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Abstract: The high concentrations of Fe2+ and Mn2+ in acid mine drainage make it difficult and expensive to treat. It is urgent that we find a cheap and efficient adsorption material to treat Fe2+ and Mn2+. As a solid waste in mining areas, coal gangue occupies a large area and pollutes the surrounding environment during the stacking process. Developing a method of resource utilization is thus a research hotspot. In this study, we modified spontaneous combustion gangue using NaOH, NaCl, and HCl by chemically modifying the minerals. We determined the optimal conditions for treating Fe2+ and Mn2+ in acid mine drainage with spontaneous combustion gangue and modified coal gangue using the single factor test method. Based on results of the static test, two dynamic test columns, column No. 1 (spontaneous combustion gangue) and column No. 2 (NaOH modified spontaneous combustion gangue), were constructed, and the repair effects of acid mine drainage were compared and analyzed using dynamic experiments. The results show that overall, NaOH modified spontaneous combustion gangue is the most efficient at removing the Fe2+ and Mn2+ in acid mine drainage. The optimal conditions for NaOH modification are an NaOH concentration of 3 mol/L, a liquid to solid ratio of 2 L/kg, and a modification time of 8 h. The overall efficiency of column No. 2 at removing Fe2+ and Mn2+ from acid mine drainage is better than that of column No. 1. Among them, the average removal efficiency of Fe2+ and Mn2+ from acid mine drainage in column No. 2 were 97.73% and 44.82%, respectively. The above results show that NaOH modified spontaneous combustion gangue is a good adsorbent, which has application potential in wastewater remediation, as it can achieve the purpose of “treating dust with waste”.
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1  Introduction

Acid mine drainage is formed by the oxidation and weathering of sulfides. The pH value of acid mine drainage is low, and its Fe2+, Fe3+, Al3+, Mn2+, and SO42− contents are high [1–3], which seriously affects the water resources and soil ecosystem surrounding mining areas. Thus, acid mine drainage has become a global environmental pollution problem [4]. At present, the heavy metals in acid mine drainage are removed using physical and chemical treatment technologies, such as adsorption [5], ion exchange [6], and permeable membranes [7], or using biological treatment technologies [8]. Among these techniques, the adsorption method uses porous solid substances to cause one or more substances in the water to be adsorbed onto the solid’s surface and be removed. Mokgehle et al. [9] used fly ash to synthesize dicarboxylic acid zeolite and analyzed its efficiency at removing Cd2+ from acid mine drainage using column experiments. Igberase et al. [10] found that chitosan derivatives can be used as adsorbents in the treatment of acid mine drainage. Li et al. [11] used red mud as an adsorbent to treat Mn2+ in acid mine drainage and analyzed the difference between the column experiment and batch experiment treatment effects. Etale et al. [12] studied the adsorption and removal effects of maghemite nanoparticles on Cu(II), Mn(II), and U(VI) ions in acid mine drainage, and their results revealed that sulfate ions in acid mine drainage can improve the target ion adsorption capacity of maghemite nanoparticles. At present, many types of adsorption materials have been developed and utilized but using the adsorption method to treat wastewater has the disadvantages of large material consumption and high treatment costs. If suitable solid adsorbent materials can be selected on-site in the mining area, the cost of environmental restoration in the mining area can be effectively reduced, and the secondary utilization of the waste in the mining area can be achieved.

Coal gangue is a solid waste produced in the process of coal mining and washing, and its average output accounts for about 10–15% of the output of raw coal [13]. Coal gangue occupies a large amount of land resources and spontaneously combusts easily during the stacking process, so the utilization rate of coal gangue needs to be improved [14]. According to statistics, the utilization rate of coal gangue in 2013 was only about 64% [15]; it was mainly used for power generation [16], backfilling material [17,18], and traditional building materials [19,20]. Coal gangue has a certain adsorption property after modification and can be used as an adsorbent and flocculant in the field of water treatment. Jablonska et al. [21] demonstrated that chemical modification expands the total pore volume and the specific surface area of coal gangue, and modified coal gangue can be used as a cheap adsorbent in industrial drainage pretreatment. Yan et al. [22] used 3-mercaptopropyl to prepare mercapto-modified coal gangue, which can effectively remove heavy metal cations from water; its maximum Pb2+, Cd2+, and Hg2+ adsorption capacities can reach 332.8, 110.4, and 179.2 mg/g, respectively. Silas et al. [23] activated coal gangue using HCl, and the resulting modified coal gangue was used to adsorb methylene blue in wastewater. Qiu et al. [24] mixed coal gangue with Na2B4O7·10H2O and heated it at 500°C for 2 h to prepare modified coal gangue. This modification method increased the maximum Mn2+ adsorptive capacity of the coal gangue by seven times. These studies show that using chemically modified coal gangue as an adsorbent to treat wastewater has a certain feasibility. Therefore, if coal gangue can be used as a raw material and can be chemically modified to repair acidic mine water pollution, it will have an important environmental protection significance.

