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Abstract

:

Spontaneous combustion of sulfide ore is one of the most common disasters in the process of ore mining, storage, and transportation, which can lead to a series of safety and environmental problems, thus affecting sustainable development in society. In this paper, four imidazolium-based ionic liquids: [BMIM][I], [BMIM][BF4], [EMIM][BF4], and [BMIM][NO3], were selected for inhibition experiments with sulfide ores to reveal the inhibition performance of ionic liquids against spontaneous combustion. The results show that the main products from the reaction were Fe2O3 and SO2, produced during the process of oxidation and spontaneous combustion and that the reaction moves towards a higher temperature under the action of ionic liquid, indicating that ionic liquids have a significant inhibition effect on the spontaneous combustion of sulfide ore. At the same temperature, the apparent activation energies of the samples treated with ionic liquids were all greater than those of the control samples, indicating that imidazolium-based ionic liquids can effectively reduce the spontaneous combustion tendency of sulfide ores. In addition, compared with other ionic liquids, [BMIM][NO3] had a more pronounced inhibition effect, with the activation energies of both ore samples maximally increased by 8.4% and 10.2% after [BMIM][NO3] treatment. This is due to the ability of [BMIM][NO3] to better isolate the samples from oxygen in the air and reduce the effective collisions between active molecules, thus inhibiting and retarding the spontaneous combustion of sulfide ores.
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1. Introduction


Sulfide ores, which are important strategic industrial resources, usually refer to metal minerals containing sulfur. Common sulfide ores are pyrite, albite, magnetic pyrite, etc., among which pyrite is the most widely distributed mineral in China [1]. During the mining and storage of sulfide ore, it is easy for it to be oxidized by moist air, thus releasing a large amount of heat [2,3,4]. At the same time, affected by the mining stratum environment, the mining products are often accompanied by carbon powder, oil scale, and other impurities, which often form a mixture with a porous and loose structure with sulfide ore, and the heat in the mixture is more difficult to dissipate. When the ore accumulates in large quantities, and the heat dissipation conditions are poor, heat will accumulate inside the ore pile until it reaches the ignition point and causes a series of spontaneous combustion disasters [5,6,7]. As early as 1945, there was a spontaneous mineral sulfide fire in the Braden mine in Chile, resulting in 355 deaths [8]; In previous reports, 20–30% of pyrite and 5–10% of non-ferrous metal or polymetallic sulfide ores in China are at risk of spontaneous combustion [9,10]. For example, there have been sulfide mine fire accidents in the Wushan Mine in Jiangxi Province and the Xiangshan Mine in Anhui Province [11]. Sulfide ore spontaneous combustion will not only cause a series of major accidents, such as cave collapse and the ignition of other minerals leading to chain explosions, endangering the lives of operators, but also leads to the loss of mineral resources and may even force some mines to close or change their mining methods and processes, causing large-scale economic losses [5], and thus affect the sustainable development of society. Therefore, the problem of the spontaneous combustion of sulfide ore has become one of the more important works of disaster prevention and control in the process of sulfide ore mining and storage and transportation.



At present, the research on sulfide ore spontaneous combustion disaster prevention and control mainly includes the study of the spontaneous combustion mechanism of sulfide ore [12,13], the study of sulfide ore flame suppression and damping technology [14], and the study of the technology surrounding ore spontaneous combustion prediction, fire source detection, etc. [7,11]. Among these, flame inhibition and retardant technology of the ore can essentially prevent the occurrence of spontaneous combustion disaster or weaken its severity and improve the intrinsic safety level in mining and ore storage and transportation [15]. As a new type of organic solvent, ionic liquids have the characteristics of non-volatility, high specific heat capacity, and high thermal stability, which all have significant effects on flame suppression and chemical resistance [16,17,18,19]. Deng et al. [16] investigated the combustion mass loss and heat release rate of coal samples treated with two ionic liquids: [BMIM][BF4], and [BMIM][I] and proposed the optimal mass ratio of ionic liquids based on economic benefits. Xi et al. [17] studied the inhibition effect of [BMIM][NTF2] and [BMIM][BF4] ionic liquids on the spontaneous combustion of coal. They found that the specific surface area and pore volume of coal samples treated with ionic liquids were lower, the chemical structure was more stable, and the reaction of chemical functional groups on coal surface with oxygen was more difficult. As an exception to the application of spontaneous combustion deterrence in coal, ionic liquids have been widely used as corrosion inhibitors in the field of corrosion prevention. Zheng et al. [20] studied the corrosion inhibition behavior of two ionic liquids: [OMIM]Br and [AOIM]Br, on mild steel in a sulfuric acid solution, and the results showed that both have good corrosion inhibition properties. Ionic liquids are used as corrosion inhibitors because of their ability to adsorb onto the metal surface and weaken the intensity of oxygen oxidation of the metal, whereas metal sulfide minerals tend to be metallic. Thus, we assume that it is highly feasible to inhibit the spontaneous combustion of metal sulfide minerals with the help of ionic liquids. To this end, four imidazole-based ionic liquids: [BMIM][I], [BMIM][BF4], [EMIM][BF4], and [BMIM][NO3], were selected to study their inhibition performance against the spontaneous combustion of sulfide ores. Microstructure changes of sulfide ore samples after ionic liquid treatment, thermal analysis experiments, and a reaction kinetic model were used to comprehensively analyze the inhibition performance and mechanism of ionic liquids on the spontaneous combustion of sulfide ores. The research results are of great practical significance to the prevention and control of spontaneous combustion hazards in the process of sulfide-ore mining, storage, and transportation.




