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Abstract


CO, H2, and other combustible gases will be produced during coal oxidation in coal mines, which will increase the risk of explosion when mixed with methane. Therefore, it is very important to understand the production characteristics of combustible gas during coal oxidation. In this paper, a programmed temperature gas test system is built to study the impact of lignite on the production of gases at different particle sizes and temperatures, and the release characteristics of gases are also analyzed. The result shows that the production of combustible gas is influenced by the coal particle size significantly when the temperature is above 200 °C, and it decreases as the particle size increases. CO is the main gas during the early stage of coal spontaneous combustion, and the release of CH4 and H2 increases after 300 °C. The fitted equations of gas generation and temperature are consistent with the experimental results. The research results are helpful in understanding the hazards of coal spontaneous combustion and have a certain guiding significance for coal mine monitoring and prevention of coal spontaneous combustion.
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1. Introduction


During the oxidation process of coal, oxygen is absorbed through physical and chemical adsorption, simultaneously releasing gaseous products. The primary gaseous products during coal self-ignition include carbon oxides and hydrocarbons [1,2]. The mine fires and gas explosions caused by coal spontaneous combustion are major safety hazards in coal mines, resulting in serious casualties and property losses. In recent years, there have been multiple accidents caused by coal spontaneous combustion in major coal-producing countries around the world. In 2021, a coal spontaneous combustion occurred at Shenmu Coal Mine in Shaanxi, China, causing a fire and gas explosion, resulting in the death of 5 workers. In 2022, a coal mine in the Indian state of Jharkhand caught fire due to spontaneous combustion, causing the mine to shut down for several weeks. Based on the frequent occurrence of coal spontaneous combustion accidents, a large number of scholars have conducted research on the process of coal spontaneous combustion.



In the low-temperature oxidation stage of coal, the quantity of gaseous products increases with the rise in coal oxidation temperature, and the concentration of gas products exponentially grows [3,4,5]. Furthermore, since some coals inherently adsorb gases like CO2, CH4, and C2H6, these gases gradually desorb as the coal’s temperature rises, resulting in relatively high emissions at the early stages of coal oxidation [6,7,8]. The concentration of gaseous products produced during coal oxidation correlates with changes in coal temperature, allowing for predictions of coal self-ignition states based on the release patterns of gaseous products [9,10]. Yuan et al. [11] found that the CO/CO2 ratio tends to a constant value of 0.2 in different coal samples, regardless of the properties of the coal. The rate of CO production is highly correlated with coal temperature. When the initial temperature of the coal body is 90 °C, the concentration of CO increases rapidly and can reach a maximum value of 1300 ppm. Green et al. [12,13] studied the generation characteristics of CO and CO2 during the coal self-ignition process and further analyzed the pathways of their gaseous products’ formation. They found that the thermal decomposition of oxygen-containing functional groups to produce CO does not depend on the coal grade, and the production of CO2 depends on the coal grade; the decomposition of air oxygen by chemical adsorption presents a completely opposite situation to the former. Li Zenghua et al. [14] measured the production patterns of H2 during coal oxidation, finding that H2 is detected in the temperature range of 200–250 °C, and its concentration subsequently increases exponentially with temperature. To study the gaseous product generation patterns at high temperatures, Xi’an University of Science and Technology independently developed a testing system for the self-ignition characteristics of coal under high-temperature conditions and examined the generation patterns of gaseous products during high-temperature oxidation stages of coal self-ignition [15,16,17,18]. Dong et al. [19] used programmed temperature experiments to study the gas production patterns of different coal samples during heating and oxidation processes. They discovered that the order of gas production was CO, C2H6, C2H4, and C3H8, and that the amount of gas produced was approximately exponentially related to the temperature. Ren and colleagues [20] studied the relationship between temperature and exothermic intensity with the amount of gas produced under different oxygen concentrations. They found that CO, CH4, C2H4, and C2H6 increased with rising temperature. The exothermic intensity had the greatest correlation with CO2, and under low oxygen conditions, the exothermic intensity had a stronger correlation with CO and CH4. Sun et al. [21] studied the CO gas production characteristics of low metamorphic coals, CYM, RNM, and QM, through programmed temperature experiments. They found that CYM had the fastest CO concentration and gas production rate, reaching a CO concentration of 1000 × 10−11 mol cm−3 s−1 at 170 °C. Yan et al. [22] studied the relationship between the indicator gases and their ratios during the coal oxidation process with coal temperature using grey correlation analysis. They concluded that between 90 °C and 150 °C, the grey relational degrees of C3H8/CH4, C2H6/CH4, and C3H8/C2H6 were 0.9701, 0.9562, and 0.9240, respectively.



