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Elucidating the evolution law of coal pore structure under acidification is crucial for guiding the practical application of acidizing technology and improving the production of coalbed methane. To comprehensively investigate the influence of acidification on varied-sized pores in different rank coals, in this study, fat coal, meagre coal and anthracite coal were collected and acidified with a mixed solution composed of hydrochloric acid (9 wt%) and hydrofluoric acid (3 wt%). An approach integrating low-pressure CO2 adsorption (LPGA-CO2), low-temperature N2 adsorption (LTGA-N2) and Mercury intrusion porosimetry (MIP) was adopted to fully characterize the varied-sized pore structure before and after acidification to eliminate the limitations of single method. The results demonstrated that acid treatment improved the pore opening degree and connectivity in coal, but had essentially no effect on the pore shape. After acidification, all the coal samples showed significant increases in the porosity and total pore volume, which was mainly contributed by the numerous newly formed large mesopores and macropores, especially the macropores (with an average contribution rate of 74.59%). Taken as a whole, acid treatment had the largest impact on macropores, followed by mesopores, and the smallest impact on micropores. In addition, the variation trend of total specific surface area (SSA) under acidification was primarily determined by micropores. For the three different rank coals selected in this study, the total SSA of fat coal (PM) was more easily affected by acidification and had the largest percentage increase after acid treatment, followed by anthracite coal (YM), while that of meagre coal (LA) decreased slightly. This difference was driven primarily by the different variation trend of micropore SSA in different rank coals. After acidification, the SSA of ultra-micropores and super-micropores all increased in fat coal (PM) and anthracite coal (YM), whereas for meagre coal (LA), although ultra-micropores SSA increased, super-micropores SSA decreased, which ultimately led to the slight decrease of its micropore SSA. Moreover, the total pore volume increment of coal was closely related to the macropore volume increment under acidification, but not significantly related to the coal maturity,which might indicate that, compared with coal rank, the mineral content in coal might be a more important consideration when measuring the applicability of acidification technology.
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1 INTRODUCTION
Coal-bed methane (CBM) drainage is an effective technical means by which to prevent coal and gas outbursts, and it is also the practical demand for China to establish a new energy system under the goal of “double carbon” (Wang et al., 2014; Jiang et al., 2022). The exploitation of CBM is a continuous dynamic process, including desorption of CBM from the pore surface, diffusion from pores to fractures, and then seepage from fractures to the rockshaft (Tan et al., 2018; Li L. et al., 2020). Therefore, well-developed pore and fracture network is essential for the fast and efficient gas extraction (Liu et al., 2023). However, for coal seams with high mineral content, the pores and fractures are often blocked by minerals (such as calcite, kaolinite and pyrite), which seriously hampers the desorption and migration of CBM (Chen S. et al., 2021). Aiming at this problem, many studies have demonstrated that acidizing treatment can effectively remove the minerals and link the blocked channels (Turner and Steel, 2016; Wang et al., 2020; Chen Q. et al., 2021; Guo et al., 2021). Therefore, it is crucial to elucidate the pore structure evolution characteristics of coal under acidification for guiding the practical application of acidification technology and improving the production of CBM.
