ‘pore evolution, adsorption/free gas and disaster risk’ under the tectonic deformation gradient, which provides theoretical support for the efficient development and safe exploitation of coalbed methane.
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1 INTRODUCTION
Coal bed methane (CBM), primarily composed of methane, is a hydrocarbon gas found in coal seams and represents an important non-conventional energy source while also being a significant factor contributing to coal and gas outbursts (Moore, 2012; Zhang C. et al., 2019). It primarily exists in a free phase within macropores and fractures, or in an adsorbed state on the surfaces of micropores and mesopores (Zou et al., 2015; Zhang et al., 2018). Due to the multiple tectonic movements experienced by various basins in China, coal seams have undergone varying degrees of tectonic deformation (Pan et al., 2016; Ju et al., 2018; Yu S. et al., 2018), resulting in the extensive development of different types of tectonically deformed coal across the country. Tectonically deformed coal may have formed due to a combination of brittle, shear/transitional, and ductile deformations (Ju et al., 2005), along with the tectonic stresses commonly associated with geological processes. It is widely accepted that brittle deformed coal is linked to high-quality coalbed methane development areas, whereas ductile deformed coal is associated with regions that have a high incidence of coal and gas outbursts (Qu et al., 2017; Song et al., 2017b; Yu et al., 2017; Yuan et al., 2017). Therefore, studying the occurrence of adsorbed and free methane in tectonically deformed coal has significant theoretical and practical implications for coalbed methane production and coal mine safety.
The differences in coal formed under various deformation environments can be attributed to the internal heterogeneity and pore structure, which includes pore size distribution (PSD), pore volume, and specific surface area. These factors significantly influence coalbed methane exploration and the occurrence of gas outbursts (Fu et al., 2009; Yao et al., 2009; Song et al., 2019). Consequently, extensive research has been conducted over the past few decades on the heterogeneity of pore structures in tectonically deformed coal (Li et al., 2012; Xu et al., 2014; Li et al., 2015; Pan et al., 2015; Song et al., 2017a). Recent studies have shown that tectonic deformation has a more significant effect on the evolution of nanopore structure compared to magmatic thermal action (Ju et al., 2005). For example, tectonic stress can significantly increase the total pore volume and change the distribution characteristics of pores at different scales (Liu et al., 2015). Zhu et al. (2020) demonstrated through strain adsorption experiments that micropores, mesopores, and transitional pores predominantly govern the adsorption properties of coal. Analysis of nanopore structures using gas adsorption methods and scanning electron microscopy (SEM) indicates that gas adsorption is more closely related to the specific surface area of the pores than to the mineral composition (Wang et al., 2016; Zhou et al., 2018; Liu et al., 2019). Methane adsorption behavior varies according to pore type; specifically, adsorption in elemental particle pores is influenced by specific surface area (SSA), while adsorption in molecular structure pores depends on pore volume. The relationship between Langmuir volume and pore parameters shows that micropore volume and vitrinite reflectance collectively influence gas adsorption (Moore, 2012; Chen et al., 2017; Li et al., 2023). The micropore filling theory model further quantifies the adsorption characteristics of methane within the pore size range of 0.38–1.5 nm (Hu et al., 2020; Liu et al., 2024; Zhang et al., 2025), and quantitatively differentiates between micropore filling and external surface adsorption (Cheng and Hu, 2021). This theoretical framework integrates molecular dynamics models with multilayer adsorption calculations based on the specific surface area of coal and non-local density functional theory (NLDFT) analyses of pore size distribution. By incorporating molecular dimensions of N2 and CO2 and fitting Langmuir models for CH4 adsorption under high- and low-pressure conditions, the methane adsorption capacity is rigorously validated (Cheng and Hu, 2021; Fu et al., 2023; Hu et al., 2021). Furthermore, while traditional micropore filling theory posits a close match between coal matrix pore channels and CH4 molecular dimensions, recent studies challenge this paradigm by proposing that stable accommodation of methane within micropores requires a specific equilibrium distance. This distance exhibits a positive correlation with organic matter content in coal (Fu et al., 2024), thereby providing novel insights into pore-composition coupling mechanisms.
