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Abstract

:

Coal gangue is a kind of typical by-product emitted during the coal mining and washing process. With the increase in coal resource utilization, a large amount of coal gangue was not reasonably utilized, causing environmental pollution and resource waste. The main purpose of this article is to introduce the surface structural features and compositional characteristics of coal gangue and to summarize the utilization of coal gangue in the fields of building materials, energy production, agricultural utilization, and high-value-added areas such as catalysts and adsorbents. Secondly, this review discussed the environmental challenges and technical difficulties derived from the process of coal gangue utilization and how to solve these problems through innovative methods and technological improvements. Finally, the article proposed the development direction and strategies for the future resource utilization of coal gangue, emphasizing the importance of coal gangue as a sustainable resource and its significant role in achieving a circular economy for reducing environmental pollution. By analyzing the potentiality of coal gangue for resource utilization systematically, this article aims to provide valuable references and insights for researchers and decision-makers in related fields.
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1. Introduction


As one of the main energy sources in China, in 2024, the country produced 4.76 billion tons of raw coal, an increase of 1.06% compared to the previous year [1,2]. Coal gangue, as a major by-product associated with coal, accounts for 40% of the total volume of industrial solid waste. Its comprehensive utilization and supply side structural reform have become focal points of concern for both the coal industry and society [3,4]. Figure 1 and Figure 2 show the coal gangue production and percentage across various provinces and cities in China from 2017 to 2023.



Coal gangue is generated during the coal mining and washing process, accounting for 10–15% of the total coal output, making it one of the largest industrial solid wastes in China [6,7]. Additionally, the production of coal gangue mainly comes from several sources: the process of roadway excavation; the roof, floor, and interlayer during the mining process [8,9]. According to the standards of the China Coal Industry Association for gangue classification. It is classified into four categories based on total sulfur content: low, medium, medium-high, and high, as shown in Table 1. This standard specifies the classification categories and naming conventions for coal gangue, applicable to its output and resource utilization. In the traditional coal gangue pre-selection process, the intensity of manual labor is high, efficiency is low, and there are potential safety risks. The improved ResNet18-YOLO algorithm can detect coal gangue at a speed of 45.5 ms per frame, with the model size only about 65.34 MB, and the mAP of coal gangue detection is 96.27%, offering better real-time performance and a smaller model size [10].



Coal gangue, as a commonly encountered industrial solid waste, has a multidimensional and profound environmental impact [11,12]. Firstly, the massive accumulation of coal gangue occupies a significant amount of land resources, especially near mining areas. Extensive stacking can lead to the ineffective use of land resources and may trigger soil erosion and desertification, thereby negatively affecting the local ecosystem [13,14]. Additionally, the toxic elements in coal gangue can penetrate the soil through leaching, altering the soil’s chemical composition, and consequently affecting soil fertility and agricultural production [15,16]. The dissolved heavy metals and other harmful substances in coal gangue can also enter groundwater and surface water bodies through leaching, posing potential threats to aquatic life and even human health [17,18]. The organic materials in coal gangue can release harmful gases, such as hydrogen sulfide and nitrogen oxides, under natural conditions or during incineration, further exacerbating air pollution [19]. In terms of social and public health, the harmful substances in coal gangue can enter the human body through the food chain, air, and water sources, increasing the risk of respiratory diseases and skin conditions [20,21]. The spontaneous combustion of coal gangue heaps is a non-negligible issue. According to related research statistics, among approximately 1900 coal gangue heaps in China, more than 600 have experienced or are experiencing spontaneous combustion [22]. This combustion releases harmful gases such as sulfur dioxide (SO2), carbon monoxide (CO), and nitrogen oxides (NOX), causing damage to the surrounding environment and vegetation [23,24].



Therefore, the implementation of effective coal gangue management strategies, particularly through resource utilization measures, has become a critical issue in environmental protection and sustainable development strategies. The resource utilization of coal gangue not only effectively reduces its negative environmental impact but also transforms waste into valuable resources, promoting the development of a circular economy. Currently, the main avenues for coal gangue resource utilization include its application in construction materials, soil conditioners, and energy resources. For instance, coal gangue can be used as raw material for cement and bricks after high-temperature sintering. Additionally, with specific treatments, it can serve as a soil conditioner to improve the fertility of degraded lands. Furthermore, the combustion of coal gangue or its co-combustion with biomass can realize its reuse as an energy source. In summary, the resource utilization of coal gangue not only helps mitigate environmental pollution but also creates new development opportunities for related industries, driving the realization of a green and low-carbon economy.




2. Physical and Chemical Features of Coal Gangue


The chemical composition of coal gangue determines its various potential industrial applications. For instance, coal gangue with high silicon and aluminum content can be used as raw materials in the construction materials industry for the production of cement, bricks, and tiles. Additionally, due to the high content of silicon and aluminum in coal gangue, it can also be utilized in the preparation of silicate and aluminate chemical products. Furthermore, some components of coal gangue can be used in the production of adsorption materials, ceramics, and more [25,26].



2.1. Main Chemical Components


Coal gangue contains a large amount of inorganic substances, such as silicates, aluminates, calcium salts, and iron-manganese salts [27]. Specifically, the primary chemical components in coal gangue are silicon dioxide (SiO2) and aluminum oxide (Al2O3) [19], with the mass fractions of SiO2 and Al2O3 in most regions ranging from 37% to 72% and 4.5% to 42%, respectively [28]. In addition, coal gangue may also contain other minerals such as iron oxide (Fe2O3), calcium oxide (CaO), magnesium oxide (MgO), and sulfates [29]. The main mineral composition and elemental analysis of coal gangue are shown in Figure 3 and Table 2, respectively. About Figure 3 Gangue samples from the open pit coal mine in Hequ County, Xinzhou City, Shanxi Province, China. The coal gangue samples in Table 2 were obtained from Dazhe Coal Mine, Yulin City, Shaanxi Province, China.



In recent years, research on the resource utilization of coal gangue has deepened, and the technology has gradually matured. For example, technologies for preparing lightweight aggregates, adsorbents, and ceramic materials from coal gangue have gradually become commercialized [32,33]. In summary, the resource utilization of coal gangue is a complex system engineering project involving environmental science, material science, chemical engineering, and other fields [34]. With the continuous deepening of related research and technological progress, the future pathways for coal gangue resource utilization will become more diversified, and its role in environmental protection and resource conservation will become even more significant.




2.2. Physical Properties


The physical properties of coal gangue include particle size, shape, density, hardness, and porosity, as well as thermal and electrical conductivity [35,36]. Particle size and shape: The particle size of coal gangue varies widely, from dust-like microparticles to large rocks, and the particles are usually irregular in shape, which affects their bulk density and flowability [37,38]. Understanding the particle size and shape helps optimize the processing technology and equipment design when using coal gangue as a raw material. Density and hardness: the density of coal gangue is relatively low, typically between 1.2 and 2.4 g/cm3, while its hardness varies with its composition. These characteristics affect the load-bearing capacity of coal gangue when it is used as a building material or for roadbeds [39,40]. Porosity: coal gangue has a high porosity, allowing it to absorb and retain moisture [41]. A high porosity also means a higher surface area, which is an important factor when using coal gangue as an adsorbent material or catalyst carrier. The porosity of naturally piled broken gangue is about 47.5%, with micro-pores (less than 0.075 mm) dominating [42]. Thermal and electrical conductivity: the thermal conductivity and electrical conductivity of coal gangue are generally low, making them suitable for use as insulating materials or insulation materials. Understanding these properties facilitates the application of coal gangue in the construction and electric power industries.



As shown in Table 3, the physical properties of coal gangue not only affect their processing and management methods but also determine their potential applications and impact in resource utilization. For instance, small particles of coal gangue can be used as fillers or made into bricks, while large chunks of coal gangue can be utilized in building materials. The low density and high porosity of coal gangue make it an ideal choice for the preparation of lightweight aggregates, adsorbent materials, or filtration materials.





3. Coal Gangue Applications


As environmental regulations become increasingly stringent, society has set higher standards for the efficient use of coal gangue. Coal gangue has shown a wide range of uses in emerging fields such as construction, energy, and agriculture, as illustrated in Figure 4. Its recycling and utilization not only solve the disposal problem but also help reduce material costs, promoting the sustainable development of resources. Table 4 shows the source, role, and application of gangue.



