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Abstract


Coal resources still occupy a dominant position in the energy consumption structure, and the prevention and control of coal dust explosion has become an important measure to ensure the safe production of coal. To this end, a new type of environmentally friendly, economical, and efficient composite powder explosion suppressant has been developed. CMS@C12H22O14Fe was prepared by an anti-solvent crystallization method using Chinese Maifan stone (CMS) as the carrier and ferrous gluconate (C12H22O14Fe) as the active component. The physicochemical properties of the explosion suppressant were analyzed using characterization techniques such as SEM and FT-IR. At the same time, the Hartmann tube experimental device was utilized to study the inhibition effect of the detonation suppressor on the coal powder flame, and to determine the optimal loading amount of the active component and the addition amount of the detonation suppressor. The results show that the composite powder synthesized by the anti-solvent crystallization method has a uniform particle size and good structure. The flame was almost completely suppressed when the active component loading was 50 wt.% and the additive amount of the detonation suppressant was 30 wt.%. Finally, a physicochemical synergistic inhibition mechanism of CMS@C12H22O14Fe for coal dust explosion is proposed.






Keywords:


composite powder suppressant; anti-solvent crystallization; detonation suppression; Chinese Maifan stone; ferrous gluconate












1. Introduction


In recent years, coal dust explosions have occurred frequently. For instance, in 2020, a coal dust explosion took place at the Liang Baosi coal mine, resulting in seven deaths and nine injuries; in 2024, a coal dust explosion occurred at the Zao Quan coal mine in Ningxia, with one death and six injuries; and in 2021, a domestic coal mine in Colombia experienced a gas and coal dust explosion, causing eleven fatalities. The aforesaid accidents indicate that coal dust explosions remain a serious safety concern that cannot be overlooked globally. The destructive consequence of a coal dust explosion is remarkable, with the explosion temperature capable of reaching 2300 to 2500 °C, the flame propagation rate exceeding 1120 m/s, and the shock wave speed reaching 2340 m/s [1]. Such an explosion will not only result in severe casualties and property losses but also bring about destructive harm to coal mining and transportation facilities. This remains an important factor endangering the safe production of China’s coal mines and coal chemical enterprises, and it significantly restricts the safe and stable development of the coal industry [2,3,4].



As an effective approach for reducing the intensity of the explosion and confining the explosion of coal dust, powder suppressants have garnered extensive attention from scholars both at home and abroad [5,6,7]. Generally, powder suppressants can be classified into two types: a single powder suppressant and composite powder suppressant. Generally speaking, the suppression performance of the composite powder suppressant is superior to that of the single powder suppressant. Yu et al. [8] developed a modified kaolin composite suppressant and studied its explosion suppression performance and mechanism in the coal dust/methane system. Compared to the two monomer inhibitors, the composite inhibitor has the better inhibition effect. Wang et al. [9] explored the surface modification and compounding technology of the detonation inhibitor and developed a PSE coal dust inhibitor, which is composed of potassium chloride, urea, and other components; these demonstrated an outstanding detonation inhibition effect when compared with that of the single detonation inhibitor. Shang et al. [10] investigated the inhibition of aluminum dust explosion by alumina of different particle sizes and compared the explosion suppression performance levels between nanoscale and micron-sized alumina. The results indicated that the explosion suppression effect of nanoscale alumina as a constituent of the composite powder suppressant was superior to that of micron-sized alumina alone. As the composite powder suppressant is easy to store and transport and has a physicochemical dual synergistic effect, its application in coal dust explosion prevention and control is escalating [11,12,13].



