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Industrial drying of organic solids containing reactive functional groups may lead to severe safety issues when inappropriate operating conditions or equipment configurations are adopted. This work analyses the thermal hazards associated with the drying of epoxide-containing pharmaceutical intermediates through a real industrial accident occurred in a non-static dryer. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis coupled with DSC (TG-DSC) were used to characterize the thermal behaviour of the material, of its degradation products and of a structurally similar but non-epoxidized compound. The results show that the epoxide functional group is responsible for exothermic phenomena occurring at low temperatures, starting well before any detectable mass loss due to an eventual decomposition. Kinetic modelling of DSC data allowed the estimation of Time to Maximum Rate (TMR) and the identification of safe temperature-time domains for drying. A general protocol for the determination of safe drying conditions for reactive powders is finally proposed. The study demonstrates that drying of solid compounds characterized by epoxydic groups must be regarded as a chemically reactive operation rather than a purely physical unit operation.
Introduction
Drying is one of the most common unit operations in the chemical and pharmaceutical industries, routinely implemented to remove solvent or moisture from solid intermediates and final products. Although often conceptually treated as a purely physical separation process, drying can become a major source of hazard when the material to be dried exhibits chemical reactivity, thermal instability, or dust flammability. Historically, industrial data show that drying operations account for a significant fraction of accidents involving fires and explosions in powder processing facilities particularly when combustible dusts are present or when thermal and chemical risks are not systematically assessed during process design and scale-up (Markowski & Mujumdar, 2006). Among the most known, it is possible to cite: the Mesnil-Saint-Nicaise explosion (France) occurred in a starchy product plant in 2010 during a drying operation of gluten type proteins; the Optima Belle chemical facility explosion, occurred on December 8, 2020, during the dehydration of CDB-56 in a pressurised rotary double cone dryer (www.csb.gov, 2020); till the recent Sigachi Industries explosion, occurred at Hyderabad, India, on June 30, 2025, during spray drying operations on microcrystalline-cellulose (powderbulksolids.com, 2025).
Dryers of various types (e.g., spray, fluidized bed, rotary, vacuum) operate by applying external heat to a moist solid, which may increase its temperature up to temperatures that can cause the triggering of side reactions and decompositions. Materials with reactive functional groups such as peroxides, azides, or epoxides are especially problematic because these groups can undergo exothermic chemical transformations upon mild heating, even in the absence of significant mass loss. Moreover, mechanical agitation, enhanced heat transfer, and temperature gradients within industrial dryers may create hot spots that locally accelerate exothermic reactions. This complexity challenges the traditional assumption that drying is a safe and well-characterised unit operation for all solid materials (Markowski & Mujumdar, 2006).
In the context of pharmaceutical manufacturing, powders frequently contain biologically active or functional groups that are chemically labile. The presence of epoxide groups, in particular, is known to confer thermal and reactivity hazards because epoxides readily undergo ring-opening reactions under heat, moisture, and catalytic conditions. These reactions may be mild or may release significant heat depending on the chemical environment and solid morphology. Although the health hazards of epoxides (e.g., skin sensitization) are well documented inside dedicated guidelines, the implications of epoxide reactivity during bulk thermal processing such as drying are less emphasized in standard hazard analyses.