Because the silicon to aluminum ratio of coal gangue is similar to that of zeolite, several researchers have made zeolite after the chemical modification of coal gangue, thereby improving the ability of the coal gangue to treat acid mine drainage. Bu et al. [25] used alkali fusion and hydrothermal methods to synthesize NaY zeolite from coal gangue. The Pb2+ removal efficiency of the synthesized NaY zeolite reached 100% and more than 63.71% after five adsorption and desorption cycles. Lu et al. [26] converted coal gangue into NaX zeolite with a low silicon to aluminum ratio and used the Langmuir’s model to determine that the Cu2+ and CO2+ adsorption capacities of zeolite can reach 45.05 and 44.53 mg/g, respectively. Ge et al. [27] prepared NaX zeolite from coal gangue powder with a particle size of less than 150 mesh. Under the conditions of a pH of 6, a reaction temperature of 45°C, a reaction time of 40 min, and an initial Pb2+ concentration of 200 mg/L, the Pb2+ adsorption capacity reached 457 mg/g. However, there are some limitations with these studies, such as their complex modification processes and high preparation condition requirements. For example, the preparation process requires additional materials such as Al2O3 to maintain the silicon to aluminum ratio required for the synthesis of zeolite, and high temperature heating is required for the modification process. Furthermore, the aging process of the materials takes an additional 12 h, which also makes it difficult for the existing production conditions of the mining area to meet the requirements of the coal gangue modification process. Thus, the efficient use of coal gangue is not possible, and the cost of environmental restoration is high. It is therefore important that we find a simple and fast chemical modification method that can not only improve the wastewater treatment capacity of coal gangue but can also facilitate large-scale preparation in mining areas.

Based on the above considerations, this study focuses on the following aspects: (1) Using the chemical modification method, NaOH, NaCl, and HCl were used to modify spontaneous combustion coal gangue. The modified coal gangue was analyzed using SEM and XRD, and the influence of the different modification methods on the morphology and composition of the coal gangue was investigated. (2) The single factor test was used to explore the application conditions of the spontaneous combustion coal gangue as an adsorbent, to optimize the preparation conditions of the modified spontaneous coal gangue, and to obtain the best modification method. (3) Dynamic experiments were conducted to verify the long-term adsorption performance of NaOH modified spontaneous combustion gangue. Through the above research, a new method of converting coal gangue into an inexpensive, green adsorbent was developed, which can generate local materials for the treatment of acid mine drainage, thereby reducing the cost of wastewater treatment, effectively solving the problem of large amounts of waste coal gangue, and making it possible to reuse coal gangue.

2  Materials and Methods

2.1 Experimental Materials

Spontaneous combustion gangue (SCG), was collected from the Gaode mining area, Fuxin City, Liaoning Province, China. Its main chemical composition is presented in Tab. 1. The SCG samples were broken and screened out. The 75–96, 96–120, 120–180, 180–425, and 425–1,700 μm particle size fractions were soaked in distilled water 3 times and dried at 60°C.

Table 1: Chemical composition of the spontaneous combustion gangue (%)

[image: images]

The modified spontaneous combustion gangue (MSCG) samples were prepared using NaOH, NaCl, and HCl soaking modification. These samples were labeled as NaOH-MSCG, NaCl-MSCG, and HCl-MSCG. The SCG was placed in different modified solutions according to the liquid to solid ratio set in the single factor test, soaked in an oven at 100°C for several hours, taken out of the modified solution, washed with distilled water until neutral, and dried in an oven at 105°C to obtain MSCG.

