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In order to study the change of pore structure and adsorption characteristics of coking coal after the high-temperature and high-pressure adsorption test, the coking coal from the Liulin coalmine was selected for the research. Both the mercury injection experiments were carried out on the raw coal and the coal after the isothermal adsorption experiment processing with a pressure of 11 MPa and temperature ranging from 30 to 90°C. The results show that the pressure is beneficial to gas adsorption, while the temperature has a restraining effect on the gas adsorption of coking coal, and there is a good negative exponential relationship between the adsorption capacity and temperature. The hysteresis loop of that after the high-temperature and high-pressure isothermal adsorption test is smaller than that of raw coal, and the connectivity of pores becomes worse. In the process of the mercury injection experiment, the hysteresis loop of coking coal after the high-temperature and high-pressure adsorption experiment is smaller than that of raw coal. This demonstrates that the open pores decrease and the semi-closed pores increase, and then the connectivity of the pores becomes worse, which is not conducive to the gas flow when the coking is subjected to high-temperature and high-pressure action. After the high-temperature and high-pressure adsorption experiment, the volume of macropores, visible pores, and crannies of the coking coal decreases, and the volume of micropores and minipores increases. However, the total pore volume reduced overall. Under the same pressure, with the increase in temperature, the volume of macropores, visible pores, and crannies increases, while the volume of micropores and minipores decreases, and the total pore volume increases. After the high-temperature and high-pressure adsorption experiment, the proportion of micropores and minipores increases, and the specific surface area also increases. Under the same pressure, the surface areas of micropores and minipores decrease and the total specific surface area also decreases with the increase in temperature.
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INTRODUCTION
The development and utilization of coking coal play a vital role in the development of China’s steel industry, and coking coal is an indispensable resource for China’s economic construction (Liu, 2014). With the depletion of shallow coking coal resources, many coal mines have shifted to deep mining (Peng, 2008; Xu, 2020). With the extension of the depth, coking coal mining has highlighted the problems of high ground temperature and high gas pressure, which pose a great threat to the safe and effective mining of deep resources (Feng, 2018). The influence of temperature and pressure on gas adsorption characteristics of coal has been studied at different degrees, and significant research results have been obtained (Levy et al., 1997; Liang, 2000; Hu et al., 2002; Zhao et al., 2012). Hou Cheng et al. believe that the process of gas adsorption by coal under high temperature and high pressure can still be accurately described by the Langmuir adsorption equation, and the adsorption amount increases with increasing adsorption pressure. Moreover, by increasing the temperature of coal under the same pressure condition, the gas adsorption capacity of all coal samples shows a significant decrease (Zhong, 2001; Cui et al., 2003a; Cui et al., 2003b; Hou et al., 2019). For gas, high temperature and high pressure are the oxymorons, and how their combined effect will affect the adsorption and storage of coal seam gas, the adsorption characteristics and storage properties of deep coal seam gas, and how the change has not been agreed upon and still need further study (Zhong et al., 2002b; Zhang et al., 2005; Liu, 2011).
The pore structure of coal directly affects the gas adsorption and desorption characteristics of coal (Crosdale et al., 2008; Zhang, 2008; Qu, 2011; Zhao et al., 2018). As the main site of gas deposition, the pore structure of coal has an influence on gas adsorption mainly depending on the micropore content (Zhang et al., 2005; Gu et al., 2017), and in the meantime, pore morphology affects gas transportation and diffusion (Chen et al., 2012; Qi et al., 2017; Gao et al., 2019). In the study of microporous fractures in coal using low-temperature nitrogen isothermal adsorption, Chen Ping et al. classified microporous pores in coal into three major categories: open permeable pores, a section of closed impermeable pores, and fine-necked bottlenecked pores, based on their permeability properties (Chen and Tang, 2001). In the study of adsorption properties of gas-fertilized coal in the Xinji mine, Zhong Lingwen et al. found that the adsorption capacity of coal for gas was positively correlated with total pore volume, total pore-specific surface area, and micropore-specific surface area, while in the study of Huating coal, it was found that the adsorption capacity was not significantly related to total pore volume but only has a positive correlation with the micropore volume (Zhong et al., 2002a). Liu Aihua and Fu Xuehai et al. conducted pore testing experiments on high-grade coal by the mercury-pressure method and concluded through experimental analysis that high-grade coal has small porosity and abundant “ink bottle”-type pores, which reduce the pore connectivity of the coal; however, the large number of developed micropores greatly improves the adsorption capacity of the coal and is beneficial for gas deposition (Xu et al., 2016). Wang Lingling and Huo Xiaoxiao et al. found that the external conditions of high temperature and high pressure could change the pores of coal; the specific surface area of coal increased, the cumulative pore volume decreased, and the proportion of visible pores and crannies increased (Qi et al., 2017; Wang et al., 2018).