Currently, in the research on composite powder detonation inhibitors, the structures and performance levels of new composite powder detonation inhibitors have emerged as research focuses. Dai et al. [14] investigated the urea/zeolite composite detonation inhibitor, and experiments have demonstrated that the inhibition effect is greatest when the ratio is 1:1. Ni et al. [15] fabricated a composite NaHCO3/zeolite nanoparticle fire extinguishing material with a core–shell structure by utilizing porous zeolite as a carrier in conjunction with nanosynthesis technology. Jiang et al. [16] synthesized a composite detonation suppressant with a porous structure of PA@NH2MCM-41, and it was discovered that the composite detonation suppressant containing phosphorus could prominently inhibit the flame spread in dust explosions and the explosion pressure. Yuan et al. [17] investigated a porous mineral (MTS)–ammonium polyphosphate (APP) composite powder’s inhibition effect in a methane–air mixed explosion, and the results indicate that the composite powder’s explosion suppression mechanism encompasses both physical and chemical effects. Chen et al. [18], conversely, fabricated a new type of core–shell structural inhibitor and discovered that the addition of potassium oxalate and ferric citrate could markedly enhance its inhibition performance at a loading level of 30 wt.%. Li et al. [19] synthesized a metal–organic framework (PAPP@Ni-MOF) inhibition material. The propagation of PP dust explosion flame could be entirely suppressed when the addition amount of the suppression material was 50 wt.%. Although various composite powder suppressants have been developed, there are still some problems such as explosion suppression decomposition products polluting the environment, the need to improve performance, and a high cost in practical applications. Hence, the development of new green, high-performance, and low-cost composite powder explosion suppressants has become a key research direction for coal dust explosion suppression powder.



Chinese Maifan stone, classified as a subvolcanic ore, is enriched with over 20 trace elements such as iron, magnesium, potassium, and sodium [20,21], among which some have the potential to inhibit coal dust combustion. The material has a good porous structure and makes a high-quality adsorbent material as its surface is rich in hydroxyl and other groups, which likely have good adsorption properties for combustion-explosive radicals. Hence, it is of great significance to study Chinese Maifan stone and explore its application in the field of coal dust explosion. Meanwhile, as a green bioactive component, ferrous gluconate has been widely used in various fields. It has reached industrial production, and its production cost is low and gradually decreasing.



In this study, the composite powder inhibitor CMS@C12H22O14Fe with different loadings was fabricated by loading ferrous gluconate onto CMS through the anti-solvent crystallization method, with Chinese Maifan stone (CMS) as the carrier and ferrous gluconate (C12H22O14Fe) as the active component. The samples of coal dust before and after adding the inhibitor were characterized by SEM, TG, and so on. The Hartmann device was used to study the flame propagation characteristics. By analyzing the detonation inhibition effect of coal dust under different loadings and additive amounts of the inhibitor, the optimal loadings and additive amounts were studied. Furthermore, based on the characterization results and the coal dust flame propagation process and flame deflagration behavior after adding detonation suppressants, the inhibition mechanism of the new composite powder detonation suppressant in inhibiting the flame propagation of coal dust was revealed.




2. Experiment


2.1. Preparation of Suppressors


2.1.1. Experimental Raw Materials


Ferrous gluconate (C12H22O14Fe, AR, 98%), anhydrous ethanol (AR), and deionized water were procured from Qingdao Jingke Instrument Reagent Co., Ltd., Qingdao, China. Chinese Maifan stone (CMS) was obtained from Pingdingshan, Naimanqi in Tongliao City, Inner Mongolia, China, and lignite was supplied by the Xinjiang coal mine in China. The dried 200-mesh lignite samples underwent industrial analysis and particle size distribution analysis. The results of the industrial analysis are presented in Table 1, and the particle size distribution is depicted in Figure 1. Table 1 indicates that, when using the 5E-MAG6600B industrial analyzer, the moisture (Mad) of lignite is 1.89, the ash (Aad) is 9.07, the fixed carbon content (FCad) is 52.48, and the volatile content (Vad) is 36.56. These contents are important for the assessment of the explosion risk of coal dust; in relatively dry conditions, volatile matter and the fixed carbon content are higher, while conditions of lower ash show significant explosive potential and make it more difficult to suppress the explosion. From the above results, it can be inferred that the Vad and FCad of lignite are extremely high, signifying that lignite is prone to combustion and has a high risk of explosion [22,23]. There is thus significant value in using lignite to test the efficacy of the explosion suppression agent. From Figure 1, it can be seen that the median particle size (D50) of coal dust is 22.713 µm, while the particle size of lignite is less than 100 µm, with 90% of the particles having a size less than 75 µm.




