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Incorporating mineral dust into organic powders is a common practice in industries such as pharmaceuticals, food production, and cosmetics to enhance product functionality. However, these additions can significantly alter the ignition sensitivity and explosion severity of the mixtures, complicating risk assessments performed without comprehensive experimental testing. This study focused on animal feed products and developed empirical models to predict explosion safety parameters - Minimum Ignition Energy (MIE), maximum explosion overpressure (Pmax), and deflagration index (KSt) - for organic-mineral powder mixtures with varying chemical properties and particle sizes, in a control bounding approach. The experimental campaign was designed using a combined Design of Experiments strategy. Key factors for model development included inerting mechanisms (such as heat sink and scavenging of free radicals), characteristic Particle Size Distribution (PSD) diameters, and the fuel fraction in the mixture. The MIE model demonstrated an outstanding 98 % accuracy in recommending suitable types A and B Flexible Intermediate Bulk Containers (FIBC). Additionally, explosion severity parameters were reliably predicted within a confidence interval that extends 50 % beyond standard experimental variability. The proposed methodology and models thus provide a strategic and practical tool for implementing inherent safety principles during the formulation of powder mixtures. 
Introduction
Combustible powders can explode when dispersed at sufficient concentrations in the presence of an oxidant, forming an explosive atmosphere (ATEX). Under these conditions, an ignition source with sufficient energy can initiate dust deflagration (Amyotte, 2006). Moreover, the confinement degree of the ATEX can amplify explosion severity, potentially triggering devastating domino effects through secondary explosions (Eckhoff, 2016). For instance, between 1785 and 2012, powders used in the agri-food industry accounted for approximately 40% of reported dust explosions worldwide (Yuan et al., 2015). However, implementing safety measures based on inherent safety principles, such as adding non-combustible (inert) powders to combustible ones (Dufaud et al., 2012), can significantly mitigate explosion risks to personnel and assets in powder-handling industries. 
In the animal feed industry, mineral powders are incorporated to dilute active ingredients and enhance the flowability and palatability of complex formulations called “premixes.” These mixtures, composed of organic blends containing vitamins, amino acids, and cereals, are subsequently used to produce compound feed tailored to the nutritional needs of livestock (European Parliament, 2003). While the primary purpose of adding minerals is not explosion prevention, modifying their chemical and physical properties, such as Particle Size Distribution (PSD), can be regarded as an application of the moderation principle of inherent safety. Notably, the mineral content in such products can reach up to 95 % effectively removing contamination drawbacks associated with admixing inert powders. Therefore, modifications of the inert material properties can prevent the formation of ATEX zones or mitigate explosion consequences (Directive 2014/34/EU, 2014). 
Despite their potential, assessing dust explosion risks remains challenging due to the numerous factors influencing dust mixture ignition and deflagration phenomena. Process conditions and material properties significantly affect ignition sensitivity, characterized here by the Minimum Ignition Energy (MIE), and explosion severity, described by the maximum overpressure (Pmax) and deflagration index (KSt), of organic-mineral dust mixtures. These properties include each mixture component’s chemical composition, mass fraction, and PSD. For instance, inert powders exert a heat sink effect during ignition and deflagration, but their chemical nature determines their thermal quenching efficiency and potential actions on combustion kinetic mechanisms. Minerals that moderate ignitability and explosibility through purely thermal mechanisms, such as stable oxides and carbonates, dissipate combustion heat via conduction and convection or through thermal decomposition, releasing inert gases and altering the diffusivity of reactive species (Wang et al., 2021). Conversely, minerals decomposing into alkali or halogen compounds (e.g., NaCl, KCl, NaHCO3) chemically interfere with combustion kinetics by scavenging reactive radicals and terminating chain-branching reactions (Janès et al., 2014). 
The chemical inerting mechanism is generally more effective in mitigating explosion severity than thermal effects alone (Zheng et al., 2021). The inerting efficiency also depends on other material properties, such as the thermal decomposition temperature (Tdecomp), particularly when this temperature is lower than the organic pyrolysis onset temperature (Reding and Shiflett, 2019). For example, Chen et al. (2022b) demonstrated that NaHCO3 exhibited enhanced inerting efficiency compared to Na2CO3, attributed to its lower Tdecomp despite both undergoing chemical inerting mechanisms. Furthermore, the mass fraction of inert powders plays a crucial role. Addai et al. (2016) observed that increasing the non-combustible fraction in a combustible mixture raises the MIE, with ignition effectively inhibited at a 60-80 % threshold. 