Several studies have used thermo-analytical techniques such as Thermogravimetric Analysis (TG) and Differential Scanning Calorimetry (DSC) to investigate the thermochemical stability of organic compounds, establishing that unwanted exothermic and decomposition reactions can trigger at temperatures lower than the typical values used in drying operations. These techniques are indispensable not only for identifying phase transitions (e.g., melting, glass transitions, etc..) but also for revealing low-temperature exothermic reactions associated with functional groups such as epoxides, peroxides, and other labile moieties. A thorough understanding of such thermal behaviours is crucial for defining safe operating limits. 
In particular, Pasturenzi et al. (2014) have demonstrated how experimental TG and DSC data can be compared with predictive models to assess thermochemical stability of reactive organic substances. Their work shows that reliable heat release profiles and decomposition onset temperatures can be extracted from thermos-analytical measurements, providing key inputs for safety assessment and kinetic modelling.
The literature on industrial safety underscores the importance of rigorous risk assessment and hazard quantification for drying operations (Henry, 2013); moreover, modern process safety methodologies advocate for the integration of chemical hazard assessment with unit operation design. Detailed thermo-analytical and kinetic analyses are now recognized as essential tools for preventing thermal runaway events (Fumagalli et al., 2017; Scotton et al., 2020), not just in reactor design, but also in downstream thermal processing such as drying (Allian et al., 2025).
Despite advances in safety science and thermo-analytical protocols, quantitative approaches to drying safety for reactive powders remain under-utilised in industrial practice. Many facilities still rely on procedures based on small-scale trial-and-error steps rather than robust kinetic and thermal hazard analysis for designing drying schedules and setting operating limits. As demonstrated in this work, a systematic combination of DSC, TG-DSC and kinetic modelling provides a structured pathway to evaluate and mitigate risks associated with the drying of reactive solids.
Case Study
The case study analysed in this work concerns the industrial drying of a pharmaceutical intermediate with an epoxydic bond in its structure. A batch of material had been dried for one day in a non-static dryer. The same batch of substance was then subjected to a further drying step at approximately 43-45 °C in order to reach the required residual moisture specification.
During this second drying phase, the product temperature initially decreased due to evaporation of residual water. Subsequently, a slow but continuous temperature increase was observed, till exceeding 100 °C. Operators reported a transient “flash-like” event, and the recovered solid appeared partially decomposed, with brown and darkened areas distributed throughout the batch.
This behaviour was highly unexpected, since the nominal drying temperature was well below typical decomposition temperatures reported for similar steroidal compounds. The accident indicated the occurrence of an internal exothermic process capable of overcoming the heat removal capacity of the dryer, leading to a localized thermal runaway.
Samples of three different materials were therefore analysed: a) the original epoxidized compound after standard drying; b) the degraded material recovered after the accident; c) an active pharmaceutical ingredient (structurally similar to the epoxy-containing compound) in which the epoxide ring has already been opened. 
The objective was to determine whether the epoxide functional group was responsible for the observed instability.
Thermo-analytical investigation
The experimental campaign consisted in a comprehensive thermo-analytical characterization using both Differential Scanning Calorimetry (DSC) and Thermogravimetry coupled with Differential Scanning Calorimetry (TG-DSC), under inert atmosphere, at three different heating rates: 2, 5 and 10 °C/min. Then the campaign moved toward a low-temperature isothermal ageing test (45 °C) to simulate the drying operation for the epoxy-containing compound. Subsequently, DSC tests under inert atmosphere were performed at three different heating rates (2, 5 and 10 °C/min) on the non-epoxy-containing homologue. 
Finally, in order to assess the degradation state of the material recovered after the accident, DSC measurements were carried out at three heating rates (2, 5 and 10 °C/min), again under inert atmosphere. Table 1 summarizes all the thermo-analytical tests performed during the campaign.
Table 1: Thermo-analytical tests carried out during the campaign.
	ID
	Compound
	Thermo-analytical technique
	Program