In recent years, many scholars have performed studies on the variation of coal pore structure under acidification. In these studies, the pore structure was commonly characterized by nuclear magnetic resonance (NMR), scanning electron microscopy (SEM), gas adsorption method (GA), and high-pressure Mercury intrusion (MIP) (Zhang et al., 2016; Zhao et al., 2018; Li S. et al., 2020; Ni et al., 2020; Wang et al., 2020; Liu et al., 2021; Xie et al., 2021; Yi et al., 2021). For example, Ni et al. explored the changes in pore structure under nitric acid treatment by SEM and LTGA-N2. They found that nitric acid treatment could enlarge the pores in coal and increase the pore openness (Ni et al., 2020). Zhang et al. launched the acidification experiment of coal with acetic acid and hydrochloric acid, and characterized the pore structure by LTGA-N2. The results showed that acid treatment made pores more complicated, and less aliphatic structure and more aromatic structure predicted more micropores (Zhang et al., 2016). In the work reported by Xie et al., SEM was used to qualitatively evaluate the changes in surface morphological characteristics caused by acetic acid acidification, and the combination of MIP and LTGA-N2 methods was used to quantitatively analyze the overall evolution characteristics of pore structure. They found that acidification helped to form cylinders pores and parallel plates pores, thus improving the pore connectivity (Xie et al., 2021). Taking acid solution with different components as treatment agents, Li et al. carried out NMR and SEM tests on the raw and acidified coal samples and explored the pore evolution characteristics, showing that different acid solutions affected macropores (1‒100 µm), mesopores (0.1‒1 µm) and micropores (<0.1 µm) differently (Li S. et al., 2020). Zhao et al. analyzed the change of pore structure under the treatment of hydrofluoric acid and hydrochloric acid using LTGA-N2, finding that acidification had a more pronounced effect on pores below 10 nm (Zhao et al., 2018). Yi et al. treated coal samples with hydrochloric acid, and used LTGA-N2 and LPGA-CO2 to characterize the pore structure. The results showed that, with increasing acid concentration, the volume of small mesopores and macropores showed a consistently increasing trend. However, the volume of large mesopores showed first a decrease and then an increase, and the variation trend of micropore volume was uncertain (Yi et al., 2021).
From previous relevant researches, we can see that various advanced techniques have been employed to analyze the changes of coal pore structure under acidification. Nevertheless, due to the limitation of the testing principle, these studies can only detect pore structure characteristics within a specific range of pore size (Zhang et al., 2017; Liu X. et al., 2019; Wei et al., 2019; Qin et al., 2020; Lu et al., 2021; Mou et al., 2021). For example, neither LTGA-N2 nor MIP can accurately characterize pores with diameters below 2 nm, which is attributed to the extremely slow nitrogen diffusion rate under low pressure and the limitation of the maximum mercury intrusion pressure (Mou et al., 2021). The approach combining LTGA-N2 and LPGA-CO2 enables the accurate characterization of micropores and mesopores, but not micron-sized macropores (Jagiello et al., 2019; Yi et al., 2021). However, pores with different sizes all play an important role in methane migration, among which micropores exert a great influence on methane adsorption capacity, and mesopores and macropores provide channels for methane diffusion and seepage (Tan et al., 2018). Thus, a characterization of full-sized coal pore structure before and after acid treatment is necessary to accurately reveal the mechanism of enhanced CBM production and improve the CBM extraction efficiency. Moreover, few studies have involved the differences in pore structure evolution between different coal ranks under acidification.
Based on the above analysis, in this study, different rank coals were acidified with hydrochloric acid and hydrofluoric acid. In order to eliminate the limitations of single method, an approach integrating LPGA-CO2, LTGA-N2 and MIP was performed to analyze the pore structure of raw and acidified coal samples. First, the pore structure of raw and acidified coals was respectively characterized using the three methods mentioned above. Then, the accurate full-sized pore structure parameters were obtained by intercepting the data of the three test methods in their optimal performance intervals, and the full-sized pore distribution curves were plotted. On this basis, the varied-sized pore evolution characteristics of different rank coals under acidification was investigated by comparing and analyzing the variation of micro-, meso-, and macropore structure characteristics, such as specific surface area (SSA), pore size distribution, as well as pore volume. At the same time, changes in pore morphological characteristics such as pore shape and pore connectivity caused by acidification were also discussed. This work aimed to provide a useful theoretical reference for the application of acidizing technology, which is of great practical significance for guiding the efficient exploitation of CBM and preventing gas outburst disasters.