The particle size of coal also affects the release patterns of gaseous products during the self-ignition process. It was found that the critical particle size of coal is in the range of 38–74 μm (D50 = 50.56 μm), and below this particle size, the oxidation rate does not change significantly. CO2/CO was proposed as the main indicator for quantitative coal spontaneous combustion under the influence of coal particle size [23,24,25]. Singh et al. [26] tested the characteristics of gaseous products produced by coal below 200 °C, finding that the particle size of coal significantly impacts the production of CO while having a lesser effect on H2 production. Song et al. [27] studied the characteristics of gas production from weathered coal of different particle sizes under conditions of high temperature and hypoxia. They found that during low-temperature oxidation (<250 °C), the concentration of indicator gases increased with decreasing particle size. During high-temperature oxidation (>250 °C), weathered coal of different particle sizes exhibited their own characteristics, with a 3 mm particle size being the critical size for high-temperature oxidation.



These studies illustrate the characteristics of the primary gaseous products in coal self-ignition under various environmental conditions and can provide guidance for predicting and preventing coal self-ignition at coal mine sites. However, regarding the underground fire areas in coal mines, it is crucial to understand the generation pattern of combustible gas products, which may be mixed with methane to form multi-component gases and increase the risk of gas explosion. At present, both domestically and internationally, the relationship between coal temperature and gas-phase products is mainly focused on low-temperature oxidation (<200 °C), and most studies focus on the relationship between single CO or H2 and coal temperature. There is a lack of research on the relationship between multi-component products and coal temperature changes at high temperatures (>200 °C). The systematic research on the generation law of combustible gases generated by coal spontaneous combustion is not sufficient, so it is impossible to grasp the explosive characteristics of mixed gases in the coal spontaneous combustion environment. This article systematically analyzes the generation patterns of multiphase products at different coal temperatures (<500 °C), and explores the effects of particle size differences to further reveal the dynamic changes of products during coal spontaneous combustion. Unlike conventional experiments, this study simulated an actual environment closer to the spontaneous combustion of coal in the fire zone and examined the synergistic effect of temperature and particle size, two key factors. The research results can provide important references for early warning of coal spontaneous combustion in fire zones, and also propose new ideas for fire prevention and extinguishing strategies in actual coal mines.



In this work, lignite from Datong Ermuwan Coal Mine is taken as a study object, and the coal spontaneous combustion programmed temperature gas test system is used to study the production of gas with different coal particle sizes and temperatures. The amount of combustible gas is fitted by segment, and the generation characteristic is analyzed. The results can predict the degree of coal spontaneous combustion, and further provide guidance on avoiding coal fires.




2. Materials and Methods


2.1. Coal Samples


In the experiment, lignite from Datong Ermuwan Coal Mine in Shanxi Province, China (referred to as EMW), was chosen as the coal sample. Fresh coal samples collected from underground were sealed in multi-layer plastic bags and transported to the laboratory. The oxidized layer of the coal was removed, and the samples were crushed under vacuum conditions. Coal samples of three different particle sizes—0.096~0.18 mm, 0.18~0.38 mm, and 0.38~0.83 mm—were sieved and set aside. Prior to experimentation, the coal samples were placed in a vacuum drying oven at 40 °C for 48 h to remove extraneous moisture. An automatic industrial analyzer, model 5E-MAG6600, was used to conduct the industrial analysis of five coal samples. The results of the analysis are presented in Table 1.