2.1.2. Preparation of Suppressor


The CMS was first ground using a 300-mesh sieve and then roasted at 500 °C for 4 h to remove moisture and impurities. The solubility levels of C12H22O14Fe in deionized water and CMS in anhydrous ethanol were analyzed at 20 °C, with the results presented in Table 2. Based on these solubility data, a saturated C12H22O14Fe solution was prepared. The treated CMS was uniformly dispersed in anhydrous ethanol and stirred to form a suspension. The treated CMS served as the carrier, while C12H22O14Fe acted as the active component of the inhibitor. An anti-solvent crystallization method was employed to prepare powder explosive inhibitors (CMS@C12H22O14Fe) with different loadings (10%, 20%, 30%, 40%, 50%, and 60%) [24]. The specific steps were as follows: A saturated C12H22O14Fe solution was added gradually and at a constant rate to the CMS suspension, with uniform stirring throughout to ensure an even dispersion of CMS particles in the solution. The mixture was then allowed to settle, filtered, and dried at 50 °C for 12 h. Finally, the dried solid was ground and sieved to obtain a 200-mesh detonation inhibitor powder. The preparation process is illustrated in Figure 2.



The loadings of C12H22O14Fe (   m   C  12    H  22    O  14   Fe    ) are calculated using Equation (1):


   C   C  12    H  22    O  14   Fe   =     m   C  12    H  22    O  14   F e      m  CMS   +  m   C  12    H  22    O  14   F e       



(1)




where    m   C  12    H  22    O  14   Fe     is the mass of C12H22O14Fe (g) and    m  CMS     is the mass of CMS (g).



The preparation of CMS@C12H22O14Fe with varying loadings was carried out following the steps outlined above.



The 10%    C   C  12    H  22    O  14   Fe     CMS@C12H22O14Fe is labeled as CMS@C12H22O14Fe-10, while the other samples are labeled as CMS@C12H22O14Fe-20, CMS@C12H22O14Fe-30, CMS@C12H22O14Fe-40, CMS@C12H22O14Fe-50, and CMS@C12H22O14Fe-60.





2.2. Characterization and Analysis of Experimental Materials


2.2.1. Particle Size Distribution


The particle size distributions of CMS and CMS@C12H22O14Fe were determined using a laser particle size analyzer. The results are shown in Figure 3, and the particle size statistics are presented in Table 3. As shown in Figure 3, the small CMS particles become larger composite particles as the loading of the active component C12H22O14Fe increases. According to Table 3, the median particle size (D50) of CMS was 19.751 µm, with most particles smaller than 100 µm, and 90% of CMS particles had a size less than 69 µm. The median particle size (D50) of CMS@C12H22O14Fe was 28.258 µm, with most particles smaller than 100 µm, and 90% of CMS@C12H22O14Fe particles had a size less than 77 µm. After loading C12H22O14Fe, the active components are partially coated on the CMS surface and tend to form a certain degree of agglomeration, thus increasing the median diameter (D50) to about 28 µm, which also leads to an increase in D90 to 76.947 µm. The particles increase in size, and the particle size distribution becomes more concentrated, indicating the successful preparation of CMS@C12H22O14Fe.




2.2.2. Morphological Analysis


Figure 4 presents SEM images of CMS, C12H22O14Fe, and CMS@C12H22O14Fe. CMS exhibits an irregular, blocky shape with a smooth, shiny surface, well-defined angles, and a fine concave–convex structure [25,26]. In contrast, the surface of C12H22O14Fe is relatively rough and exhibits an irregular morphology [27]. CMS@C12H22O14Fe combines the smooth areas of CMS with the rough, irregular surface of C12H22O14Fe, indicating that the active ingredient was successfully loaded on the carrier.