Because most acid mine drainage pollution has high Fe2+ and Mn2+ contents, we used the Fe2+, Mn2+, and SO42− concentrations as the acid mine drainage quality indicators measured in Rumbel City, Inner Mongolia Autonomous Region, China. We simulated the acid mine drainage in the laboratory. In the field samples, the acid mine drainage contained 947–1118 mg/L of SO42−, 52.85–86.31 mg/L of Fe2+, and 13.42–28.51 mg/L of Mn2+, and it had a pH of 4.84–5.36. In order to ensure that the simulated acid mine drainage was realistic, we ensured that the simulated acid mine drainage contained 1000 mg/L of SO42−, 65 mg/L of Fe2+, and 20 mg/L of Mn2+ and had a pH of 5. All the chemicals used in the experiments were of analytical reagent grade.

2.2 Static Experimental Method

The SCG was weighed and placed in a conical flask containing 50 mL of simulated acid mine drainage at 25°C. The flask was shaken at 100 r/min for 30 min, and then the supernatant was extracted and passed through a 0.45 μm filter membrane. Finally, the residual concentrations of Fe2+ and Mn2+ were measured. The effects of the particle size of the SCG (75–96, 96–120, 120–180, 180–425, and 425–1,700 μm), the dosing amount (1, 2, 3, 4, and 5 g/50 mL), and the reaction time (30, 60, 90, 120, 150, 180, and 240 min) on the adsorption of Fe2+ and Mn2+ from the acid mine drainage by the SCG were investigated using the static single factor test method [28], which was used to determine the optimal particle size, dosing amount, and reaction time of the SCG.

The MSCG was prepared according to the optimal particle size of the SCG determined from the experiment described above, and the experiment to investigate the adsorption of Fe2+ and Mn2+ from acid mine drainage by MSCG was carried out using the previously determined optimal dosage amount and reaction time. The effects of the NaOH concentration (1, 2, 3, and 4 mol/L), the liquid-solid ratio (2, 4, 6, and 8 L/kg), and the modification time (1, 2, 3, 4, 6, 8, 10, and 12 h) on the adsorption of Fe2+ and Mn2+ from acid mine drainage by NaOH-MSCG were investigated using the static single factor test method [28], which was used to determine the optimal modifying condition of the NaOH-MSCG. The optimum conditions of the NaCl-MSCG and HCl-MSCG were determined using a method similar to that used for the NaOH-MSCG. The difference from the method used for the NaOH-MSCG is that the modification time for the NaCl-MSCG and HCl-MSCG experiments was extended to 24 h.

Based on the optimum modification conditions of the NaOH-MSCG, NaCl-MSCG, and HCl-MSCG, the efficiencies of the three types of modified spontaneous combustion gangue at removing different concentrations of Fe2+ and Mn2+ were determined and compared with that of SCG to determine the best modification method for the removal of Fe2+ and Mn2+.

2.3 Construction and Method of the Dynamic Experimental Apparatus

As shown in Fig. 1, two plexiglass tubes with inner diameters of 56 mm and heights of 500 mm were used as the reactor. Column No. 1 was used as the control group and column No. 2 was used as the experimental group. Each end of the column was filled with 210 g of quartz sand as a protective layer. The height of the quartz sand was 50 mm. Column No. 1 was filled with 2.4 kg of SCG, and column No. 2 was filled with 2.4 kg of NaOH-MSCG. The height of the SCG and NaOH-MSCG was 400 mm.
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Figure 1: Experimental device system

A peristaltic pump was used to pass the simulated acid mine drainage through the column from top to bottom. The flowmeter in the influent path was adjusted so that the flow rate in each dynamic column was maintained at approximately 12 mL/h. The dynamic column experiment was operated at room temperature for 30 days. Samples of incoming and outgoing water were collected regularly at 8:00 am every morning. The residual concentrations of Fe2+ and Mn2+ in the effluent were determined after being passed through a 0.45 μm filter membrane. The removal efficiencies η of Fe2+ and Mn2+ were calculated using Eq. (1):
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where C0 (mg/L) is the initial concentration of Fe2+ and Mn2+; and Ct (mg/L) is the residual concentration of Fe2+ and Mn2+ in the effluent of the dynamic column at time t.

2.4 Analysis and Material Characterization Methods

The Fe2+ content was determined using o-phenanthroline spectrophotometry (HJ/T 345–2007), and the Mn2+ content was determined using potassium periodate spectrophotometry (GB 11906-89). The SCG and MSCG were characterized using scanning electron microscopy (SEM) and X-ray diffraction (XRD) using a Quanta 250 field emission scanning electron microscope and an XRD-6100 X-ray diffractometer, respectively.

