

  applsci-14-08566




applsci-14-08566







Appl. Sci. 2024, 14(18), 8566; doi:10.3390/app14188566




Article



Comprehensive Characterization and Metamorphic Control Analysis of Full Apertures in Different Coal Ranks within Deep Coal Seams



Qi Li 1,2,3, Yong Wu 1 and Lei Qiao 3,*





1



College of Environment and Civil Engineering, Chengdu University of Technology, Chengdu 610059, China






2



School of Intelligent Manufacturing and Electronic Engineering, Wenzhou University of Technology, Wenzhou 325006, China






3



Key Laboratory of Rock Mechanics and Geohazards of Zhejiang Province, Shaoxing 312000, China









*



Correspondence: leeheshang@hotmail.com







Citation: Li, Q.; Wu, Y.; Qiao, L. Comprehensive Characterization and Metamorphic Control Analysis of Full Apertures in Different Coal Ranks within Deep Coal Seams. Appl. Sci. 2024, 14, 8566. https://doi.org/10.3390/app14188566



Academic Editor: Nikolaos Koukouzas



Received: 8 August 2024 / Revised: 18 September 2024 / Accepted: 19 September 2024 / Published: 23 September 2024



Abstract

:

The pore fracture structure of deep coal reservoirs is crucial for evaluating the potential of deep coalbed methane resources, conducting exploration and development, and controlling coal mine gas disasters. Mercury intrusion porosimetry, the liquid nitrogen method, and the low-temperature carbon dioxide adsorption method were used to study the full pore size structure and pore fractal characteristics of different coal grades in deep coal and comprehensively characterize the pore structure of kilometer-level coal mining. The sponge, Frenkel–Halsey–Hill (FHH), and density function models were applied to comprehensively analyze the pore complexity of coal, and the influence of metamorphic degree on pore size structure was evaluated. The distribution relationship of pore volume in different stages of coal samples was macropore→mesopore→micropore, and macropores had the best connectivity. Micropores and mesopores had the largest specific surface area, and the development of micropores and microcracks controlled the deep gas adsorption performance. The micropore volume and specific surface area both revealed a nonlinear decreasing trend with the increase in volatile matter, and coal metamorphism promoted the development of micropores. The pore volume and specific surface area of mesopores and macropores decreased first and then increased in a “U” shape with increasing volatile matter. In contrast, the fractal dimension D1 revealed an inverted U shape with increasing volatile matter, followed by a decrease. The D2 value decreased nonlinearly with increasing volatile matter, whereas the D3 value increased nonlinearly with increasing volatile matter. The degree of metamorphism increased, and the microporous structure became more regular.






Keywords:


different coal grades; full aperture structure; pore fractal; mercury intrusion method; liquid nitrogen method; low-temperature carbon dioxide adsorption method












1. Introduction


Coal is highly heterogeneous and porous [1,2,3,4], and gas adsorption and desorption primarily occur on its surface. Studying the pore size, pore structure, and pore fractal of coal is key to predicting, evaluating, and developing coalbed methane, as well as controlling coal mine gas disasters. At present, two main research methods are applied to the pore structure of coal, destructive and nondestructive testing. The destructive testing method involves injecting a fluid medium at high pressure or adsorbing it at a low temperature into the pores of coal and determining the pore volume of coal by calculating the volume of the fluid medium; examples include the widely used mercury intrusion method, liquid nitrogen adsorption method, and low-temperature carbon dioxide adsorption method. However, after the high-pressure or low-temperature fluid medium enters the sample, some of the original pores are destroyed. Nondestructive testing involves techniques such as microscope observation and X-ray detection to study the pores inside the coal body without intervening, such as optical microscopy, atomic force microscopy, field emission electron microscopy, environmental scanning electron microscopy, X-ray computed tomography, nuclear magnetic resonance, and small-angle X-ray scattering. However, this method suffers from low accuracy, large errors, and poor adaptability and needs to be combined with traditional methods. Traditional Euclidean geometry can describe objects with smooth and homogeneous surfaces, but accurately characterizing the degree of roughness is difficult [5]. It was not until 1975 that Mandelbrot established fractal geometry theory [6,7], which accurately characterized rough-shaped objects and became an important method for describing the complexity of the coal pore structure. Chen X. et al. [8] used sponge models to analyze the fractal characteristics of the coal pore structure at different degrees of metamorphism. Wang X.J. et al. [9] used a thermodynamic fractal model to obtain the fractal dimension of coal seepage pores. Yang S.Y. et al. [10] quantitatively explored the pore structure characteristics and influencing factors of permeable pores in coal reservoirs using the Scherpinski model. Liu H.Q. et al. [11] used capillary models to analyze the complexity of pore structures in the 5-2 coal seam of the Haiwan Coal Mine and the 1 central coal seam of the Gubei Coal Mine. Xue H.T. et al. [12] used the Frenkel–Halsey–Hill (FHH) model to study the relationship between the micropore fractal characteristics of prominent coal in western Guizhou and its adsorption performance and permeability. Zhou S.D. et al. [13] analyzed the adsorption pore characteristics of low-rank coal through fractal analysis using the Brunauer–Emmett–Teller (BET) model. Xiong Y.H. et al. [14] compared and analyzed the fractal characteristics of coal and shale microporous structures based on the pore size distribution density function model.