Similarly, the PSD of mineral powders significantly influences inerting efficiency due to increased particle surface area and reduced heating times in the flame front during deflagration (Zhong et al., 2022). However, the optimal PSD for minerals does not necessarily align with that of organic powders, as particle shape and cohesion forces impact mixture dispersibility (Amez et al., 2023). Additionally, Serrano et al. (2023) reported significant breakage of mineral particles during explosion severity tests conducted in the 20-L Siwek sphere, potentially leading to overestimations of inerting efficiency. 
The ignition and explosion behaviors of organic-mineral mixtures involve a complex interplay of factors, complicating the development of predictive models. Recent numerical models estimate the MIE of powder mixtures based solely on the thermal effects of mineral particles (Chen et al., 2022a). However, the broad range of chemical properties of mineral powders in industrial contexts represents a significant gap in these models. Consequently, this study aims to investigate the synergistic effects of the mineral’s chemical nature and PSD on the MIE, Pmax, and KSt parameters of organic-mineral binary mixtures. An extensive experimental campaign was conducted using experimental plans aligned with the Design of Experiments (DoE – factorial and Response Surface Methodology (RSM)) approach, focusing on powders and particle size ranges commonly employed in the animal feed sector. The resulting database was used to develop empirical models based on bounding controls using dimensionless correlations. These models aim to provide industry-specific recommendations for mixture formulation, promoting the application of the moderation principle of inherent safety. 
Materials and methods
Figure 1 presents a flowchart summarizing the methods used to develop the predictive models. The following sections provide detailed descriptions of the main steps followed in this study. 
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[bookmark: _Ref182899305]Figure 1: Summary of the methodology employed to develop empirical predictive models for the explosion safety parameters of organic-mineral powder mixtures. 
Selection of organic and mineral raw materials
Organic powders were selected based on their common use in premix formulations, either as additives (e.g., amino acids and vitamins) or carriers (e.g., cereals). This selection considered feedback from industrial partners (surveys), chemical properties, and explosion safety parameters (MIE, Pmax, and KSt). Figure 2 lists the selected 14 organic powders. For instance, DL-Methionine (an additive) was chosen for its widespread use in optimizing nitrogen retention during livestock digestion, its high sensitivity (MIE = 10 - 30 mJ depending on its PSD), and its ability to cause severe explosions (Pmax ≈ 8 bar, KSt ≈ 130 bar m/s) (IFA, 2024). 
The ignitability and explosibility of the selected powders were determined using the modified Hartmann tube (MIKE3) and the 20-L sphere, respectively, following the guidelines of ISO/IEC 80079-20-2:2016, without altering their physical properties (e.g., no sieving or grinding). Characterization results indicated that 50 % of the selected raw materials had MIE values exceeding 1000 mJ (indicating almost insensitivity to ignition), with average Pmax and KSt values of 7.1 bar and 100 bar m/s, respectively. 
To increase the validity range of models, it was necessary to expand the range of MIE, Pmax, and KSt values. Some samples were sieved using a vibrating sieve shaker to reduce the fraction of coarse (less reactive) particles, while others were sieved into various PSD ranges. This enabled the evaluation of the influence of characteristic diameters, such as the median diameter (D50), measured using a laser diffraction granulometer. 
Figure 2 illustrates the KSt, MIE, and D50 results of the raw and sieved organic powder samples, demonstrating a wide variability in chemical and physical properties, ignition likelihoods, and explosion severities. For instance, the organic powders range from highly reactive samples, such as niacin (MIE = 3 - 10 mJ; KSt = 240 bar m/s; St-2 class), to nearly insensitive samples, such as wheat middlings (MIE > 1000 mJ; KSt = 39 bar m/s; St-1 class). This variability ensures robust predictive capability and high-quality input data for developing models. It also allows industrial partners to optimize formulations by modifying parameters such as the D50.
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[bookmark: _Ref182837208]Figure 2: Explosibility and ignitability characterization of organic powders used in premix manufacturing.
Mineral powders were selected based on their chemical properties, inerting mechanisms, and feedback from industrial partners. Table 1 lists the six chosen mineral powders, categorized by inerting mechanism: convective/conductive heat sink (HS), heat sink thermal effects combined with thermal decomposition (HS-T), and combined effects of heat sink, thermal decomposition and chemical inerting (HS-T-Ch)  
[bookmark: _Ref182838249]Table 1: Physical properties of the mineral powders commonly used in premix manufacturing.
	Mineral powder
	Inerting mechanism
	Tdecomp (°C)
	D50 [µm]