Figure 5 presents SEM images and mapping diagrams of CMS, C12H22O14Fe, and CMS@C12H22O14Fe. CMS exhibits an irregular morphology with a relatively clear hierarchical structure and a smooth surface. In contrast, C12H22O14Fe has a rough and irregular surface. Cracks are observed in the structure of CMS@C12H22O14Fe, with the smooth regions resembling that of CMS and its rough, uneven areas resembling that of C12H22O14Fe. Mapping analysis of the Fe element reveals that CMS contains only trace amounts of Fe, while C12H22O14Fe has a relatively high Fe content. Notably, after loading the active component C12H22O14Fe, the Fe content in CMS@C12H22O14Fe significantly increased and was uniformly distributed. This result further confirms the successful preparation of CMS@C12H22O14Fe.




2.2.3. X-Ray Diffraction Analysis


Figure 6 presents the outcomes of the X-ray diffraction patterns for CMS, C12H22O14Fe, and CMS@C12H22O14Fe. Based on the positions of the diffraction peaks in the plots, CMS exhibited distinct diffraction peaks at 2θ values of 12.54°, 22.14°, 25.18°, 26.74°, 28.08°, 50.24°, 60.06°, and 68.24° [28,29], while C12H22O14Fe presented characteristic diffraction peaks at 2θ values of 16.92°, 19.20°, 20.74°, 22.58°, 24.80°, and 30.74° [30]. After the CMS is loaded with C12H22O14Fe, the characteristic diffraction peaks of C12H22O14Fe barely appear, suggesting that for the suppressant prepared by the anti-solvent crystallization method, no aggregation of C12H22O14Fe particles occurs. Due to the good structural properties of CMS, and with the appropriate preparation method applied, C12H22O14Fe particles could be dispersed uniformly on the surface of CMS, which is favorable to enhance the deflagration inhibition performance of CMS@C12H22O14Fe [31,32,33]. It is also because of this that part of the structure of CMS may be transformed from an ordered state to a partially amorphous state after loading, leading to a decrease in the intensity of some peaks or even a slight shift.




2.2.4. Infrared Spectrum Analysis


Figure 7 presents the IR spectra of CMS, C12H22O14Fe, and CMS@C12H22O14Fe. From the figure, it can be seen that CMS exhibits Si-O4 and Al-O4 vibrational bands in the range of 1320–1000 cm⁻1, C=O vibrational bands at 1750–1600 cm⁻1, and Si-OH, Al-OH, and -OH vibrational bands in the 3600–3200 cm⁻1 region. For C12H22O14Fe, the -CH2 vibrational bands appear at 1450–1400 cm⁻1, alongside C=O vibrational bands also observed in the 1750–1600 cm⁻1 range. The spectrum of CMS@C12H22O14Fe displays both common vibrational bands and those specific to CMS and C12H22O14Fe, confirming the successful combination of the two materials.




2.2.5. Thermogravimetric Analysis


Figure 8 depicts the TG-DTG plot of CMS@C12H22O14Fe, which represents the TG-DTG curve of pyrolysis and oxidation commencing at an initial temperature of 30 °C in nitrogen with a heating rate of 10 °C per minute.



It can be seen from the result that the weight loss before 100 °C is mainly due to the removal of free water in the inhibitor, while the weight loss from 100 °C to 240 °C is due to the decomposition of C12H22O14Fe, triggered by the removal of water and carbon dioxide. From 240 °C to 660 °C, C12H22O14Fe not only removes water and carbon dioxide but also decomposes to produce a very small amount of CO, which can react with O2 in the detonation process and generate CO2 [30]. When the temperature reaches about 800 °C, the sample loses very little weight. In the explosion reaction, the released water helps to dilute the O2 concentration and remove heat.