3.1. Production of Construction Materials


Using coal gangue as a construction material, especially as coarse aggregate for concrete, aligns with environmental protection concepts and conserves natural resources like sand and gravel [44]. In recent years, significant achievements have been made in the resource utilization of coal gangue in the field of construction materials, mainly in the following aspects: lightweight aggregate: After processes such as crushing and screening, coal gangue can be utilized as lightweight aggregate [11,49]. This type of aggregate can reduce the unit weight of concrete, applicable in the production of lightweight concrete, thereby decreasing the structural weight and enhancing the seismic performance of buildings. Cement material: coal gangue contains silicates and aluminates, essential ingredients for cement production [50,51]. With appropriate processing, coal gangue can partially replace traditional cement production materials, reducing production costs while also decreasing resource consumption [43,52]. Wall material: coal gangue can serve as a raw material for producing sintered bricks, hollow blocks, and other wall materials [53,54]. Sintered bricks made from coal gangue exhibit good thermal insulation properties and adequate mechanical strength, suitable for constructing various building walls. Road Base material: due to its satisfactory compaction properties, coal gangue can also be used as a material for road bases [55,56]. Ceramic material: the silicates and aluminates in coal gangue can form vitreous bodies at high temperatures, thus suitable for manufacturing various ceramic materials [43,57]. These ceramic products can be utilized in areas such as architectural decoration and sanitary ware.



3.1.1. Coal Gangue Concrete


Compared to ordinary concrete, the fluidity of coal gangue concrete decreases by 20% to 53% under different water-cement ratios [58]. The incorporation of coal gangue reduces the early strength of concrete and increases its porosity and water absorption but also enhances its resistance to chloride ion or gas permeability [52,59]. An increase in porosity typically leads to a decrease in the density of concrete, which in turn affects its compressive strength, permeability, and durability. Higher porosity may cause concrete to perform poorly in structures that require long-term load-bearing capacity, especially in fields such as hydraulic engineering and road construction. An increase in water absorption means that concrete is more likely to absorb moisture, leading to internal expansion and reduced strength, which further impacts its durability, especially under humid conditions or extreme climates. Compressive strength is a key indicator of concrete’s load-bearing capacity; higher strength enhances its structural stability and durability, which is crucial for seismic and heavy-load applications. Therefore, in the design of coal gangue concrete, it is necessary to control porosity and water absorption effectively to ensure high compressive strength and durability, meeting the requirements of various engineering applications. The strength of coal gangue concrete, constrained by external layers of Carbon Fiber-Reinforced Polymer (CFRP) or Alkali-resistant Fiber-Reinforced Polymer (BFRP), increases by 16.9% to 145.8%, and its axial ultimate strain is 4.787 to 8.812 times that of ordinary coal gangue concrete [60]. Figure 5 shows the lateral strain-axial strain curve of BFRP/CFRP-constrained coal gangue concrete specimens. For CFRP-constrained coal gangue concrete specimens, the lateral strain-axial strain relationship and the slope of the second stage of volumetric expansion have smaller absolute values. Compared to BFRP-constrained specimens, CFRP-constrained specimens have a lower final expansion rate due to their relatively higher constraining stiffness. The mechanical properties of coal gangue concrete differ from those of ordinary concrete due to the substitution of fine and coarse aggregates with coal gangue [61,62]. Using artificial coal gangue sand in concrete fine aggregates can mitigate the environmental negative effects of coal gangue stockpiling and promote the conservation of natural resources [63]. The utilization of coal gangue sand provides an ecological solution to the shortage of natural sand and landfill of mineral tailings. The use of coal gangue sand yields positive social and environmental benefits when the transportation distance exceeds a certain threshold [63]. With the increase in stress level, the frost resistance of coal gangue concrete deteriorates, and the degradation rates of four macro-performance indicators, namely compressive strength, relative dynamic modulus of elasticity, mass loss, and damage layer thickness, significantly accelerate [64].



Adding nanosilica and coarse coal gangue aggregate to concrete significantly affects a range of concrete properties. Studies have shown that the optimal mix ratio is 25% coarse coal gangue aggregate and 2% nanosilica [65]. This ratio not only improves the mechanical properties of concrete but also realizes the effective utilization of coarse coal gangue aggregate. Municipal solid waste incineration fly ash (MSWI FA) was used as a supplement to compensate for the lack of calcium elements in coal gangue (CG) to synthesize geopolymer materials [27,42]. To further study the impact of replacing coarse aggregate with coal gangue aggregate on its performance, a model was developed to predict the shrinkage behavior of concrete combined with coal gangue coarse and fine aggregates (CGCA and CGFA). Both CGCA and CGFA significantly increased the concrete shrinkage strain, which increased by 145% when both were used at 100%; compared to CGFA, CGCA had a more significant impact on shrinkage; the addition of CGCA led to faster development of concrete shrinkage, while CGFA had no significant effect on the development of shrinkage [66]. By replacing coarse aggregate with coal gangue aggregate (CGA) and using a machine learning model, it was found that the back-propagation neural network (BPNN) exhibited high correlation coefficients in predicting compressive strength and density [67].




3.1.2. Bricks, Cement, and Other Building Materials


Coal gangue, rich in SiO2, Al2O3, Fe2O3, and CaO, serves as an appropriate raw material for brick production. The main mineral phases in coal gangue from different mining areas include quartz, kaolinite, and muscovite. The reactivity of the product obtained varies with different temperatures and calcination times [68]. Figure 6 shows the microstructure of sintered bricks at different temperatures. Figure 6a reveals that the cross-section of an unsintered brick is mostly composed of discrete particles of varying sizes and random arrangement. Figure 6b demonstrates the initial formation of small silicate layers and crystalline mineral particles in the brick’s cross-section when the sintering temperature reaches 1000 °C, as shown in Figure 6c. The molten glass phase envelops and binds the tiny crystalline mineral particles, filling the gaps and pores between materials, bringing them closer together, leading to an increase in BD (bulk density) and CS (compressive strength), as shown in Figure 6d for the sintered brick at the optimal sintering temperature of 1100 °C, where the brick’s melting and solidification degree is very high, resulting in a flat cross-section and a dense structure. The results indicate that the sintered bricks have fine and evenly distributed pores, and the liquid phase bonding action increases the BD and CS of the sintered bricks while decreasing the porosity and WA (water absorption rate) [69]. By adding an appropriate amount of activated coal gangue powder, the performance of coal gangue-based green cement fillers can be significantly enhanced. From an economic perspective, it is recommended that the substitution rate of activated coal gangue powder should be between 50 and 75% [70,71]. Activated calcined coal gangue can produce metakaolin with higher pozzolanic activity, which, when added as a supplementary cementitious material to cement, can not only replace part of the cement but also improve the later performance of cement materials [72,73]. Calcining coal gangue at 600–800 °C can transform the kaolinite phase into metakaolin [74]. Replacing 30% of standard cement with coal gangue reduces the early strength significantly at 3 days but increases the later strength substantially at 28 days, achieving an activity level of over 85%, meeting the basic requirements for the calcination activity of coal gangue [75]. Additionally, coal gangue can be categorized into reactive and non-reactive types, with reactive coal gangue being broadly applicable in various cement productions, while non-reactive coal gangue is limited to specific types of cement production [50]. Appropriate activation methods can significantly enhance the pozzolanic reactivity and hydration characteristics of coal gangue, thereby improving the mechanical and durability properties of cement-based materials [76,77].



Thermal activation of coal gangue is key in cement applications, with Figure 7 illustrating the dual benefits achieved by introducing steel slag [78]. The mechanism for achieving can be attributed to the introduction of steel slag, which provides a rich supply of calcium. On one hand, it promotes the fixation of sulfur by forming CaSO4. On the other hand, it aids in the effectiveness of CaO in cement-based materials, accelerating the formation of C-S-H gel. When coal gangue and fly ash replace part of the cement and coarse aggregate, an increase in their proportion significantly improves the permeability coefficient but reduces the mechanical properties [79,80]. Up to 20% of coal gangue can replace portland cement without sacrificing strength [81]. Adding 4–6% of low-sulfur coal gangue with a calorific value of less than 6000 J/g to cement raw meal for producing cement clinker can reduce the unit energy consumption of cement clinker [82]. On the other hand, studies have adjusted the ratio of coal gangue to sludge, adding clay and foaming agents as auxiliary materials, to produce ceramsite with physical properties, including bulk density and cylindrical compressive strength, meet the Chinese standard “Lightweight Aggregates and their Test Methods” [83]. Research on modifying coal gangue powder through chemical intercalation and high-temperature activation treatment improved its microstructural characteristics, applying it to the matrix asphalt, and preparing modified asphalt by the melt blending method. The results showed that the treated coal gangue powder has a larger specific surface area and physical adsorption capacity, which can improve the high-temperature deformation resistance and anti-aging properties of asphalt by enhancing the interaction between coal gangue powder and the asphalt matrix [84]. A proper ratio of coal gangue lime and coal gangue powder can enhance the microwave healing capability of asphalt mixtures [85].