In conclusion, the pore structure directly affects the gas adsorption–desorption characteristics of coal. With the increase of temperature and pressure, while entering deep mining, few people consider the influence of temperature and pressure on pore structure. Under the high temperature and pressure, what will happen to the pore structure of coal and how the change of pore structure will affect the gas adsorption? Therefore, it is necessary to study the influence of high-temperature and high-pressure environment on the pore structure of coking coal.
MATERIALS AND METHODS
In order to study the gas adsorption characteristics of coking coal under a high-temperature and high-pressure environment, soft and hard coals in Liulin Coalmine, Shanxi Province, were selected in the experiment. In order to facilitate subsequent experimental analysis, the soft and hard coal samples were numbered as “LR” and “LY” successively. The experimental coal samples were coking coal with a particle size of 3–6 mm. Before the isothermal adsorption experiment, the experimental coal samples were dried in a drying oven (105°C) for more than 2 h stored in a drying dish and cooled to room temperature. The Hsorb-2600 high-temperature and high-pressure gas adsorption apparatus (as shown in Figure 1) was used to conduct methane adsorption experiments on soft and hard coals of the Liulin coal mine under high temperature and high pressure under the conditions of maximum adsorption equilibrium pressure of 11 MPa and temperature of 30, 50, 70, and 90°C. According to Langmuir’s monolayer adsorption principle, the methane adsorption capacity of coal was measured by the high-pressure volumetric method. The Langmuir formula is σ = abp/(1+bp), where a is the adsorption constant, cm3/g; b is the adsorption constant, MPa−1. The physical significance of the adsorption constant a means at a given temperature, the coal adsorption the gas to achieve the maximum adsorption capacity, also known as saturated adsorption capacity. The value reflects the adsorption capacity of coal to gas (Wang et al., 2012; Hou et al., 2020a, 2020b).
[image: Figure 1]FIGURE 1 | Hsorb-2600 high-temperature and high-pressure gas adsorbent instrument.
There are many pore testing methods for coal (Fredrich et al., 1995; Yao et al., 2009), and in this study, the mercury injection method was used to analyze the difference in pore structure between soft and hard coals of the Liulin coalmine in Shanxi Province before and after high-temperature and high-pressure adsorption experiments. For the convenience of experimental analysis, experimental coal samples are numbered as shown in Table 1.
TABLE 1 | Serial number of coal samples.
[image: Table 1]The instrument for the experiment is the AUTO PORE9500 mercury injection instrument (as shown in Figure 2). The instrument is usually operated in a pressure range of 0–228 MPa (33,000 psia) and an aperture measurement range of 5.5 nm–360 μm. The instrument utilizes mercury to measure the pore structure of coal and force mercury into coal samples by external pressure. The required pressure should overcome the capillary force of mercury flowing out of coal pores. The instrument can automatically control the pressure of the mercury inlet and outlet pressure with recording data. According to the Washburn equation, a series of pore characteristic parameters such as pore volume distribution, pore area distribution, porosity, and mercury injection and ejection curve can be obtained to characterize the pore size and pore volume of samples (Wang et al., 2014). There are many pore structure classification methods for coals (Qi, 2013), of which the B.B. XouoT decimal classification is the most widely used in China’s coal industry (Yu, 1992). The Dubinin, IUPAC, H. Gan, and other classification methods are more commonly used in coal physics and coal chemistry (Thommes et al., 2015). In order to study the storage and flow of gas in coal seam, according to B.B. XouoT’s classification method (Yu, 1992), the pores in coal were divided into micropores (D < 10 nm), minipores (10 nm < D < 102 nm), mesopores (102 nm < D < 103nm), macropores (103 nm < D < 105 nm), and visible pores and crannies (D > 105 nm), and the letter D stands for diameter.
[image: Figure 2]FIGURE 2 | Mercury porosimeter.
RESULTS AND DISCUSSION
High-Temperature and High-Pressure Response Characteristics of Coking Coal Gas Adsorption
Influence of Temperature on Gas Adsorption Characteristics of Coking Coal
Under the conditions of maximum adsorption equilibrium pressure of 11 MPa and temperature of 30, 50, 70, and 90°C, the influence of temperature single factor on gas adsorption characteristics of coking coal was studied. According to the isothermal adsorption experiment, the variation trend of methane adsorption capacity of coal samples at different temperatures was successively obtained (as shown in Figure 3).