2 MATERIALS AND METHODS
2.1 Samples and acidification
The three experimental coal samples with different ranks were respectively fat coal from Mine No.11 of Pingdingshan coal mine (PM), meagre coal from Lu’an coal mine (LA), and anthracite coal from Mine Chensilou of Yongcheng coal mine (YM). The first two kinds of coal belonged to middle-rank coal, and the last one belonged to high-rank coal. The samples came from the same coal seam and area to minimize the extrinsic effects of coal heterogeneity. The three types of coal samples were pulverized and sieved into two particle sizes: 0.18‒0.25 mm for the LPGA-CO2 and LTGA-N2 tests, and 3‒6 mm for the MIP test. Half of the grinded samples were soaked in acid solution for 24 h at room temperature, and then filtered. Next, the acidified coal samples were repeatedly washed until the pH was close to neutral, and then dried at 105°C for 12 h. The untreated coal samples were marked as PM-0, LA-0 and YM-0, and the corresponding acidified samples were marked as PM-1, LA-1 and YM-1, respectively.
In this research, an acid solution consisting of hydrochloric acid (9 wt%), hydrofluoric acid (3 wt%) and potassium chloride (2 wt%) was used for acid treatment. In this solution, the hydrochloric acid was used to dissolve carbonate minerals, hydrofluoric acid to remove silicate minerals, and potassium chloride to prevent pore plugging caused by swelling of clay minerals in water.
2.2 Test apparatus and methods
The low-pressure CO2 adsorption test (LPGA-CO2) was conducted on a Micromeritics ASAP 2020 instrument. The theoretical basis of this method was that CO2 can be physically adsorbed on the solid surface at saturation temperature. The coal’s micropore structure parameters, including pore size distribution, SSA, and pore volume were deduced and analyzed from the CO2 adsorption isotherms obtained at 273.15 K, using density functional theory (DFT). The low-temperature N2 adsorption test (LTGA-N2) was carried out on a surface area analyzer (Micromeritics ASAP 2460) to characterize the mesopore structure. The LTGA-N2 measurement took nitrogen as the probe molecule, and its testing principle was similar to that of LPGA-CO2. The N2 adsorption isotherms were recorded at 77 K. Then, the adsorption branch data of isotherms were processed using Barrett–Joyner–Halenda (BJH) theory, and the structural parameters of mesopore were calculated and analyzed. The Mercury intrusion porosimetry (MIP) test was conducted on an automatic mercury injection apparatus (Microactive Auto Pore V9600, United States). The range of mercury intrusion pressure was 0.1–60000 psia, and the test range of aperture was 3.5 nm to 1,000 μm. During the testing process, mercury injection volumes at different pressures were recorded to acquire the intrusion curves and extrusion curves. The pore size distribution, pore volumes, SSA, and porosities were calculated according to the correspondence between the pore diameter and the injection pressure. In this study, the pores in coal were classified following the relevant scheme recommended by International Union of Pure and Applied Chemistry (IUPAC), which divided pores into macropores (above 50 nm), mesopores (2‒50 nm), and micropores (below 2 nm), with the micropores further divided into ultra-micropores (below 0.7 nm) and super-micropores (0.7‒2.0 nm) (Thommes and Cychosz, 2014; Thommes et al., 2015).
3 RESULTS AND DISCUSSION
3.1 Micropore evolution characteristics (<2 nm)
The LPGA-CO2 isotherms of the raw and acidified coal samples are presented in Figure 1. We can see that the shapes of the CO2 adsorption curves were similar to the low-pressure region of Langmuir isotherm, indicating the existence of abundant open micropores. With increasing adsorption pressure, the CO2 adsorption quantity increased rapidly at P/P0 of 0–0.01, then slowed down when the relative pressure was greater than 0.01. The respective maximum CO2 adsorption quantities of PM-0, LA-0, and YM-0 were 15.81, 21.63, and 20.81 cm3/g, which showed an overall upward trend with increasing metamorphism. After acidification, the maximum CO2 adsorption quantities of PM and YM increased significantly, while that of LA showed little change. To explore the possible reasons for this difference, the changes of ultra-micropores (below 0.7 nm) and super-micropores (0.7-2.0 nm) were discussed in more detail below.
[image: Figure 1]FIGURE 1 | LPGA-CO2 adsorption isotherms of the raw and acidified coal samples.
