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Abstract

:

Coal mining has caused groundwater pollution and loss. Using a mined area as a water storage space for storing and purifying mine water is a low-cost environmentally friendly mining method. In this study, static and dynamic adsorption experiments on the ions in mine water were carried out using the roof rocks from the Lingxin coal mine. The sample analysis results show that the main chemical composition of the roof is mainly SiO2 and Al2O3. The water chemistry type of the mine water is SO4-HCO3-Cl-Na type, with an average mineralization of about 4000 mg/L. The experimental results show that gangue can stabilize the pH value of mine water with different pH values between 7.5 and 8.5. In the acidic and alkaline environment, the degree of void space increases the adsorption capacity of the gangue, in which the adsorption rate of gangue is between 3% and 5%. The calcium ion reduction rate reaches 75% in static leaching and 70% in dynamic leaching conditions. Medium-grained coarse sandstone has a stronger adsorption capacity than muddy siltstone. The results from this study can support further research on using gangue for water purification purposes in mines, simultaneously reducing the harmful accumulation of gangue and promoting the recycling of highly mineralized water.
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1. Introduction


An average of 1.87 m3 of mine water is produced for every t of raw coal mined, generating approximately 6.8 × 109 m3 of mine water per year. The average utilization rate of mine water in coal mines is approximately 35%, resulting in plenty of water wastage [1]. Coal mine water can be divided into five types: clean mine water, mine water with suspended matter, highly mineralized mine water, acidic mine water, and especially polluted mine water [2]. For a long time in the past, excess mine water from coal mine production was considered a disaster that needed to be prevented and controlled. Most coal mine water was discharged directly to surface reservoirs and treated by coagulation, sedimentation, and filtration to meet water quality standards before being returned for underground use; this was a costly and inconvenient treatment method [3,4,5]. Presently, some scholars have proposed employing the concepts of underground coal mine reservoirs and the underground storage and utilization of mine water [6]. This involves using the storage holes in rock voids formed by coal mining; connecting stable coal pillars with artificial dams to form reservoir dams; simultaneously constructing entry and extraction facilities for mine water, which completely exploits the natural purification effect of the rocks in the mining area on the mine water; constructing underground coal mine reservoir projects [7,8,9]. These concepts are original technological breakthroughs in that they use blocking for water preservation and employ the idea of guided storage to channel mine water to an underground mining area for storage and use, avoiding problems such as evaporation losses from external discharges and high construction and the running costs of surface water treatment plants [10,11,12].



Plenty of coal gangue is generated during coal mining [13,14,15]. The long-term stockpiling of coal gangue wastes a lot of land resources and affects the ecological environment, while the water pollution of the surrounding soil and groundwater produced by the chemical reactions of gangue during leaching create a greater environmental harm [16,17,18,19,20]. Scholars have proposed many strategies to improve the treatment of gangue to deal with the hazards resulting from it [21,22,23,24,25,26]. Technology for the treatment of coal gangue is divided into surface treatment and underground treatment technologies. Surface treatment technology is mature; the coal gangue is used for industrial and agricultural purposes [27,28,29,30,31,32]. Underground treatment aims to eliminate or reduce the amount of gangue. The main methods include infill mining and digging more coal tunnels [33,34,35,36,37,38]. There are many clay minerals in the gangue with good porosity and adsorption properties [37,39]. Mine water can be reused through purification with rock–water interactions [40,41,42,43]



The Lingxin coal mine in the Ningdong mining area of China is a highly mineralized mine water producing mine, which is characterized by high salinity, high hardness, and weak alkalinity. Water discharge directly to the surface can damage the groundwater environment and affect the growth of surface vegetation. Mine water needs to be purified before it can be discharged into surface reservoirs. At present, the main method of treating highly mineralized mine water is a combination of up- and down-hole phase separation, with long reverse osmosis treatment processes, unstable process operation, and high system operating costs. The mineral composition and void structure in coal gangue afford a natural adsorption capacity. Mine water can be stored in the coal mining area, using the adsorption effect of coal gangue to purify the highly mineralized mine water. However, the current static and static adsorption process and the adsorption efficiency of gangue on soluble solids in mine water are not sufficiently understood. Gangue purification conditions and purification capacity are important parameters in the design of underground water reservoirs. To reveal the mechanism of purifying highly mineralized mine water, reduce the cost of the membrane separation method for deep treatment of highly mineralized mine water, backfill the coal gangue in situ in the mining area, and explore the feasibility of construction of an underground water reservoir in Lingxin coal mine, static adsorption and dynamic adsorption experiments of mine water ions were conducted using the roof rock layer of the main mining seam of Lingxin coal mine. A new mine water dynamic drenching device was designed based on existing studies [8] to allow adequate mixing of the liquid and rock samples and to prevent clogging. It also changed the flow direction of the liquid and added a secondary drenching, eliminating interference with sample testing. It ensures that the water and gangue are well mixed and do not easily block the outlet. Using test and analytical instruments, the sorption characteristics of calcium ions in mine water were investigated for different acidity and alkalinity values and calcium ion concentrations in the roof rock layer. The purification mechanism of gangue on mine water was revealed from a microscopic perspective, providing an important basis for the design of underground water reservoirs in coal mines.