	
	
	
	20 – 40
	50 – 150
	150 – 300
	380 – 700

	CaCO3
	HS-T 
	730
	X
	X
	X
	X (2 samples)

	NaHCO3
	HS-T-Ch
	130
	X
	X (2 samples)
	X
	X

	NaCl
	HS-T-Ch
	890
	X
	X
	X
	X

	MgO
	HS
	>2800
	X
	X
	X
	X

	ZnSO4
	HS-T
	680
	
	X
	
	

	ZnO
	HS
	2300
	X
	
	
	



Each inerting category includes two minerals with distinct physical properties, such as NaHCO3 and NaCl (which are classified as HS-T-Ch), with different thermal decomposition temperatures (Tdecomp). This enabled an evaluation of Tdecomp’s influence on inerting efficiency. Similar to organic powders, mineral powders were sieved into various PSD ranges (Table 1) to evaluate the influence of particle size on inerting efficiency, improve mixing quality (reducing polydispersity), and enable PSD parameters adjustments in the predictive model. These bounded PSD ranges also ensure comparable characteristic diameters between the mineral samples, facilitating the evaluation of the effects of inerting mechanisms. 
Experimental characterization of MIE, Pmax, and KSt
The MIE of organic-mineral mixtures was determined at ignition delay times ranging from 120 to 150 ms, with an inductance of 1 mH to simulate incendiary ignition sources (Eckhoff, 2016). The dust mixture mass was set according to the ignitable range of the pure organic powders, capped at 3.6 g (nominal dust cloud concentration close to 3000 g/m3) in line with potential ATEX scenarios and good practices (ASTM E2019-03R19). 
Explosion severity (Pmax and KSt) was characterized using the 20-L Siwek sphere equipped with a rebound nozzle and two 5 kJ pyrotechnic ignitors, following ISO/IEC 80079-20-2:2016. Mixture concentrations were determined based on the concentration ranges at which the pure components exhibited their KSt values, ensuring comparable fuel-equivalence ratios and optimizing the experimental trials to determine the KSt value of the mixture. Concentrations within the 20-L sphere were capped at 2500 g/m3 to minimize turbulence levels and oxygen content disturbances before ignition. 
Experimental plan
The selection of organic-mineral mixtures followed a Design of Experiments (DoE) approach, combining full factorial screening analyses with response surface methodology (RSM). Factors considered included fuel fraction, PSD of both components and inerting mechanism. The initial experimental plans were supplemented with additional tests involving powders with distinct chemical properties to validate correlations and address gaps. For example, worst-case scenarios were investigated, such as highly reactive organic particles (St-2, MIE < 10 mJ) mixed with coarse minerals exhibiting HS inerting. 90% of the experimental database, consisting of 215 MIE tests and 210 KSt determination tests, was used to train empirical models and the remaining 10% for validate them. 
Model development 
The predictive model for MIE was developed using the harmonic model framework, which has demonstrated high predictive proficiency for combustible powder mixtures (Dufaud et al., 2012; Hosseinzadeh et al., 2015). Inerting effects were modeled using a logistic function, with activation slopes and thresholds dependent on the synergistic effects of PSD and inerting mechanism. For Pmax and KSt, dimensionless polynomial expressions were employed to assess the relative influence of admixed minerals. The PSD ratio between mineral and organic powders emerged as a significant factor, correlating with thresholds where explosion risks were fully mitigated. 
The models were optimized to predict ranges rather than exact values, aligning with industry needs for risk assessment by control bounding methodology. They were based on 200 mixtures involving powders with D50 values between 10 and 900 µm and fuel fractions ranging from 10 wt.% to 95 wt.%. Specific model details are not disclosed due to confidentiality agreements with industrial partners. 
Results
This section presents the main findings on the validation of the developed models with experimental results. 
Predictive assessment of electrostatic ignition sensitivity