	S1_DSC
	Epoxy compound
	DSC (closed)
	30–300 °C; heating rates of 2, 5 e 10 °C/min

	S2_DSC
	Epoxy compound after degradation
	DSC (closed)
	30–300 °C; heating rates of 2, 5 e 10 °C/min

	S3_DSC
	Non-epoxy compound
	DSC (closed)
	30–300 °C; heating rates of 2, 5 e 10 °C/min

	S1_TG1
	Epoxy compound
	TG-DSC
	30–300 °C; heating rates of 2, 5 e 10 °C/min

	S1_TG2
	Epoxy compound
	TG-DSC
	45 °C; t=24 h


Differential Scanning Calorimetry (DSC) Analysis
All DSC experiments were carried out using 70 µL sealed aluminium crucibles under inert atmosphere (N₂). The purpose of these tests was to identify any thermal reactivity or instability of the investigated samples.
Figure 1 shows the DSC traces obtained for sample S1_DSC using heating rates equal to 2, 5 and 10 °C/min. All thermal profiles appear to be complex and exhibit multiple heat flux peaks, indicating molecular degradation.
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Figure 1: DSC tests on S1_DSC sample at different heating rates. A) 2 °C/min; B) 5 °C/min; C) 10 °C/min.
An interesting feature is that the heat flow profiles depend strongly on the applied heating rate. In particular, the curve obtained at 2 °C/min is the smoothest one and it does not show any baseline disturbance above 260 °C, conversely to what can be observed using both 5 and 10 °C/min as heating rate. The baseline disturbance above 260 °C may indicate loss of crucible tightness due to the occurrence of decomposition reactions, but such an hypothesis can be verified only by carrying out TG-DSC tests. 
Integration of the overall exothermic effects yields the following reaction enthalpies: a) 2 °C/min: -322 J/g; b) 5 °C/min: -267 J/g; and c) 10 °C/min: -258 J/g.
The marked dependence of the reaction enthalpy on heating rate suggests a kinetically complex system, which would deserve further investigation (e.g., in a second experimental campaign) using appropriate kinetic models.
Carrying out the same DSC tests on the degraded epoxy compound (ID S2_DSC), it was possible to note that all thermal profiles were essentially linear and showed two main detectable features. The first one, occurring in the temperature range between approximately 70 and 100 °C, appeared as a broad endothermic signal and it was attributable to the release of residual moisture. The second one was the onset of a further decomposition of the already degraded matrix at temperatures above about 240 °C. The low temperature endothermic effect is unavoidable, as the sample inevitably absorbs a certain amount of moisture during handling, recovery and storage. No evidence of chemical reactivity is observed in the temperature range where the epoxidized material exhibited significant exothermic behaviour. Above approximately 240 °C, a clear baseline disturbance was detected, which can be attributed to loss of crucible tightness caused by the onset of decomposition reactions.
Figure 2 shows the DSC traces obtained for sample ID S3_DSC (non-epoxy-containing compound after a standard production and drying process) at heating rates of 2, 5 and 10 °C/min. All thermal profiles are essentially linear and exhibit a single detectable event, namely an endothermic effect attributable to melting of the compound.
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Figure 2: DSC tests on S3_DSC sample at different heating rates. A) 2 °C/min; B) 5 °C/min; C) 10 °C/min.
Integration of such endothermic peaks reveals melting enthalpy values constant with respect to the heating rate (around 100 J/g); anyway, a deviation from the baseline trend, just after the end of the effect, can be noticed. This behaviour indicates the presence of an incipient decomposition process occurring in the tail of the melting event. In particular, the slower the heating rate, the earlier the onset of the exothermic degradation reaction becomes evident (and the higher is the decomposition enthalpy measured). From a safety perspective, it can therefore be stated that, once the epoxide ring has been opened, the molecule no longer exhibits detectable reactivity in the temperature range between 80 and 240 °C. This finding confirms the hypothesis that the opening of the epoxide ring was the primary trigger of the industrial accident. Nevertheless, a residual criticality remains, associated with the onset of melting followed by decomposition at temperatures above approximately 220 °C.
Thermogravimetric (TG) coupled with Differential Scanning Calorimetry (DSC) Analysis
All TG-DSC experiments were performed using 120 µL alumina crucibles under inert atmosphere. 
Figure 3 shows the TG-DSC curves, including both mass loss and heat flow signals, obtained for sample S1_TG1 at heating rates of 2, 5 and 10 °C/min. Analysis of the TG traces indicates that significant mass loss occurs only at temperatures above approximately 200 °C (see 2 °C/min curve), confirming that decomposition of the solid matrix of the epoxy-containing compound takes place only at relatively high temperatures.
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Figure 3: TG-DSC tests on S1_TG1 sample at different heating rates (both mass loss and heat flux). A) 2 °C/min; B) 5 °C/min; C) 10 °C/min.
In contrast, the DSC signals reveal, at all investigated heating rates, a sequence of two consecutive exothermic events starting at about 130 °C. It should be noted that the DSC signal derived from the TG-DSC setup is intrinsically less sensitive than that obtained from standalone DSC measurements; moreover, the use of alumina crucibles introduces higher thermal inertia compared to aluminium crucibles. These results confirm that the sample initially undergoes an exothermic process associated with epoxide ring opening, which is detected by DSC without any corresponding mass loss in TG, and that this primary reaction is capable of triggering a subsequent exothermic event attributable to the decomposition of the remaining solid matrix.
An isothermal TG-DSC test at 45 °C for 24 h (sample ID S1_TG2) showed no detectable mass loss or exothermic heat release, confirming that under ideal isothermal laboratory conditions the epoxy-containing compound is stable for long periods at the nominal drying temperature.
Kinetic modelling and TMR analysis
DSC data for the epoxy-containing compound were fitted using a Power Law model with kinetic constant of the Arrhenius type. Although the reaction proved to be kinetically complex, acceptable fits were obtained, allowing the estimation of apparent activation energies and reaction orders. 
Results are reported in Table 2 for the three different heating rates tested.
Table 2: Kinetic fitting results obtained for the three different heating rates.
	Heating Rate
[°C/min]
	