3.1.3. Environmental Impact of Coal Gangue in the Production of Building Materials


When considering the resource utilization of coal gangue, its potential environmental impacts must also be considered. Coal gangue may contain harmful elements such as arsenic, lead, cadmium, and other heavy metals, as well as sulfides. If used directly without proper treatment, it could pose threats to the environment and human health [86]. As shown in Figure 8, this is a schematic diagram of gangue discharge into the environment and its eventual entry into the human body. Therefore, in the process of resource utilization of coal gangue, appropriate treatment measures, such as stabilization and physical and chemical separation, must be taken to ensure its safe use. The economic benefits of different coal gangue utilization methods are ranked as follows: extraction of chemical products > power generation > cement calcination > brick making > mineral admixture and road base material. The environmental effects of various utilization methods, from best to worst, are ranked as follows: brick making and cement calcination > road base and mineral admixture > power generation > extraction of chemical products [87]. Different resource utilization methods have varying impacts on the environment; considering benefits should also account for environmental impacts to avoid secondary pollution. Environmental pollution management strategies need to be developed for each stage of coal gangue utilization, including production, transportation, and comprehensive use, to minimize its impact on the environment [88].



When coal gangue is used as a raw material for building materials or other applications, the long-term stability of the products depends on the composition of the coal gangue itself and its interactions with other materials. Coal gangue contains certain amounts of heavy metals and harmful substances, which may leach, weather, or otherwise enter the environment over time, affecting the durability and environmental performance of the products. The measures to ensure long-term stability and safety are as follows: (1) Composition Control and Pretreatment: Pretreating coal gangue to reduce the content of harmful substances. For example, using physical or chemical methods to remove heavy metals, sulfides, and other harmful components, thereby reducing their potential environmental impact. (2) Leaching Tests: Conducting leaching tests (such as the American Standard Leaching Test, European Leaching Test, etc.) to assess the release of heavy metals from coal gangue under specific environmental conditions, ensuring compliance with environmental protection standards. (3) Blending and Stabilization Technologies: Mixing coal gangue with other stabilizing materials (such as cement, lime, etc.) and using solidification or encapsulation techniques to reduce the migration of harmful substances. For example, using cement solidification methods, where coal gangue reacts with cement to form more stable compounds, thereby reducing its leaching potential. (4) Use of Additives: Adding appropriate additives, such as chemical stabilizers, to enhance the chemical stability of coal gangue and reduce its reactivity with the environment. (5) Long-term Monitoring and Assessment: Establishing a long-term environmental monitoring system to regularly test leachates during the product’s use, ensuring that they do not cause long-term harm to the environment.



The heavy metal elements abundant in coal gangue, such as lead (Pb), cadmium (Cd), chromium (Cr), and mercury (Hg), may be released into the environment during the production process, causing pollution to soil and water sources. In the preparation of building materials using coal gangue, the high content of some heavy metals is an important consideration for its application and environmental risk management. The production of building materials often requires high-temperature calcination. During the calcination of coal gangue, pollutants such as nitrogen oxides (NOx), sulfur dioxide (SO2), and heavy metals are released [90]. When firing bricks, dust is generated during raw material crushing; during the baking process, the temperature in the tunnel kiln reaches about 980 °C to 1100 °C. The combustion of coal and spontaneous combustion of coal gangue in tunnel kilns produce gases such as HF, smoke, and SO2 [91,92]. During the sintering process, trace elements are released and redistributed in bricks, fly ash, and flue gases. Cadmium, copper, mercury, lead, selenium, and tin have high volatility, mainly emitted in the form of flue gases, potentially impacting the atmosphere and soil of the surrounding areas [93]. To reduce environmental impacts, efficient desulfurization and dust removal equipment and optimized production processes can be used.



Due to its relatively stable chemical structure, the reactivity of coal gangue in cement materials needs to be activated to improve its pozzolanic reactivity. This activation could affect the environmental burden and impact of cement-based materials [94]. Microwave-activated coal gangue powder, used as an auxiliary cement material, changes the mineral composition, potentially impacting the environmental and economic aspects of cement production [75]. Adding coal gangue reduces most environmental impacts of cement clinker, such as potential for human toxicity and potential for depletion of abiotic resources. However, the potential for global warming and acidification slightly increases [95]. Although the use of coal gangue in the production of building materials can bring certain environmental benefits, such as waste reduction and carbon footprint reduction, it also raises concerns about increased global warming potential, acidification, and heavy metal pollution. Balancing these factors to ensure environmental sustainability is crucial.





3.2. In the Energy Sector


In recent years, with the increasing awareness of sustainable energy and environmental protection, the application of coal gangue in the energy sector has received greater attention and development. With the changes in national energy and environmental policies as well as adjustments in the coal industry structure, the comprehensive utilization of coal resources for power generation faces a new development situation [96]. Especially, technological advancements have significantly improved the utilization efficiency of resources such as coal gangue and coal slime, which not only helps in conserving resources but also reduces environmental pollution.



3.2.1. Direct Use


Coal gangue is commonly regarded as a low-calorific-value material. However, for those with a higher carbon content, such as between 20% and 30%, its calorific value significantly increases, making it a potential resource for energy recovery and power generation [97]. The high carbon content of this type of coal gangue provides sufficient thermal energy, making it feasible for use in energy conversion processes such as combined heat and power generation. Compared to conventional coal-fired boilers, circulating fluidized bed technology offers significant environmental advantages, including reduced pollutant emissions and improved waste utilization efficiency [98,99]. Moreover, the application of coal gangue in power generation also helps reduce dependence on traditional fossil fuels, thereby alleviating the issue of fossil fuel scarcity to some extent and providing a viable solution for the environmentally friendly disposal of coal gangue. Although direct combustion of coal gangue for power generation is theoretically feasible, it presents a series of technical complexities in maintaining stability during the power generation process, especially for those with high ash content and low calorific value. These challenges highlight the necessity for in-depth research into coal gangue as a fuel for power generation, particularly in optimizing combustion technology, improving energy efficiency, and reducing environmental pollution [100]. Therefore, research in this field is far from mature and requires continuous exploration and innovation.



For coal gangue with ultra-low calorific value, the Aspen Plus 11.0 software can be used for the design and optimization of coal gangue pyrolysis and carbonization processes, with the optimal pyrolysis temperature being about 600 °C [101]. For spontaneously combusting waste coal gangue, energy recovery can be achieved by constructing a novel artificial heat reservoir system. The concept diagram of the coal gangue artificial heat reservoir system is shown in Figure 9 [102].



Direct calcination of coal gangue is a method of resource utilization. Mainly through high-temperature treatment, coal gangue is transformed into useful products. During the calcination process, usually above 800 degrees Celsius, its organic matter is decomposed and transformed into gas and ash [103]. As the combustion temperature increases, coal gangue minerals decompose at certain temperatures; at 1200 °C, the mineral phases of combustion ash are mullite, quartz, magnetite, hematite, lime, and anhydrite [104]. Figure 10 shows the morphological characteristics during the combustion process of coal gangue; uncalcined fine particles of coal gangue with a diameter of 1.0 micrometer (Figure 10A) form needle-like shapes and cluster together. The coal gangue is in a molten phase, and its surface gradually becomes viscous as the combustion temperature increases (Figure 10B–F). The volatility of trace elements in coal gangue increases with the combustion temperature and can be divided into two categories: the highly volatile first category (Ni, Cu, Zn, Cd, Sn, Pb, and As), and the low volatility second category (Co, Cr, V) [104]. Figure 11 shows the volatility of trace elements at different temperatures. The decomposition of organic matter and pyrite can lead to an increase in the volatility of trace elements at 500 °C. As the combustion temperature increases, carbonate minerals, sulfides, and other minerals decompose, increasing the volatiles [104]. However, combustion of coal gangue can lead to significant emissions of sulfur, arsenic, mercury, and fluorine, which may exceed the emissions from traditional coal combustion [105].