Despite extensive research on pore structure and gas adsorption in coal, controversy remains regarding the primary factors affecting methane adsorption capacity. Existing studies predominantly focus on static pore characteristics or the effects of isolated deformation types on coal reservoirs, lacking systematic analysis of the dynamic evolution mechanisms of pore structures under tectonic deformation gradients (e.g., primary coal→brittle→ductile deformed coal). Controversies persist regarding the synergistic roles of micropores and macropores in methane adsorption and free gas storage, while engineering practices lack robust criteria for gas outburst risk classification across differentially deformed coals. To address these gaps, this study integrates mercury intrusion porosimetry (MIP), low-temperature nitrogen adsorption (LTNA), CO2 adsorption, and methane isothermal adsorption experiments to systematically characterize full-aperture pore structures. Fractal theory is employed to quantify pore complexity, and results are correlated with methane adsorption capacity. Key innovations reveal that tectonic deformation significantly enhances micropore volume and specific surface area while macropores exhibit volumetric expansion but structural simplification, as evidenced by inverse evolutionary patterns in fractal dimensions. Furthermore, micropore parameters strongly correlate with methane adsorption capacity, whereas macropore enlargement promotes free methane accumulation, elevating gas outburst risks. These findings propose brittle deformed coal as a favorable target for CBM exploitation due to optimized micropores, while ductile deformed coal requires enhanced gas hazard mitigation due to macropore-dominated free gas reservoirs, thereby advancing the understanding of the “deformation-pore-adsorption-hazard” dynamic interplay.
2 SAMPLES AND EXPERIMENTS
2.1 Samples
The Huaibei mining area is located at the southeastern margin of the North China Plate (Figure 1a) and is influenced by the subduction and collision between the South China and North China Plates, as well as by the subduction of the Pacific Plate. The Carboniferous-Permian coal-bearing strata in the region underwent complex tectonic evolution during the Mesozoic, characterized by a network of east-west and north-northeast trending major faults, resulting in a block faulting structure (Zheng et al., 2021) (Figure 1b). Consequently, the Huaibei mining area has become one of the most severely affected regions in China regarding coal and gas outbursts (Ju et al., 2005; Jiang et al., 2010). Samples were collected from the southeastern Qingdong coal mine in the Huaibei mining area (Figure 1c), where small normal faults oriented NWW, NNE, and NNW are developed, and various types of tectonically deformed coal are widely present.
[image: Figure 1]FIGURE 1 | (a) Location of the Huaibei mining area in China; (b) Tectonic framework of the Huaibei mining area; (c) Location of the Qingdong coal mine and surrounding structural lines [Modified from Zheng et al. (2021)].
The pore structure and adsorption/desorption properties of coal are influenced by various geological factors (Li et al., 2022). To emphasize the effects of tectonic deformation, a rigorous sampling methodology was employed to eliminate the influence of extraneous factors on the results. Sampling points were selected to avoid areas of magmatic intrusion and geological formations, thereby reducing the impact of coal maturity and thermal metamorphism. Tectonically deformed coal and pristine coal samples were collected from the same stratigraphic level within the same region to mitigate the influences of coal formation age and environmental conditions. Samples were obtained from the newly exposed No. 7 coal seam of the Lower Shihezi Formation in the Qingdong coal mine. Based on classification criteria related to deformation characteristics and structure (Ju et al., 2004), five representative samples were chosen to identify the deformation series (brittle, brittle-ductile transitional, and ductile) and the types of tectonically deformed coal. Through the analysis of macro- and micro-deformation structures and characteristics, the coal types were classified as Primary coal (MT01), Granulitic coal (MT02), Scaly coal (MT03), and Mylonite coal (MT04, MT05) (Figure 2).
[image: Figure 2]FIGURE 2 | Macroscopic structural deformation of coal samples. (a), Primary coal; (b), Granulitic coal; (c), Scaly coal; (d,e), Mylonite coal.