2. Experiments and Methods


2.1. Sample Preparation


In this experiment, two representative samples were collected from a mining area in Jiangxi, China. To prevent the oxidation of the ore samples caused by the high temperature generated by mechanical grinding, we used manual crushing to obtain the experimental samples, which were marked as 1FC and 2FC, respectively. The elemental analysis results of the ore sample are shown in Table 1. It can be seen that Fe and S elements account for the highest proportion in the ore sample, and there are also a few other elements present, such as C, F, N, O, Cu, Ca, and Al. Combined with the XRD diagram of the ore samples in Figure 1, we can infer that the main component of the two ore samples is FeS2, and the impurities present are mainly SiO2, Al(OH)3, and oxides of various metals.




2.2. Experimental Equipment and Methods


In this paper, four ionic liquids were selected for the research on spontaneous combustion inhibition of sulfide ores and their physicochemical properties are shown in Table 2. The methods of treating ore samples with ionic liquids are as follows: First, 10 g of the two ore samples pretreated in Section 2.1 were taken and placed in two beakers, mixed with IL1 at a 1:2 mass ratio, and placed on a magnetic stirrer, setting the stirrer speed to 500 r/min, stirred for 8 h in the dark and stored in a refrigerator at 5 °C under the condition of avoiding light. We then repeated the above operations to treat two ore samples, respectively, with ILs 2, 3, and 4. After leaving the treated sample for 2 days, the sample was pumped and filtered, and the filtered sample was dried via a dryer for 3 h. The dried samples were bagged separately and stored in a sealed, dry, and dark environment.



Thermal analysis techniques have been widely used to characterize the spontaneous combustion characteristics of ferric sulfide compounds, among which thermogravimetric (TG) is usually used to study the kinetic parameters of ferric sulfide compounds burning at high temperatures [21]. A STA-8000 synchronous thermal analyzer was used to conduct thermogravimetric experiments on the samples treated with ionic liquid and the samples in the control group in this experiment. The samples of 50 mg were placed in an alumina crucible, setting the heating rate to 15 °C/min and 20 °C/min, and heated up from room temperature to 700 °C. The scanning gas was air, the protective gas was nitrogen, and the gas flow rate was controlled at 20 mL/min.




2.3. Thermodynamic Theory


Thermal analysis kinetics is a method of obtaining thermodynamic parameters and reaction mechanism functions through thermal analysis techniques [12]. Among them, solid-phase reaction kinetics constitutes the core of thermal analysis kinetics research, with the main task of determining the mechanism of the reaction and related kinetic parameters. According to the kinetic theory of thermal analysis, the spontaneous combustion reaction of sulfide ore can be explained by the Arrhenius equation:


     d α    dt    = Aexp (  −  E  RT    ) f ( α )   



(1)







In the equation, α is a conversion for the quality of the test sample in α = (m0 − mt)/(m0 − m∞); m0 is the mass at the beginning of the reaction; mt is the quality of the t moment; m∞ is the mass at the end of the reaction; t is the time in s; T is the temperature in °C; A is the pre-exponential factor in s−1; E is the apparent activation energy in kJ/mol; R is the molar gas constant with a numerical value of 8.134 J·mol−1·K−1; and f(α) is reaction mechanism function.