Progress has been made in the research on the pore structure of coal, but some shortcomings persist. (1) Existing research results focus on shallow coal seams that are currently being mined, but the pore structure of deep coal bodies, especially those buried at a depth of thousands of meters, has received little attention, and achievements are few. (2) The current pore size structure testing methods have certain limitations and applicability, and the ability of a single pore size characterization method to accurately determine the pore size structure parameters of coal is limited. Meanwhile, the pore system inside the coal body is very complex, with significant differences in pore width, making it easier to characterize macropores and mesopores. However, research on the characterization of the full pore-size structure of coal, including micropores, mesopores, and macropores, remains scarce. (3) The current research on the fractal law of pores often adopts one or two fractal methods for analysis. Comprehensively and effectively evaluating the complexity of coal pores is difficult, and research on the fractal characteristics of full aperture structures is scarce.



To fill this gap and provide a necessary reference for deep mining, testing methods, such as mercury intrusion porosimetry, liquid nitrogen adsorption, and low-temperature carbon dioxide adsorption, are performed in this study to characterize the pore structure of deep coal, analyze and study the full pore size distribution characteristics and pore fractal characteristics of different coal rank coals, and further analyze the influence of metamorphic degree on the pore structure of deep coal.




2. Methods and Models


2.1. Sample Source and Basic Parameters


The test coal sample was taken from the main coal seam of a kilometer-level mine and tested based on the industrial analysis indicators of coal in GB/T212-2008, “Industrial Analysis Methods for Coal” [15]. The coal types were classified according to GB 5751-2009, “China Coal Classification” [16], and the test results are listed in Table 1.



The XJE sample was collected from the 210,913 coal face of the 9 # coal seam in Xinjier Mine, which has a coal seam thickness of 0–2.59 m, with an average of 0.92 m, and a coal seam dip angle of 5–41°, with an average of 20°. The structure of coal seam 9 is relatively simple and is shared by the majority of unstable but productive coal seams. Its roof and floor are composed of mudstone or sandy mudstone.



The PML sample was collected from the 22,310 coal face of the Wu8 # coal seam in Pingmeiliu Mine, which has a coal seam thickness of 0–3.72 m (1.86 m on average) and an inclination angle of 6–8°. The coal seam is stable and comprises a relatively large part of the mineable coal seam. The top of the Wu8 coal seam is gray black–dark gray sandy mudstone with star-shaped mica flakes, and the bottom has a light shade of sandy mudstone interbedded with thin layers of fine sandstone.



The HYS sample was collected from the 705 coal face of the 7th coal seam in Hongyangsan Mine, which has a dip angle of 5–10°. The 7 # coal seam is located above the sandstone at the bottom of the Shanxi Formation and has a mudstone roof and a siltstone or sandstone floor.



The LXK sample was collected from the 1021-2 coal face of the 12th coal seam in Linxi Mine. This seam is stable, with an average thickness of 2.5 m and an average dip angle of 16–30°. The overlying rock layers consist of fine sandstone, medium fine sandstone, and mudstone.