[image: Figure 3]FIGURE 3 | Adsorption isotherms of Liulin coal samples at different temperatures. (A) Soft coal adsorption isotherm (B) Hard coal adsorption isotherm.
It can be seen from Figure 3 that under the same pressure condition, with the increase in temperature, the gas adsorption capacity of coking coal shows a downward trend. This is because the adsorption of coal to gas belongs to physical adsorption, and adsorption is an exothermic process (Wang et al., 2012). So, with the rise in temperature, the gas molecules move more violently, and the time they stay on the coal surface becomes shorter. Finally, it is easier to reach equilibrium within the specified time, which causes the limit gas adsorption amount of coal to decrease (Liang, 2000; Li et al., 2021). Figure 4 shows the limited adsorption capacity of soft coal and hard coal at different temperatures under 11 MPa pressure. The adsorption capacity does not decrease linearly with the increase in temperature. In order to intuitively represent the relationship between adsorption capacity and temperature, Origin Software was used to carry out optimal fitting for adsorption capacity and temperature, as shown in Figure 4. According to the relationship between saturated adsorption capacity and temperature, it can be seen that they conform to the exponential relationship. The regression equation between adsorption quantity Q and temperature T was established by fitting using Origin Software and a good fitting result was obtained (Table 2).
[image: Figure 4]FIGURE 4 | Fitting diagram of the relationship between temperature and saturated adsorption capacity under the same pressure (11 MPa). (A) Soft coal (B) Hard coal.
TABLE 2 | Fitting results of coal sample adsorption capacity and temperature at 11 MPa equilibrium pressure.
[image: Table 2]It can be seen from Figure 4 and Table 2 that the adsorption capacity and temperature have a good negative relationship with the increase in temperature. Meanwhile, with the increase in temperature, the adsorption capacity of hard coal in the same mining area decreases less compared to that of soft coal.
Influence of Pressure on Gas Adsorption Characteristics of Coking Coal
With the increase in burial depth, the gas pressure of the coal seam increases in a hydrostatic gradient, and the amount of gas absorbed in the coal reservoir increases. The gas pressure of the coal seam is an important factor affecting the adsorption characteristics of coal. Under the conditions of maximum adsorption equilibrium pressure of 11 MPa and temperature of 30, 50, 70, and 90°C, the influence of pressure single factor on the adsorption characteristics of coking coal gas was studied.
As shown in Figure 3, in certain temperature cases, the adsorption quantity of coalbed methane increases with the increase of pressure, which can be roughly divided into three stages: rapid increase, slow increase, and balance. The reason for the difference between the growth of gas adsorption volume of coal samples in different pressure ranges is that at the initial stage of the isothermal adsorption experiment, there are a lot of adsorption vacancies on the surface of coal, and the probability of gas molecules hitting the pore surface of coal increases, which manifested as the faster adsorption rate. With the increase of gas pressure, the surface of coal is covered more and more with gas molecules, and the density of gas molecules arranged on the pore surface of coal increases; thus, the adsorption amount increases. In addition, the adsorption vacancy decreases and the adsorption rate decreases. When the pore surface that can pass through gas molecules is gradually and fully covered by gas molecules, the adsorption amount does not increase with the increase of pressure, and the adsorption reaches equilibrium (Li et al., 2021).
At different temperatures, with the increase of pressure, the increase of the gas adsorption capacity of each coal sample is slightly different. Under the conditions of 30 and 50°C, the adsorption capacity of each coal sample increases rapidly almost linearly with the increase of pressure in the range of 0–3 MPa. In the range of 3–7 MPa, the adsorption capacity increases with the increase of pressure, but the adsorption rate slows down. After 7 MPa, the adsorption amount shows a variety of changes with the pressure, and the adsorption amount of the soft coal increases slowly and gradually becomes flat with the increase of the pressure. On the other side, for hard coal, under the pressure of more than 10 MPa, with the increase of pressure, the adsorption capacity tends to decrease. Under the condition of 70°C, the adsorption capacity of each coal sample increases rapidly almost linearly with the increase of pressure in the range of 0–4 MPa. In the range of 4–8 MPa, the adsorption capacity increases with the increase of pressure; on the contrary, the adsorption rate slows down. After 8 MPa, the adsorption amount shows a variety of changes with pressure. The adsorption amount of soft coal increases slowly and gradually becomes flat with the increase of pressure. For the hard coal, after exposure to 10 MPa pressure, the adsorption capacity tends to decrease with the increase of pressure. Under the temperature of 90°C, the adsorption capacity of each coal sample increases rapidly almost linearly with the increase of pressure in the range of 0–4 MPa. After 4 MPa, the adsorption isotherm curve increases slowly and will flatten out gradually with the increase of pressure. Under the same pressure, the adsorption capacity of soft coal is greater than that of hard coal.