3  Results and Discussion

3.1 SEM and XRD Analysis of the Experimental Materials

3.1.1 SEM Analysis

As shown in Fig. 2a, the surfaces of the spontaneous combustion coal gangue are rough and uneven, and there are obvious groove marks. These grooves increase the specific surface area, provide more adsorption sites for metal ions, improve the surface free energy of the SCG, and enhance its reaction activity [29]. Compared with the SCG, the surface roughness of the NaOH-MSCG in Fig. 2b is larger, and there is an obvious pore structure. This is because the silica to aluminum ratio of the coal gangue is closer to that of zeolite, and the NaOH reacts with the aluminosilicates to change the silica to aluminum ratio of the coal gangue and to synthesize a zeolite material with a strong adsorption capacity and a good pore structure [30]. As shown in Fig. 2c, compared with the SCG, the morphology of the NaCl-MSCG is similar, and the surface is relatively smooth, without excessive groove marks. This is because the main mechanism of NaCl modification is that Na+ adsorbs the negative charges on the surface of the coal gangue, increases the number of cations on the surface, increases the cation exchange capacity, and does not corrode its structure [31]. High concentrations of HCl are corrosive to coal gangue and can react with the Fe2O3, Al2O3, and other oxides in the coal gangue. Therefore, as shown in Fig. 2d, there are many grooves on the surface of the HCl-MSCG, and the surface is relatively rough. However, due to the acid resistance of the coal gangue, unlike the NaOH-MSCG, the HCl-MSCG has no obvious pore structure [32].
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Figure 2: SEM images. (a) SCG, (b) NaOH-SCG, (c) NaCl-SCG and (d) HCl-SCG

3.1.2 XRD Analysis

As shown in the XRD diffraction pattern (Fig. 3), the main components of the SCG are quartz, albite, kaolinite, calcite, hematite, illite, and pyrite. The MSCG still contains the silica tetrahedron skeleton of the quartz, but according to the change in the diffraction peak, its main composition has changed. The diffraction peaks of the NaOH-MSCG were significantly enhanced at 2θ = 21°, 27°, and 42°, and the peak shape at 2θ = 28° was changed, indicating that the quartz and albite crystals in the sample were dissolved during the modification process [33]. Therefore, the change in the XRD image after NaOH modification may be related to the dissolution of the oxides in the coal gangue. The strength of the NaCl-MSCG becomes weaker at 2θ = 26.6°, and a new peak appears at 2θ = 66.70°. The intensity of the quartz diffraction peak of the HCl-MSCG was weakened at 2θ = 26.6°. The diffraction peak of the calcite in HCl-MSCG disappears and the intensity of the diffraction peak of pyrite becomes weaker at 2θ = 40.8°. This is consistent with the results of Peng et al. [34], who found that after acid leaching of the coal gangue, the calcite, pyrite, and kaolinite diffraction peaks of the residue were significantly reduced.

[image: images]

Figure 3: XRD diffraction patterns

3.2 Efficiency of SCG and MSCG at Removing Fe2+ and Mn2+ from Acid Mine Drainage

3.2.1 Efficiency of SCG at Removing Fe2+ and Mn2+ from Acid Mine Drainage

The effects of the particle size, dosage, and adsorption time of the efficiency of SCG at removing Fe2+ and Mn2+ in acid mine drainage were investigated using single factor experiments. The results are shown in Fig. 4. As shown in Fig. 4a, the removal efficiency of Fe2+ from acid mine drainage gradually increased with decreasing grain size. The smaller the grain size of the SCG, the greater the damage to the silicon lattice, i.e., the silicon activity improved. Furthermore, the specific surface area and surface energy both increase with decreasing grain size, which is conducive to the adsorption process [35]. When the particle size of SCG was decreased from 425–1700 μm to 180–425 μm, the removal efficiency of Mn2+ increased significantly. However, as the grain size continued to decrease, the removal efficiency of Mn2+ tended to remain relatively stable and even decreased slightly. This is likely because the small amount of Mn2+ contained in the SCG is released during the oscillation process, which is not conducive to the adsorption of Mn2+ by the SCG. Tang et al. [36] found that the Mn2+ contained in gangue is gradually released and migrates outward. Through experimental observations, it was found that when the particle size is too small, the SCG does not settle easily. Based on a comparison of the influence of particle size of the SCG on the removal of Fe2+ and Mn2+, SCG with a particle size of 120–180 μm was selected as the experimental material for the other experiments.