2.2. Experimental Equipment


The coal spontaneous combustion programmed temperature gas test system is illustrated in Figure 1. The system comprises a quartz reactor, a programmable heating system, a gas distribution system, a data acquisition system, and a gas chromatograph. The quartz reactor has an inner diameter of 100 mm and a length of 680 mm. The programmable heating system includes a heating wire and a temperature control module, which allows for the adjustment of the heating rate, as well as a real-time temperature display. The gas distribution system consists of two gas flow meters with a range of 0 to 10 L/min and two gas cylinders of oxygen and nitrogen, enabling intelligent control of the gas composition and flow rate during coal spontaneous combustion. The data acquisition system primarily includes temperature sensors, a multi-channel data collector, and a PLC main control screen, facilitating real-time recording and storage of the coal temperature during the combustion process. Gases produced during the coal combustion are analyzed using a GC-4000A gas chromatograph.




2.3. Experimental Procedure


Prior to the commencement of the experiment, nitrogen gas was introduced into a quartz reaction tube at a flow rate of 5 L/min for 10 min to expel any atmospheric air present, thereby mitigating potential interference with the experimental outcomes. Subsequently, both the electric heating system and the automatic gas delivery system were activated. The target temperature for the electric heating program’s control module was set at 300 °C, employing a linear temperature increase approach. Concurrently, the intake of oxygen and nitrogen was adjusted to mimic the proportions found in air, with a total inflow rate of 500 mL/min. Once the temperature of the molybdenum heating element reached 300 °C, the temperature control system was deactivated, and heating was discontinued to allow the coal to continue oxidizing and burning in a ventilated environment. When the coal temperature dropped below 200 °C, an increase of 10 °C prompted gas analysis via gas chromatography. For temperatures exceeding 200 °C, gas analysis was conducted for every 20 °C increment. Real-time data on the temperatures of both the molybdenum wire and the coal were recorded by the data acquisition system.





3. Results and Discussion


3.1. Influence of Coal Particle Size on the Generation of Combustible Gas


The concentration of combustible gas produced during the heating process with different particle sizes is illustrated in Figure 2. Figure 2a reveals that larger coal particles produce lower concentrations of CO. This phenomenon is attributed to the larger particles having a smaller specific surface area and lower porosity, which results in fewer active sites for coal surface interaction with oxygen, thus reducing the CO concentration during the oxidation process. Furthermore, it is observed that the peak temperature of CO concentration significantly shifts towards higher values with increasing coal particle size. For example, for coal particles sized between 0.096 and 0.18 mm, the peak CO concentration occurs at 400 °C, whereas for particles sized between 0.38 and 0.83 mm, it occurs at 440 °C.



Figure 2b illustrates the variation in CH4 under different particle size conditions as a function of temperature. The graph indicates that prior to reaching 300 °C, the methane concentrations generated from coal samples of varying particle sizes are relatively low. However, once the temperature of the coal exceeds 300 °C, the methane concentrations significantly increase due to the oxidative cleavage of aromatic rings and cycloalkanes within the coal molecules. The methane production shows exponential growth with increasing temperature until the end of the experiment. A comparison among coal samples of different particle sizes reveals that the methane concentration produced during the coal oxidation process increases as the particle size decreases. For instance, at a coal temperature of 500 °C, coal samples with a particle size range from 0.096 to 0.18 mm generate a methane concentration of 0.58%, while those with a particle size range from 0.38 to 0.83 mm produce a methane concentration of 0.41%.