Reducing the emission of pollutants during the combustion process of coal gangue is currently one of the important issues. Moreover, the direct combustion utilization of coal gangue requires specific combustion techniques and equipment. Overall, the direct use of coal gangue is a potential method of energy recovery, which can reduce the environmental impact of waste while providing some energy value. However, to achieve its widespread application, technical, economic, and environmental challenges need to be addressed.




3.2.2. Co-Utilization


Adding an appropriate amount of biomass can not only improve the combustion performance of coal gangue but also reduce the emissions of trace elements, thereby contributing to environmental protection. A biomass addition ratio of 20–30% is considered the optimal proportion [48]. In exploring the retention mechanism of trace elements (TEs) during the co-combustion of coal gangue (CG) and soybean straw (SS), it was found that the retention of gaseous TEs increased during co-combustion, which might be due to reactions with active mineral surfaces, chemical adsorption, and interactions with ash components and elements [106]. When sludge (SS) and coal gangue (CG) are co-combusted, it has been found that co-combustion helps improve ignition performance and has a synergistic effect on desulfurization and denitrification. Enhanced retention of trace elements (especially Pb and Zn) was observed during co-combustion [107]. By adding coal gangue as an additive to other biomass fuels (willow branches, wheat straw), not only can the combustion effect of coal gangue be improved, but also the emission of NO can be reduced, with the best proportion being 80% biomass + 20% coal gangue [108]. The real-time NO release curve, as shown in Figure 12, indicates that when 20% coal gangue is added to the composite fuel, the NO emission temperature of the composite fuel increases, and NO emissions decrease. This is because the alkali metals in coal gangue react with the biomass, with the reaction mechanism shown in Figure 13, and possible reactions are as follows [108].
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During the co-combustion process of straw and coal gangue, when the mixing ratio of coal gangue is 30%, it is expected to reduce sulfur dioxide emissions by 18.19% [109]. In the co-combustion process of low-calorific-value coal mixtures in a fluidized bed, a mixture ratio of raw coal, coal gangue, and coal slime at 20:60:20 may be a suitable choice for co-combustion in a fluidized bed reactor [110].



In the co-firing of coal gangue and peanut shells, an optimal predictive model for the co-combustion of coal gangue and peanut shells was established using the artificial neural network (ANN) method, and ANN20 was determined to be the best model through comparison [111,112]. Figure 14 shows the ANN20 model used to predict the combustion behavior of coal gangue and peanut shells. The ANN20 model is divided into an input layer, hidden layers, and an output layer. The input parameters for the input layer are combustion experimental conditions: heating rate, temperature, and mixing ratio. There are two hidden layers. The number of neurons in the first hidden layer is 5, and in the second hidden layer is 17. The parameters for the output layer are the residual mass percentage from the thermogravimetric experiments. The activation function for the hidden layers is nonlinear, while the activation function for the output layer is linear [111]. Interactions also exist between coal gangue and sawdust, and the addition of sawdust can enhance the oxidative combustion reactivity of coal gangue [113,114]. A study on the synergistic effects of the co-gasification of coal gangue and sawdust was conducted on a homemade two-stage gasification fixed bed experimental setup. The best synergistic effect, with a synergy coefficient of 0.22, was observed under conditions of a gasification temperature of 850 °C, catalytic reforming temperature of 900 °C, steam flow rate of 2 mL/min, and a mixing ratio of coal gangue to sawdust of 1:1. The synergistic effect of coal gangue and sawdust is due to the cracking of -OH functional groups, enhanced by the catalytic action of alkali and alkaline earth metals in the co-gasified char [115]. The effect of different mixing ratios of coal gangue and sawdust on the composition of co-gasification gas is shown in Figure 15. As seen in Figure 15a, with the increase in the sawdust mixing ratio, the volume fraction of H2 initially increases, then decreases, and finally increases [115]. A significant interaction between coal gangue and weathered coal was observed under oxygen-enriched combustion conditions, likely related to thermal effects [116]. Further research found that a mixture of 70% coal and 30% coal gangue exhibited the strongest synergistic effect, while a mixture of 30% coal and 70% coal gangue showed the strongest inhibitory effect [117]. For coal gangue and polypropylene (PP), when the polypropylene content was 20%, the maximum weight loss rate at the first peak temperature of the mixed fuel increased, and the average thermal coupling degree at 50% and 80% was 1.64 and 2.30 times, respectively [118].



Pyrolysis is an effective method for transforming coal gangue into high-value materials, offering advantages such as low cost, continuity in the production process, and product diversity. However, the pyrolysis of coal gangue has drawbacks, including low efficiency, high cost, and the emission of harmful gases [104]. Biomass materials are potential feedstocks to enhance the pyrolysis process of coal gangue, compensating for its shortcomings as the volatile substances within biomass can lower the ignition temperature and shorten the reaction time [119,120]. The addition of cellulosic biomass not only significantly affects the pyrolysis characteristics and gas emission patterns of coal gangue but also increases the release of volatiles during pyrolysis [121]. Adding biomass to coal gangue can promote the release of gaseous organic compounds during pyrolysis and has a suppressing effect on the formation of carbon dioxide, which is significant for reducing greenhouse gas emissions [122]. In the co-pyrolysis experiments of coal gangue and peanut shells, mixing ratios of 3:1 and 1:3 are considered suitable for the co-pyrolysis of coal gangue and peanut shells [123]. Research on the co-pyrolysis of coal gangue and coffee grounds shows that adding 30% coffee grounds can increase the CPI value of the sample by 148.56 times, significantly improving the pyrolysis performance of the sample [124]. There is also an interaction in the co-pyrolysis of coal gangue and lignin, with the optimal mixing ratio being 1:3, where the synergistic effect is most evident [125].




3.2.3. Environmental Impact of Coal Gangue in Energy Applications


With the continuous increase in energy demand, coal gangue has been widely applied as a raw material for energy. For coal gangue with high calorific value, the presence of non-mineral impurities in the coal and gangue mixture may affect the combustion efficiency and emissions of power plants [126]. Fly ash and bottom slag produced by the combustion of coal gangue may be enriched in toxic metal elements such as mercury (Hg), arsenic (As), beryllium (Be), and cadmium (Cd). The volatilization characteristics of these elements during the combustion process can cause secondary pollution to the environment [127]. Additionally, workers in coal gangue power plants are exposed to occupational hazards such as silica dust, coal dust, and noise [128,129]. The addition of semi-coke in an oxygen-rich environment with coal gangue can reduce NO emissions under certain conditions. The increase in O2 concentration significantly affects CO and NO emissions, but the impact on SO2 emissions depends on the specific value of O2 concentration [130]. The calcination of coal gangue leads to the migration and diffusion of heavy metals and other harmful substances, which may cause serious impacts on the surrounding ecological environment [131]. Heavy metals in coal gangue may enter the soil and water bodies through weathering and leaching after calcination, thereby polluting these environmental media [132].



The resource utilization of coal gangue in the energy sector holds significant potential, but several key considerations must be addressed during implementation. First, coal gangue exhibits considerable compositional variability, especially in terms of harmful elements such as heavy metals and sulfides, which could impact the safety and environmental effects of the energy production process. Therefore, before using coal gangue as an energy feedstock, comprehensive compositional analysis must be conducted to identify potential pollutants. Appropriate treatment technologies, such as high-temperature roasting and chemical treatments, should be employed to remove harmful components and prevent secondary pollution of the environment. Second, coal gangue has a relatively low calorific value and complex composition, which may affect its combustion efficiency as a fuel. To improve the combustion performance of coal gangue, it is often mixed with other high-calorific-value materials or pre-treated. For example, methods such as crushing and drying can optimize the particle size and moisture content of coal gangue, enhancing its combustibility and combustion stability. Furthermore, during the combustion process, temperature and atmospheric conditions must be strictly controlled to prevent the harmful emissions of gases containing sulfur, nitrogen, and other elements present in coal gangue. Additionally, the use of coal gangue as an energy feedstock should consider its impact on equipment and systems. During combustion, coal gangue may produce by-products such as ash and soot, which can cause corrosion, blockages, or wear on equipment such as boilers and flue gas treatment systems. Therefore, the design of combustion systems must account for the unique physicochemical properties of coal gangue, and careful preparation should be made in equipment selection and maintenance to ensure long-term, stable operation.