2. Materials and Methods


2.1. Samples


2.1.1. Coal Gangue


The roof rocks of the main coal seams in the Lingxin coal mine, namely coal seam Nos. 14, 15, and 16, were selected for this test. A simple stratigraphic survey report of the mine contained details on the coal seams. The average thickness of coal seam No. 14 was 2.8 m, the immediate roof of this seam comprised slabbed muddy siltstone (MS14) with charcoal bands, and it was dark grey and thickly-laminated; coal seam No. 15 was medium-thick with an immediate roof of slabbed muddy siltstone (MS15); the average thickness of coal seam No. 16 was 3.32 m, and the immediate roof of the coal seam was medium-grained coarse sandstone (MCS16) with charcoal bands and long blocks, which were relatively hard. The gangue in the goaf was mainly composed of coal seam roof. After sampling from the roof of coal seam Nos. 14, 15, and 16, the samples were packed with plastic wrap and transported to the laboratory. Rock samples from the roof of these coal seams were sampled with attention to multiple point selection, and the sampling locations were identified at uncontaminated locations. The samples were broken by a crusher. Using different particle-size sieves, the rock samples were ground to a 200-mesh powder with a particle size of 20–30.




2.1.2. Mine Water


Different locations in the coal mine were selected for groundwater collection and tested for ion concentration. Based on the test results of the quality of the mine water, similar mine water solutions were prepared. It was used for both static leaching experiments and dynamic leaching experiments. The configured mine water solution had sodium, calcium, magnesium, bicarbonate, sulphate, and chloride ion concentrations of 1200, 200, 200, 600, 1000, and 1500 mg/L, respectively.





2.2. Methods


2.2.1. Microscopic Observation of Thin Sections of Rock


The roofs of the three coal seams were ground into rock flakes. Then, a Nikon LV100 trans-reflective polarizing microscope was used to identify the composition and distribution of the minerals of the ore in these flakes.




2.2.2. X-ray Powder Diffraction (XRD) Analysis


The gangue samples were ground into a 325-mesh powder with a sample mass not below 1.0 g. A D8 ADVANCE-type X-ray diffractometer was used for mineral composition testing; a Cu target with Kα rays at a wavelength of 0.154 nm was the excitation source, and a sweep speed of 4°/min in the range of 10–80° was used. The X-ray powder diffraction (XRD) data were analyzed and processed using JADE 9.0 software, and the mineralogical compositions of the three roof rock samples were identified through comparison with data in the Powder Diffraction File (PDF) of the International Centre for Diffraction Data.




2.2.3. X-ray Fluorescence (XRF) Spectroscopy


The elemental spectra of the rock samples were characterized by X-ray fluorescence (XRF) spectrometry, which was used to obtain the elemental composition and content of the rock samples. The three top slab samples were ground to a powder form below 200 mesh and quantified using an XRF spectrometer—from Bruker AXS GmbH, Germany—with the following specifications: elemental range: 48e-92U; elemental quantification range: ppm to 100%; maximum power/current: 4 kW/170 mA.




2.2.4. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS)


The gangue specimens of the three coal seam Nos. 14, 15, and 16 with the different lithologies: coal-roof muddy siltstone, coal-roof muddy siltstone, and coal-roof medium-grained coarse sandstone, respectively, were ground into a 200-mesh powder and subjected to SEM experiments using a Japanese Hitachi 10 kV test voltage SEU8010 scanning electron microscope; the surfaces of the specimens were gold-sprayed for 120 s to enhance their electrical conductivity before the experiments.




2.2.5. Ion Concentration Test


During the experiments, the collected ion concentrations of the solutions were tested by the 7900 inductively coupled plasma–mass spectrometry (ICP-MS).




2.2.6. Static Leaching of Gangue


To investigate the adsorption characteristics of the top slab in different acidic and alkaline solutions, static immersion experiments were carried out on the rock samples. In the experiment, 100 g of rock sample with a 200-mesh sieve was weighed in a plastic basin, and 1000 mL of prepared soaking solution was added. The soaking solution was prepared according to the composition of each ion in the mine water. Then, the basin was sealed with a lid, the solid-to-liquid ratio was set at 1:10, and the mixture was stirred and tested regularly. As the roof layers of the coal seam Nos. 14 and 15 were lithologically similar, the siltstone of the roof of coal seam No. 15 and the medium-grained coarse sandstone of the roof of coal seam No. 16 were taken as the experimental objects, and the potential of hydrogen (pH) was set at 4, 6, 8, and 10. Deionized water was used instead of the prepared mine water solution to protect the experimental results from the influence of the experimental operating environment and operating procedures. The experimental details are shown in Table 1.