Under constant heating rate conditions, the heating rate β = dT/dt is substituted to the above equation, and Equation (2) is obtained:


     d α     f ( α )    =  A β  exp ( −  E  RT   ) dT  



(2)







2.3.1. The Most Probable Mechanism Function Inference


In thermal analysis kinetics, the use of the Malek method reduces the workload of the calculation on a case-by-case basis when determining the mechanism function of the ore sample in the oxidative spontaneous combustion stage. Moreover, at the same time, this method avoids the trouble of the kinetic compensation effect when the activation energy (Ea), pre-exponential factor (A), and the mechanism function (f(α)) are obtained simultaneously [12,22]:


   y ( α ) = (   T   T  0.5      ) 2  ×      d α    dt       (    d α    dt   )   0.5     =    f ( α )  ×  G ( α )     f (   0.5 )  ×  G (   0.5 )     



(3)






   f ( α ) =   1     dG ( α )   /   d α       



(4)







In the equation, y(α) is the defined function; α is conversion rate; T is the temperature corresponding to α in °C; T0.5 is the temperature at α = 0.5; f(α) and G(α) are the differential and integral forms of the mechanism functions, respectively; dα/dt is reaction rate, and (d/dt)0.5 is the reaction rate at α= 0.5. Substituting the experimental test values and each mechanism function to the left and right of Equation (3), respectively, gives the experimental and standard curves. When the deviation between the experimental and standard curves is minimum, its corresponding mechanism function is the most probable. Table 3 describes common reaction mechanism functions and kinetics model [23].




2.3.2. Calculation of Activation Energy and Pre-Exponential Factor


The iso-conversion method [24,25] can solve the thermal analysis kinetic parameters by comparing the thermogravimetric data corresponding to the same α value at two sets of different heating rates, and the effects of the functions of unknown mechanisms can be eliminated. In this thesis, the Friedman method [26] was used to solve for reaction kinetic parameters, and Equation (5) was obtained by taking the logarithm on both sides of Equation (2). At the same conversion rate, there is a linear relationship between ln(βdα/dT) and 1/T with different heating, and its slope is −E/R.


  ln   β    d α    dT      = ln     Af ( α )    −  E  RT    



(5)







When using differential methods to solve kinetic parameters for thermal analysis, the arch method [22] was selected for the calculations in this paper. After separating the variables for Equation (2), the Achar equation can be obtained by taking logarithms on both sides, as shown in Equation (5), where ln [(d/dT)/f(α)] was linearly related to 1/T, and the slope was −E/R and the intercept was ln(A/β). The calculation is performed by substituting different f(α) into Equation (5) and fitting linearly; the apparent activation energy E and the pre-exponential factor A can be obtained.


  ln    d α    f  α  dT   = ln  A β  −  E  RT    



(6)







When using the integral method to solve for thermal analysis kinetic parameters, the Coast–Redfern equation [22] approximation (9) was used for calculations in this paper, which can be obtained by combining the logarithm Frank–Kameneskii [22] approximations (7) and Equation (8).


    ∫  0 T  exp ( −  E  RT   ) dT =     RT  2   E  exp ( −  E  RT   )  



(7)







Integral to Equation (2) was obtained:


     ∫ 0 α      d α    f  α        = G   α  =  A β     ∫ 0 T    exp (  −  E  RT   )    dT  



(8)







After substituting Equation (7) into Equation (8) and taking the logarithm:


  ln     G  α     T 2      = ln     AR    β E      −  E  RT    



(9)







Similar to the differential methods, the slope and intercept were obtained by linear fitting of the above formula, and the apparent activation energy and pre-exponential factor of the oxidation spontaneous combustion process of ore samples were obtained.






3. Results and Discussions


3.1. Effects of Ionic Liquids on the Microstructure of Sulfide Ores


3.1.1. Effect of Ionic Liquids on the Micromorphology of Sulfide Ores


To analyze the effect of ionic liquids on the micromorphology of the ore samples, the ore samples inhibited by ionic liquids were magnified to a magnification of 2K using a Sigma 300 electron scanning microscope, as shown in Figure 2 and Figure 3, with the control group treated with water in Figure 2 and Figure 3a. It can be seen that in the control group (a), the surface of the ore sample particles is flat with a few fine particles present around it, and the pore structure is not apparent. Compared with the control group samples, some pores appeared on the surface of the samples after inhibition, the surface roughness increased to different degrees, and the fine particles attached around the large particles increased. In general, the surface morphologies of the samples treated with different ionic liquids are quite different; the surface is looser than the unhindered samples, and the number of fine particles on and around the large particles had also increased.