Figure 2c presents H2 under varying particle sizes. The graph illustrates a similar pattern across different coal particle sizes. Prior to reaching a temperature of 300 °C, the concentration of H2 produced by coal samples of various sizes exhibits certain fluctuations and remains relatively low, suggesting a minimal impact of particle size within this temperature range. Additionally, the graph indicates a downward trend in H2 concentration as the coal particle size increases. For instance, coal samples with particle sizes ranging from 0.096 to 0.18 mm produced an H2 concentration of 0.37% at 500 °C, whereas those between 0.38 and 0.83 mm produced a CH4 concentration of 0.28%. Figure 2d,e display the production volumes of C2H4 and C2H6 under different particle sizes, respectively. During the oxidation phase from 30 °C to 200 °C, the coal particle size exhibits little impact on the production of C2H4 and C2H6, with gas concentrations remaining low during this stage. Peak concentrations of gases produced by spontaneous coal combustion vary with particle size; for C2H4, the peak concentrations for particle sizes of 0.096~0.18 mm, 0.18~0.38 mm, and 0.38~0.83 mm are 0.029%, 0.027%, and 0.023%, respectively. Similarly, for C2H6, the peak concentrations are 0.027%, 0.025%, and 0.021%, respectively, demonstrating a gradual decrease in peak concentrations of both gases as coal particle size increases. Moreover, the peak temperatures for C2H4 and C2H6 significantly shift towards higher values with increasing coal particle sizes. For instance, for coal samples of 0.096~0.18 mm, the peak concentrations of both C2H4 and C2H6 occur at 380 °C, whereas for samples of 0.38~0.83 mm, the corresponding peak temperatures rise to 420 °C.



The total quantity of combustible gases produced during the coal oxidation process under various particle size conditions and the proportion of the main combustible gases is illustrated in Figure 3. As shown in Figure 3a, the total amount of combustible gases generated by coal of three different particle sizes begins to rise significantly after reaching 100 °C and continues to increase as the temperature rises. Comparing the production of combustible gases among different particle sizes, it is evident that as the particle size of the coal sample increases, the total volume of combustible gases gradually decreases. It also illustrates that different types of coal exhibit peak values between 350 °C and 450 °C, primarily due to a significant reduction in CO concentration during this phase. Comparing the production of combustible gases at particle sizes of 0.096~0.18 mm, 0.18~0.38 mm, and 0.38~0.83 mm, the peak concentrations are 6.02%, 5.37%, and 4.91%, respectively, indicating a gradual decrease in the peak concentration of combustible gases as coal particle size increases. Figure 3b–d display the percentages of the three primary combustible gases—CO, CH4, and H2—relative to the total combustible gas volume under different particle size conditions. It is observed that the proportional concentration of CO, CH4, and H2 follows a similar trend across varying particle sizes, accounting for over 99% of the combustible gases in the temperature range of 30 to 500 °C. A comparison of the production patterns of these three gases across different particle sizes reveals that particle size has a minimal impact on their proportion within the total volume of combustible gases.



This section examines the impact of coal particle size on the production of combustible gases—CO, CH4, H2, C2H4, and C2H6—during the heating process. It shows that larger coal particles generate lower concentrations of CO, CH4, H2, C2H4, and C2H6 due to smaller specific surface areas and lower porosity, reducing their interaction with oxygen. The peak concentrations of these gases shift to higher temperatures as particle size increases. Smaller particles produce higher concentrations of combustible gases, especially CO, CH4, and H2, with the most pronounced gas production occurring between 350 °C and 450 °C. Although the total volume of combustible gases decreases with increasing particle size, CO, CH4, and H2 make up over 99% of the total gas volume produced, regardless of particle size. The research conclusions of Zhang et al. [28,29,30] on the influence of coal particle size and coal temperature on combustible gases, such as CO, are similar to those in this paper.




3.2. Segmental Analysis of Combustible Gas during the Coal Combustion Process


It is evident that the combustible gases produced during the coal self-ignition process primarily include CO, CH4, and H2. In the initial stages of coal self-ignition, the production of combustible gases is predominantly CO, and with the temperature of the coal rising to 300 °C, the release of CH4 and H2 significantly increases, with these stages primarily characterized by CH4, CO, and H2 as the main combustible gases. It indicates that the generation of combustible gases during coal self-ignition exhibits distinct segmental characteristics. The concentration and composition of these gases vary according to the different temperature stages of coal self-ignition. The concentration of combustible gases is segmented and fitted, as shown in Figure 4.



At temperatures below 300 °C, CO concentration rapidly increases as an exponential function; subsequently, due to a decrease in the content of carbonyl and aliphatic hydrocarbon functional groups in the coal, CO gas concentration exhibits fluctuating changes within the temperature range of 300 °C to 500 °C. For CH4 and H2, which are also combustible gases produced during the coal self-ignition process, their main production occurs at the high-temperature stages above 300 °C, with both gases increasing in an approximately exponential manner.