2.2.7. Dynamic Leaching of Gangue


We used a self-developed leaching and filtration experiment to simulate the permeation and migration of mine water in underground rock formations. The leaching unit was divided into three main parts: the leaching, filtration, and testing sections. The filtration section controlled the filtration rate by modifying the height of the tank containing the prepared mine water solution; the mine water flowed from the bottom upwards to ensure that the mine water mixed well with the rock sample, while facilitating the discharge of air from the acrylic tube. The rock sample was placed evenly in the filtration tube and compacted; a nylon mesh was added to the filtration tube to prevent the rock sample from flowing into the rubber tube and blocking the pipeline. The filtration section was mainly used to filter the mine water samples. After the mine water was drained by the rock samples, there were many solid impurities in the water. Thus, first, the length of the water flow path was increased to precipitate a lot of impurities and, simultaneously, a filtering cotton cloth and filter paper were used to filter the water solution. The test section employed a precision pH meter, calcium ion electrode, and total dissolved solids (TDS) meter to monitor the parameters of the dripping solution, and the samples were retained for later testing. The drip filtration experimental setup is shown in Figure 1; the setup includes an acrylic tube with an inner diameter of 4 cm and a height of 30 cm.



The experimental steps were as follows. (1) Before beginning the experiment, the leaching experimental device was cleaned once with tap water and then once with deionized water. The experiment was started after the water in the leaching tube had evaporated and left to stand for some time. (2) An amount of 100 g of rock samples of different particle sizes was placed in the dripping column, the prepared chemical solution containing the mine water was placed in the water tank, and the first reading of the solution was recorded. Then, all the parts of the dripping device were connected using rubber pipes and polyvinyl chloride (PVC) pipes, and each test probe was placed in the beaker for collecting the dripping solution. (3) The experiment was started after the tank containing the mine water was placed at the same height. The leaching column was fed from the bottom, and the water was discharged from the top. The water started to come out of the end of the experiment; this time was noted. A beaker at the outlet was used to take a sample of the leached liquid, and the leaching solution was tested for calcium ion concentration, pH, TDS, and other parameters at 5 min intervals. After the experiment, the dewatered rock samples were taken out and dried in a drying oven at 105 °C for 9 h; then, they were placed in sealed bags. Samples were sent to the analysis center for testing. The details of the dynamic leaching experiment are shown in Table 2, where DL means dynamically leached, MS means muddy siltstone, and MCS means medium-grained coarse sandstone; PS-4 means that the muddy siltstone was dynamically leached from a solution with pH = 4, and DL-PS-200 means that the muddy siltstone was dynamically leached from a solution with a calcium ion concentration of 200 mg/L.






3. Experimental Results and Discussion


3.1. Ions in Mine Water


The AquaChem water quality analysis software was used to draw the piper trilinear diagram based on the test results for the ion concentration of the mine water. As shown in Figure 2, the mine water from the Lingxin coal mine was mainly dominated by cations such as Na+, Mg2+, Ca2+, and K+ and anions such as SO42−, Cl−, and HCO3−; the water chemistry type of the water was SO4·HCO3·Cl-Na; the solution was alkaline. According to the environmental quality standards for groundwater, the mine water in the Lingxin coal mine water belonged to class V, indicating that the water quality was poor.




3.2. Microscopic Characteristics of Gangue


The roofs of coal seam Nos. 14 and 15 were lithologically similar and were both muddy siltstones; their surface microscopic features are shown in Figure 3a,b. The rocks mainly comprised a lot of siltstone, mixed with small amounts of Fe-mudstone, dolomite-sericitic mica, black mica, and chlorite. The chalky sandy material, mostly seen in the angular-sub-angular form, varied in size up to 0.05 mm, with an overall more uniform distribution of content and little differences in the grain sizes; the content was approximately 67%, mainly comprising quartz grains, with feldspars and rock chips in rare amounts. The quartz was colorless; the refractive index was in the range of 1.54–1.60, and the interference color was first-grade grey-yellowish white; the feldspar had a cloudier surface than that of the quartz due to alterations in the development; the rock chips were siliceous. The Fe-mudstone content was approximately 21%; these two components were intermixed and distributed between the chalky grains in a filled form that was mostly reddish-brown, with some of the mud forming fine white sericite mica, black mica, and chlorite through metamorphic recrystallization. The white sericite and black mica were scale-like and flaky, mostly appearing as mud formed due to the metamorphic crystallization; their particle sizes mostly varied below 0.15 mm, and they were approximately 10% in content. The chlorite was similar in morphology and grain size to those of the mica; it was pale yellow-green, had an anomalous or low-interference color, and was approximately 2% in content.



The roof of coal seam No. 16 comprised mostly debris, mixed with a small amount of gap fillers. The fragments were angular/sub-angular in shape, had grain sizes mostly between 0.5 and 1.4 mm—rarely between 0.25 and 0.5 mm—and were poorly rounded and sorted. The particles were mostly in non-contact or punctiform contact with one another, and they were basally colloidal. The flakes and gap-fillers were approximately 83 and 17% in content, respectively. The clasts ware mainly quartz, with rare amounts of feldspar and rock chips, and occasional amounts of black mica, white mica, and tourmaline. The quartz, feldspar, and rock chip contents were approximately 54, 25, and 3%, respectively; the black mica, white mica, and tourmaline contents were <1%. The quartz was colorless; it had a clean surface, positive low prominence, and first-class gray interference color. The feldspar mainly comprised alkali feldspar and plagioclase. It had developed bicrystalline features, and some of its surfaces were cloudy compared to those of the quartz due to weak alterations. The rock chips were mainly siliceous. The black and white mica were flakish, yellowish-brown, and colorless; they formed a group of very complete décollements, with a secondary-tertiary vivid interference color. The tourmaline was mesoscopic and had a primary orange-yellow and secondary vivid interference color. The interstitial fillings were distributed between the debris particles in a filled form; the composition was mainly mud, chalky, and sandy with rare amounts of opaque minerals such as calcium and iron. The mud and silt contents were each approximately 8%, and the content of opaque minerals such as calcium and iron was <1%. The mud and silt, both of which were mixed in multiple phases, were locally agglomerated. The mud was pale yellowish-brown and weakly luminous; the silt mainly consisted of quartz grains that were calcareous with a high white interference color and opaque minerals that were ferrous, granular, dusty or colluvial, and black or blackish brown.