	
[kJ/mol]
	
	
[°C]
	
[°C]

	2
	20.79
	100.19
	2.03
	83.63
	224.14

	5
	5.06
	43.42
	1.03
	101.79
	248.13

	10
	1.83
	31.18
	0.54
	128.06
	265.17


It can be observed that increasing the heating rate leads to a progressive decrease in both the apparent activation energy and the reaction order. This behaviour is indicative of autocatalytic effects and complex reaction mechanisms. In order to determine the number of reactive phenomena involved, a model-free kinetic analysis (that is, without constraining the data to an Arrhenius law) was also performed. The results reveal essentially two distinct activation energy levels, supporting the evidence of at least two overlapping exothermic processes, as discussed for the TG-DSC tests. 
Results coming from the kinetic free model were successively used to simulate the TMR of the epoxy-containing compound in the temperature range from 35 to 50 °C; such a temperature interval is justified because industrial drying is usually performed at about 45 °C. Table 3 summarises TMR values obtained by the simulations.
Table 3: TMR values obtained using the kinetic free model simulations.
	Temperature [°C]
	TMR [h]
	Temperature after 24 h [°C]

	35
	1284.9
	35.2

	40
	711.9
	40.3

	45
	402
	45.5

	46
	359.4
	46.6

	47
	321.5
	47.7

	50
	213.2
	51

	72.3
	24
	


Referring to Table 3, it is possible to observe that, at 35 °C, TMR exceeds 1280 h, and the predicted temperature after 24 h under adiabatic conditions is only 35.2 °C; at 45 °C, TMR is about 400 h, with a predicted temperature after 24 h of 45.5 °C under adiabatic conditions; TD24, that is the temperature at which the expected time to thermal runaway is 24 h, is 72.3 °C.
These TMR values indicate that, in the absence of additional heat sources, the compound should be thermally stable for several days at 45 °C. However, in a non-static industrial dryer, mechanical friction, local overheating, enhanced heat transfer and the presence of residual moisture can generate hot spots where the epoxide ring opening reaction is locally accelerated. Once initiated, the exothermic epoxide reaction can raise the temperature enough to trigger secondary decomposition, leading to a thermal runaway scenario.
Proposal of a general safety protocol for drying
Based on the present case study, a general methodology for the safe drying of reactive solids can be proposed. All steps can be summarised in the following procedure:
1) Thermal screening.
Perform DSC at multiple heating rates (e.g. 2, 5, 10 °C/min) to identify low-temperature exothermic events and quantify reaction enthalpies.
2) Decomposition discrimination.
Use TG-DSC to distinguish between chemical reactions without mass loss (e.g. functional group reactions) and true decomposition.
3) Kinetic evaluation.
Fit DSC data to suitable kinetic models and calculate TMR as a function of temperature.
4) Definition of safe drying window. 
Select drying temperatures () such that:

(where toll can be equal to, e.g., 20 °C) and ensure that the actual residence time is much shorter than the corresponding TMR.
5) Equipment selection. 
Prefer static or low-shear dryers for highly reactive solids and avoid unnecessary mechanical activation in the presence of moisture.
According to this protocol, drying changed from an empirically defined operation into a quantitatively designed, safety-based process, where thermos-kinetic tests are necessary to properly characterised the system.
Conclusions
The investigated industrial accident demonstrates that epoxide-containing powders may undergo dangerous exothermic reactions during drying, even at moderate temperatures. Thermo-analytical and kinetic evidence shows that the opening of the epoxide ring produces significant heat without mass loss, which can initiate secondary decomposition reactions.
The comparison with the non-epoxidized analogue confirms that the epoxide functional group is the key determinant of the observed thermal instability. Although the compound is nominally stable for many hours at 45 °C, mechanical and thermal heterogeneities in a non-static dryer can locally accelerate the reaction and lead to a thermal runaway.
The combined use of DSC, TG-DSC and kinetic modelling provides a powerful framework for defining safe drying conditions and selecting appropriate dryer configurations. Drying of reactive solids must therefore be regarded as a chemically sensitive operation requiring the same level of safety analysis as any exothermic chemical reaction.
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