When the coal temperature is lower than 300 °C, the release law of CO gas produced by spontaneous combustion of coal with the coal temperature can be fitted as follows:


    C   C O   =   A   0   ×   exp  ⁡    −    T     t   0          +   y   0    



(1)







In the formula,     A   0     and     t   0     are exponential function fitting coefficients, and     y   0     represents an exponential function fitting constant.



When the coal temperature is over 300 °C, the CO, CH4, and H2 gases generated by spontaneous combustion of coal can be fitted with the following formula, respectively:


    C   C O   ′   =   B   0   +   B   1   · T +   B   2   ·   T   2   +   B   3   ·   T   3   + ⋯   B   n   ·   T   n    



(2)






    C   C H 4   =   A   1   ×   exp  ⁡    − T /   t   1       +   y   1    



(3)






    C   H 2   =   A   2   ×   exp  ⁡    − T /   t   2       +   y   2    



(4)




where     B   0     is a polynomial function fitting constant, while     B   1    ,     B   2    ,     B   3     …     B   n     are the fitting coefficients of the polynomial function, respectively.     A   1    ,     A   2    ,     t   1     and     t   2     are exponential function fitting coefficients, while     y   1     and     y   2     are exponential function fitting constants.



The fitting results obtained for the generation of combustible gases during the coal oxidation process, as a function of temperature, are presented in Table 2. The results indicate that the correlation coefficients for the generated quantities of combustible gases and the temperature fitting equations are both above 0.95. Using these fitting equations, calculations were conducted on the generation of combustible gases during the oxidation process for different types of coals, and these were compared with experimental results, as shown in Figure 5. The established fitting equation has a high degree of fit with experimental data in different temperature ranges, indicating the reliability of the fitting equation and its ability to better capture the changes in the generation of combustible gases during coal spontaneous combustion.



According to Table 3, it can be concluded that the error between experimental data and calculated results gradually decreases with increasing temperature. When the temperature is below 100 °C, there is a significant difference between the fitted value and the experimental value. For example, at 50 °C, the experimental value is 0.0062, while the calculated value is −0.19842. This may be due to the complexity of oxidation reactions at low temperatures, as well as uncertainties such as instrument measurement errors and experimental environments. However, when the temperature reaches above 300 °C, the error between the calculated results and the experimental results gradually decreases, indicating that the fitting equation performs more accurately in the high-temperature stage.



Although there is a large error in the low-temperature stage, in practical applications, the amount of gas generated in the low-temperature stage is relatively low, so the impact of this error on predicting the risk of coal spontaneous combustion is limited. Moreover, the overall trend of the fitted equation is highly consistent with the experimental results, verifying the feasibility of using this fitted equation for gas generation prediction.



This section analyzes the generation patterns of combustible gases (CO, CH4, and H2) during coal self-ignition and highlights distinct temperature-dependent phases. At temperatures below 300 °C, CO is the primary gas, increasing exponentially. As the temperature exceeds 300 °C, the production of CH4 and H2 rises exponentially, making them the dominant gases at higher temperatures. Fitting equations were used to simulate the release of these gases at different temperature stages, showing a strong correlation (R2 > 0.95) between predicted and experimental results. The obvious segmented characteristics of combustible gases during coal spontaneous combustion can predict the danger level of coal mine spontaneous combustion based on changes in gas concentration, which is consistent with the research results of Guo et al. [31,32]. These equations provide a reliable method for predicting the concentration of combustible gases during coal oxidation, aiding in the prevention of coal combustion-related hazards.