2.3. Experimental Equipment


The setup primarily comprises an ignition system, a Hartmann tube, a high-pressure powder coating system, a high-speed photography device, and a control system [34], as shown in Figure 9. During the experiment, 1 g of coal powder was mixed with inhibitors at varying mass ratios and evenly distributed around a mushroom-shaped nozzle. The ignition electrodes, positioned 2/3 of the way up from the bottom of the tube, were separated by a distance of 3 mm. The powder coating pressure was maintained at 0.4 MPa. A high-pressure dedusting system sprayed the coal powder into the Hartmann tube, forming a dust cloud. The subsequent flame propagation was recorded using high-speed photography [35].



The mass fraction of CMS@C12H22O14Fe added to the mixed powder, expressed in wt.%, was calculated using Equation (2):


  wt . % =     m  inhibitor      m  inhibitor   +  m  coal      × 100 %  



(2)







In the equation,    m  inhibitor     represents the mass of CMS@C12H22O14Fe (g), and    m  coal     represents the mass of lignite coal powder (g).





3. Results and Analysis


3.1. Analysis of Flame Propagation Inhibition of Lignite Coal Dust by CMS@C12H22O14Fe


Figure 10 presents the flame propagation process of coal dust, captured using a high-speed camera. As shown in the figure, lignite flame propagation is continuous, reflecting a relatively uniform dust distribution. The flame front remains neat and stable throughout propagation, with the luminous flame transitioning from an initial bright yellow to predominantly bright white flames. Additionally, the flame appears full and highly luminous.



In this work, we set up a two-step screening process: firstly, we fixed the proportion (10 wt.%) of the blast inhibitor when mixed with the coal dust, in order to quickly compare the blast inhibition effects of different loadings (10~60%), and select the loading amount of the ‘highly effective blast inhibition without wasting the active ingredient’; after obtaining the preliminary optimal loading amount (50 wt.%), then we systematically explored the blast inhibitor in the coal dust (10 wt.%, 20 wt.%, 30 wt.%, 20 wt.%). After obtaining the initial optimal loading (50 wt.%), we then systematically explored the additive proportion of the inhibitor in the coal dust (10 wt.%, 20 wt.%, 30 wt.%, etc.), and ultimately sought to determine the ‘active ingredient loading + the amount of inhibitor added to the’ optimal combination. Figure 11a–f illustrates the flame propagation inhibition of lignite with varying    C   C  12    H  22    O  14   Fe     loadings (10%, 20%, 30%, 40%, 50%, 60%) of the suppressant CMS@C12H22O14Fe, under conditions where the suppressant was added at 10 wt.%. Figure 11a–e show that as the CMS@C12H22O14Fe loading increases, flame brightness gradually decreases, the time taken for the flame to reach its highest point extends, and the flame length shortens. This demonstrates a positive correlation between loading and the suppression effect for loading between 10%    C   C  12    H  22    O  14   Fe     and 50%    C   C  12    H  22    O  14   Fe    . However, as shown in Figure 11e,f, the suppression effect deteriorates at a loading of 60%    C   C  12    H  22    O  14   Fe    , indicating that the optimal loading is 50%    C   C  12    H  22    O  14   Fe    .



In the flame propagation experiments, we compared the flame height, brightness, and morphology by taking images at key time points with high-speed photography. Figure 12 illustrates the flame propagation inhibition of lignite coal dust at 60 ms with varying    C   C  12    H  22    O  14   Fe     suppressant loadings. Among the tested loadings, when the loading of CMS@C12H22O14Fe was 50%    C   C  12    H  22    O  14   Fe    , it demonstrated the most effective inhibition.