Effect of High Temperature and High Pressure on Pore Structure
Difference Analysis of Mercury in and out Curves Before and After High-Temperature and High-Pressure Experiment
According to the connectivity of pores in coal, the morphology of pores in coal is divided into open pores (with hysteresis loops), semi-closed pores (with almost no hysteresis loops), and narrow-necked pores (“sudden drop”–type hysteresis loops). The spatial distribution of pores in coal reflects the pore connectivity, and the open pores are most conducive to the migration of coalbed methane due to the large distribution of macropores and crannies. In the case of closed pores and semi-closed pores, the pores are mainly micropores, and the pore channels are not smooth, which complicates the migration of CBM.
According to the experimental results, the mercury injection and ejection curves of all coal samples were drawn, as shown in Figure 5. The differences in pore morphology of coal samples before and after the high-temperature and high-pressure adsorption experiment were studied according to the injection and ejection curves of mercury.
[image: Figure 5]FIGURE 5 | Mercury in ejection curves before and after high-temperature and high-pressure adsorption test. (A) Soft coal (B) Hard coal.
From Figure 5, it can be seen that the mercury intrusion curves of both soft and hard coal have the hysteresis loop in the entire pressure range when before or after the high-temperature and high-pressure adsorption experiment, which indicates that there are many open pores in coal samples from the Liulin mining area, and there may be semi-closed pores. Comparing the mercury injection and ejection curves before and after the high-temperature and high-pressure adsorption experiment, it was found that the mercury injection and ejection hysteresis loops of the coal samples after the high-temperature and high-pressure adsorption experiment were smaller than those of the raw coal, indicating that after exposure to high-temperature and high-pressure, the open pores in the coal samples decreased, the semi-closed pores increased, and the connectivity of coals deteriorates, which is not conducive to the flow of gas. Under the same pressure, the hysteresis loop increases gradually, and the connectivity of coal samples is better with the increase in temperature. The total mercury input of Liulin soft coal after the high-temperature and high-pressure experiment is less than that of raw coal. Under the same pressure, with the increase in temperature, the total mercury input increases. The total mercury injection volume of hard coal after the high-temperature and high-pressure experiment is smaller than that of raw coal, and under the same pressure, with the increase in temperature, the total mercury injection volume rises. Comparing the soft and hard coal (both are raw coals) in the Liulin mining area, it is found that there is little difference in the amount of mercury injected between them, but there are differences in morphology. The mercury hysteresis loop of soft coal is smaller than that of hard coal, and the semi-closed pores in soft coal are more than those in hard coal.
Difference in Pore Volume Before and After High-Temperature and High-Pressure Experiments
According to the mercury injection experimental data of soft and hard coal samples of coking coal in the Liulin Mining area before and after the high-temperature and high-pressure experiments, the cumulative pore volume and incremental pore volume distribution of various coal samples are shown in Figures 6, 7 and Table 3.
[image: Figure 6]FIGURE 6 | Pore volume vs pore size of Liulin mine soft coal after high-temperature and high-pressure adsorption test. (A) Cumulative pore volume of soft coal (B) Incremental pore volume of soft coal.
[image: Figure 7]FIGURE 7 | Pore volume vs pore size of Liulin mine hard coal after high-temperature and high-pressure adsorption test. (A) Cumulative pore volume of hard coal (B) Incremental pore volume of hard coal.
TABLE 3 | Pore volume distribution of coal samples with the mercury intrusion method.
[image: Table 3]It can be seen from Figures 6 and 7 that the total pore volume of coal samples is smaller than that of raw coal after the high-temperature and high-pressure experiment, which is mainly manifested by the decrease of macropores and visible pores volumes in coal samples. The volume of micropores and minipores increases slightly, and the total volume of pores increases with the increase in temperature. This is because under high temperature and high pressure, the macropores, visible pores, and crannies are destroyed, and their volumes decrease. The pores become compact as a whole, and the volume of micropores increases, while the total pore volume decreases. When the temperature rises, the coal body absorbs heat, the coal matrix contracts, the pore structure expands, the semi-closed pore becomes an open pore, the volume of micropore and minipore increases, and the total pore volume increases with the rising temperature. According to Table 3, it can be seen that the visible pores and crannies in coal are the main contributors to total pore volume, and the contributions of the micropore and minipore are smaller. Whether concerning the raw coal or the coals after the high-temperature and high-pressure adsorption experiment, both visible pores and crannies are the largest contributors to pore volume. The visible pores and crannies account for more than 60% of the total pore volume in the Liulin mining area, followed by minipore, and the proportion of mesopores and macropores is less. By comparing soft coal and hard coal, we can find that the proportion of micropores and minipores in soft coal is larger than that in hard coal. Nevertheless, the ratio of micropores, visible pores, and crannies in hard coal is greater than that of soft coal. Micropores and minipores are the main places of adsorption behavior. Because the soft coal contains more micropores, the adsorption capacity of soft coal is greater than that of hard coal in the Liulin mining area.