[image: images]

Figure 4: Fe2+ and Mn2+ removal efficiency of SCG

As shown in Fig. 4b, the Fe2+ removal efficiency gradually increased from 27.47% to 70.20% as the amount of SCG added was increased. This is because the spontaneous combustion process of coal gangue is similar to the decarburization and activation process of coal gangue, which causes some of the stable crystals in the coal gangue to decompose and be converted into amorphous α-quartz, amorphous SiO2, κ-Al2O3, amorphous Al2O3, and other active amorphous crystals [37]. When the amount of SCG was increased, the number of active crystals in the system increased, and the adsorption effect was enhanced. As the amount of SCG added was increased, the removal efficiency of Mn2+ increased from 21.46% to 34.62% and then decreased back to 27.2%. This is because increasing the amount of SCG increased the amount of released Mn2+. When the dosing amount of the SCG was 4 g/50 mL, the removal efficiency of Fe2+ was higher and the removal efficiency of Mn2+ did not decrease. Thus, 4 g/50 mL was selected as the optimal dosing amount.

According to Fig. 4c, the removal efficiency of Fe2+ increases with increasing reaction time. This is because the extension of the reaction time enables the SCG to fully interact with the Fe2+, thereby increasing the removal efficiency of Fe2+. The removal efficiency of Mn2+ increased gradually when the reaction time was less than 150 min, decreased from 150 to 180 min, and increased again after 180 min. This may be because the adsorption capacity of the SCG for Mn2+ reaches saturation after 150 min, and as the reaction time increases, shaking the beaker causes the adsorption-resolution phenomenon of Mn2+. Therefore, the removal efficiency of Mn2+ fluctuated between 150 and 180 min. Thus, 150 min was selected as the optimal reaction time.

The optimal conditions for SCG to absorb Fe2+ and Mn2+ in acid mine drainage are particle sizes of 120–180 μm, a dosing amount of 4 g/50 mL, and a reaction time of 150 min.

3.2.2 Efficiency of MSCG at Removing Fe2+ and Mn2+ from Acid Mine Drainage

In the SCG modification experiments, the influence of the modification solution concentrations, the liquid to solid ratio of the modification solutions and the SCG, and the modification time on the efficiency of the MSCG at removing Fe2+ and Mn2+ from acid mine drainage were studied. The results are shown in Figs. 5–7. The efficiency of the SCG and MSCG at removing Fe2+ and Mn2+ from wastewater with different concentrations of Fe2+ and Mn2+ were compared. The results are shown in Fig. 8.
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Figure 5: Fe2+ and Mn2+ removal efficiencies of the NaOH modification conditions
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Figure 6: Fe2+ and Mn2+ removal efficiencies under NaCl modification conditions
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Figure 7: Fe2+ and Mn2+ removal efficiencies under HCl modification conditions
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Figure 8: Efficiency of MSCG at removing different concentrations of Fe2+ and Mn2+

As shown in Fig. 5, the removal efficiencies of Fe2+ and Mn2+ were significantly improved with increasing NaOH concentration, but the removal efficiencies tended to become stable when the NaOH concentration exceeded 3 mol/L, which indicates that high concentrations of NaOH can more fully dissolve the aluminosilicates in the coal gangue and can improve the cation adsorption capacity. With an increasing liquid to solid ratio, the removal efficiency of Fe2+ fluctuated slightly, exhibiting an overall upward trend, while the removal efficiency of Mn2+ decreased gradually. This may be because the ionic radius of Fe2+ is smaller than that of Mn2+, so the interaction between the Fe2+ and the gangue structure is stronger, and the competitive Fe2+ adsorption capacity is stronger under the condition of multi-ion co-existence.

Increasing the modification time had little effect on the efficiency of the removal of Fe2+, but it effectively improved the efficiency of the removal of Mn2+. Therefore, the optimal conditions for NaOH modification are an NaOH concentration of 3 mol/L, a liquid to solid ratio of 2 L/kg, and a modification time of 8 h.