The SEM observation test results show that there were many holes and fissures on the surfaces of the gangues of the MS14, MS15, and MCS16 specimens. The muddy siltstone had longer and pore-like fissures and laminated clay minerals on the surface. These specimens were physically adsorbed owing to the water chemistry of the leaching solution, and the numerous fissures on their surfaces made it easier for them to form fissures under the action of the leaching solution, causing many soluble components to dissolve in the leaching solution. The medium-grained coarse sandstone had many randomly distributed pores that had not been penetrated to form obvious fissures. The surface was relatively poorly leveled, with many small grains.




3.3. Chemical Composition of Gangue


Figure 4 and Figure 5 show the mineral compositions of the three rock samples, MS14, MS15, and MCS16; they mainly comprised quartz, kaolinite, muscovite, and feldspar. Quartz was the predominant mineral component of the three samples, and the kaolinite content of MCS16 was higher than those of MS14 and MS15. MCS16 contained small amounts of calcium-iron sphalerite, serpentine, purple silica-aluminum-magnesite, and silica-calcite. All three rock samples contained more than 50% quartz and more than 20% kaolinite, which is a clay mineral with a laminated structure and a certain degree of water absorption; it can adsorb more ions in mine water and purify mine water resources. Figure 6 shows that the rock samples from the roofs of coal seam Nos. 14, 15, and 16 were all siliceous rocks, with the SiO2 content exceeding 50%, Al2O3 content exceeding 20%, MgO and CaO content combined at approximately 1–2%, and the Fe2O3 content at approximately 4–5%. The presence of more silicate minerals in the rock samples resulted in a higher SiO2 content in them.




3.4. Static Adsorption Characteristics of Gangue


The muddy siltstone was soaked in deionized water, and some of the soluble components in the gangue were dissolved. Figure 7a shows the results; there was a rapid increase in the pH of the aqueous solution, followed by a slow decrease, with it remaining stable after 600 min, and finally stabilizing at around 9.0, showing a weak alkalinity. The rock sample can be adjusted to a weak alkalinity in the aqueous solution. Figure 8a shows that the different pH values of mine water solutions eventually tended to be between 7.5 and 8.5 with an increase in the soaking time, with all the solutions presenting a weak alkalinity; the pH value of the soaking solution changed faster in the early stage and less in the later stage. The acidic mine water solution had a large concentration of H+, which reacted with HCO3− ions in the aqueous solution to produce H2O and CO2 and reacted with metal oxides in the rock sample to produce metal ions and water; these two reaction processes caused the pH value to increase. The reaction equations are as follows:


   H +  +   HCO  3  =  H 2  O +   CO  2   



(1)






  2  H +  + CaO =   Ca   2 +   +  H 2  O  



(2)







The alkaline mine water solution with pH=10 had a large concentration of OH- ions, which reacted with the HCO3− ions in the mine water to produce H2O and CO32−; then, the pH value dropped rapidly. The reaction equation is as follows:


    OH  −  +    HCO  3  −  =  H 2  O +   CO  3     2 −    



(3)







The muddy siltstone was soaked by deionized water and some of the soluble components in the gangue were dissolved, resulting in a weak alkaline aqueous solution. When the pH value of the mine water solution changed and stabilized, the ions in the mine water reached a dynamic equilibrium, and the pH value remained stable.



The muddy siltstone was soaked in deionized water, and the dissolution of some of the ions in the rock sample resulted in an increase in the TDS of the aqueous solution from 143 to 210 mg/L, as shown in Figure 7b. The TDS values of the mine water solutions of different pH values gradually decreased with the increase in soaking time, as shown in Figure 8b. When the mine water solution soaked the rock sample, the rock sample adsorbed the ions in the aqueous solution. Due to the ions in the aqueous solution, mineral precipitation occurred due to the ions in the aqueous solution, resulting in a decrease in the TDS value of the mine water solution.