The coal samples were classified as medium-rank bituminous coals with medium–high volatile content, based on proximate analysis and vitrinite reflectance measurements performed in accordance with national standards GB/T212–2008 and GB/T6948-2008. Analytical results (Table 1) indicate that the maximum vitrinite reflectance (Ro, max) ranges from 1.23% to 1.34%, while volatile matter content (Vad) varies between 24.51% and 26.32%. The narrow Ro, max range and consistent medium metamorphic grade effectively minimize the confounding effects of thermal maturation on pore structure evolution and gas adsorption/desorption behavior. Previous studies have demonstrated that structural stress predominantly governs nanopore development in medium-rank tectonically deformed coals (Wang et al., 2022), establishing a robust foundation for investigating pore structure-controlled adsorption/desorption mechanisms. Consequently, the selection of medium-rank deformed coals as the primary research subject aligns with the objectives of isolating deformation-driven pore dynamics from thermal metamorphic influences.
TABLE 1 | Basic properties of tectonically deformed coals.
[image: Table 1]2.2 Experimental methods
2.2.1 Mercury injection porosimetry
The pore size distribution of materials, particularly mesopores and macropores, is assessed using the mercury injection technique. This method is based on the principle that mercury cannot wet solid surfaces and thus requires external pressure to enter the internal pores of solids (Yu K. et al., 2018). By measuring the volume of mercury that infiltrates under various external pressures, the pore volume can be determined. Testing is conducted with the Automatic Porosity Analyzer (Autopore IV 9500 series). Specimens should be coal blocks, measuring between 1 and 2 cm in diameter. Prior to the experiment, these specimens need to be vacuum-dried at 105°C for 5 h. The analyzer operates with an absolute pressure range from 0.55 to 30,000 psia, and it measures pore diameters in the range of 5–39,720 nm.
2.2.2 Low-temperature liquid nitrogen adsorption experiments and carbon dioxide adsorption experiments
The methods of LTNA and carbon dioxide adsorption are mainly used to analyze the specific surface area and pore size distribution of solids by examining gas adsorption behaviors on their surfaces. At constant temperature, the amount of N2 and CO2 adsorbed on the pore surfaces shows a specific functional relationship with the relative pressure (P/P0). The curve that represents the change in adsorption quantity with pressure is known as the adsorption isotherm. In this study, LTNA at 77 K within the relative pressure range of 0.001–0.995 and carbon dioxide adsorption at 273 K within the range of 3 × 10-5–0.029 were conducted using the Autosorb iQ gas physisorption system (Quantachrome Instruments, USA), in accordance with the National Standards of the People’s Republic of China GB/T 21,650.2-2008 and GB/T 21,650.3-2011. Prior to testing, all samples were degassed at 110°C for a minimum of 12 h in the Autosorb iQ degassing station to ensure the removal of moisture and adsorbed gases. The saturation vapor pressure (P0) for LTNA at 77 K was obtained using a P0 cell, while a P0 value of 3.496 MPa was utilized for CO2 adsorption at 273 K due to its elevated experimental temperature. Using the experimental data, the fundamental pore morphology, including specific surface area and pore size distribution (PSD), was analyzed through classical methods as well as advanced density functional theory (DFT) (Liu B. et al., 2023; Liu X. F. et al., 2023).
2.2.3 Methane isothermal adsorption experiment
The high-pressure methane isothermal adsorption experiment was conducted in accordance with the national standard GB/T 19,560-2004. The coal samples were first crushed to 60–80 mesh, and after balanced water treatment, they were loaded into the sample tube. Methane adsorption data at different pressure points were obtained at reservoir temperature, and then VL and PL were calculated using the equation (He et al., 2020). The methane gas adsorption capacity of coal is generally calculated using the Langmuir equation (Zhang and Liu, 2017): V=VLP/(P + PL), where V is the adsorption capacity under pressure P (in cm3/g), VL is the Langmuir volume, and PL is the Langmuir pressure (in MPa). VL represents the maximum adsorption capacity of coal samples, while PL is the pressure at half of the maximum adsorption capacity; that is, when V=VL/2, P=PL.