2.2. Methods and Plans


2.2.1. Mercury Intrusion Method


The mercury intrusion method is often utilized to test the pore size distribution of mesopores and macropores larger than 3 nm. Its mechanism involves the capillary force between liquid mercury and coal in the coal capillary pores, and high pressure is used to overcome resistance and inject liquid mercury into the pores. The pore volume related to the pore width is calculated based on the amount of mercury injected [17]. The relationship between pore size and mercury pressure is as follows:


  r =    − 2 σ   cos  ⁡  θ     p   × 10   − 14       



(1)




where r is the pore radius, Å; σ is the surface tension of mercury, N/Å; θ is the wetting edge angle; and p is the mercury pressure, MPa.



Before the experiment, the test sample was dried at 378.15 K for 10 h, and the system was vacuum-degassed for 12 h to eliminate gas interference. In accordance with GB T 21650.1-2008, “Pore Size Distribution and Porosity of Solid Materials by Mercury Porosimetry and Gas Adsorption.Part 1: Mercury Porosimetry” [18], the test was completed using the AutoPore IV 9500 V1.09 mercury intrusion porosimeter.




2.2.2. Liquid Nitrogen Adsorption Method


The liquid nitrogen adsorption method is mainly used to analyze the pore size structure of mesoporous samples. The BET and Barret–Joyner–Halenda models were used to calculate the specific surface area and pore volume distribution of coal samples by measuring the variation in nitrogen adsorption capacity with relative stress at 77.35 K [19].



The purity of nitrogen was 99.99%, the test temperature was 77.35 K, and the relative pressure (gas pressure/saturated vapor pressure) was 0.010–0.995. The test process followed the GB T 21650.2-2008, “Pore Size Distribution and Porosity of Solid Materials by Mercury Porosimetry and Gas Adsorption. Part 2: Analysis of Mesopores and Macropores by Gas Adsorption” [20], and the measurement was performed using an Autosorb iQ fully automatic physical adsorption instrument.




2.2.3. Low-Temperature Carbon Dioxide Adsorption Method


The micropores of carbon molecules with diameters ranging from 0.5 nm to 1 nm need to be filled at a relative pressure ranging between 10−7 and 10−5. However, this corresponds to a slow diffusion rate and adsorption equilibrium, whereas the CO2 adsorbate can be quickly filled and reaches adsorption equilibrium at 273.15 K and 3.48 MPa of saturated vapor pressure. Therefore, the low-temperature carbon dioxide adsorption method is typically used to test the pore size structure of micropores with a width of less than 2 nm [21].



The Autosorb iQ fully automatic physical adsorption instrument was utilized, with reference to the standard GB/T 21650.3-2011, “Pore size distribution and porosity of solid materials by mercury porosimetry and gas adsorption. Part 3: Analysis of micropores by gas adsorption” [22], for the purpose of testing. Approximately 2 g of the sample was initially weighed and loaded into a sample tube.



Vacuum degassing was conducted for 12 h, and 99.99% high-purity CO2 was used as the adsorbent for adsorption experiments at a temperature of 273.15 K.





2.3. Pore Fractal Model


2.3.1. Sponge Model Based on the Mercury Intrusion Method


The sponge model [23] assumes that the initial element is a cube with a length of R on one side, and it evenly distributes m3-generating elements. Discarding n, the remaining number of generating elements is as follows:


    N   b 1   =   m   3   − n  



(2)







After k repeated calculations, the remaining number of generated elements is as follows:


    N   b k   =       m   3   − n     k    



(3)







The side length is as follows:


    r   k   = R /   m   k    



(4)







The number of generated elements is represented as follows:


    N   b k   =          r   k     R        − D    



(5)




where   D   is the fractal dimension of the porous medium, which ranges from 2 to 3. The formula is expressed as follows:


  D =   l g   N   b 1    /  l g m    



(6)







The larger the value, the rougher the surface of the porous medium, and vice versa.



The total volume of the cube is as follows:


    V   k   =     r   k     3     N   b k   =        r   k     3 − D       R   − D       



(7)







If   k → ∞   is satisfied, then     V   k   →   V   r     is satisfied, where     V   r     is the skeleton volume of the porous medium.