As shown in Figure 7c, the muddy siltstone was soaked by deionized water, the calcium-containing minerals in the rock sample were dissolved, and the calcium ion concentration in the aqueous solution rose from 0.091 to 0.15 mg/L, and stabilized after 800 min. As shown in Figure 8c, the calcium ion concentration of the muddy siltstone fluctuated and decreased after soaking in different pH mine water solutions, reflecting the dynamic process of gangue adsorption and dissolution. A period of 800 min later, it finally stabilized. The calcium ion concentration in the solution decreased due to precipitation and adsorption when immersed in different pH mine water solutions. In this case, the calcium ion concentration finally decreased to 25 mg/L, with a removal rate of 87.5%. The rate of reduction of calcium ion concentration was significantly slower under acidic or neutral conditions than under alkaline conditions. Under acidic conditions, the calcium oxide present in the rock sample reacted with hydrogen ions to form calcium ions, the calcium ions in aqueous solution reacted with carbonate ions to form calcium carbonate precipitates, and the calcium ion concentration decreased, indicating that the sum of the precipitation of calcium ion minerals and the adsorption of calcium ions was greater than the dissolution of calcium-containing minerals. Under alkaline conditions, the calcium ion concentration decreased faster, first due to the difficulty of dissolving calcium-containing minerals and secondly due to the presence of CO32− and the formation of CaCO3 precipitation.



As shown in Figure 9a, after the deionized water was soaked through the medium-grained coarse sandstone, the pH value of the aqueous solution increased rapidly and decreased slowly to finally stabilize at around 8.5, showing a weak alkalinity. As shown in Figure 10a, the pH value of the mine water solution with different pH values eventually stabilized before 7.5–8.5 with the increase in soaking time, and the aqueous solution appeared weakly alkaline; the pH value of the mine water solution changed at a larger rate in the early stage of soaking, indicating that the acid–base balance of the aqueous solution was adjusted very quickly by the medium-grained coarse sandstone. The change in pH of the mine water solution after immersion in the medium-grained coarse sandstone was similar to that of the mine water solution after immersion in the clayey siltstone. Both rock samples can adjust the acidity and alkalinity of the mine water solution to a weak alkalinity. Under acidic conditions, hydrogen ions in the aqueous solution reacted with metal compounds to form metal ions and water, reducing the acidity of the mine water solution; under alkaline conditions, hydroxide ions in the aqueous solution reacted with bicarbonate in the water and CO2 in the air to form carbonate, which eventually combined with metal ions in the mine water to form a precipitate. At the same time, in the aqueous solution, some of the ions of the rock sample were easily dissolved in the water, promoting a weak alkalinity of the aqueous solution ions. The possible reaction equations are as follows. When the solution is acidic:


   H +  +   CaCO  3  =   Ca   2 +   +   HCO  3    −   



(4)






  2  H +  + Ca ( Mg )  O 2  =   Ca   2 +   +   Mg   2 +   +  H 2  O  



(5)






   H +  +   HCO  3    −  =  H 2  O +   CO  2   



(6)







When the solution is alkaline:


    CaSO  4  ⋅ 2  H 2  O =   Ca   2 +   +   SO   2 −   + 2  H 2  O  



(7)






    OH  −  +   HCO  3    −  =  H 2  O +   CO  3  2 −    



(8)






    Ca   2 +   +   Mg   2 +   +   CO  3     2 −   = CaMg       CO  3     2   



(9)







When the pH of the mine water solution reached a stable value, the ion exchange between the aqueous solution and the rock sample reached a dynamic equilibrium, the aqueous solution reached stability, and the pH fluctuated within a range of 0.1.



As shown in Figure 9b, the medium-grained coarse sandstone was soaked in deionized water and the aqueous solution TDS value increased rapidly from 0 to a value of 120 mg/L within 800 min and then remained stable. As shown in Figure 10b, a significant decrease in the aqueous TDS value of the mine water solution was observed during the soaking process with different pH values of mine water. The rate of change in the aqueous solution TDS value was large within 700 min, and with the increase in soaking time, the rate of change became slower and eventually stabilized, with the adsorption rate reaching about 4%.



Rock–water interactions mainly include dissolution, precipitation, and adsorption. The deionized water solution gradually increased and stabilized the TDS value with immersion, indicating that some of the dissolved material in the rock sample was dissolved in the aqueous solution, resulting in an increase in the TDS value. A significant decrease in the TDS values was observed in the mine water at different pH values, indicating the precipitation of ions in the aqueous solution and adsorption of ions in the aqueous solution due to the presence of clay minerals in the rock samples. The lowering effect of the precipitation and adsorption on the ions in the aqueous solution was greater than the raising effect of the dissolution on the ions in the aqueous solution, which ultimately led to a gradual decrease in the TDS value in the aqueous solution.



After the medium-grained coarse sandstone was soaked in deionized water, the calcium-containing minerals in the rock sample dissolved, resulting in a gradual increase in the calcium ion concentration, which eventually rose to 0.32 mg/L, as shown in Figure 9c. Figure 10c shows the calcium ion concentration of different mine water solutions with different PH values gradually decreasing with an increase in the soaking time. The calcium ion concentration of the mine water solution varied greatly in the early stage, changing less in the later stage and eventually stabilizing. The calcium ion concentration removal rate reached 85%. The calcium ion concentration in the acidic mine water was greater than that in the alkaline mine water. The process was like the static leaching of the muddy siltstone. During the leaching in deionized water, the calcium ion concentration in the aqueous solution gradually increased and eventually reached equilibrium, stabilizing due to the dissolution of calcium-containing minerals. During the leaching of the mine water, there were a dissolution and precipitation of the minerals and adsorption of the clay minerals between the mine water and rock. As the combined effect of the adsorption and precipitation of calcium ions was greater than the effect produced by the dissolution of the calcium-containing minerals, the calcium ion concentration decreased.