The predictive proficiency of the developed model for the MIE of organic-mineral mixtures is shown in Figure 3. The shaded regions in the figure denote the recommended types of Flexible-Intermediate-Bulk-Containers (FIBC) for safe storage (ISO/IEC 61340-4-4:2018) and the sensitivity categories suggested by generally accepted good practices (Janès et al., 2008). The model identified the primary factors influencing the inerting effect of mineral powders on MIE in the following hierarchy: PSD, inerting mechanism, and Tdecomp. The threshold at which ignition inhibition occurred varied across the tested mineral powders (from 40 to 90 wt%), reflecting the complex interplay of these factors. The model demonstrated outstanding accuracy in predicting MIE ranges for the tested mixtures. Specifically, it achieved 98 % accuracy in recommending suitable FIBC types (A and B), which are mostly used in the animal feed industry (Figure 3). Additionally, the model accurately identified scenarios where ignition was inhibited, outperforming the conservative estimates of the harmonic model. This highlights its practical utility for providing safety recommendations during powder mixture formulation. However, slight misestimations in the predictions are attributable to the assumptions and simplifications made during model development. For instance, the correlations did not fully account for the synergistic effects of enhanced mixture dispersibility (e.g., coarse mineral powders disrupting the cohesive trend of tiny organic particles). 
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[bookmark: _Ref182906532]Figure 3: Validation of the organic-mineral MIE predictive model based on sensitivity categories and FIBC types. 
Predictive assessment of explosion severity parameters
The predictive model for Pmax demonstrated strong agreement with the experimental data. Among the factors analyzed, the inerting mechanism followed by Tdecomp emerged as the most significant determinant of inerting performance. For example, the model estimated that approximately 20 wt.% NaHCO3 (D50 = 200 µm) was enough to reduce the explosibility of a highly reactive Niacin sample (St-2) to St-1 class, compared to 60 wt.% CaCO3 required to achieve the same inerting effect. In addition, the validation results for the KSt model are depicted in Figure 4, which illustrates its agreement with experimental data. The shaded regions correspond to St-classes, while the confidence bands represent a 50 % margin beyond the standard experimental test variability (ASTM E1226-19). The KSt model exhibited outstanding agreement with the experimental data, particularly for mixtures within the St-1 class. The PSD of mineral powders was a less significant factor due to particle breakage during dust dispersion in the 20-L sphere. Consequently, the hierarchy of factors influencing KSt was: inerting mechanism, Tdecomp, and PSD. This hierarchy is illustrated in the magnified region of Figure 4, where, for a given mixture, NaHCO3 led to the least severe explosions, followed by NaCl. The model also intentionally adopted a conservative approach, overpredicting explosion severity for mixtures with experimental values below 20 bar.m/s. Notably, the model was trained using data that included mixtures where explosibility was enhanced due to improved dispersibility caused by insufficient concentrations of inert minerals (Serrano et al., 2023). Again, the mineral’s PSD was a less significant factor in this scenario due to the particle breakage phenomenon during dispersion. Nevertheless, the current models do not account for synergistic chemical interactions between the mixture components. 
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[bookmark: _Ref188005686]Figure 4: Validation of the KSt predictive model for organic-mineral mixtures. 
0. Conclusions
Predicting powder mixtures’ explosion severity and electrostatic ignition sensitivity is inherently complex due to variability in chemical properties, PSD, and composition of blend components. This study addressed these challenges using a DoE approach that identified the correlations of key influencing factors: fuel fraction, inerting mechanism, and PSD. The experimental findings provided valuable insights into the mechanisms driving organic-mineral explosion risks, which were integrated into empirical models. These models effectively estimated the ranges and thresholds commonly used in risk assessments for powder-handling operations, particularly in the animal feed industry. The proposed methods and models were converted into a strategic and practical software tool for implementing inherent safety principles during powder mixture formulation. They can be integrated into existing formulation software to enable safer and more efficient designs. Moreover, these models provide a rapid, cost-effective screening method for prioritizing mixtures for further ignitability and explosibility tests. They can be extended to other industrial sectors handling powder mixtures. 
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