3 RESULTS
3.1 Mercury intrusion porosimetry
The shape of the mercury intrusion/extrusion curves in coal samples is determined by the types, morphology, structure of the pores, and the combinations of pore-fractures (Liu B. et al., 2023). The types of mercury curves for the coal samples are illustrated in Figure 3. All coal samples exhibited distinct S-shaped intrusion curves. The mercury extrusion curve for pristine coal appeared parallel, while the intrusion curve for brittle deformed coal exhibited a negative S shape, with the extrusion curve characterized by a gently concave arc. Mylonite coal exhibited double S shapes, comprising S-shaped intrusion curves and negative S-shaped extrusion curves. Regarding pore connectivity, pores from which mercury is successfully expelled are classified as effective pores, while ineffective pores refer to those within the coal matrix where mercury tends to be retained (Zhang K. Z. et al., 2019). The proportion of effective pores in the coal from this region is relatively low, indicating numerous ineffective pathways that hinder gas flow in low-rank coal.
[image: Figure 3]FIGURE 3 | Mercury intrusion/withdrawal curves of coal samples.
The pore size distribution (PSD) of mesopores and macropores for the five coal samples, measured using the MIP method, is illustrated in Figure 4. All samples exhibit a multimodal distribution, with peak positions primarily around 5-10 nm and 203–654 nm. In pristine coal samples, the pore distribution is primarily in the mesopore range, with very low macropore content and a significant presence of microfractures. In contrast, the PSD peaks for deformed coal samples are predominantly in the macropore range, with ductile deformed coal exhibiting significantly higher macropore content compared to brittle deformed coal. Overall, the development of macropores and microfractures in these coal samples creates additional space for gas migration.
[image: Figure 4]FIGURE 4 | PSDs obtained by the MIP analysis of coal samples.
3.2 Low-temperature nitrogen adsorption/desorption
The LTNA isotherms for the samples are illustrated in Figure 5. According to IUPAC classification, the isotherms of the five coal samples are classified as Type IV (Thommes et al., 2015). At low pressures (P/P0 < 0.01), the strong adsorption potential created by the overlapping walls of micropores leads to the rapid filling of nitrogen molecules in these regions, resulting in a rapid increase in adsorption capacity. As the relative pressure increases (0.01 < P/P0 < 0.5), the adsorption curve enters the plateau region, indicating the presence of multilayer adsorption on the surface. When P/P0 > 0.50, continuous multilayer adsorption occurs in conjunction with capillary condensation. Utilizing the density functional theory (DFT) computational method, pore sizes can be calculated based on the equilibrium gas pressure, allowing for the generation of cumulative or differential PSD curves. After P/P0 = 0.995, the gas content is gradually reduced to generate the desorption isotherm. The adsorption and desorption curves do not coincide, creating a hysteresis loop. Based on the IUPAC classification of hysteresis loops, the hysteresis loops for samples MT03, MT04, and MT05 are categorized as Type H4. This indicates the probable presence of a substantial number of open and semi-closed pores, as well as slit-like pores within these coal samples (Thommes et al., 2015). The hysteresis loops for samples MT01 and MT02 are classified as Type H3, indicating that these coal samples contain numerous narrow fissure-like pores (Mastalerz et al., 2012).
[image: Figure 5]FIGURE 5 | Low-temperature N2 adsorption–desorption curve of coal samples.
The pore size distribution (PSD) of LTNA obtained through the DFT method is illustrated in Figure 6. All samples exhibit a multimodal distribution characterized by waveform curves, with the largest peaks occurring between 3 nm and 5 nm. It is evident that while the mesopore size distributions among the different coal samples are similar, significant differences exist in their magnitudes.
[image: Figure 6]FIGURE 6 | PSDs using the LTNA analysis calculated by the DFT model of coal samples.