3.5. Adsorption Characteristics of Dynamic Leaching of Gangue


Figure 11a and Figure 12a show that the pH of the dewatering solution of the muddy siltstone and medium-grained coarse sandstone changed rapidly and eventually stabilized after dewatering with mine water of different pH values. The pH values of the dewatering solution of the muddy siltstone were stabilized at 6.25, 6.5, 8.2, and 8.5 after dewatering with mine water with pH values ranging from 4 to 10. The pH values of the dewatering solution of the medium-grained coarse sandstone were stabilized at 5.6, 6.8, 8.2, and 9.5 after dewatering with mine water with pH values ranging from 4 to 10. The pH values of the leachate were stabilized at 5.6, 6.8, 8.2, and 9.5; the rock samples were adjusted toward a weak base by depleting the solution of the hydrogen or hydroxide ions. In the dynamic leaching experiments, the contact time between the rock sample and solution was not as long as it was in the static leaching experiments, and the change in pH was less than under static leaching.



After the muddy siltstone and medium-grained coarse sandstone were leached by mine water solutions of different pH values, the TDS values of the leached solution decreased at 0–20 min and increased at 20–30 min, and finally stabilized, with the stabilized value being less than the initial one when pH = 4, 8, 10, as shown in Figure 11b and Figure 12b. However, when pH = 6, the TDS value of the solution showed different characteristics, decreasing at 0–20 min, then increasing to the initial value at 60 min, and decreasing to the initial value after 90 min. When the mine water solution was acidic or alkaline, the TDS value of the dripping fluid decreased more, and when the mine water solution was neutral, the TDS value of the dripping fluid decreased less. The leachate led to dissolution of the rock sample surface, increased void space, and enhanced adsorption. The TDS value of the leaching solution decreased gradually due to ion precipitation and adsorption in the mine water. The following chemical equations may be present in the solution.



As shown in Figure 11c and Figure 12c, the calcium ion concentrations in the dewatering solution decreased rapidly and eventually stabilized after the leaching of mine water at different pH values. During acidic mine water leaching, the calcium ion concentration first increased slightly or remained stable, and then decreased rapidly. Under acidic conditions, hydrogen ions in the mine water reacted with the calcium-containing minerals in the rock samples, which dissolved in the dewatering solution, while a small increase in calcium ion concentration occurred due to the adsorption of calcium ions by the rock samples and precipitation, followed by a rapid decrease and stabilization of calcium ion concentration due to the lowering effect of precipitation and adsorption on calcium ion concentration than dissolution. Alkaline conditions accelerated the precipitation of calcium ions, eventually leading to a rapid decrease in calcium ion concentration.



Figure 13 shows the SEM microscopic images of the muddy siltstone and medium-grained coarse sandstone at 5000 magnification after leaching by mine water at different pH values, with a scale of 10 μm. The exfoliation and dissolution of the gangue in the mine water occurred simultaneously with the adsorption and precipitation. The surface of the rock samples after leaching by mine water was rougher and more pores appeared. The surface area and pore volume of the mine water leached rock samples were larger than those of the non-leached samples. The surface area and pore size of the samples were proportional to the acid–base strength of the mine water solution. The higher the acid–base strength, the larger the surface area and pore volume of the sample; the lower the acid-base strength, the smaller the surface area and pore volume of the sample.



The relative concentration of calcium ions on the surface of the rock samples was determined by spot sweeping and energy-dispersive spectroscopy of calcium elements on the surfaces of muddy siltstone and medium-grained coarse sandstone that had not been leached, had been leached with deionized water, and had been leached with mine water of different pH values. As can be seen from Figure 14, when comparing the non-leached rock samples, the surface calcium ion concentration was higher after the acidic and alkaline mine water leaching. After deionization, the calcium-containing minerals were dissolved in the aqueous solution, resulting in a lower concentration of calcium ions on the surface of the rock samples than in the non-drained samples. After mine water leaching, the calcium ions in the mine water solution were reduced and the calcium ions pool in the rock sample was reduced due to precipitation and adsorption, resulting in an increase in the surface calcium ion concentration of the rock sample. Alkaline conditions promoted the precipitation of calcium ion concentration. The relative content of calcium ions on the surface of rock samples was more under alkaline solution leaching than under acidic solution leaching.



As shown in Figure 15a and Figure 16a, the pH value of the dewatering solution increased rapidly after leaching with different calcium ion concentrations and eventually stabilized. The pH value of the dewatering solution stabilized at 8.2, 8.15, and 8.05 for calcium ion concentrations of 200 mg/L, 300 mg/L, and 400 mg/L, respectively. The calcium ion concentration was inversely proportional to the pH value of the dewatering solution; the higher the calcium ion concentration in the mine water, the higher the pH value of the dewatering solution; the lower the calcium ion concentration in the mine water, the lower the pH value of the dewatering solution.