As shown in Fig. 6, the Fe2+ and Mn2+ removal efficiencies initially increased and then decreased as the NaCl concentration and the liquid to solid ratio increased. The reason for this is that Na+ combines with the negative charge on the surface of the coal gangue during the modification process, which increases the number of cations on the surface of the coal gangue. Na+ has a low valence and a large ionic radius, and the interaction between Na+ and the gangue is weak, resulting in Na+ being easily replaced by Fe2+ and Mn2+ during acid mine drainage treatment. Thus, the Fe2+ and Mn2+ removal efficiencies gradually increase [31]. The Fe2+ and Mn2+ removal efficiencies decrease when excessive amounts of NaCl are present, which indicates that the surface charge point of the coal gangue has reached saturation, and increasing the amount of NaCl interferes with the adsorption of Fe2+ and Mn2+ by the NaCl-MSCG. Furthermore, increasing the modification time promoted the removal of Fe2+ and Mn2+, but the removal efficiency gradually leveled off with increasing modification time. Therefore, the optimal conditions for NaCl modification are an NaCl concentration of 2 mol/L, a liquid to solid ratio of 4 L/kg, and a modification time of 16 h.

As shown in Fig. 7, the HCl-MSCG has a low Fe2+ removal efficiency and is not as effective as NaOH-MSCG and NaCl-MSCG at removing Mn2+. Chen et al. [38] found that the concentration of alkali metal oxides, such as iron and Al2O3, in coal gangue can be reduced by soaking coal gangue in HCl. The pores on the surface of the HCl-MSCG can absorb Fe2+ and Mn2+. Moreover, H+ will also replace the Ca2+, Mg2+, and other cations on the surface of the coal gangue during the modification process, which improves the cation exchange capacity of the HCl-MSCG [32]. However, during the modification process, some pore impurities that are firmly bound to the minerals and do not easily react with acid are difficult to remove, so the effect of the acid modification is limited, and the Fe2+ and Mn2+ removal efficiencies are 43.37% and 52.20%, respectively, which are lower than those of the NaOH-MSCG and NaCl-MSCG. In addition, the initial concentration of Mn2+ was lower than that of Fe2+, so the Mn2+ removal effect was better than that of Fe2+. Taking Mn2+ as the standard, the optimal conditions for HCl modification are an HCl concentration of 1 mol/L, a liquid to solid ratio of 6 L/kg, and a modification time of 16 h.

As shown in Fig. 8, the removal efficiency of Fe2+ and Mn2+ decreased with increasing metal ion concentration. The Fe2+ removal effects were as follows: NaOH-MSCG > NaCl-MSCG > SCG > HCl-MSCG. The Mn2+ removal effects were as follows: NaOH-MSCG > NaCl-MSCG > HCl-MSCG > SCG. Zhou et al. [39] found that in the process of the alkali modification of gangue, some of the metal oxides in the gangue, e.g., (HO)3SiO− and Al(OH)4−, are dissolved due to the increased number of capillary pores and the increased specific surface area. They determined that alkali modification can not only dissolve some metal oxides, but that the alkali solution also reacts with the aluminosilicates in the coal gangue to create zeolites with a higher adsorption capacity [30]. Under the alkali modification conditions, the Al3+, Fe2+, Fe3+, and Mg2+ in the gangue are hydrolyzed to generate Al(OH)3, Fe(OH)3, Mg(OH)2, and other colloidal flocculent particles. In addition, many complexation ions were formed, removing some of the ions from the wastewater [40]. Therefore, NaOH modified spontaneous combustion gangue has a stronger ability to absorb metal ions in wastewater. The efficiencies of the three modification methods at removing Fe2+ and Mn2+ are as follows: NaOH-MSCG > NaCl-MSCG > HCl-MSCG. Therefore, NaOH-MSCG was selected for the next experiment.

3.3 Dynamic Removal of Fe2+ and Mn2+ from Acid Mine Drainage Using NaOH-MSCG

Based on the results of the single factor experiments, two dynamic experimental columns were constructed for the dynamic test: column No. 1 was loaded with SCG, and column No. 2 was loaded with NaOH-MSCG. The dynamic removal of Fe2+ and Mn2+ from acid mine drainage by NaOH-MSCG was analyzed. The results are shown in Fig. 9.
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Figure 9: Dynamic removal of Fe2+ and Mn2+ from acid mine drainage by NaOH-MSCG

According to Fig. 9, the two dynamic experimental columns showed good and relatively stable Fe2+ removal capabilities; the average removal efficiency of Fe2+ for column No. 1 and column No. 2 were 55.91% and 97.73%, respectively. The SCG mainly removed the Fe2+ in acid mine drainage through surface pore adsorption and ion exchange reactions with albite. The removal efficiency initially increased and then decreased because there are more adsorption sites and ion exchange points on the coal gangue’s surface at the beginning of the adsorption period. Thus, the adsorption effect tends to increase, while the removal efficiency tends to decrease slowly as the number of available adsorption sites decreases. By comparing the efficiencies of the SCG and the NaOH-MSCG at removing Fe2+, we determined that the NaOH modification improved the Fe2+ adsorption capacity of the SCG. This may be because the alkali modification can dissolve some of the metal oxides, forming more pores inside and on the surface of the coal gangue, thereby increasing the number of adsorption sites on the surface. In addition, the alkali compound reacts with the aluminosilicates to synthesize a small amount of zeolite with a higher adsorption capacity, thus improving the removal of Fe2+.