The Difference in Surface Area of Coal Before and After High-Temperature and High-Pressure Experiments
The accumulative pore area and incremental pore area distribution of soft and hard coal in the Liulin mining area before and after high-temperature and high-pressure experiments were measured by the mercury injection method, as shown in Figures 8 and 9. Table 4 reflects the changes in specific surface area of coal before and after high-temperature and high-pressure experiments.
[image: Figure 8]FIGURE 8 | Pore area vs pore size of Liulin mine soft coal after high-temperature and high-pressure adsorption test. (A) Cumulative pore area of soft coal (B) Incremental pore area of soft coal.
[image: Figure 9]FIGURE 9 | Pore area vs pore size of Liulin mine hard coal after high-temperature and high-pressure adsorption test. (A) Cumulative pore area of hard coal (B) Incremental pore area of hard coal.
TABLE 4 | Pore area distribution of coal samples with the mercury intrusion method.
[image: Table 4]It can be seen from the aforementioned fact that the surface area of micropores and minipores reaches 98% of the total area, which is the main contributor to the specific surface area of pores, while the visible pores and crannies nearly have little contribution, and the surface area of macropores and mesopores is very small. Compared with raw coal, the pore surface area after the high-temperature and high-pressure experiment increases, that is, because the pore structure of the coal is destroyed, the pore size tends to be smaller, and the number of micropores and minipores in the coal increases, so the specific surface area also increases. Under the same pressure, with the increase in temperature, the specific surface area of the same coal sample showed a decreasing trend. In the experimental range of the pore size test, the pore size of coal samples showed peaks in the micropores ranging from 6 to 10 nm, indicating that the micropores are the main contributors to the total specific pore area of coal samples.
CONCLUSION
In this study, the coking coal in the Liulin mining area was taken as the research object to analyze the pore structure characteristics of coal before and after the high-temperature and high-pressure adsorption experiment. The following conclusions were obtained:
(1) The pressure is beneficial to gas adsorption, while the temperature has a restraining effect on the gas adsorption of coking coal, and there is a good negative exponential relationship between the adsorption capacity and the temperature of coking coal. At the same temperature, the gas adsorption capacity of soft coal is greater than that of hard coal. When the temperature increases, the reduction of the adsorption capacity of hard coal is less than that of soft coal in the same coalmine. Under the highest equilibrium pressure of 11 MPa, the isothermal adsorption curve of coal samples for methane in the Liulin coalmine still conforms to the Langmuir adsorption curve.
(2) Both before and after the high-temperature and high-pressure adsorption experiment of coking coals in the Liulin coalmine, there exists a hysteresis loop in the whole pressure interval, indicating that there are many open holes in the pores and perhaps semi-closed holes exist. In the process of the mercury injection experiment, the hysteresis loop of coking coal after the high-temperature and high-pressure adsorption experiment is smaller than that of raw coal. This demonstrates that the open pores decrease and the semi-closed pores increase, and then the connectivity of the pores becomes worse, which is not conducive to the gas flow when the coking coals are subjected to high-temperature and high-pressure action.
(3) After the high-temperature and high-pressure adsorption experiment, the volume of macropores, visible pores, and crannies of the coking coal decreases when measured by the mercury intrusion method, and the volume of micropores and minipores increases. However, the total pore volume reduced overall. Under the same pressure, with the increase in temperature, the volume of macropores, visible pores, and crannies increases, while the volume of micropores and minipores decreases, and the total pore volume increases overall.
(4) After the high-temperature and high-pressure adsorption experiment, the proportion of micropores and minipores of coking coal increases, and the specific surface area also increases. There exist plenty of micropores and minipores in soft coal, and the adsorption capacity of soft coal is greater than that of hard coal. Under the same pressure, the surface area of micropores and minipores decreases, and the total specific surface area also decreases with the increase in temperature.
(5) The visible pores and crannies are the main contributors to the total pore volume of coal, and they are the largest components of pore volume either in raw coal or in coal samples after high-temperature and high-pressure adsorption experiments. The micropores and minipores are the main contributors to the specific surface area of pores, and conversely, the contribution to pore volume is minimal.
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