As shown in Figure 15b and Figure 16b, the adsorption energy of the TDS differed between the muddy siltstone and medium-grained coarse sandstone. When the inlet calcium ion concentration was 200 mg/L, the TDS in the leaching liquid of the muddy siltstone first decreased, rising to the inlet concentration after 40 min and decreasing to the outlet concentration after 100 min. The TDS in the leaching liquid of the medium-grained coarse sandstone first decreased rapidly, stabilized for 30 min, and then rose to the inlet concentration. When the inlet calcium ion concentration was 300 mg/L, the TDS concentration of the leachate from the muddy siltstone first decreased rapidly and then rose slowly; after temperature stabilization, it was lower than the inlet concentration. The TDS concentration of the leachate from the medium-grained coarse sandstone continued to decrease. When the inlet calcium ion concentration was 400 mg/L, the TDS in the leachate from the muddy siltstone decreased continuously. The TDS of the leachate from the medium-grained coarse sandstone first decreased rapidly, stabilized for 30 min, and then rose to the inlet concentration. This decrease in the TDS of the leachate indicated that the adsorption of gangue was greater than the dissolution, the TDS content in the leachate and export liquid was the same, and the adsorption and dissolution effect of the gangue remained the same. The rise in the TDS of the leachate indicated that the gangue dissolution was less than the adsorption. The muddy siltstone and medium-grained coarse sandstone had a good adsorption capacity of TDS; this capacity would weaken with time.



Figure 15c and Figure 16c show the gangue after leaching through mine water solutions of different calcium ion concentrations; the calcium ion concentration rapidly decreased and eventually stabilized. The calcium ion concentration of the inlet solution varied, but that of the leachate eventually stabilized at the same value, eventually reducing to around 25 mg/L. The higher the concentration of the calcium ions in the mine water, the faster the positive reaction between the calcium and bicarbonate ions, which promoted the reduction in the calcium ion concentration. Simultaneously, the higher calcium ion concentration in the mine water accelerated the exchange of calcium ions with the potassium ions of the rock sample, leading to a further decrease in the calcium ion concentration. The experimental results showed that both the muddy siltstone and medium-grained coarse sandstone had a good adsorption effect on the calcium ions.



The metallic-element content of the dynamic leachate is shown in Table 3. Among the ions, the gangue mainly adsorbed the calcium ions. The gangue also had an adsorption effect on the magnesium ions under alkaline conditions, but the adsorption amount was very small. The results of existing studies show that the difficulty of adsorption of three ions by the gangue leaching column is K+, Ca2+, and Mg2+ in ascending order [8]. The different composition of the gangue leads to different adsorption properties. The potassium ions in the solution underwent cation exchange reactions with calcium-containing minerals, resulting in more potassium ions and fewer calcium ions in the solution. The amount of dissolved iron and aluminum in the solution was relatively small and changing the pH and calcium ion concentration of the solution did not significantly alter the amount of iron and aluminum.





4. Conclusions


The adsorption and dissolution properties of the gangue functioned for mine water at different pH values. Acidic and alkaline solutions improved the solubility of gangue, increased the gangue surface void degree and void size, and enhanced the adsorption capacity of gangue. The adsorption capacity of gangue for calcium ions was higher under alkaline conditions than under acidic conditions. The medium-grained coarse sandstone had a greater TDS adsorption capacity than the muddy siltstone did. The adsorption of TDS by gangue decreased with time in dynamic leaching.



The goaf is filled with gangue after the coal seam is mined. The coal pillar at the boundary of the goaf is connected by building an artificial dam. The water from the overlying roof of the coal seam is introduced into the goaf, and the groundwater is stored in the gap of the gangue in the goaf. This study demonstrated that gangue from the roof of the main mining seam of the Lingxin coal mine can reduce the TDS and calcium-ion concentrations in water and treat mine water in situ underground, enabling the recycling of gangue and reducing the cost of water purification and potential damage to surface vegetation.



The research has improved the understanding of human gangue purification of mine water and provided a basis for the design of underground water reservoirs. In the future, the effect on water purification under in situ conditions and the temporal effect of the gangue’s ability to purify water must be investigated. Moreover, long-term monitoring of water quality changes is also required for future applications.
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Figure 1. Dynamic leaching experiment. 
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Figure 2. Piper diagram of groundwater samples from Lingxin mine. 
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Figure 3. Characteristics of gangue under transverse polarized light microscopy (a) MS14; (b) MS15; (c) MCS16. 
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Figure 4. X-ray diffraction pattern of the roof samples: (a) MS14; (b) MS15; (c) MCS16. 
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Figure 5. Mineral composition of the roof samples: (a) MS14; (b) MS15; (c) MCS16. 
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Figure 6. Chemical composition of the roof samples: (a) MS14; (b) MS15; (c) MCS16. 
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Figure 7. Solution characteristics of the muddy siltstone after leaching with deionized water: (a) pH value; (b) TDS concentration; (c) Ca2+ concentration. 
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Figure 8. Solution characteristics of muddy siltstone leached by mine water at different pH values: (a) pH value; (b) TDS concentration; (c) Ca2+ concentration. 
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Figure 9. Solution characteristics of medium-grained coarse sandstone after leaching with deionized water: (a) pH value; (b) TDS concentration; (c) Ca2+ concentration. 
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Figure 10. Medium-grained coarse sandstone soaked by mine water at different pH values: (a) pH value; (b) TDS concentration; (c) Ca2+ concentration. 
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Figure 11. Solution characteristics of muddy siltstone subjected to dynamic leaching by mine water at different pH values: (a) pH value; (b) TDS concentration; (c) Ca2+ concentration. 
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Figure 12. Solution characteristics of medium-grained coarse sandstone subjected to dynamic leaching by mine water at different pH values: (a) pH value; (b) TDS concentration; (c) Ca2+ concentration. 
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Figure 13. SEM images of gangue after leaching with mine water at different pH values. 