Then, taking the derivative of Equation (7) yields the following:


  d V / d r ∝   r   2 − D    



(8)







According to Equation (1), as follows:


  P = 0.7354 / r  



(9)







After differentiation, as follows:


  P d r + r d P = 0  



(10)







Substituting into Equation (4) yields the following:


  d V / d P ∝   r   2   ×   r   2 − D   ∝   r   4 − D    



(11)







Taking the logarithm on both sides yields the following:


  l o g ( d V / d P ) ∝ ( 4 − D ) l o g r ∝ ( D − 4 ) l o g P  



(12)







From this, scatter plots can be drawn using   l o g ( d V / d P )   and   l o g P  , and the fractal dimension D can be calculated using the slope.




2.3.2. FHH Model Based on Liquid Nitrogen Method


PFEIFER et al. [24] first proposed the FHH model, whereas Avnir et al. [25] combined the adsorption potential theory to construct a gas adsorption model on fractal surfaces within capillary condensation regions for studying gas molecule adsorption in heterogeneous porous media [26]. This model has since been widely used for fractal dimension calculation in porous media.


    ln  ⁡  V = K   ln  ⁡  [   ln  ⁡  (      P   0     P    )   ]   + C    



(13)






  D = K + 3  



(14)




where   V   is the adsorption capacity of liquid nitrogen,   m L / g  ;     P   0     is the saturated vapor pressure of gas adsorption,   M P a  ; C is the equilibrium pressure for liquid nitrogen adsorption; D is a constant; E is the slope of curve F; G is the fractal dimension, ranging from 2 to 3. The larger the value, the rougher the surface of the porous medium, and vice versa.




2.3.3. Density Function Model Based on the Carbon Dioxide Adsorption Method


Assuming that the aperture is a monotonically increasing function expressed as follows:


  r = r   x    



(15)







The aperture distribution density function [27,28] can be expressed as follows:


  J ( r ) = F ( x )    d x   d r     



(16)






  x =   1  /  E    



(17)







In the formula,   E   is the adsorption characteristic energy, kJ/mol and   F ( x )   is the normalized distribution function of   x  .



Jaroniec M [29] represented the heterogeneity distribution function of microporous structures based on the gamma distribution function as follows [14,30]:


  F ( x ) =    3   ρ   υ     Γ (   υ   3   )      x   υ − 1     e     − ( ρ x )   3      



(18)




where   ρ   is the scale parameter of the distribution function, kJ/mol;   υ   is the shape parameter of the distribution function, dimensionless; and   Γ   x     is the gamma function, and the equation is as follows:


  Γ   x   =   ∫  0   + ∞      t   x − 1     e   − t   d t    



(19)







Stoeckli et al. [31] established a functional relationship between the pore size and adsorption characteristic energy of micropores, with a pore width of 0.44 nm or more. The empirical formula is as follows:


  r = 2852.5   E   − 3   + 15   E   − 1   + 0.014 E − 0.75  



(20)







Or


  r = 2852.5   x   3   + 15 x + 0.014   x   − 1   − 0.75  



(21)







By combining Equations (16)–(19) and (21), the expression for the density function of pore size distribution in heterogeneous solid materials can be obtained as follows [28,29]:


  J ( r ) =    3   ρ   υ     x   υ − 1     e   −     ρ x     3       Γ     υ   3     ( 8557.5   x   2   − 0.014   x   − 2   + 15 )     



(22)







The relevant parameters   ρ   and   υ   in Equation (22) can be obtained from the D-R equation. Dubinin et al. [32] believed that the adsorption process of micropores is the filling of their internal volume, which is different from the single-layer adsorption on the pore wall surface. The pore-filling degree can be used to characterize the size of the adsorption capacity, as follows:


     V     V   0      = e x p   −   (    A   β E    )   2      



(23)







In the formula, V is the adsorption capacity of the adsorbate at relative pressure      P     P   0       , cm3/g;     V   0     is the maximum adsorption capacity of the adsorbate, cm3/g;   β   is the affinity coefficient, with carbon dioxide taken as 0.38; and A is the adsorption potential, kJ/mol, expressed as follows:


  A = R T l n      P   0     P     



(24)







In the formula, R is the gas constant, taken as 8.314 J/(mol·K); T is the thermodynamic temperature, K; P is the adsorption equilibrium pressure, MPa; and     P   0     is the saturated vapor pressure, MPa.