Table 1 shows the corresponding micropore structural parameters. We can see that for PM and YM, the volumes and areas of ultra-micropore and super-micropore all showed an increasing trend after acidification. However, for LA, the volume and area of ultra-micropore increased while that of super-micropore decreased. These two opposite changes caused the total micropore volume and total micropore SSA of LA to slightly decreased. It can be seen from the analysis of Figure 1 and Table 1 that for coal samples of different ranks, the volume and SSA of ultra-micropores after acidification all increased, while that of super-micropores might increase or decrease. In other words, acid treatment can facilitate the development of ultra-micropores, but it had a two-sided effect on the change of super-micropores. Based on this analysis, it can be inferred that the simultaneous effect of acidification on ultra-micropore and super-micropore changes might lead to an increase in the total micropore volume and total micropore SSA in different coals, or no obvious change, or even decrease.
TABLE 1 | Micropore structural parameters of the raw and acidified coal samples from the LPGA-CO2 measurementa.
[image: Table 1]Figure 2 illustrates the micropore volume distribution and micropore area distribution of the raw and acidified coal samples. In this study, the actual pore size range tested by LPGA-CO2 was 0.33‒1.1 nm, which was determined by the kinetic diameter of CO2 and the maximum relative pressure limit of CO2 in this method (Thommes and Cychosz, 2014). We can see that these two types of distribution curves were highly similar in morphology, which was attributed to the micropore filling mechanism in the carbon dioxide adsorption process. All the curves appeared to be bimodal distribution and can be divided into ultra-micropore region and super-micropore region with 0.7 nm as the demarcation point. The pores with a diameter of 0.55 and 0.85 nm were the most probable ones, which meant that pores with these two diameters had the largest contribution to the micropore SSA and volume. After acidification, for the medium rank coals (PM and LA), the multiple peaks in the ultra-micropore range of raw coal samples tended to merge into a broad peak, suggesting a more uniform distribution of ultra-micropores in acidified coal samples. Contrarily, for high rank coal (YM), the two peaks in the ultra-micropore range were clearly separated after acidification, accompanied by an increase in peak value and a decrease in peak width, and the peak at 0.55 nm obviously moved to the left. These phenomena indicated that acid treatment reduced the ultra-micropore diversity of high rank coal and produced numerous smaller ultra-micropores. In other words, after acid treatment, the ultra-micropore structure of high rank coal was more regular. For pores in the super-micropore range, the main peak of all the raw and acidified samples was located at 0.85 nm, suggesting that acid treatment only changed the number of super-micropores without altering the super-micropore diameter.
[image: Figure 2]FIGURE 2 | Micropore volume distribution curves and micropore area distribution curves from the LPGA-CO2 measurement: (A) PM; (B) LA; (C) YM.
3.2 Mesopore evolution characteristics (2‒50 nm)
Figure 3 gives the N2 adsorption isotherms obtained from the LTGA-N2 measurement. According to the latest classification method of adsorption isotherm recommended by IUPAC, all the curves presented features as follows: type IV (a) in the low relative pressure interval and type II in the high relative pressure interval, which indicated that the studied coal samples were multi-scale porous aggregates with micropores, mesopores and macropores (Jin et al., 2016). After the acid treatment, the adsorption curves of LA-1 and YM-1 showed a sharp rise when the relative pressure was greater than 0.8, which corresponded to the multilayer adsorption process of macropores, indicating that acidification significantly contributed to the generation of larger pores (Guo et al., 2019). Moreover, it was considered that the type and size of hysteresis loops could provide information about the shape and openness of pores in coal (Ni et al., 2020). Based on the classification criteria of hysteresis loop type of the IUPAC, all the raw coal samples presented the hysteresis loop of type H3, suggesting the presence of quantities of narrow slit-shaped mesopores. In addition, the size of hysteresis loops in raw coal samples were relatively small, which meant the existence of numerous semi-closed or closed pores with poor connectivity. After acidification, the size of the hysteresis loop obviously increased while the shape remained basically the same, which suggested that acid treatment could improve the pore opening degree significantly, but not affect the pore type.
[image: Figure 3]FIGURE 3 | LTGA-N2 adsorption isotherms of the raw and acidified coal samples: (A) PM; (B) LA; (C) YM.