Figure 13. SEM images of gangue after leaching with mine water at different pH values.



[image: Water 15 00697 g013]







[image: Water 15 00697 g014 550] 





Figure 14. Calcium ion concentration on the surface of the rock sample: (a) Solutions with different PH values; (b) Solutions with different Ca2+ concentrations. 






Figure 14. Calcium ion concentration on the surface of the rock sample: (a) Solutions with different PH values; (b) Solutions with different Ca2+ concentrations.



[image: Water 15 00697 g014]







[image: Water 15 00697 g015 550] 





Figure 15. Solution characteristics of muddy siltstone leached by mine water with different concentrations of calcium ions: (a) pH value; (b) TDS concentration; (c) Ca2+ concentration. 






Figure 15. Solution characteristics of muddy siltstone leached by mine water with different concentrations of calcium ions: (a) pH value; (b) TDS concentration; (c) Ca2+ concentration.



[image: Water 15 00697 g015]







[image: Water 15 00697 g016 550] 





Figure 16. Solution characteristics of medium-grained coarse sandstone leached by mine water with different concentrations of calcium ions: (a) pH value; (b) TDS concentration; (c) Ca2+ concentration. 
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Table 1. Static leaching test scheme.






Table 1. Static leaching test scheme.





	
Experiment Number

	
Lithology

	
pH

	
Grain Size

(mesh)

	
Solid-to-Liquid

Ratio






	
SL-MS-pH-4

	
Muddy siltstone

	
4

	
200

	
1:10




	
SL-MS-pH-6

	
6




	
SL-MS-pH-8

	
8




	
SL-MS-pH-10

	
10




	
SL-MS-pH-7

	
Deionized water




	
SL-MCS-pH-4

	
Medium-grained coarse sandstone

	
4

	
200

	
1:10




	
SL-MCS-pH-6

	
6




	
SL-MCS-pH-8

	
8




	
SL-MCS-pH-10

	
10




	
SL-MCS-pH-7

	
Deionized water








pH—potential of hydrogen.
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Table 2. Dynamic leaching test scheme.
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Experiment Number

	
Lithology

	
Grain Size

(mesh)

	
pH

	
Ca2+ (mg/L)






	
DL-MS-4

	
Muddy siltstone

	
20–30

	
4.0

	
200




	
DL-MS-6

	
6.0




	
DL-MS-8

	
8.0




	
DL-MS-10

	
10.0




	
DL-MCS-4

	
Medium-grained coarse sandstone

	
20–30

	
4.0

	
200




	
DL-MCS-6

	
6.0




	
DL-MCS-8

	
8.0




	
DL-MCS-10

	
10.0




	
DL-MS-200

	
Muddy siltstone

	
20–30

	
8.0

	
200




	
DL-MS-300

	
300




	
DL-MS-400

	
400




	
DL-MCS-200

	
Medium-grained coarse sandstone

	
20–30

	
8.0

	
200




	
DL-MCS-300

	
300




	
DL-MCS-400

	
400








pH—potential of hydrogen.
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Table 3. Metallic-element content in dynamic leachate.
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	Experiment Number
	Ca/mg/L
	Mg/mg/L
	K/mg/L
	Fe/mg/L
	Al/mg/L





	DL-PS-4
	22.78
	192.4
	23.11
	0.174
	1.049



	DL-PS-6
	21.9
	193
	19.27
	0.164
	1.047



	DL-PS-8
	31.5
	279.7
	40.1
	1.056
	2.037



	DL-PS-10
	10.53
	161.3
	19.15
	0.16
	1.103



	DL-MCS-4
	21.21
	202.7
	7.992
	0.166
	1.099



	DL-MCS-6
	19.08
	203
	7.451
	0.163
	1.88



	DL-MCS-8
	26.67
	276.7
	11.06
	0.506
	1.638



	DL-MCS-10
	0.97
	188.7
	7.078
	0.208
	1.006



	DL-PS-200
	31.5
	279.7
	40.1
	1.056
	2.037



	DL-PS-200
	24.18
	195.1
	19.33
	0.221
	1.221



	DL-PS-200
	27.48
	208.6
	19.02
	0.143
	1.112



	DL-MCS-200
	26.67
	276.7
	11.06
	0.506
	1.638



	DL-MCS-300
	23.56
	201.3
	7.669
	0.411
	1.279



	DL-MCS-400
	29.29
	197.4
	7.716
	0.284
	1.412
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