3.3 Carbon dioxide adsorption/desorption
Figure 7 illustrates the CO2 adsorption isotherms for the coal samples. According to the IUPAC classification of adsorption isotherms, the CO2 adsorption exhibits Type I isotherm curves (Thommes et al., 2015). The gas adsorption capacity increases rapidly with rising relative pressure, followed by a gradual reduction in the rate of increase, indicating that the target coal possesses a well-developed ultra-micropore structure with a broad PSD range.
[image: Figure 7]FIGURE 7 | CO2 adsorption isotherms of coal samples.
The pore sizes of the coal samples calculated using the DFT model range from 0.3 to 1.5 nm, as shown in Figure 8. The volume increment curves for all samples exhibit a distinct multimodal distribution, with the most prominent peak at 0.84 nm, along with multiple peaks and minima between 0.4 and 0.7 nm. The cumulative adsorption volume for all samples shows slow growth in the range of 0.24–0.45 nm, with rapid increases observed at 0.4–0.6 nm and 0.8–0.85 nm.
[image: Figure 8]FIGURE 8 | PSDs using the carbon dioxide analysis calculated by the DFT model of coal samples.
3.4 Methane isotherm adsorption experiment
Figure 9 illustrates the methane isothermal adsorption curves for the Lower Shihezi Formation coal samples. The isothermal adsorption data for all coal samples demonstrate a strong fit with the Langmuir equation, with correlation coefficients exceeding 0.99. The adsorption curves indicate that when the pressure is below 4 MPa, the methane gas adsorption capacity of the samples increases rapidly, exhibiting typical monolayer adsorption characteristics. As the pressure exceeds 8 MPa, the methane gas adsorption capacity of the Lower Shihezi Formation coal samples approaches saturation. The ultimate methane adsorption capacity (Vl) for the five coal samples ranges from 11.66 to 20.37 cm3/g, with the order of capacity being ductile deformed coal > brittle deformed coal > pristine coal. The Langmuir pressure (PL) ranges from 3.56 to 3.65 MPa; a higher Langmuir pressure indicates elevated methane gas desorption pressure in coal, facilitating gas desorption and enhancing the development of coalbed methane resources (Yang et al., 2019).
[image: Figure 9]FIGURE 9 | Methane isotherm adsorption curve of samples.
4 DISCUSSION
4.1 Pore structure characteristics
The pores in coal rock span a broad size spectrum and are classified according to the IUPAC guidelines into micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) (Sing et al., 1985). In this study, we integrated results from multiple methods—CO2 adsorption, LTNA, and MIP—to characterize the complete pore size distribution (PSD). CO2 adsorption data were utilized to investigate the PSD in the micropore range (<1.5 nm), LTNA data were employed to study the PSD in the micropore to transitional pore range (1.5–35 nm), and MIP data were used to obtain the PSD for pores larger than 35 nm. As shown in Figure 10, the PSD curves for all samples exhibit a multimodal distribution dominated by micropores, while the mesopore distribution displays a waveform characteristic, with a primary stable peak at 35–37 nm.
[image: Figure 10]FIGURE 10 | Pore size distribution characteristics.
We statistically analyzed the micropore, mesopore, macropore, total pore volume, and specific surface area of the coal samples using results from CO2 adsorption, LTNA, and MIP. The pore distributions of all samples exhibit consistent characteristics, as shown in Figure 11. The total pore volume of the coal samples ranges from 0.024 to 0.135 cm3/g, with pristine coal exhibiting the lowest pore volume, followed by brittle deformed coal, and ductile deformed coal exhibiting the highest pore volume. The pore volume of tectonically deformed coal is primarily attributed to macropores and micropores, with macropore volumes ranging from 0.011 to 0.108 cm3/g, accounting for 46.8%–76.9% of the total pore volume. Micropore volumes range from 0.011 to 0.024 cm3/g, constituting 17.0%–45.9% of the total pore volume, while mesopore content is minimal, representing only 1.6%–7.3% of the total pore volume. With increasing tectonic deformation, the volume and proportion of macropores increase, while the volume and proportion of mesopores initially rise and then decline, and the volume and proportion of micropores exhibit a contrasting decrease and increase, respectively. This suggests that tectonic deformation can enhance the volume of various pore types, particularly macropores. As shown in Figure 11, the specific surface area of micropores dominates in TDC, accounting for over 90%, while the specific surface areas of macropores and mesopores are significantly low, both being below 5%. From primary coal to mylonite coal, the specific surface area of micropores increases by approximately 40 m2/g, while the increases for macropores and mesopores are both below 2 m2/g. This suggests that tectonic deformation can enhance the specific surface area of various pore types, particularly that of micropores.