3.1.2. Effect of Ionic Liquid Blocking on the Microscopic Elemental Composition of Sulfide Ores


The XRD maps of the four samples treated with ionic liquid were measured by X-ray diffractometer analysis, as shown in Figure 4. As can be seen from the XRD pattern, the diffraction peak positions of the ore samples are essentially the same, with only a few diffraction peaks showing variation, indicating that the ionic liquid does not react with the significant elements in the sulfide ore. Based on the data in the graph, it can be seen that most of the diffraction peaks of the samples have decreased in value and increased in width after ionic liquid treatment, which indicates that the ionic liquid treatment led to the change of the crystal structure of the mineral and the arrangement of atoms in the mineral crystal. Table 4 shows the results of the elemental analysis of each sample after being inhibited by the ionic liquid, and it can be seen that the percentage of Fe and S elements in the sample remains the highest after treatment with ionic liquid, with small amounts of C, N, I, and F also found in the samples, which can be inferred to be ionic liquid residues according to the ionic liquid chemical expression.





3.2. Thermogravimetric Analysis of Ore Samples before and after Ionic Liquid Inhibition


The thermal behavior of both the ore samples treated with ionic liquids and the control group was analyzed in our work by thermogravimetric experiments under air atmosphere conditions. Figure 5 shows the curve of TG (thermogravimetric) obtained from the experiment. Combined with the weight loss rate curves in Figure 5, the spontaneous combustion process of sulfide iron ore can be roughly divided into three stages: the low-temperature heating stage (before about 400 °C), the oxidative spontaneous combustion stage (about 400 °C–700 °C), and the end of the reaction stage (after about 700 °C). To study the inhibition performance of ionic liquids on the spontaneous combustion of sulfide ores, this paper focused on the thermal behavior, and a series of important parameters of the ore samples, in the stage of oxidation and spontaneous combustion, including the initial temperature of weight loss (T1), the maximum weight loss rate point (T2), and the temperature at which the weight loss peak appears for the first time (T3).



Two peaks can be found in the weight loss rate curves of both the control samples and some of the 1FC samples treated with ionic liquids, and the temperatures of the two peaks are relatively close. This indicates that two oxidative weight loss reactions occurred successively in these samples during the oxidative spontaneous combustion stage. These two weight loss reactions may be Equations (10) and (11), and the theoretical weight loss of Equations (10) and (11) are 33.3% and 66.7%, respectively. After combining the thermogravimetric curves with the mass fraction of FeS2 in the sample, we found that the actual weight loss of the sample was consistent with the theoretical weight loss of the two reactions of Equations (10) and (11).


4FeS2 + 11O2 = 2Fe2O3 + 8SO2 (Theoretical weight loss 33.3%)



(10)






2FeS2 + 7O2 = Fe2(SO4)3 + SO2 (Theoretical weight loss 66.7%)



(11)







In contrast, in all of the ionic liquid treated samples from 2FC and some of the pieces from 1FC, only one weight loss peak was observed. This indicates that an oxidative weight loss reaction occurred in the oxidative spontaneous combustion stage of the samples, and the actual weight loss of all of these samples at this stage was about 30%. Combining the actual weight loss with the results of the mass fraction analysis of FeS2 in the samples, we can infer that the oxidative weight loss reaction in Equation (11) and the oxidative weight gain reaction in Equation (12) may have occurred in these samples during the oxidative spontaneous combustion stage. The combined effect of these two reactions maintains the actual weight loss of the samples at about 30%.


FeS2 + 3O2 = FeSO4 + SO2 (Theoretical weight gain 26.6%)



(12)







The parameters of the oxidative spontaneous combustion phase were analyzed. It was found that the resistance of the four ionic liquids significantly delayed the weight loss onset temperature (T1), as was the temperature at the point of maximum weight loss rate (T2) and the temperature at which the weight loss peak first appeared (T3), and that the weight loss rate curve was smoother and took longer to reach the maximum weight loss rate in the ionic liquid-treated samples than in the control samples. Therefore, based on the above changes in the thermal behavior of the ore samples after ionic liquid treatment, it can be considered that, after the treatment of ionic liquid, the overall oxidative spontaneous combustion reaction of the ore samples shifts towards higher temperatures, meaning the samples are more resistant to spontaneous combustion, indicating that ionic liquids have a better deterrent effect on the spontaneous combustion of sulfide ores. In addition, the weight loss rate of the samples treated with Ionic Liquid No. 4 was lower than that of the samples treated with other ionic liquids, suggesting that Ionic Liquid No. 4 may have the best resistance to the spontaneous combustion of sulfide ores of the four ionic liquids.