Substituting Equation (24) into Equation (23) yields the DR equation, as follows:


  V =   V   0   e x p   −   (    R T   β E    )   2     ( l n      P   0     P    )   2      



(25)







Jaroniec et al. [14,29,33] proposed, according to the DR equation, that the adsorption characteristics of micropores in heterogeneous solids satisfy the following integral form:


     V     V   0      =   ∫  0   ∞      e     − (    A x   β    )   3     F ( x ) d x    



(26)







Combining Equation (12) with Equation (26) yields the following [28]:


     V     V   0      =     1 + (      A   β ρ    )   3       −    υ   3       



(27)







Parameters   ρ   and   υ   can be obtained according to Equation (27).



JARONIE et al. [28] found that there is a good linear relationship between the pore size distribution function and pore size of nanoscale micropores, as follows:


    ln  ⁡  J   r     =   2 − D     ln  ⁡  r   + C  



(28)







In the formula, D represents the fractal dimension and C is a constant.



From this, the fractal dimension D of micropores can be calculated using the linear relationship between     ln  ⁡  J   r       and     ln  ⁡  r    .






3. Results


The pore structure of each group of coal samples was tested using mercury intrusion porosimetry, liquid nitrogen adsorption, and low-temperature carbon dioxide adsorption methods according to the aforementioned methods. The test results are shown in Figure 1, Figure 2 and Figure 3.



According to Figure 1, the mercury injection curves of the four coal samples have similar shapes, and the changes in the mercury injection curves exhibit three distinct conditions. When the mercury injection pressure reaches approximately 0.06 MPa, the amount of mercury injection increases sharply, and it first enters the macropores. When the pressure increases from 0.06 Mpa to approximately 34.50 Mpa, the curve changes relatively smoothly, and the coal continuously absorbs the kinetic energy of the injected mercury, whereas the liquid mercury further occupies relatively small pores. When the pressure exceeds 34.50 Mpa, the curve changes significantly again, the pore volume is further compressed, and liquid mercury enters smaller capillary pores. The mercury injection and removal curves do not overlap, and hysteresis is prominent due to the large and complex pore volume in coal. During the mercury injection stage, high-pressure liquid mercury can enter the open, semi-open, and partially closed pores, whereas, during the mercury removal stage, the liquid mercury enters the open and semi-open pores, with partially closed pores retaining some mercury. Figure 1a shows the mercury injection curve with a larger opening, faster changes in the mercury removal stage, better pore development, and the best connectivity.



There are certain differences in the morphology of the adsorption and desorption curves among the groups in Figure 2, but all exhibit hysteresis. According to the IUPAC classification of adsorption hysteresis loop standard types [34], (a) the figure belongs to the H3 type, resembling sheet-like stacked narrow slit pores; (b), (c), and (d) belong to the H4 type; and the hysteresis loop exhibits no adsorption limitation in the region, with narrow slit-like pores and high relative pressure. From the analysis of maximum adsorption capacity, the relationship of the strength of the liquid nitrogen adsorption capacity of each sample is XJE→LXK→PML→HYS. HYS (lean coal) with the highest degree of metamorphism has the weakest liquid nitrogen adsorption capacity, whereas XJE (gas coal) with the lowest degree of metamorphism has the strongest.



The relationship of the low-temperature carbon dioxide adsorption capacity of each sample in Figure 3 is XJE←LXK←PML←HYS, which is diametrically opposite to that in Figure 2. HYS, with the highest degree of metamorphism, has the strongest low-temperature carbon dioxide adsorption capacity, whereas XJE, with the lowest degree of metamorphism, has the weakest.



To facilitate quantitative analysis of pore size distribution, according to the classification standards of the International Union of Pure and Applied Chemistry [35], pores smaller than 2 nm are classified as micropores, pores between 2 nm and 50 nm are classified as mesopores, and pores larger than 50 nm are classified as macropores. The pore size distribution of the full pore volume and specific surface area measured using the three methods were calculated, and the results are presented in Table 2 and Figure 4 and Figure 5.