4. Conclusions


This paper analyzes the primary sources and components of combustible gases in goaf areas where coal spontaneous combustion occurs. It focuses on the relationship between the concentration of combustible gases and temperature during coal oxidation, using a specially constructed high-temperature programmed heating experimental system for coal spontaneous combustion. This study clarifies the composition of combustible gases under different conditions, and the main conclusions are as follows:




	
To master the production patterns of combustible gases during coal oxidation, a high-temperature programmed heating test system for coal spontaneous combustion was established. It mainly consists of a quartz reactor, a programmed heating system, an automatic gas distribution system, a data acquisition system, and a gas chromatograph, which enables the detection of gaseous products during the high-temperature stage of coal spontaneous combustion;



	
The influence of coal particle size on the production of CH4, H2, C2H4, and C2H6 is not significant at low temperatures but becomes considerably significant above 200 °C. As the coal particle size increases, the total amount of combustible gases gradually decreases; however, the impact of particle size on the percentage of CO, CH4, and H2 among the total combustible gases is minimal, with their concentration ratios reaching over 99% within the temperature range of 30 °C to 500 °C;



	
The generation of combustible gases during coal spontaneous combustion exhibits distinct phased characteristics. Initially, CO is the predominant combustible gas produced, but as the temperature rises above 300 °C, the release of CH4 and H2 significantly increases. During this phase, the primary combustible gases in the coal spontaneous combustion environment are CH4, CO, and H2. Based on these observations, functional equations relating the generation of combustible gases at different temperature stages to temperature were fitted and compared with experimental results, indicating a good agreement between the calculated results using the fitted equations and the experimental findings.
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Figure 1. Coal spontaneous combustion programmed temperature gas test system. 
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Figure 2. The concentration of gas with temperature during the heating process. 
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Figure 3. The percentage of combustible gas during the heating process with different particle sizes. 
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Figure 4. Fitting results of combustible gas production in the oxidation process. 
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Figure 5. Comparison of experimental data and calculated results of the total concentration of combustible gas generated from EMW lignite. 
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Table 1. Industrial analysis of coal samples.






Table 1. Industrial analysis of coal samples.





	
Coal Sample

	
Coal Rank

	
Industrial Analysis Results




	
Moisture Mad (%)

	
Ash Ad (%)

	
Volatile Vdaf (%)

	
Fixed Carbon FCad (%)






	
EMW

	
lignite

	
13.80

	
10.98

	
35.08

	
40.14











 





Table 2. Fitting results of combustible gas generation concentration and temperature.






Table 2. Fitting results of combustible gas generation concentration and temperature.





	
Coal

	
Temperature (T)

	
Fitting Equation






	
EMW

	
<300 °C

	
CCO(T) = 0.24475e(T/108.83329) − 0.5101, R2 = 0.97




	
≥300 °C

	
C’CO(T) = 185.87055 − 2.12727T + 0.00897T2 − 1.62515 × 10−5T3 + 1.62515 × 10−8T4, R2 = 0.95




	
CCH4(T) = 3.77964 × 10−5e(T/53.10183) + 0.01979, R2 = 0.99




	
CH2(T) = 0.00235e(T/99.44765) − 0.05234, R2 = 0.99











 





Table 3. Comparison of experimental data and calculated results of the total concentration of combustible gas generated from EMW lignite.
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Temperature/°C

	
Experiment Results

	
Calculation Results






	
50

	
0.0062

	
−0.19842




	
60

	
0.008

	
−0.15349




	
80

	
0.0137

	
−0.05171




	
100

	
0.023

	
0.06831




	
120

	
0.0953

	
0.20984




	
140

	
0.1826

	
0.37673




	
160

	
0.40532

	
0.57354




	
180

	
0.7709

	
0.80562




	
200

	
1.2442

	
1.0793




	
220

	
1.571

	
1.40203




	
240

	
1.9963

	
1.7826




	
260

	
2.4553

	
2.23137




	
280

	
2.757

	
2.76059




	
300

	
3.1628

	
3.38465




	
3.13495




	
320

	
3.6749

	
3.72034




	
340

	
4.3005

	
4.30055




	
360

	
4.7251

	
4.77585




	
380

	
5.141

	
5.0894




	
400

	
5.3695

	
5.22731




	
420

	
5.181

	
5.2186




	
440

	
4.913

	
5.13521




	
460

	
5.148

	
5.092




	
480

	
5.388

	
5.24678




	
500

	
5.723

	
5.79196
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