3.3. Thermodynamic Analysis of Auto-Ignition Flame Retardant


3.3.1. Solving the Most Probable Mechanism Function Based on the Malek Method


The Malek method is considered by ICTAC to reduce the scope of possible mechanism functions in the reaction without assumptions and approximations and is a superior method to infer the mechanism functions [27]. Therefore, the Malek method from Section 2.3.1 was used to analyze the reaction mechanism function of the ore samples treated with ionic liquid and the control group during the oxidative spontaneous combustion stage. After the curve obtained at a heating rate of 15 °C/min is selected, the standard curve can be obtained by substituting the differential form f(α) and the integral form G(α) of the mechanism function into the right side of the Equation (3). By substituting the thermogravimetric data of the ore samples treated with ionic liquid and the control ore samples into the left side of Equation (3), the test curve can be obtained, and the fitting results are shown in Figure 6. By comparing the correlation coefficients of ten common mechanism function standard curves and experimental test curves, we could finally infer the reaction mechanism function of the ore samples treated by ionic liquids and the control group. That is, when the deviation between the standard curve and the experimental test curve is minimum, the corresponding mechanism function is the most probable mechanism function. In order to judge the degree of deviation between the standard and experimental curves, Origin software can be used to calculate the Pearson correlation coefficient. The larger the correlation coefficient, the smaller the degree of deviation. The calculation results are shown in Table 5.



According to the data in Table 5, it can be seen that the standard curve represented by mechanism function 8 (Mamplelaw equation and Nucleation and growth) has the highest correlation coefficient with the experimental curve of the 1FC ore sample not treated with ionic liquid, reaching 0.9198, which is the most probable mechanism. The functional differential form is derived as f(α) = 1 − α. The correlation coefficient between the experimental curve of the 1FC ore sample treated with ionic liquid 1 and the standard curve of mechanism function 7 (shrinkage geometrical spherical equation and three-dimensional phase interfacial reaction) is the largest, and the differential form of the most probable mechanism function is f(α) = 3(1 − α)2/3. The 1FC samples treated with ionic liquids 2, 3, and 4 have the highest correlation coefficient between the experimental curve and the standard curve of mechanism function 1 (chemical reaction equation, n = 2), and their most probable mechanism functions are all f(α) =(1 − α)2. The correlation coefficient between the experimental curve and the standard curve of mechanism function 3 (chemical reaction equation, n = 4) of the 2FC ore sample not treated with ionic liquid is the largest, at 0.9243, and the most probable differential form of the mechanism function is f(α)= (1 − α)4. The correlation coefficient between the experimental curve and the standard curve of mechanism function 1 (chemical reaction equation, n = 2) of the 2FC ore samples treated by ionic liquids 1, 3, and 4 is the largest, and the corresponding differential form of the mechanism function is f(α)= 1 − α. The correlation coefficient of the standard curve corresponding to the experimental curve of the 2FC ore sample treated with Ionic Liquid 2 and mechanism function 2 (chemical reaction equation, n = 3) is the largest, and the differential form of its most probable mechanism function is f(α)= (1 − α)3. It is worth noting that the mechanism function of the ore samples 1FC and 2FC changed after being treated with the ionic liquid.