The maximum N2 adsorption quantities of LA-1 and YM-1 were 5.02 and 6.85 cm3/g, respectively, which showed a notable increase compared with that of the corresponding raw coal. In contrast, the N2 adsorption quantity of PM-1 was only a little higher than that of the raw coal. These findings suggested that acidification can significantly improve the nitrogen adsorption capacity of meagre coal and anthracite coal, but had little effect on that of fat coal. The mesopore structural parameters obtained by the LTGA-N2 measurement are listed in Table 2. After being treated with acid, the mesopore volume of all the experimental samples increased, especially for LA and YM. Specifically, the mesopore volumes of PM, LA, and YM increased from 0.00724, 0.00108, and 0.00265 cm3/g to 0.00803, 0.00763, and 0.01054 cm3/g, respectively. The SSA of mesopores also showed an increasing trend after acidification. From the above analysis, we can see that acid treatment helped to enrich the pores in coal and improve the pore openness, which played a reinforcing role for the diffusion and migration of CBM.
TABLE 2 | Mesopore structural parameters of the raw and acidified coal samples from the LTGA-N2 measurement.
[image: Table 2]Figure 4 gives the mesopore volume distribution curves and mesopore area distribution curves of the raw and acidified samples. It was clear that for raw meagre coal (LA-0) and raw anthracite coal (YM-0), the mesopore volume distribution curves were largely coincided with the baseline in the range of less than 10 nm, and then showed a slowly rising trend with the increase of pore diameter. This phenomenon indicated that the mesopores of these two raw coal samples were poorly developed, with only a few large mesopores with diameters greater than 10 nm. After being treated with acid, the pore volume distribution density (dV/d (log D)) increased rapidly with increasing pore diameter in the range of greater than 10 nm, and several small peaks presented within diameters less than 10 nm. From an overall perspective, the increase of the pore volume distribution density of large mesopores was more significant under acid treatment, which suggested that the expansion of mesopores in meagre coal and anthracite coal by acidification was primarily reflected in the increase of large mesopores. Additionally, although the pore volume distribution of PM was largely unchanged during the acid treatment, the peak value increased. The above phenomena indicated that substantial mesopores, especially large mesopores, were generated or exposed during the acid treatment. From the pore area distribution curves, we can see that the large mesopores contributed most of the SSA of mesopores, which further confirmed the significant promotion of acid treatment on the development of the large mesopores.
[image: Figure 4]FIGURE 4 | Mesopore volume distribution curves and mesopore area distribution curves from the LTGA-N2 measurement: (A) PM; (B) LA; (C) YM.
3.3 Macropore evolution characteristics (>50 nm)
The MIP intrusive and extrusive curves of the untreated and acid-treated coal samples are shown in Figure 5. As a comprehensive reflection of the pore structure, the shape of the curve contains features of the pore type and pore connectivity. The cumulative intrusion volume represents the volume of effective pores, including the semi-closed pores and open pores (Wang et al., 2015). The volume of semi-closed pores is considered equal to the cumulative extrusion volume. That is, the volume difference obtained by subtracting the cumulative extrusion volume from the cumulative intrusion volume can be considered as the volume of open pores (Wang et al., 2020). Additionally, pore type and connectivity can be determined according to the hysteresis loop characteristics. Coal with abundant open pores would have an obvious hysteresis loop, while that with few open pores would not (Guo et al., 2019). Generally, large hysteresis loops and great differences between the volume of Mercury intrusion and Mercury extrusion suggest a high fraction of open pores and excellent pore connectivity (Chen et al., 2012). From Figure 5, we can see that all the coal samples had hysteresis loops, suggesting that there were both open pores and semi-closed pores in coal. After acidification, the cumulative intrusion volume of all the coal samples increased significantly while the cumulative extrusion volume changed little. This indicated that a large number of effective pores, mainly open pores, were produced during the acidification process. The more pronounced hysteresis loops of the three acid-treated coal samples further proved a higher proportion of open pores and a better pore connectivity after acidification. This conclusion was consistent with that obtained by LTGA-N2 measurement. These findings all suggested that many invalid pores were transferred into open pores or semi-closed pores under the action of acid etching, which favored the diffusion and migration of CBM.