Table 2 and Figure 4 reflect the distribution of full aperture pore volume. Table 2 reveals that the pore volume of each sample stage is mainly distributed in the macroporous segment (accounting for 62.4060–67.9862%), followed by the mesoporous segment (27.4864–31.7487%), and the microporous segment is the least (3.2258–7.8195%). The pore volume curve distribution during the micropore (d ≤ 2 nm) stage, as shown in Figure 4a, is relatively flat, with only two peaks appearing, with the maximum peak being 8.845 × 10−4 mL/g. The pore volume distribution during the mesoporous stage (2 < d ≤ 50 nm) is relatively large, and multiple peaks appear during the stage, with the maximum peak being 3.287 × 10−3 mL/g. The pore volume distribution is most extensive in the macroporous stage (d > 50 nm), with a maximum value of 2.0 × 10−2 mL/g for the full aperture of approximately 91,200 nm. Figure 4b shows the cumulative pore volume curve. During the micropore stage, the curve changes relatively smoothly, whereas in the mesopore stage, the curve slopes more sharply. In the macropore stage, the curve becomes steeper with increasing pore size, indicating a larger distribution of pore volume during this stage.



Table 2 and Figure 5 present the distribution of the specific surface area of the full pore size. As listed in Table 2, the specific surface area of each sample stage is mainly distributed in the microporous and mesoporous segments, with microporous segments accounting for 41.4061–66.8428%, mesoporous segments accounting for 32.4920–56.2841%, and microporous segments accounting for the lowest proportion of 0.6652–2.3098%. As shown in Figure 5a, the specific surface area curve of the micropores (d ≤ 2 nm) stage is widely distributed, and the peak frequency is high, with a maximum peak of 3.1336 m2/g. The specific surface area distribution during the mesoporous stage (2 < d ≤ 50 nm) is also relatively wide, with a maximum peak of 1.9819 m2/g. The distribution of specific surface area during the macroporous stage (d > 50 nm) is very small, with only two peaks, and the maximum peak is 0.0912 m2/g. Figure 5b shows that the curve within the microporous segment is the steepest, whereas the curves in the mesopore and macropore segments gradually become smoother as the pore size increases.




4. Discussion


4.1. The Influence of the Degree of Deterioration on Pore Volume and Specific Surface Area


Volatile matter reflects the degree of coal metamorphism, and the smaller the volatile matter, the higher the degree of coal metamorphism. To analyze the influence of metamorphic degree on the pore structure of coal, scatter plots of volatile matter and pore volume and specific surface area at various stages such as micropores, mesopores, and macropores were plotted, and the curves were fitted (as shown in Figure 6).



Figure 6 shows that both the micropore volume and specific surface area decrease with the increase in volatile matter, showing a nonlinear decreasing trend. Due to the metamorphism of coal, coal molecules undergo condensation and polymerization reactions, thus generating high polymers. The microstructure of the coal surface changes markedly, and the micropore volume and specific surface area increase with the degree of metamorphism. Moreover, the metamorphism of coal promotes the development of micropores. The pore volume and specific surface area of mesopores and macropores decrease first and then increase with the increase in volatile matter, and the curve is U-shaped, with the minimum value occurring at approximately 23% of volatile matter. Noticeably, the microporous, mesoporous, and macroporous structures of coal differ markedly with the degree of metamorphism.




4.2. Influence of Metamorphic Degree on Fractal Characteristics


When coal is heated to a specific temperature, some organic and mineral substances in the coal decompose, and the volatile components of coal, namely, the combustible gases, are released. Volatile matter is an important indicator of the degree of coal metamorphism. The smaller the amount of volatile matter, the higher the degree of coal metamorphism and the stronger the ability of the coal to adsorb gas [36]. Studying the relationship between the volatile matter and fractal dimension is crucial for understanding the influence of metamorphic degree on coal structure.



The fractal dimension of the test data of each group of samples was calculated using common fractal models, and the calculation results are presented in Figure 7, Figure 8 and Figure 9 and Table 3.