3.3.2. Solution of Dynamic Parameters


Based on the equal conversion rate method described above, two main reaction kinetic parameters: apparent activation energy E and pre-exponential factor A, can be calculated during the spontaneous combustion reaction of the 1FC and 2FC control ore samples. The difference between the average internal energy of active molecules and the average internal energy of all molecules is called the apparent activation energy, and the apparent activation energy is usually used as an evaluation index to distinguish the ability of a substance to spontaneously combust. In general, the smaller the apparent activation energy of a substance is, the higher its tendency to spontaneously combust [28,29]. In our work, the apparent activation energy changes in the control samples from the conversion rate of 0.1 to 0.9 were calculated at intervals of 0.1, as shown in Figure 7. It can be found that the activation energy of the control group shows a trend of rising and then decreasing with the fluctuation of the conversion rate α. In the early stage of the experiment, the oxidation activity of the ore samples is relatively high, so the apparent activation energy of the ore samples is at a lower level. With the increase in temperature, the conversion rate and apparent activation energy of ore samples gradually increased, which indicated that the reaction activity was decreasing while the active substances in the ore samples were also decreasing. When the conversion rate reached about 0.6, the apparent activation energies of the two ore samples increased rapidly. It is possible that the sample underwent a violent oxidation reaction at this point, resulting in a substantial decrease in the activity of the sample. After the conversion rate exceeded 0.6, the apparent activation energy decreases rapidly. This may be due to the increase in temperature leading to an enhancement of the reaction activity of some of the reaction products of the sample as well as other substances.



The Achar differential method and the Coast–Redfern integral method were used in our work to calculate the apparent activation energy and pre-exponential factor of the ore samples treated with ionic liquids and the control group, respectively. The results are shown in Table 6. According to Table 6, after being treated with ionic liquid, the apparent activation energy of the ore sample improved, and the spontaneous combustion tendency of sulfide ore was reduced. That is, the ionic liquid has a good inhibitory effect on the spontaneous combustion of sulfide ore. The activation energies of the 1FC samples treated with four ionic liquids: [BMIM], [BMIM][BF4], [EMIM][BF4], and [BMIM][NO3], increased by 3.4%, 0.9%, 2%, and 8.4%, respectively. The activation energy of the 2FC samples increased by 4.7%, 1.3%, 3.8%, and 10.2%, respectively. Compared with the other three ionic liquids, the apparent activation energy of the two samples treated by IL4 improved the most, effectively weakening the spontaneous combustion tendency of sulfide ore and having the best inhibition effect.






4. Conclusions


In this paper, the performance of ionic liquids to inhibit the spontaneous combustion of sulfide ores and the related mechanisms were investigated from both microscopic and macroscopic perspectives. A systematic study was conducted regarding four aspects: the microscopic morphology of ore samples, the oxidation spontaneous combustion process, the spontaneous combustion process mechanism, and the kinetic parameters of thermal analysis. The main conclusions are as follows:




	(1)

	
The microstructural changes of the ore samples treated with ionic liquids and the control group were investigated by modern analytical techniques. The results showed that the main composition of the two samples was FeS2, and there were impurities such as SiO2 and metal oxides. No new phases were generated during the treatment of the ore samples with the ionic liquids, and the elemental composition and content of the treated ore samples were not significantly different compared with the control group. However, the surface morphology of the samples differed greatly. Compared with the original samples, the surface of the samples treated with ionic liquids was looser, showing a large particle surface, and the number of fine particles had increased;




	(2)

	
The thermal behaviors of the ore samples treated with ionic liquids and the control group were systematically analyzed by thermogravimetric techniques. The spontaneous combustion reaction process of the ore samples was similar, showing three stages: the low-temperature heating stage, the oxidized spontaneous combustion stage, and the reaction end stage. The ore samples underwent an oxidation reaction during the oxidation spontaneous combustion stage. The final reaction product was Fe2O3 with SO2 gas production and intermediate products containing oxides such as FeSO4. After treatment with the ionic liquids, the ore samples’ overall oxidative spontaneous combustion reaction moved toward a higher temperature, and the ore samples became less susceptible to spontaneous combustion. This indicates that the ionic liquid has a good inhibition effect on the spontaneous combustion of sulfide ore;




	(3)

	
The reaction mechanism functions and thermodynamic parameters of the ore samples treated with ionic liquids, and the control group, were obtained via the Malek, Friedman, Arch, and Coast–Redfern methods. The results show that the inhibition of the ionic liquids affected the reaction mechanism function during the oxidative spontaneous combustion stage. The activation energy of the 1FC ore samples treated with four kinds of ionic liquids increased by 3.4%, 0.9%, 2%, and 8.4%, and the activation energy of the 2FC ore samples increased by 4.7%, 1.3%, 3.8%, and 10.2%, respectively. The apparent activation energy of two ore samples increased the most after being treated with IL4, achieving the best inhibition effects.
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Figure 1. XRD patterns of the two ore samples, (a) 1FC and (b) 2FC. 
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Figure 2. SEM image of the 1FC sample after treatment with water and ionic liquids. (a) Treatment with water; (b) IL1; (c) IL2; (d) IL3; (e) IL4. 
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Figure 3. SEM image of the 2FC sample after treatment with water and ionic liquids. (a) Treatment with water; (b) IL1; (c) IL2; (d) IL3; (e) IL4. 