[image: Figure 5]FIGURE 5 | The MIP intrusive and extrusive curves of the raw and acidified coal samples: (A) PM; (B) LA; (C) YM.
Table 3 lists the pore structural parameters obtained from the MIP measurement. We can see that the mesopore data from MIP measurement was significantly larger compared to that from LTGA-N2 measurement, which might be due to the coal compression effect under high pressure (Li et al., 2021). This finding further proved the limitation of MIP method in the characterization of mesopores. Besides, the interparticle pores effect under low pressure may lead to overestimation of the macropore size and volume in MIP measurement. For the sake of accuracy, we focused analysis on the pore characteristics with aperture between 50 nm and 60 μm, and the data below 50 nm were for reference only (Li et al., 2021). It can be seen from Table 3 that, for the raw coal samples, the macropore volumes ranged from 0.02087 to 0.02386 cm3/g, accounting for 51.64%–53.68% of the total volumes. After being treated with acid, the volumes of mesopore and macropore all showed an increasing trend, but the increased amplitudes of macropore volume was obviously larger than that of mesopore volume. Specifically, the mesopore volumes of PM, LA, and YM increased by 21.15%, 2.01%, and 0.27%, respectively, while the macropore volumes increased by 63.11%, 197.74%, and 54.82%, respectively. This indicated that the effect of acidification on macropores was far more significant than that on mesopores. Additionally, due to the negligible role of macropores in contributing total SSA, although macropores were obviously developed under acidification, the total SSA changed little.
TABLE 3 | Pore structural parameters of the raw and acidified coal samples from the MIP measurementa.
[image: Table 3]Figure 6 exhibits the pore volume distribution curves and the pore area distribution curves obtained from Mercury injection test. For the three raw coals, peaks in the macropore interval were mainly concentrated in diameters over 10 μm, illustrating that macropores in the raw coal samples were primarily ultra-macropores with a diameter greater than 10 μm. After being treated with acid solution, multiple broad peaks appeared between 50 nm and 10 μm, with the peak area of the original ultra-macropores showed a substantial increase, indicating that the primary macropores further expanded during the acidification process, and a variety of varied-sized macropores were formed at the same time. Moreover, it was also observed that compared with mesopores, the contribution of macropores to the total SSA were negligible. After acidification, the contribution of mesopores with diameters of about 10 nm increased, suggesting the formation of larger mesopores during acid treatment.
[image: Figure 6]FIGURE 6 | Pore volume distribution curves and pore area distribution curves from the MIP measurement: (A) PM; (B) LA; (C) YM.
3.4 Comprehensive analysis of varied-sized pore evolution characteristics under acidification
According to the discussion above, the acid treatment exerted a significant influence on coal’s micropores, mesopores and macropores. However, neither LPGA-CO2, LTGA-N2 or MIP can independently elucidate the complicate pore structure characteristics, which was limited by the test principle. Previous studies have demonstrated that the above three test methods have different optimal performance intervals: LPGA-CO2 can accurately characterize micropores, LTGA-N2 is suitable for characterizing mesopores, and MIP is more accurate for characterizing macropores (Wang et al., 2019; Wei et al., 2019; Lu et al., 2021; Wei et al., 2021). Referring to previous studies, the pore size distribution data of micropores (below 2 nm) from LPGA-CO2, mesopores (2‒50 nm) from LTGA-N2, and macropores (above 50 nm) from MIP were directly combined and respectively connected at 2 nm and 50 nm to obtain the full-sized pore size distribution dataset. On this basis, the full-sized pore volume distribution curves and full-sized pore area distribution curves were plotted (Figures 7, 8). Although there was aperture interval that could not be detected by both LPGA-CO2 and LTGA-N2, this integrated method can reflect the relative changes of pores in coal to the greatest extent. Table 4 summarizes and lists the pore volumes and SSA measured by the three test methods in their best performance intervals, as well as the porosities obtained from Mercury intrusion measurement. It is important to note that it is not very rigorous to directly combine the pore structure data obtained from test methods based on completely different theories. There may be still differences between the pore structure parameters obtained in this study and the real pore structure characteristics of coal, but compared with single methods, they can more accurately reflect the relative changes in the varied-sized pore evolution characteristics under acidification.