The full aperture fractal results reveal that the HYS sample (lean coal) with the highest degree of metamorphism had the smallest fractal dimension D1 (sponge model), the largest D2 (FHH model), and the smallest D3 (density function model), among which the complexity of pores was the highest. The XJE sample (gas coal) with the lowest degree of metamorphism had the highest fractal dimension D1, the lowest D2, and the highest D3. Moreover, the distribution of mesopores and throats was relatively regular. The relationship between volatile matter and fractal dimension (Figure 10) reveals that the fractal dimension D1 value based on the sponge model exhibits an inverted U-shaped trend with the increase in volatile matter, first increasing and then decreasing. The fractal dimension D2 value based on the FHH model decreased nonlinearly with the increase in volatile matter, and the higher the degree of metamorphism, the more complex the mesoporous structure becomes and the larger the fractal dimension. The fractal dimension D3 value based on the density function model increased nonlinearly with the increase in volatile matter, and the degree of metamorphism intensified, resulting in the development of a more regular microporous structure. Although the degree of metamorphism has different effects on fractal dimension, certain regular changes were consistently observed, indicating that the degree of metamorphism has a controlling effect on the evolution of pore fractal dimension.



This study observed a certain correlation between the metamorphic degree (or volatile matter) and pore volume, specific surface area, and fractal dimension. The different stages of the metamorphic evolution of coal seams at different depths inevitably cause marked changes in the pore structure of coal bodies. Research [5,37] has demonstrated that fractal dimension is related to the adsorption properties of coal. Therefore, fractal dimension can be used as an evaluation index for coal gas content and applied to hot topics, such as deep gas content prediction and gas prevention and control.





5. Conclusions


	
Using mercury intrusion porosimetry, liquid nitrogen adsorption, and low-temperature carbon dioxide adsorption methods to comprehensively characterize the full pore size of deep coal samples of different coal grades, the pore volume distribution relationship of each coal sample was found to be macropore→mesopore→micropore, indicating that the connectivity of macropores is relatively good. The specific surface area of micropores and mesopores is the main component, whereas the specific surface area of macropores is relatively small. The development characteristics of micropores and microcracks control the adsorption performance and development potential of deep gas.



	
The influence of metamorphic degree on the pore structure of deep coal was analyzed. The micropore volume and specific surface area both decreased with the increase in volatile matter, highlighting a nonlinear decreasing trend. The metamorphic process of coal promoted the development of micropores. The pore volume and specific surface area of mesopores and macropores first decreased and then increased with the increase in volatile matter, and the curve exhibited a U-shaped change, with the lowest values appearing at approximately 23% of volatile matter. Marked differences in the micropore, mesopore, and macropore structures of coal were observed with different degrees of metamorphism, which are controlled by the degree of metamorphism.



	
The fractal dimensions of the pores in each sample were calculated based on the sponge, FHH, and density function models. The HYS sample (lean coal) with the highest degree of metamorphism exhibited the smallest fractal dimension D1, the largest D2, and the smallest D3, among which the pore complexity was the highest. The XJE sample (gas coal) with the lowest degree of metamorphism had the highest fractal dimension D1, the lowest D2, and the highest D3, and the distribution of mesopores and throats was relatively regular. The fractal dimension D1 value based on the sponge model exhibited an inverted U-shaped change with the increase in volatile matter, first increasing and then decreasing. The fractal dimension D2 value based on the FHH model decreased nonlinearly with the increase in volatile matter, and the higher the degree of metamorphism, the more complex the mesoporous structure and the larger the fractal dimension. The fractal dimension D3 value based on the density function model increased nonlinearly with the increase in volatile matter, and the degree of metamorphism intensified, resulting in the development of a more regular microporous structure. Although the degree of metamorphism had different effects on the fractal dimension, they all exhibited certain regular changes, indicating that the degree of metamorphism has a controlling effect on the evolution of the pore fractal dimension. Therefore, further research on the pore structure and fractal characteristics of all coal types is needed to comprehensively and accurately determine the controlling effect of metamorphic degree on pore size distribution.



	
China’s fv deep coal seams. The findings can contribute to the future of deep coal and gas coal mining technology, as well as coal and gas outburst prevention and control engineering.
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Figure 1. Mercury intrusion curves of samples from different coal ranks. (a) XJE, (b) PML, (c) HYS, (d) LXK. 
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Figure 2. Adsorption–desorption curve of liquid nitrogen method. (a) XJE, (b) PML, (c) HYS, (d) LXK. 
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Figure 3. Low-temperature carbon dioxide adsorption–desorption curve. (a) XJE, (b) PML, (c) HYS, (d) LXK. 
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Figure 4. Distribution of full aperture pore volume. (a) Stage pore volume, (b) accumulated pore volume. 
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Figure 5. Distribution of full aperture-specific surface area. (a) Stage surface area, (b) accumulated surface area. 
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Figure 6. Relationship between volatile matter, pore volume, and specific surface area. (a) Pore volume, (b) surface area. 
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Figure 7. Fractal calculation of sponge models with different coal ranks. (a) XJE, (b) PML, (c) HYS, and (d) LXK. 
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Figure 8. Fractal calculation of FHH models for different coal ranks. (a) XJE, (b) PML, (c) HYS, and (d) LXK. 
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Figure 9. Fractal calculation of density function models for different coal ranks. (a) XJE, (b) PML, (c) HYS, and (d) LXK. 
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Figure 10. Relationship between volatile matter and fractal dimension. 
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Table 1. Basic sample parameters.
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Sample Number