Figure 3. SEM image of the 2FC sample after treatment with water and ionic liquids. (a) Treatment with water; (b) IL1; (c) IL2; (d) IL3; (e) IL4.



[image: Sustainability 14 07915 g003]







[image: Sustainability 14 07915 g004 550] 





Figure 4. XRD patterns of individual ore samples after treatment with ionic liquids. (a) 1FC; (b) 2FC. 






Figure 4. XRD patterns of individual ore samples after treatment with ionic liquids. (a) 1FC; (b) 2FC.



[image: Sustainability 14 07915 g004]







[image: Sustainability 14 07915 g005a 550][image: Sustainability 14 07915 g005b 550] 





Figure 5. TG curves of ore samples treated with ionic liquids. (a) 1FC-H2O and 1FC-IL1; (b) 1FC-H2O and 1FC-IL2; (c) 1FC-H2O and 1FC-IL3; (d) 1FC-H2O and 1FC-IL4; (e) 2FC-H2O and 2FC-IL1; (f) 2FC-H2O and 2FC-IL2; (g) 2FC-H2O and 2FC-IL3; (h) 2FC-H2O and 2FC-IL4. 
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Figure 6. The fitting curve of the reaction mechanism function for the two kinds of ore samples before and after treatment. (a1) 1FC-IL1; (b1) 1FC-IL2; (c1) 1FC-IL3; (d1) 1FC-IL4; (a2) 2FC-IL1; (b2) 2FC-IL2; (c2) 2FC-IL3; (d2) 2FC-IL4; (a3) 1FC-H2O; (b3) 2FC-H2O. 
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Figure 7. Apparent activation energy distribution of the control group ore samples (Note. The red asterisk indicates the activation energy at different conversion rates). (a) 1FC; (b) 2FC. 






Figure 7. Apparent activation energy distribution of the control group ore samples (Note. The red asterisk indicates the activation energy at different conversion rates). (a) 1FC; (b) 2FC.



[image: Sustainability 14 07915 g007]







[image: Table] 





Table 1. Elemental analysis of ore samples (mass fraction/%).
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	Sample
	C
	S
	Fe
	F
	N
	O
	Cu
	Ca
	Al





	1FC
	4.55
	45.12
	43.47
	1.38
	0.89
	2.71
	1.05
	0.20
	0.63



	2FC
	4.47
	42.14
	42.04
	1.39
	1.84
	5.75
	0.87
	0.11
	1.39
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Table 2. Four kinds of ionic liquids used in the inhibition of spontaneous combustion of sulfide ores.
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	Number of Ionic Liquids
	Chemical Expression
	Melting Point of Ionic Liquids
	Storage Condition
	CAS Number





	IL1
	C8H15IN2
	−72 °C
	Protection from light, inert gas, room temperature
	65039-05-6



	IL2
	C8H15BF4N2
	−71 °C
	Below 30 °C
	174501-65-6



	IL3
	C6H11BF4N2
	15 °C
	Sealed dry, room temperature
	143314-16-3



	IL4
	C8H15N3O3
	18 °C
	Ventilation, low temperature, drying
	179075-88-8
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Table 3. Reaction mechanism functions for thermal analysis kinetics.






Table 3. Reaction mechanism functions for thermal analysis kinetics.





	Number
	Function Name
	Mechanism
	f(α)
	G(α)





	1
	Chemical Reaction
	n = 2
	(1 − α)2
	(1 − α)−1 − 1



	2
	Chemical Reaction
	n = 3
	(1 − α)3
	[(1 − α)−2 − 1]/2



	3
	Chemical Reaction
	n = 4
	(1 − α)4
	[(1 − α)−3 − 1]/3



	4
	Valensi equation
	Two-dimensional diffusion
	−1/ln(1 − α)
	α + (1 − α)[ln(1 − α)]



	5
	Ginstling-Brounshtein equation
	Three-dimensional diffusion
	3/2[(1 − α)1/3 − 1]−1
	1 − 2α/3 − (1 − α)2/3



	6
	Shrinkage geometrical column
	Two-Dimensional Phase Interfacial Reaction
	2(1 − α)1/2
	1 − (1 − α)1/2



	7
	Shrinkage geometrical spherical
	Three-Dimensional Phase Interfacial Reaction
	3(1 − α)2/3
	1 − (1 − α)1/3



	8
	Mample law
	Nucleation and growth
	1 − α
	−ln(1 − α)



	9
	Power law
	n = 1/3
	3α2/3
	α1/3



	10
	Power law
	n = 1/4
	4α3/4
	α1/4










[image: Table] 