In summary, the application of coal gangue resource utilization in the energy sector should focus on multiple aspects, including compositional analysis, combustion performance, equipment compatibility, environmental emissions, and economic feasibility, to ensure its safe, efficient, and sustainable conversion into an energy resource.





3.3. Agricultural Applications


Coal gangue contains a high proportion of organic matter, making it an ideal substrate for carrying nitrogen, phosphorus, and potassium. Appropriately adding coal gangue can improve the soil environment [133]. As a soil amendment material, coal gangue not only helps improve problematic soils such as sandy soil and saline soil but can also be used to prepare fertilizers [134]. In terms of land conservation, direct filling technology can significantly reduce land subsidence and also reduce the environmental impact of coal gangue accumulation [135].



3.3.1. Soil Improvement


The long-term use of chemical fertilizers leads to the gradual depletion of organic matter and humus in the soil, which in turn causes soil compaction and salinization, among other land degradation issues [136]. The addition of coal gangue can significantly improve the physicochemical properties of saline-alkali soil, reducing soil PH, salt concentration, and bulk density, while increasing the content of organic matter, total nitrogen, total phosphorus, total potassium, hydrolyzed nitrogen, and available potassium in the soil [137,138]. Moreover, coal gangue has certain porosity and permeability, which, when added to the soil, can improve its aeration and water retention, especially for problematic soils such as sandy soil and saline soil, significantly improving their physical properties [54]. Through activation treatment, coal gangue’s ability to fix and release available phosphorus in reclaimed mine soils has been significantly enhanced, with small particle size alkali-modified activated coal gangue showing the best activation effects, its maximum phosphate adsorption capacity being 11.796 mg/g [45]. AS-FCG is a cost-effective, durable, and environmentally friendly material that can be used for phosphorus fixation as well as for the slow release of phosphorus as a fertilizer, with its phosphorus adsorption mechanism and specific reaction equations illustrated in Figure 16 [45].
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The preparation of coal gangue soil amendments can help increase available land resources and facilitate the reuse of solid waste. However, current issues with coal gangue amendments include high sulfur content, nutrient deficiencies, and heavy metal pollution, necessitating the addition of other substances to optimize their nutrient content [31].



Coal gangue has shown significant effects in improving the condition of medium- and low-yield fields [39]. Using coal gangue to construct sand barriers for sand fixation can also increase the content of organic matter, total nitrogen, available phosphorus, and available potassium in the soil by 2.65, 2.66, 1.30, and 1.24 times, respectively [87]. The reactive silicates and aluminates in fly ash and coal gangue undergo hydration in alkaline conditions, lowering the soil’s pH value, which is beneficial for the amelioration of saline-alkali soil. A novel compound made from phosphoric acid-modified cauliflower leaf biochar (CLH) and coal gangue-based Na-X zeolite (ZL), mixed together, acts as a soil stabilizer to immobilize heavy metals in polluted alkaline soils [139]. Modified coal gangue (MGE) prepared by a low-temperature alkali fusion method and applied to the immobilization of cadmium (Cd2+) polluted soil resulted in a significant increase in active groups on the surface of the modified coal gangue, aiding the removal of Cd2+. The content of available Cd2+ in the treated soil was reduced by 14.2% to 29.8% [46]. Bacterial treatment can significantly improve the availability of nutrients in coal gangue. Research found that using the Stenotrophomonas maltophilia YZ1 bacteria to activate coal gangue, the content of soluble phosphorus, potassium, and silicon significantly increased after treatment with the YZ1 bacterial strain [140].




3.3.2. Fertilizer Production


Research on coal gangue as a fertilizer shows that it can reduce air pollution and nitrogen pollution in groundwater, bringing significant economic, social, and environmental protection benefits. Compared with the background values of soil elements in the Loess Plateau and the national standards for harmful substances control, coal gangue from the Weibei coalfield has tremendous potential as a clay fertilizer [141]. Therefore, coal gangue has significant advantages as a raw material for producing agricultural fertilizers. Coal gangue can be used as a silicon fertilizer, and high-efficiency coal gangue-based silicon fertilizer has been produced through high-temperature activation technology, achieving significant available silicon content and meeting agricultural needs [142]. Studies have found that the maximum phosphate adsorption capacity of rapeseed straw coal gangue-modified biochar (CG-OR700) prepared at 700 °C is 7.9 mg/g at pH4.0, which is 4.6 times that of the original biochar [143]. This can not only be used to remove phosphates from wastewater but also serve as a slow-release fertilizer for agricultural production. After activation and modification, coal gangue can significantly improve its reactivity and soil improvement capabilities. Activation methods include thermal activation, chemical activation, microwave activation, mechanical activation, and composite activation [144].




3.3.3. Environmental Impact of Coal Gangue in Agricultural Applications


The application of coal gangue in agriculture, especially as a raw material for fertilizers and a soil amendment, poses certain potential risks. Experiments on phytostabilization using coal gangue in copper mine tailings have shown that the application of coal gangue not only increased the pH value, organic matter content, and nutrient components of the amended tailings but also reduced the DTPA-extractable concentrations of Zn, Pb, Cd, and Cu [145]. In soils reclaimed with coal gangue, the concentrations of copper, lead, and zinc were enriched by 1.51 times, 1.48 times, and 2.05 times, respectively, compared to original agricultural soil, indicating that these heavy metals could migrate from the coal gangue into the soil [146]. When coal gangue is directly applied to soil as fertilizer, it may contain harmful elements, which could negatively impact the soil and crops. There are potential risks associated with the agricultural application of coal gangue, especially concerning the presence of harmful elements and the health of soil and crops. Therefore, when considering the use of coal gangue as a raw material for fertilizers or a soil amendment, it is necessary to carefully assess its potential impact on the environment and crops.



When applying coal gangue in agriculture, particular attention must be paid to its compositional analysis and treatment. Coal gangue may contain harmful substances such as heavy metals and sulfides, which, if used untreated, could harm the soil and crops. Therefore, coal gangue must undergo purification and modification processes, such as high-temperature roasting or acid-base washing, to remove these harmful components. As a soil amendment, coal gangue can improve soil aeration and drainage, but due to its alkalinity, excessive use may lead to soil alkalization. Thus, it is essential to control the application rate appropriately. The minerals in coal gangue, such as silicon and calcium, can promote crop growth; however, it should be applied in conjunction with other fertilizers to avoid nutrient imbalances. Long-term use of coal gangue may have adverse effects on the soil, potentially contaminating groundwater or compromising crop safety. Therefore, regular monitoring of soil and crop conditions is necessary to assess its long-term impacts. To improve the utilization efficiency of coal gangue, it can be integrated with other agricultural waste materials to increase soil organic matter content and promote resource recycling. In conclusion, the application of coal gangue in agriculture should be scientifically and rationally managed, with strict control over its usage and treatment methods, ensuring its safe and sustainable improvement of soil quality and promotion of crop growth.





3.4. High-Value Applications


Coal gangue contains rare earth elements such as scandium and gallium, which play a crucial role in advanced technologies [147]. Additionally, coal gangue is rich in kaolinite and other clay minerals, constituting a vast potential resource of aluminum and lithium. Therefore, coal gangue can provide essential raw materials for industries such as solar energy and new energy vehicles.