[image: Figure 7]FIGURE 7 | Full-sized pore volume distribution curves of the raw and acidified coal samples, and the inserts were the partial enlargement curves: (A) PM; (B) LA; (C) YM.
[image: Figure 8]FIGURE 8 | Full-sized pore area distribution curves of the raw and acidified coal samples, and the inserts were the partial enlargement curves: (A) PM; (B) LA; (C) YM.
TABLE 4 | Full-sized pore structural parameters of the raw and acidified coal samples.
[image: Table 4]From Table 4, the micropores of PM-0, LA-0 and YM-0 respectively contributed to 42.91%, 56.30% and 54.95% of the total pore volume, and the macropores respectively contributed to 42.38%, 41.74% and 40.54% of the total pore volume, while the contribution of mesopores was less than 15%, which indicated that the studied raw coals were mainly composed of micropores and macropores. With increasing coal rank, the total pore specific areas and total pore volumes showed an overall increase, which was mainly contributed by the obviously development of micropores. In addition, micropores contributed more than 98% to the raw coals’ total SSA, which illustrated the dominant role of micropore in determining the adsorption capacity. After the treatment with acid, the total pore volumes of all the samples showed a significant increase. Specifically, the total pore volumes of PM, LA, and YM increased from 0.04924, 0.05513, and 0.05885 cm3/g to 0.06672, 0.10631, and 0.08185 cm3/g, respectively. At the same time, the porosity increased from 2.73%, 3.36%, and 3.59%–3.39%, 6.07%, and 4.54%, respectively. Comparing the variation of pore volume in different aperture intervals after acidification, we can see that the increase of total volume mainly came from macropores (with an average contribution rate of 74.59%), while the changes of mesopore volume and micropore volume were relatively small, especially that of micropores. This phenomenon indicated that acidification exhibited the greatest impact on macropores, followed by mesopores, and the smallest effect on micropores.
Based on above analysis, we can see that the improvement of the permeability of coal under acid treatment was mainly achieved by promoting the formation of mesopores and macropores, especially macropores. The newly formed mesopores and macropores linked the flow channel of CBM, thus promoting the migration and extraction of CBM. Comparing the increment of total pore volume of the three different rank coals under acidification, it was found that there was no obvious correlation between total pore volume increment and coal maturity. This might be due to that the increase of total pore volume under acidification was mainly derived from macropores, the development of which was strongly related to the removal of minerals in coal, yet the mineral content was affected by the coal sedimentary environment rather than coalification (Liu S. et al., 2018; Wang et al., 2019; Mou et al., 2021; Yi et al., 2021). Previous studies have indicated that the effect of acidification on improving permeability was closely related to the mineral content in coal. The higher the mineral content, the better the permeability enhancement effect (Li et al., 2017). Based on previous studies and our preliminary results, we inferred that compared with coal rank, the mineral content in coal may be a more important consideration when measuring the applicability of acidification technology.
Additionally, according to the specific surface area data shown in Table 4, the variation of meso- and macropores SSA after acidification could be ignored, and the increase or decrease of total SSA was mainly determined by micropores. Moreover, it also can be seen from Table 4 that, the total SSA of fat coal (PM) was more easily affected by acidification and had the largest percentage increase after acid treatment, followed by anthracite coal (YM), while that of meagre coal (LA) decreased slightly. This difference was driven primarily by the different variation trend of micropore SSA in different rank coals discussed in section 3.1.
From Figure 7, we can see that the peaks of the three raw coal samples were concentrated in the range of diameters below 0.9 nm and above 10 μm, and the main peaks were located at about 0.55, 0.85 nm, and tens of microns, suggesting that the pore systems were primarily composed of ultra-micropores with diameters of about 0.55 nm, super-micropores with diameters of about 0.85 nm, and ultra-macropores with diameters of tens of microns. After the acid treatment, the pores were still dominated by micropores and macropores, but the pore size distribution changed significantly.