Figure 13 presents the flame front heights for blank lignite and lignite with varying additions of CMS@C12H22O14Fe. The figure shows that the loading amount of CMS@C12H22O14Fe does not exhibit a positive correlation with flame front height. However, as the loading increases, the time required for the flame to reach its highest point also increases, particularly at 60%    C   C  12    H  22    O  14   Fe     loading. A comprehensive comparison indicates that the optimal flame suppression effect occurs at CMS@C12H22O14Fe-50.



Figure 14 illustrates the flame propagation velocities for blank lignite and lignite with different    C   C  12    H  22    O  14   Fe     10 wt.% CMS@C12H22O14Fe. The curves show an initial decrease followed by a gradual increase, with the increase becoming notably gentle beyond a loading of 30%. As the loading of CMS@C12H22O14Fe increases, the propagation speed of the coal dust flame slows, and the rate of change diminishes. A comprehensive analysis indicates that the optimal effect on coal dust explosion inhibition is achieved with CMS@C12H22O14Fe-50.



The effects of varying additions (wt.% = 10, 20, 30) of CMS@C12H22O14Fe-50 on lignite flame propagation were investigated. As shown in Figure 15a–c, the flame propagation process was increasingly inhibited as the CMS@C12H22O14Fe-50 addition increased. The inhibition effect strengthened progressively with higher additive amounts, achieving near-complete inhibition at 30 wt.% CMS@C12H22O14Fe-50.



In order to better observe and compare the addition of different additives to the same point in time flame height and morphology, we chose an intermediate time point of 180 ms. Figure 16 depicts the flame propagation of lignite coal dust with varying wt.% of CMS@C12H22O14Fe-50 at 180 ms. As can be seen from the figure alone, at 30 wt.% CMS@C12H22O14Fe-50, the coal dust explosion flame exhibited the lowest brightness and shortest length, achieving near-complete suppression. To improve this conclusion’s accuracy, we measured the flame height and propagation speed during flame propagation.



Figure 17 and Figure 18 show the change in height and propagation velocity of the flame with time after different additions of detonation suppressants, respectively. As can be seen from the figure, at the same point in time, the flame height of the 30 wt.% CMS@C12H22O14Fe-50 is the lowest, and the propagation speed is the slowest; furthermore, in the same time period, the flame height difference is also the lowest. It can be concluded that the 30 wt.% CMS@C12H22O14Fe-50 has the best explosion suppression effect.




3.2. Infrared Analysis of Lignite Pulverized Coal Flame Suppression by CMS@C12H22O14Fe


Figure 19 depicts the comparison of infrared spectra of lignite coal before and after the explosion. Examination of this figure reveals that the vibrational bands of the chemical structure of the lignite coal samples are primarily concentrated in the wave number ranges of 3700–3600 cm⁻1 (hydroxyl), 3000–2800 cm⁻1 (aliphatic hydrocarbons), approximately 1600 cm⁻1 (carbonyl), and 1300–1000 cm⁻1 (aromatic hydrocarbons) [36,37,38,39,40]. In contrast to the infrared spectral analysis results of lignite prior to the explosion, the vibrational peaks of hydroxyl and the aliphatic hydrocarbon vibrational bonds vanished, while the vibrational peaks of carbonyl and the aromatic hydrocarbon vibrational bonds were attenuated, indicating that chemical structures such as hydroxyl and the aliphatic and aromatic hydrocarbon vibrational bonds in lignite were implicated in the explosion reaction process.



Figure 20 presents the comparative infrared spectra of lignite flames before and after the addition of 30 wt.% CMS@C12H22O14Fe-50. Infrared analysis shows that after the addition of the best powder inhibitor, coal dust explosion products in a variety of chemical structures in the vibration peak area remain largely unchanged, some of the peaks almost overlap, and the peak intensity has been weakened. Compared with Figure 19, the inhibition effect of the suppressant on the coal dust can be clearly seen. These results confirm the excellent lignite explosion suppression performance of the suppressant.