3.4.1. Extraction of Valuable Components


Currently, extraction methods primarily focus on extracting alumina, which is the most feasible and economically valuable. Using hydrochloric acid to extract alumina from coal gangue is a simple and convenient method. Under optimal conditions of calcination temperature at 700 °C, leaching temperature at 150 °C, reaction time of 2 h, hydrochloric acid concentration of 20%, and a liquid-to-solid ratio of 3:1, the extraction efficiency of alumina can reach 91.56% [148]. In the presence of alkali metals Na2CO3 and Na2SO4, the extraction rate of aluminum from coal gangue is enhanced, reaching a peak value of 91.39% at 850 °C [149]. Various methods of extracting Al from gangue are shown in Table 5. The optimal calcination temperature for converting and separating coal gangue components is 1050 °C ± 50 °C. For the leaching process, the optimal temperature is about 85 °C with a leaching time of 60 to 80 min, under which conditions valuable components of coal gangue, alumina, and silica can be efficiently extracted [150]. At pH values of 2.6, 4.2, 6.5, and 8.1, the leaching rates of chloride after 105 h are 57.21%, 35.97%, 26.65%, and 18.98%, respectively [151]. Coal gangue calcination for desilication, with the addition of 6% secondary aluminum slag, can increase the Al/Si ratio of the desilication product from 0.91 to 1.94 and the desilication rate from 42.99% to 56.16% [152]. Figure 17 shows a schematic diagram of the catalytic behavior of Al(OH)3 and secondary aluminum oxide slag. The active alumina produced by the dehydration of Al(OH)3 can combine with metakaolin in coal gangue to form mullite, releasing active silica in the process. Active silica can be dissolved and separated through a caustic desilication process, and regenerated aluminum slag also has this function, with a stronger catalytic effect. Recovering iron from coal gangue can be performed using magnetic separation methods, calcining coal gangue at temperatures ranging from 300 °C to 1000 °C for 30 to 180 min. After calcination, the magnetization rate of coal gangue significantly increases to 17 times that of the original ore [153].



Pretreatment and cyclic sintering can effectively promote the green extraction and utilization of key metals in coal gangue. Pretreatment significantly reduces the particle size of coal gangue, effectively strips away the layered silicate structure of the gangue, and improves leaching efficiency [158]. Ga and Li in coal gangue mainly exist in the form of silicates, so enriching and extracting Ga and Li is an effective method [158]. In the process of calcification and desilication of coal gangue, with the addition of 6% secondary aluminum slag and a calcification temperature of 1000–1050 °C, the desilication rate can be increased to 56.16%. The sodium silicate solution after desilication can be used as a silicon source, and the high-aluminum-content desilication slag can be used to extract and produce sodium aluminate solution as an aluminum source [152]. The stenotrophomonas maltophilia (YZ-1) strain can promote the release of soluble phosphorus in coal gangue; its produced organic acids can accelerate the leaching of phosphorus and lead, forming phosphate precipitates with lead ions; thus coal gangue has a synergistic effect on the stabilization of lead [159]. The stabilization mechanism is illustrated in Figure 18.




3.4.2. Preparation of Catalysts and Adsorbents


Metal-enriched coal gangue can be directly prepared into carbon-supported catalysts for the in situ catalytic pyrolysis of biomass and the cracking of secondary tar [160]. Through a dual activation method of air calcination and hydrothermal alkali treatment, coal gangue is transformed into a high-performance, low-cost Ni-based catalyst for the hydrogenation of dioctyl phthalate, achieving a conversion rate of 99.9% and can be recycled multiple times without significant loss of activity [161]. The copper-modified ZSM-5 catalyst synthesized from coal gangue (Cu/ZSM-5) effectively decomposes phenol, with 7% Cu/ZSM-5 being able to completely degrade phenol within 30 min, and the total organic carbon (TOC) removal efficiency can reach 92% in 8 h [162]. The copper-silver (Cu-Ag) catalyst system based on coal gangue activates persulfate under visible light radiation to efficiently degrade tetracycline hydrochloride (TC), with the 15% copper and 5% silver ZSM-5 (15%Cu–5%Ag/ZSM-5) catalyst showing a high degradation rate of 75% for TC within 60 min. After five cycles, the degradation rate of TC decreased from 74% to 63%, demonstrating good stability and potential application prospects [163]. Coal gangue activated persulfate degradation of tetracycline hydrochloride follows the mechanism shown in Figure 19, providing three pathways, with the final degradation products being CO2 and H2O, in line with the concept of no pollutant release [164]. The catalytic material based on coal gangue (CG-Ca-N) activates peroxymonosulfate (PMS) and can completely degrade Bap within 20 min, and the degradation rate reaches 72.06% in soil slurry medium within 60 min [165]. The main advantages of various catalysts are shown in Table 6.



Currently, numerous domestic studies have found that coal gangue has a certain effect on removing some conventional pollutants, heavy metals, and organic substances [166,167]. Coal gangue’s liquid permeability can meet regulatory requirements, and it has significant adsorption capacity for heavy metals such as lead and zinc [168]. By loading layered double hydroxides (LDH) on the inner pore walls of coal gangue’s “ball window” porous monoliths (CBPM) to construct its framework, this structure displays a large specific surface area and abundant binding sites, making it especially suitable for removing trace emulsified water from contaminated oil, particularly as a flow-through filtration unit [169]. Coal gangue can be transformed into low-cost ceramic microsphere adsorbents for removing cationic dyes from aqueous solutions [170]. Layered porous carbon prepared from coal gangue exhibits excellent adsorption properties for heavy metals (such as Cr(VI)) and organic pollutants (such as Rhodamine B) [171]. Figure 20 shows the adsorption mechanism of coal gangue-RS600 for Cr(VI). Under acidic conditions, due to the positive charge on the CG-RS surface and the release of a large number of metal cations, Cr(VI) anions are attracted electrostatically to the positively charged biochar surface; adsorbed Cr(VI) ions are reduced to Cr(III) by electron donors composed of surface functional groups of CG-RS 600; the reduced Cr(III) reacts with the surface’s C-O, Fe-O, forming stable Cr(III) on the surface of RS 600 and CG-RS 600, with the specific reaction equations as follows [172].
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Coal gangue geopolymers (GP) with a mesoporous structure can effectively interact with and capture Cu [47]. Magnetic zeolites synthesized from red mud and coal gangue through alkali reduction calcination-hydrothermal methods show maximum adsorption capacities for Cu2+, Cd2+, and Pb2+ of 76.2, 92.2, and 178.4 mg/g, respectively [173]. By modifying coal gangue through calcination and acid reflux, it can be used to treat fish pond aquaculture wastewater, achieving removal rates of 44.93% for COD (Chemical Oxygen Demand), 25.51% for turbidity, and 97.8% for total nitrogen [174]. Zeolite-activated carbon composite materials synthesized from coal gangue through CO2 activation and hydrothermal synthesis methods exhibit efficient adsorption performance for Cu2+ and Rh-B, at 92.8% and 94.2%, respectively [160]. Figure 21 shows SEM images of zeolite (a-b) ZMC with different carbon contents. In low magnification (Figure 21a), zeolite exhibits good dispersibility, uniform particle size distribution, and regular geometric shapes without large impurities, indicating that carbon elements have been completely combusted. From high magnification (Figure 21b), individual zeolite is a regular hexahedron, with each side about 1.5–2 μm. For zeolite (ZTC) prepared from coal gangue that retains carbon elements, some zeolites show agglomeration (Figure 21c), suggesting that the introduction of carbon elements can form additional nucleation sites, and zeolites tend to grow on the exposed surfaces of carbon-based materials. From Figure 21d, it can be seen that the length variation in individual zeolites compared to ZMC is negligible. However, more zeolites in the ZTC sample show coplanar and co-facial phenomena. Using coal gangue as raw material mixed with a certain amount of coal, the resulting sample is called carbon-added zeolite (ZAC). In this sample, some irregular bulk materials appear, and more zeolites grow on the surface of these bulk materials to form larger agglomerates as in Figure 21e. The carbon-based material is activated carbon with a porous structure, which can be clearly observed in Figure 21f. The composite material (AICCG) made of iron alginate oxide and calcined coal gangue has an adsorption effect on zinc and manganese, with adsorption capacities of 115.6 mg/g and 101.8 mg/g under optimal conditions, respectively [175]. Using coal gangue-based zeolite particles in a fluidized bed to treat methylene blue in aqueous solutions, under specific conditions, this method can effectively adsorb and remove methylene blue from water, showing good adsorption performance and industrial application potential [176]. The adsorbent (HM-CFB-FA) made by hydrothermal modification can remove Cd2+ from wastewater, with a maximum adsorption capacity of 183.7 mg/g at 25 °C and an initial pH value of 6.0 [177]. Modified coal gangue-supported FeCo2O4 nanoparticles activating persulfate can effectively degrade humic acid, with an efficiency of up to 85% [178].