Table 4. Elemental analysis of the ore samples (mass fraction/%).
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	Sample
	C
	S
	Fe
	F
	N
	I
	O
	Cu
	Ca
	Al





	1FC-IL1
	5.44
	40.10
	48.87
	0.85
	1.75
	0.27
	0.47
	0.88
	0.35
	1.02



	1FC-IL2
	8.23
	45.86
	40.92
	2.26
	1.00
	0.00
	0.52
	0.54
	0.09
	0.58



	1FC-IL3
	8.33
	43.66
	39.66
	2.34
	0.33
	0.04
	3.53
	0.49
	0.07
	1.55



	1FC-IL4
	6.24
	46.78
	42.48
	1.58
	0.02
	0.00
	1.56
	0.43
	0.03
	0.88



	2FC-IL1
	2.78
	45.37
	42.61
	2.38
	2.79
	0.00
	1.99
	0.78
	0.11
	1.19



	2FC-IL2
	5.29
	44.48
	41.73
	2.65
	1.71
	0.00
	2.43
	0.66
	0.09
	0.96



	2FC-IL3
	4.45
	45.33
	44.87
	1.31
	0.92
	0.00
	1.86
	0.21
	0.04
	1.01



	2FC-IL4
	4.51
	46.37
	39.95
	2.55
	2.14
	0.00
	2.77
	0.24
	0.03
	1.44







Note. FC ore sample was treated with ionic liquid.
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Table 5. The correlation coefficients of the reaction mechanism function fitting for the ore samples treated.
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	Sample
	F1
	F2
	F3
	F4
	F5
	F6
	F7
	F8
	F9
	F10





	1FC-IL1
	0.7719
	0.5978
	0.4533
	0.8625
	0.2527
	0.9220
	0.9440
	0.9368
	0.3298
	0.6094



	1FC-IL2
	0.9734
	0.9036
	0.8254
	0.5349
	0.2949
	0.7431
	0.8341
	0.9380
	0.2296
	0.0822



	1FC-IL3
	0.9819
	0.9603
	0.9141
	0.2885
	0.3945
	0.5581
	0.6886
	0.8505
	0.4296
	0.1476



	1FC-IL4
	0.9094
	0.9027
	0.8652
	0.0417
	0.6110
	0.2792
	0.4611
	0.7039
	0.5869
	0.3623



	1FC-H2O
	0.7832
	0.6386
	0.5287
	0.6777
	0.1365
	0.8563
	0.9041
	0.9198
	0.0351
	0.2435



	2FC-IL1
	0.9573
	0.9175
	0.8579
	0.2472
	0.4816
	0.5210
	0.6611
	0.8350
	0.4999
	0.2199



	2FC-IL2
	0.9367
	0.9421
	0.9143
	0.0118
	0.6847
	0.3596
	0.5270
	0.7426
	0.6543
	0.4271



	2FC-IL3
	0.9492
	0.9180
	0.8747
	0.2625
	0.4658
	0.5565
	0.6929
	0.8502
	0.4810
	0.1947



	2FC-IL4
	0.9594
	0.9586
	0.9289
	0.0827
	0.6046
	0.4187
	0.5834
	0.7858
	0.5980
	0.3421



	2FC-H2O
	0.8128
	0.9070
	0.9243
	0.3056
	0.1273
	0.3933
	0.4597
	0.5786
	0.1652
	0.1787







F: Function.
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Table 6. Apparent activation energy and pre-exponential factor of samples after ionic liquid treatment and control group.
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	Sample
	E/(kJ·mol−1)
	lnA





	1FC-IL1
	294.64
	43.36



	1FC-IL2
	287.32
	37.21



	1FC-IL3
	290.56
	39.76



	1FC-IL4
	308.75
	48.93



	1FC-H2O
	284.77
	32.54



	2FC-IL1
	319.84
	52.26



	2FC-IL2
	309.58
	41.23



	2FC-IL3
	317.23
	32.59



	2FC-IL4
	336.66
	43.34



	2FC-H2O
	305.45
	38.75
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