3.3. Mechanism of Coal Dust Detonation Suppression by CMS@C12H22O14Fe


Figure 21 illustrates the detailed process of coal dust explosions and the inhibition mechanism of CMS@C12H22O14Fe. When coal dust forms a cloud of sufficient concentration and is exposed to adequate energy and O2, a coal dust explosion is triggered, causing the rapid breakage of chemical bonds in the coal and the release of hydrocarbon gases and CO2 [41]. CMS@C12H22O14Fe demonstrates an excellent explosion suppression performance through highly efficient physical and chemical synergistic effects.



	(1)

	
Physical inhibition







When heated, CMS@C12H22O14Fe undergoes a dehydration and heat-absorption process. The adsorbed H2O evaporates and is released, producing a cooling effect. C12H22O14Fe decomposes via heat absorption, generating CO2 and a very small amount of CO, which significantly reduces O2 concentration within space and effectively dilutes the O2 in the explosion area. The decomposition products adhere to the surface of coal dust particles, forming a protective layer that isolates unburned particles. This inhibits the breakage of chemical bonds in functional groups, preventing the coal dust from participating in subsequent explosive reactions. CMS, with its good pore structure, exhibits an excellent adsorption capacity. It efficiently absorbs free radicals involved in the explosion’s chain reaction, thereby disrupting the reaction and suppressing the detonation [42].



	(2)

	
Chemical inhibition







During the heating process, C12H22O14Fe mainly decomposes into iron oxides and CO2. At the same time, it can react with O2. The Fe element produced during decomposition consumes OH• and O•, and thus represents a key component of the explosion reaction, thereby interrupting the chain reaction [18]. Additionally, CMS contains a certain amount of elements such as Mg and P, which further suppress the reaction by chemically adsorbing OH• and O•, effectively blocking the explosive chain reaction.





4. Conclusions


In this study, an environmentally friendly composite powder detonation suppression agent was successfully prepared using anti-solvent crystallization technology, with ferrous gluconate as the active ingredient and Chinese Maifan stone as the carrier. The structure of the detonation suppression agent was analyzed through various characterization techniques. Additionally, flame propagation experiments were conducted to examine the morphological structure, propagation speed, and other combustion characteristics of the flame. These experiments were used to determine the optimal loading of the active component and the ideal addition of the powder detonation inhibitor.



	(1)

	
The optimal loading of the active component was ascertained by regulating the loading of CMS@C12H22O14Fe when the addition was 10 wt.%. After a comprehensive analysis of the flame morphology, color, and propagation speed, it was discovered that with the increase in loading capacity, the flame propagation inhibited by the explosion suppressant showed a trend of first increasing and then decreasing.




	(2)

	
When the loading of C12H22O14Fe was 50 wt.% in the suppressant, the flame suppression effect was the best.




	(3)

	
The addition amount of CMS@C12H22O14Fe was further altered, and through re-analyzing the morphology, color, and propagation speed of the flame, it was ascertained that with the increase in the addition amount, the effect of explosion suppression was gradually enhanced. The flame could be suppressed when the addition amount of CMS@C12H22O14Fe-50 was 30 wt.%.




	(4)

	
The FT-IR results of coal dust combustion before and after adding the 30 wt.% CMS@C12H22O14Fe-50 were compared. This comparative analysis further corroborates that the suppressant exhibits an excellent inhibitory effect on coal dust. In combination with the characterization analysis, this shows that the CMS@C12H22O14Fe suppressant undergoes the processes of dehydration, heat absorption, and chemical decomposition, which reveals the physical and chemical inhibitory mechanism of the CMS@C12H22O14Fe suppressant on coal dust.