In recent years, with the continuous advancement of materials science and technology, researchers have gradually realized that coal gangue is not merely a waste product but also holds great potential, especially in the development of high-performance materials. By applying advanced materials science technologies, the performance of coal gangue-based products can be significantly improved, thereby expanding their application across various fields. Table 7 presents the advantages of advanced technologies in coal gangue utilization.



In addition, there are significant synergies between coal gangue utilization and emerging technologies such as carbon capture and storage (CCS), renewable energy integration, and the circular economy model. Coal gangue can react with carbon dioxide, helping to fix CO2, reduce carbon emissions, and provide raw materials for products like construction materials, thereby promoting the development of carbon capture and storage technologies. It can also serve as a support material for renewable energy projects, enhancing the flexibility and stability of energy systems, for example, as an energy storage material or biomass fuel. Combined with the circular economy model, valuable resources in coal gangue, such as rare earth metals and aluminum, can be extracted and reused, reducing waste disposal and resource wastage. Furthermore, the application of intelligent technologies has improved the precision of coal gangue management, enhancing resource utilization rates through real-time monitoring and automated sorting. Through these synergies, the resource utilization of coal gangue not only contributes to environmental protection but also brings economic benefits, fostering a win-win situation for regional economies and sustainable development.




3.4.3. Environmental Impact of Coal Gangue in High-Value Applications


When extracting metals such as aluminum and silicon from coal gangue, attention should be paid to the gases emitted to avoid secondary pollution to the environment. Due to the very stable structure of the original minerals in coal gangue, high-temperature calcination activation and the use of strong acids and pressurized leaching are often required to achieve very high leaching rates [182]. If pyrite is present in the coal gangue, this process can produce sulfur dioxide, polluting the atmosphere, and the release rate may even be higher than that of pure pyrite [183]. Coal gangue is a huge reserve of aluminum and silicon resources. However, the acidic leaching process involved in extracting aluminum and silicon from coal gangue can negatively impact the environment. Acidic conditions can promote the release of heavy metals from coal gangue, potentially polluting groundwater resources [184,185]. When using coal gangue as an adsorbent, the treatment of the adsorbent after use can also impact the environment [170]. The adsorption study on zinc and manganese by the iron alginate oxide-coal gangue composite demonstrated effective adsorption but also raised concerns about the environmental impact of by-products from this process [175].



When extracting metals from coal gangue or using it as a catalyst, several factors must be carefully considered. First, the metal composition and content in coal gangue can vary significantly, so a thorough compositional analysis must be conducted before extraction. Appropriate extraction methods, such as acid leaching or alkaline leaching, should be selected to ensure efficient metal recovery while minimizing secondary pollution. Second, when using coal gangue as a catalyst, its activity and stability must be evaluated. High-temperature roasting or surface modification may be required to enhance its catalytic performance. Additionally, the physicochemical properties of coal gangue, such as specific surface area and pore structure, directly affect its catalytic efficiency, and thus physical or chemical modifications might be necessary. The selectivity and efficiency of catalytic reactions also need to be optimized to ensure high performance in specific reactions. Moreover, coal gangue may contain harmful components that could release toxic substances during the catalytic process. Therefore, environmental monitoring should be strengthened to ensure that harmful gas emissions during the catalytic reactions comply with environmental standards. The recovery and regeneration of the catalyst are also crucial, and effective methods for restoring its activity must be explored to improve resource utilization. Lastly, the economic feasibility of metal extraction and catalytic applications of coal gangue should be taken into account. Optimizing processes and reducing costs are essential to achieving sustainable development in these applications.






4. Future Development Directions and Suggestions


The future development trend of coal gangue resource utilization can be considered in conjunction with some popular research directions, including environmentally friendly technologies, innovative applications in material science, and the concept of a circular economy. Here are some specific views: environmentally friendly technologies: with the increase in environmental awareness and policy promotion, the development and application of coal gangue utilization technologies with low pollution and low emissions will become a trend. For example, researching how to effectively use coal gangue without generating or with minimal production of carbon dioxide. Comprehensive utilization: the composition of coal gangue is diverse, making it a source of various resources. For instance, it can be used as raw material for building materials or as a source for extracting rare metals and minerals. Future research may focus more on how to extract these valuable components from coal gangue efficiently and economically. Innovative applications in material science: transforming coal gangue into high-performance materials, such as lightweight building materials, adsorbents, or catalysts, using advanced material science technologies, could be a research hotspot in the future. Circular economy and sustainable development: integrating the concept of a circular economy, researching how to incorporate the use of coal gangue into a broader industrial ecosystem to maximize resource utilization and minimize environmental impact will be important.



Along with the increase in coal extraction, coal gangue, an inevitable solid waste produced during the coal mining and washing process, also expressed an increasing tendency. Coal gangue is generally regarded as an environmental burden, occupying a vast amount of land and potentially polluting the surrounding land and water bodies through weathering and rainwater erosion. In 2022, China’s comprehensive utilization of coal gangue reached 597 million tons, a year-on-year increase of 9.94%. The utilization of coal gangue in power generation and heating accounted for approximately 6.87%, and other fields accounted for 93.13%. Despite the positive outcomes brought by the utilization of coal gangue resources, the process has also revealed some issues and challenges. Low economic benefits, slow technological updates, and technical complexity are the main problems faced in extracting the valuable components. In terms of energy applications, low thermal efficiency, high pollutant emissions, and related technical and economic challenges remain issues that need priority resolution. In agricultural applications, while the use of coal gangue provides a way of resource recovery, the potential risks of harmful substances and limitations on nutrient supply also need to be fully considered.



Moreover, while many studies focus on the utilization of coal gangue resources, there is relatively less concern for the potential environmental risks during its utilization process. Avoiding secondary pollution to the environment during resource utilization is an important consideration. Therefore, conducting environmental risk assessments, identifying and quantifying the potential impacts on the environment during the coal gangue utilization process are the key steps for ensuring the sustainable use of this resource. In this way, a better balance between economic benefits and environmental protection ought to be taking into account, promoting the resource utilization of coal gangue towards more efficient and eco-friendly directions. In summary, the resource utilization of coal gangue is not only an effective way to achieve the reduction, resource utilization, and harmlessness of solid waste, but also an important means to promote sustainable development and realize a green and low-carbon transition. With the advancement in energy technology and the enhancement of environmental protection awareness, the comprehensive utilization of coal gangue will show even greater potential in the future.




5. Conclusions


To fully utilize coal gangue and promote its resource utilization, the government can implement a series of policies and regulations to support the development of this field. The following are some recommendations: (1) Financial incentives and subsidies: The government can provide financial subsidies or tax incentives to enterprises engaged in the resource utilization of coal gangue, reducing their operational costs and encouraging investment in research and development. This could include tax exemptions on the import of related equipment, funding support for R&D, or offering lower interest rates on loans to such enterprises. (2) Establishing standards and certification systems: Developing quality and environmental standards for coal gangue products to ensure product quality and environmental safety. Additionally, setting up a certification system to certify products that meet the standards, thereby enhancing their market competitiveness. (3) Promoting industry-academia-research collaboration: Encouraging cooperation among enterprises, universities, and research institutions to jointly develop new technologies and products. The government can provide platforms to facilitate resource sharing and information exchange, as well as funding support for collaborative projects. (4) Environmental regulations and guidelines: Formulating clear environmental regulations to ensure that the utilization of coal gangue does not negatively impact the environment. This includes regulations on waste discharge, pollution control, and resource recycling.



In addition, based on the current research and practical status of coal gangue utilization, the main research gaps that need to be addressed are as follows: (1) Technological standardization and normalization: The technical standard system for the comprehensive utilization of coal gangue is still incomplete. There is a lack of specialized technical guidance and operating procedures for different regions and coal types, leading to uncertainties in practical operations. (2) High-value utilization technologies: The development of high-value-added products from coal gangue is relatively limited. How to transform coal gangue into high-value materials or products, such as high-performance building materials or chemical products, requires further in-depth research. (3) Environmental impact assessment and remediation: Coal gangue may cause secondary pollution, such as soil and water contamination, during its treatment and utilization processes. There is a need to strengthen research on the assessment of its environmental impact and the development of remediation technologies. (4) Regional differentiation studies: Due to the significant differences in coal gangue composition across regions, its comprehensive utilization approaches also vary. Currently, there is insufficient systematic research on regional differentiation.