[image: Figure 11]FIGURE 11 | Pore volume and specific surface area of different pore size ranges. The p-values are used to calculate the volume of macropores and the specific surface area of micropores.
4.2 Relationship between pore structure and deformation
As the degree of coal deformation increases, the pore volume rises, and this study uses fractal theory to quantitatively describe the changes in the complexity of pore structure during deformation.
The Washburn model (Washburn, 1921) is represented in Equation 1 to analyze the pore fractal characteristics of mercury intrusion porosimetry:
[image: image]
where P is mercury intrusion pressure, MPa, V is mercury intrusion volume at pressure P, cm3/g.
The FHH model (Frenkel-Halsey-Hill) is employed to analyze the fractal characteristics of pores in the case of low-temperature liquid N2 adsorption method (Wang et al., 2022; Wang et al., 2024) as described in Equation 2.
[image: image]
where V is the adsorbed liquid N2 volume under equilibrium pressure P, cm3/g, P0 is the saturated vapor pressure of N2 adsorption, MPa.
The Sierpinski model, used to analyze the fractal characteristics of pores in the case of 273 K CO2 adsorption method (Song et al., 2017b; Wang et al., 2024), is described as Equation 3
[image: image]
In the equation, Pt represents the threshold pressure, which is typically the pressure value of the first data point on the adsorption isotherm curve.
The calculated fractal dimensions range from 2 to 3, where a value of 2 indicates a completely smooth surface and a highly homogeneous pore structure, while a value of 3 signifies an extremely rough pore surface and a highly complex pore structure. It is evident that the different types of coal samples exhibit good fractal fitting results, with fitting coefficients ranging from 0.936 to 0.999 (Figure 12). In ductile deformed coal, the mercury intrusion porosity measurement for D1 shows two distinct intervals, and this study selects the well-fitting data in the range of 3200–35 nm. To better understand the fractal characteristics of coal samples with varying degrees of deformation, a linear regression line with a 95% confidence interval is plotted (Figure 13). It can be observed that from pristine coal to brittle deformed coal to ductile deformed coal, D1 exhibits a decreasing trend, particularly in ductile coal, where the D1 value significantly declines. This indicates that as the degree of deformation increases, the macropore structure simplifies. In contrast, the D3 value obtained from CO2 adsorption increases with the degree of deformation, indicating that the micropore structure grows increasingly complex. The pore fractal dimension D2 shows minimal differences among the five coal samples, suggesting that tectonic deformation has a minor effect on the complexity of the mesopore structure.
[image: Figure 12]FIGURE 12 | Linear fitting of different fractal models.
[image: Figure 13]FIGURE 13 | The variation of fractal dimension.
4.3 Relationship between pore structure and methane adsorption capacity
Pores are the primary pathways for gas migration and critical sites for adsorption and storage (Melnichenko et al., 2012), making pore characteristics crucial factors influencing coal’s ability to adsorb methane. It is widely believed that a larger specific surface area and pore volume in coal lead to a stronger adsorption capacity (Liu and He, 2017). By combining the characterization of pore structure with the CH4 adsorption experimental results, the influence of pore characteristics at different scales on CH4 adsorption capacity is illustrated in Figures 14, 15. Pore volume and specific surface area show a significant positive correlation with methane adsorption capacity, particularly for micropores. Macropore volume demonstrates a significant positive correlation with methane adsorption capacity, while specific surface area does not. Neither mesopore volume nor specific surface area shows correlations, as the small mesopore volume and specific surface area in the coal samples result in limited adsorption space. Therefore, the methane adsorption capacity of coal samples in this region is primarily influenced by micropore volume and specific surface area, along with macropore volume, with minimal correlation to mesopores.