For the ultra-micropore in coal, as analyzed in section 3.1, acid treatment made the ultra-micropore structure in medium rank coal more uniform, while that in high rank coal more regular. This might be due to that acidification caused the alkyl structure to fall off, thereby further increasing the proportion of aromatic structure in high rank coal, making the coal macromolecules more orderly arranged, thus producing smaller and more regular ultra-micropores (Liu et al., 2017; Liu Y. et al., 2018; Liu Y. et al., 2019; Li Y. et al., 2020). As for the super-micropores in coal, the main peak position of acidified coal samples stayed the same, yet the peak value of PM and YM here increased after acid treatment, while that of LA decreased. It is considered that super-micropores are the intermolecular spaces in coal, and the removal of volatiles (such as the functional groups or weak side chains of coal macromolecules) can increase the number of super-micropores (Liu Y. et al., 2019). Therefore, the development of super-micropores in PM and YM may have been due to the intermolecular spaces formed by the removal of functional groups or unstable side chains under acidification, and the decrease of super-micropores in LA may have been due to the further transformation of newly formed super-micropores into small mesopores.
From the partial enlarged curves shown in Figure 7, it was obvious that several broad new peaks occurred between diameters of 10 nm and 10 μm, and the main peaks located at 50 nm, 100 nm, 1 μm, 3 μm, and 8 μm. This might be attributed to the dissolution and removal of minerals (such as pyrite, calcite, and kaolinite) in coal after acidification, the size of which ranged from tens of nanometers to hundreds of microns (Brown et al., 2011; Liu S. et al., 2018; Wu et al., 2018). Pores that were partially blocked or occupied by minerals exposed and connected after acidification, thus significantly increasing the volume of large mesopores and macropores. This was consistent with the phenomenon observed during the acid treatment that numerous bubbles emerged from the acid solution, which might be carbon dioxide, hydrogen sulfide or other gases produced by the reaction of minerals with acid. Moreover, Figure 8 shows that 0.55 and 0.85 nm sized micropores played a dominant role in pore area distribution of raw coal samples, which suggested that these two types of pores provided most adsorption sites for CBM. After acidification, the SSA of mesopores and macropores all showed a tendency of increasing. However, compared with micropores, mesopores and macropores contributed a negligibly small portion to the increase of total SSA. Therefore, micropores were still the main contributor to the total SSA of acidified coal samples.
4 CONCLUSION
In this study, fat coal (PM), meagre coal (LA) and anthracite coal (YM) were collected and acidified with a mixed solution composed of hydrofluoric acid and hydrochloric acid. The structure of micropores, mesopores, and macropores were respectively characterized by LPGA-CO2, LTGA-N2, and MIP methods. Combined with the data corresponding to the best performance interval of the three test methods, the evolution characteristics of varied-sized pore structure under acidification were comprehensively investigated. The following conclusions are drawn:
1) Acid treatment had little effect on the pore shape of the three selected coal samples, but could obviously enhance the pore opening degree, thus improving the pore connectivity. Acid treatment helped to improve the pore diameter diversity, which was mainly attributed to the formation of numerous large mesopores and micron sized macropores.
2) After acidification, the total pore volume and porosity of the three different rank coals all increased significantly, which were mainly contributed by the newly formed large mesopores and macropores, especially the macropores (with an average contribution rate of 74.59%). Acid treatment exhibited the greatest impact on macropores, followed by mesopores, and the smallest on micropores.
3) The change trend of total SSA under acidification was mainly determined by micropores. After acidification, for the coal samples selected in this study, the total SSA of fat coal (PM) was more easily affected by acidification and had the largest percentage increase after acid treatment, followed by anthracite coal (YM), while that of meagre coal (LA) decreased slightly.
4) The total pore volume increment of different rank coals was closely related to the macropore volume increment under acidification, but not obviously related to the coal maturity. Therefore, compared with coal rank, the mineral content in coal might be a more important consideration when measuring the applicability of acidification technology.
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