Future research priorities: (1) Environmentally friendly utilization: Explore the application of coal gangue in soil remediation, heavy metal pollution control, and other fields, developing environmentally friendly utilization technologies to reduce its negative environmental impact. (2) Industry chain integration and optimization: Build a multi-level, comprehensive utilization industry chain for coal gangue, promote its synergistic use across different fields, and improve its overall utilization efficiency and economic benefits. (3) Interdisciplinary research integration: Strengthen the interdisciplinary integration of materials science, environmental science, chemical engineering, and other fields to drive innovation and breakthroughs in coal gangue comprehensive utilization technologies.
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Figure 1. The annual coal gangue production in different provinces of China from 2017 to 2023 [5]. 






Figure 1. The annual coal gangue production in different provinces of China from 2017 to 2023 [5].



[image: Energies 18 00444 g001]







[image: Energies 18 00444 g002] 





Figure 2. The percentages of coal gangue production in different provinces of China from 2017 to 2023 [5]. 
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Figure 3. Distribution of main mineral components in coal gangue [30]. 
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Figure 4. Methods of resource utilization of coal gangue. 
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Figure 5. Lateral strain-axial strain curves of BFRP/CFRP-confined coal gangue concrete specimens. (a) Comparison between normal concrete and coal gangue concrete; (b) Comparison of coal gangue concrete under different pressures; (c) Comparison of coal gangue concrete with different number of BF laminations applied; (d) Comparison of coal gangue concrete with different number of CF liner applied [60]. 
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Figure 6. Microstructures of the sections of sintered bricks at different temperatures. (a)—raw materials; (b)—1000 °C; (c)—1050 °C; (d)—1100 °C [69]. 
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Figure 7. The mechanism of “kill two birds with one stone” [78]. 
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Figure 8. Schematic diagram of the discharge of PACs from coal gangue into the environment and finally entering the human body [89]. 
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Figure 9. Concept diagram of CGAHR system [102]. 
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Figure 10. The morphological characterization of coal gangue during combustion. (A) uncalcined coal gangue, (B) uncalcined coal gangue, (C) 500 °C, (D) 700 °C, (E) 900 °C, and (F) 1200 °C [104]. 
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Figure 11. The volatilize of trace elements at various temperatures [104]. 
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Figure 12. NO real-time emission curve: (a) The mono-combustion of WS (Wheat straw), SL (Salix limb) and CG. (b) The composite fuel of SL and CG. (c) The composite fuel of WS and CG [108]. 
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Figure 13. The mechanisms of biomass slagging abatements by coal gangue [108]. 
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Figure 14. ANN20 structure diagram used for predicting combustion behavior of CG and PS [111]. 
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Figure 15. Effect of mixing ratio on gas composition of co-gasification. (a) The volume fraction of H2 as a percentage for different mixing ratios; (b) The volume fraction of CO2 as a percentage for different mixing ratios; (c) The volume fraction of CH4 as a percentage for different mixing ratios; (d) The volume fraction of CO as a percentage for different mixing ratios; (e) SI values for each gas at different mixing ratios [115]. 
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Figure 16. The mechanisms of phosphate adsorption of AS-FCG [45]. 
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Figure 17. Schematic diagram of the catalytic behavior of Al(OH)3 and secondary alumina dross [152]. 
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Figure 18. The fixation mechanism of Pb ions with YZ-1 strain [159]. 
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Figure 19. Possible degradation pathways of TC in CG/PMS system [164]. 
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Figure 20. The adsorption mechanisms of Cr(VI) onto CG-RS600 [172]. 
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Figure 21. SEM images of zeolites containing different contents of carbon (a,b) ZMC, (c,d) ZTC, (e,f) ZAC [179]. 
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Table 1. Classification of coal gangue based on total sulfur content.
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	Category
	Low Sulfur
	Medium Sulfur
	Medium High Sulfur
	Sulfur High Sulfur





	W (Std)
	W (Std) ≤ 1%
	1% < W (Std) < 3%
	3% < W (Std) < 6%
	W (Std) > 6%







Note: Std refers to total sulfur on a dry basis.













 





Table 2. Elemental analysis of coal gangue [31].
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	Serial Number
	Element
	Content (wt%)





	1
	O
	47.549



	2
	Si
	24.686



	3
	Al
	10.601



	4
	Ca
	6.06



	5
	Fe
	3.176



	6
	S
	2.689



	7
	K
	2.134



	8
	Ti
	1.297



	9
	Na
	0.811



	10
	Mg
	0.770



	11
	Mn
	0.075



	12
	Dy
	0.053



	13
	P
	0.037



	14
	Cr
	0.018



	15
	Sr
	0.016



	16
	Zr
	0.08



	17
	Cu
	0.07



	18
	Rb
	0.07



	19
	Zn
	0.06










 





Table 3. Physical properties of coal gangue.
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	Physical Property
	Impact of Resource Utilization





	Particle size morphology
	Different uses for small and large particles



	Density and hardness
	Load-bearing capacity when used as a building material



	Porosity
	Important factors for use as adsorbent materials or catalysts



	Thermal and electrical conductivity
	Important factors for insulation or insulating materials










 





Table 4. The source, application, and role of coal gangue.
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	Source
	Application
	Functions
	References





	Coal mining and washing processes
	Construction materials (e.g., cement, bricks), soil conditioners, energy recovery
	Produces building materials through high-temperature sintering, improves soil quality, provides energy
	[43,44]



	Coal gangue stockpiles
	Soil remediation, environmental pollution control (e.g., heavy metal pollution remediation)
	Acts as a soil conditioner, reduces soil pollution, restores ecosystems
	[45,46]



	Coal gangue stockpiles
	Heavy metal pollution control, ecological restoration, solid waste treatment
	Adsorbs heavy metals, promotes plant growth, reduces secondary pollution
	[47]



	Coal mining by-products
	Energy recovery (combustion, gasification)
	Provides energy, reduces reliance on other energy resources
	[48]










 





Table 5. Methods for extracting aluminum from coal gangue—efficiency and drawbacks.
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	Extraction Method
	Efficiency
	Drawbacks
	References





	Acid Leaching
	Above 90% (high efficiency)
	May cause environmental pollution, difficult waste liquid treatment, and the use of corrosive acidic solutions.
	[148,154]



	Alkaline Leaching
	80–90% (relatively high)
	Requires large amounts of alkaline solutions, complex treatment process, and the corrosive nature of alkaline solutions.
	[155]



	High-Temperature Sintering
	70–80% (lower efficiency)
	High energy consumption during heating, lower aluminum recovery efficiency, and high equipment investment.
	[156]



	Gasification
	60–70% (lower efficiency)
	Requires high temperatures, high equipment investment, and relatively low aluminum recovery efficiency.
	[157]
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	Catalysts/Adsorbents
	Advantage





	Carbon supported catalysts
	Low cost, high performance



	Ni-based catalysts
	Low cost and can be recycled many times



	Copper-modified catalysts
	Greatly accelerates catalytic speed



	Copper and silver catalysts
	Good stability










 





Table 7. Advantages of advanced technologies in coal gangue utilization.
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	Advantages
	Description
	References





	Enhanced Performance
	Advanced technologies like nanotechnology and composite materials significantly improve the mechanical properties, durability, and corrosion resistance of coal gangue-based products, broadening their application fields.
	[180]



	Multifunctionality
	Coal gangue can be functionalized with additional properties such as adsorption, antibacterial, and self-healing capabilities, making it useful for water treatment, environmental remediation, etc.
	[166,172]



	Improved Resource Efficiency
	Advanced technologies allow for more diversified uses of coal gangue, increasing resource recovery efficiency and reducing reliance on single-use applications.
	[181]



	Higher Economic Value
	Advanced techniques enable coal gangue to be transformed into high-value products, such as high-performance construction materials and chemical products, increasing economic benefits.
	[58,60]



	Higher Resource Recovery
	Advanced materials technologies enable the extraction of valuable metals and other useful components from coal gangue, improving resource recovery rates.
	[148,149]



	Automation and Smart Processing
	Future automated and smart technologies will optimize the processing and utilization of coal gangue, improving efficiency and reducing costs.
	[10]
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