	(5)

	
The preparation of CMS@C12H22O14Fe composite powders by anti-solvent crystallization is an efficient and environmentally friendly technological route, but its process stability is limited by key parameters: the solubility of the active component (C12H22O14Fe) in deionized water, and the dispersion characteristics of the carrier material (CMS) in anhydrous ethanol. These parameters have a direct impact on the loading uniformity and coating efficiency of the active component. Especially in large-scale production scenarios, the control of particle size distribution and consistency of inhibitor loading may face engineering challenges. In the future, automated process control systems need to be developed to achieve industrial-grade batch stability by monitoring solvent ratios in real-time.
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Figure 1. Particle size distribution of lignite. 
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Figure 2. Preparation flow chart of CMS@C12H22O14Fe. 
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Figure 3. Particle size distribution of CMS and CMS@C12H22O14Fe. 
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Figure 4. SEM images of CMS, C12H22O14Fe, and CMS@C12H22O14Fe. 
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Figure 5. SEM and mapping images of CMS, C12H22O14Fe, and CMS@C12H22O14Fe. 
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Figure 6. X-ray diffraction patterns of CMS, C12H22O14Fe, and CMS@C12H22O14Fe. 
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Figure 7. Infrared spectra of CMS, C12H22O14Fe, and CMS@C12H22O14Fe. 
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Figure 8. TG-DTG diagram of CMS@C12H22O14Fe. 
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Figure 9. Hartmann tube experimental setup. 
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Figure 10. Flame propagation process of lignite. 






Figure 10. Flame propagation process of lignite.



[image: Processes 13 00650 g010]







[image: Processes 13 00650 g011] 





Figure 11. Different    C   C  12    H  22    O  14   Fe     10 wt.% CMS@C12H22O14Fe inhibit the flame propagation process of lignite. 
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Figure 12. Different    C   C  12    H  22    O  14   Fe     10 wt.% CMS@C12H22O14Fe flame propagation patterns at 60 ms. 
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Figure 13. Blank lignite pulverized coal and pulverized coal added to different    C   C  12    H  22    O  14   Fe     10 wt.% CMS@C12H22O14Fe flame front heights. 
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Figure 14. Comparison of flame propagation velocities of different    C   C  12    H  22    O  14   Fe     10 wt.% CMS@C12H22O14Fe coal dusts. 
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Figure 15. Flame propagation inhibited by different additions of CMS@C12H22O14Fe-50. 
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Figure 16. Flame propagation diagram inhibited by different additions of CMS@C12H22O14Fe-50 at 60 ms. 






Figure 16. Flame propagation diagram inhibited by different additions of CMS@C12H22O14Fe-50 at 60 ms.



[image: Processes 13 00650 g016]







[image: Processes 13 00650 g017] 





Figure 17. Blank lignite pulverized coal and pulverized coal added to different wt.% CMS@C12H22O14Fe-50 flame front heights. 
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Figure 18. Comparison of flame propagation velocities of different wt.% CMS@C12H22O14Fe-50 for blank lignite pulverized coal and pulverized coal. 
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Figure 19. Comparison of infrared spectra before and after lignite flame. 
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Figure 20. Comparison of infrared spectra before lignite flame and after adding 30 wt.% CMS@C12H22O14Fe-50 flame of lignite pulverized coal. 
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Figure 21. Inhibition mechanism of the CMS@C12H22O14Fe suppressant for coal dust detonation. 
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Table 1. Analysis and particle size distribution data of the lignite industry.
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Industrial Analysis (%)






	
Mad

	
Aad

	
Vad

	
FCad




	
1.89

	
9.07

	
36.56

	
52.48











 





Table 2. Solubility of CMS and C12H22O14Fe (25 °C).
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	Deionized Water

(g/100 mL)
	Anhydrous Ethanol

(g/100 mL)





	C12H22O14Fe
	11.8
	indissolvable



	CMS
	insoluble
	insoluble










 





Table 3. Granularity distribution data of CMS and CMS@C12H22O14Fe.
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	D [2,3]
	D [3,4]
	D10 (µm)
	D50 (µm)
	D90 (µm)





	CMS
	4.767
	28.347
	1.625
	19.751
	68.688



	CMS@C12H22O14Fe
	6.256
	34.531
	2.370
	28.258
	76.947
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