[image: Figure 14]FIGURE 14 | Relationship between the measured Langmuir volume a with different-scale pore volume.
[image: Figure 15]FIGURE 15 | Relationship between the measured Langmuir volume a with different-scale pore SSA.
Based on previous research on the adsorption characteristics and controlling factors of coalbed methane, methane is primarily stored on the pore surfaces of coal through adsorption, with the key factor for methane adsorption capacity in coal reservoirs being its surface area (Moore, 2012; Liu and He, 2017). Micropores account for the vast majority of the total specific surface area, suggesting that micropore structure may be the main factor influencing methane adsorption capacity. Additionally, by comparing the relationship between methane adsorption capacity and pore characteristics, it is likely that the methane adsorption capacity of coal is influenced by both micropore volume and total pore volume. In this study, macropore volume demonstrates a strong correlation with methane adsorption capacity, while specific surface area does not exhibit any correlation. This is because the trend of macropore volume changes is consistent with that of micropores across different degrees of coal deformation, causing the influence of micropores on methane adsorption capacity to be overshadowed by macropores. Although the macropore volume in mylonite coal is ten times that of pristine coal, the methane adsorption capacity increases by less than twofold, underscoring that micropores (rather than macropores) remain the dominant contributors to adsorption. This aligns with our LTNA and CO2 adsorption data showing a 40 m2/g increase in micropore-specific surface area in deformed samples. Therefore, the methane adsorption capacity in this study is primarily influenced by the characteristics of the micropore structure, with mylonitic and brittle deformed coals enhancing their methane adsorption capacity through increases in micropore volume and specific surface area. Additionally, macropore volume positively influences coalbed methane, potentially acting as a major storage space for free methane (Lu et al., 2021).
In summary, as the coal in this region undergoes tectonic deformation from its original structure to brittle deformation, the pore structure gradually evolves, with an increase in micropore volume and specific surface area, resulting in a more complex pore structure that regulates methane adsorption. By the ductile deformation stage, the increase in micropore volume and specific surface area becomes limited; although macropore volume increases, the growth in specific surface area remains minimal, resulting in a less pronounced effect on methane adsorption, primarily providing space for free methane. Therefore, in coalbed methane development in this region, brittle deformed coal is often effective at enriching coalbed methane, making it a favorable area for development, while methane in the macropores of ductile deformed coal is more prone to dissipation, leading to gas outbursts. This aligns with the frequent gas outburst hazards in the Huaibei mining area (Jiang et al., 2010; Wang et al., 2013; Wang et al., 2014). These coals with greater risk of protrusion are usually characterised by higher iron content (Krasnovyd et al., 2023). In fact, it is possible to extract free methane from unloaded coal seams during the mining process by supplying energy to the seams to heat them up to a temperature of 35°С (Mullagaliyeva et al., 2022).
5 CONCLUSION
This study comprehensively characterizes the microscopic pore structure of various tectonically deformed coal samples and examines the impact of tectonic deformation on pore structure, while also assessing the influence of pore structure on methane adsorption capacity. The following conclusions are drawn.
(1) In the Huaibei mining area, coal primarily consists of micropores and macropores, with very low mesopore content. As the degree of tectonic deformation increases, the pore volume and specific surface area of both micropores and macropores increase, while the micropore structure becomes more complex and the macropore structure simplifies.
(2) In tectonically deformed coal, micropore volume and specific surface area are positively correlated with methane adsorption capacity, indicating that the micropore structure is the primary factor controlling methane adsorption in coal. Additionally, total pore volume and macropore volume also show a strong correlation with methane adsorption, as the volumes of micropores and macropores increase synchronously during deformation, resulting in changes in macropore volume that are similar to those in micropore volume.
(3) During tectonic deformation, the increase in micropore volume and complexity leads to a more intricate methane adsorption process, while the increase in macropore volume and simplicity results in more free methane. This may elevate the risk of gas outburst hazards during coalbed methane development.
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