	
Sample Source

	
Sampling Coal Seams

	
Depth/m

	
Industrial Analysis Indicators

	
Coal Type




	
Mad

/%

	
Aad

/%

	
Vad

/%

	
FCad

/%






	
XJE

	
Xinjier mine

	
9 Coal

	
800

	
2.25

	
25.78

	
30.02

	
41.95

	
Gas coal




	
PML

	
Pingmeiliu mine

	
Wu-8 Coal

	
940

	
1.65

	
13.36

	
28.58

	
56.41

	
1/3 Coking coal




	
HYS

	
Hongyangsan mine

	
7 Coal

	
1100

	
0.76

	
9.81

	
12.26

	
77.17

	
Thin Coal




	
LXK

	
Linxi mine

	
12 Coal

	
950

	
0.83

	
11.29

	
18.64

	
69.24

	
Coking coal











 





Table 2. Calculation table for full pore volume and specific surface area distribution of different coal ranks.
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Sample Number

	
Full Aperture Pore Volume (mL/g)

	
Full Aperture Specific Surface Area (m2/g)




	
Total Pore Volume

	
Micropore

	
Mesopore

	
Macropore

	
Total

Surface Area

	
Micropore

	
Mesopore

	
Macropore






	
XJE

	
0.0589

	
0.0019

	
0.0187

	
0.0383

	
12.8713

	
5.3295

	
7.2445

	
0.2973




	
PML

	
0.0581

	
0.0019

	
0.0167

	
0.0395

	
12.5549

	
6.1451

	
6.2348

	
0.1750




	
HYS

	
0.0665

	
0.0052

	
0.0198

	
0.0415

	
23.4356

	
15.6650

	
7.6147

	
0.1559




	
LXK

	
0.0553

	
0.0032

	
0.0152

	
0.0369

	
15.9192

	
10.0040

	
5.6801

	
0.2351











 





Table 3. Summary of calculation results of full aperture fractal dimension.
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Sample Number

	
Fitting Equation

	
Fitting Degree

R2

	
Equation Slope

K

	
Fractal Dimension

Di (i = 1,2,3)

	
Fractal Model






	
XJE

	
y = −1.1282x − 2.2951

	
0.9647

	
−1.1282

	
2.8718

	
Sponge




	
y = −0.9395x − 4.2986

	
0.9869

	
−0.9395

	
2.0605

	
FHH




	
y = −0.5538x − 0.9519

	
0.9773

	
−0.5538

	
2.5538

	
Density function




	
PML

	
y = −1.2147x − 2.1529

	
0.9684

	
−1.2147

	
2.7853

	
Sponge




	
y = −0.6352x − 2.3135

	
0.9991

	
−0.6352

	
2.3648

	
FHH




	
y = −0.4252x − 0.9551

	
0.9640

	
−0.4252

	
2.4252

	
Density function




	
HYS

	
y = −1.3565x − 2.0425

	
0.9458

	
−1.3565

	
2.6435

	
Sponge




	
y = −0.3762x − 0.0550

	
0.9997

	
−0.3762

	
2.6238

	
FHH




	
y = −0.2977x − 1.0409

	
0.9567

	
−0.2977

	
2.2977

	
Density function




	
LXK

	
y = −1.0609x − 2.4156

	
0.9493

	
−1.0609

	
2.9391

	
Sponge




	
y = −0.5589x − 1.8691

	
0.9805

	
−0.5589

	
2.4411

	
FHH




	
y = −0.4596x − 1.2133

	
0.9934

	
−0.4596

	
2.4596

	
Density function
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