The removal of the Mn2+ in acid mine drainage in the two dynamic experimental columns showed a general downward trend, with average Mn2+ removal efficiency of column No. 1 and column No. 2 were 21.64% and 44.82%, respectively. As the reaction time increased, the removal efficiency of Mn2+ in column No. 2 showed a downward trend, from an initial removal efficiency of 99.99% to 17.28%, indicating that there were many Mn2+ adsorption sites because of the initial amount of NaOH-MSCG. As the reaction progressed, the adsorption sites gradually became occupied, and the amount of Mn2+ adsorbed by the NaOH-MSCG gradually decreased as the gangue became saturated. The Mn2+ removal efficiency of column No.1 increased from 45.25% to 66.58% and then decreased to −17.27%. Zhang et al. [41] found that increasing the amount of coal gangue provides more available adsorption sites for Mn2+ adsorption, so the Mn2+ removal efficiency for the column increased in the initial stage of the reaction. However, when the adsorbent is sufficient, the adsorption effect mainly depends on the ability of the adsorbent molecules to migrate sufficiently to the surface [42]. As the amount of Mn2+ adsorbed by the SCG increases and gradually becomes saturated, adsorption-analysis of the Mn2+ occurs, which is not conducive to the adsorption of Mn2+. Therefore, the removal efficiency of Mn2+ by the column decreases in the later stage of adsorption.

Based on our experiments, we determined that NaOH-MSCG has a better dynamic Fe2+ and Mn2+ removal efficiency than SCG.

4  Conclusions

The accumulation of spontaneous combustion gangue poses large safety risks to the daily production and environmental protection of mining areas. In the process of acid mine drainage treatment, efficient and cheap adsorption materials are always scarce resources. Therefore, this paper uses spontaneous combustion gangue from the Gaode mining area as the raw material, and through NaOH, NaCl, and HCl chemical modification, we conducted a comparative study of the effects of modified coal gangue on acid mine wastewater treatment. The following conclusions were drawn based on the results of this study.

1.    The effectiveness of spontaneous combustion gangue at removing Fe2+ is better than its effectiveness at removing Mn2+, and the optimal conditions for spontaneous combustion gangue to absorb Fe2+ and Mn2+ include a particle size of 120–180 μm, a dosing amount of 4 g/50 mL, and a reaction time of 150 min.

2.    Compared with spontaneous combustion gangue and modified coal gangue, NaOH modification significantly improves the efficiency of the spontaneous combustion gangue at removing Fe2+ and Mn2+ from acid mine drainage. The optimal modification conditions are an NaOH concentration of 3 mol/L, a liquid to solid ratio of 2 L/kg, and a modification time of 8 h.

3.    Based on the results of the single factor test, the dynamic adsorption performance of the NaOH modified gangue was verified using column experiments. The results show that the dynamic treatment of Fe2+ and Mn2+ removal from acid mine drainage is as follows: NaOH modified gangue in column No. 2 > unmodified gangue in column No. 1. The average removal efficiencies of Fe2+ and Mn2+ by the NaOH modified gangue in column No. 2 were 97.73% and 44.82%, respectively.

4.    Using spontaneous combustion gangue to prepare an adsorbent has the advantages of numerous raw materials and low cost. It not only achieves recycling and utilization of coal gangue, but it also solves the pollution problem posed by nearby acid mine drainage. The results of our study provide new ideas for addressing solid waste and wastewater issues in mining areas, promoting clean production in mining areas, and fulfilling the research purpose of “treating dust with waste”.

This study introduces a new application of spontaneous combustion gangue, optimizes the preparation conditions of modified coal gangue, verifies the feasibility of the application of NaOH modified spontaneous coal gangue to wastewater remediation, provides a research basis for the secondary utilization of coal gangue in Fuxin, and is conducive to sustainable development in mining areas.
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