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Corticosteroids are widely prescribed to treat inflammatory conditions. Understanding 
their thermal stability is essential to ensure their safety and efficacy during storage, processing, 
and pharmaceutical use. This study investigated the non-isothermal decomposition kinetics 
of prednisone, betamethasone valerate, and hydrocortisone acetate using thermogravimetric 
analysis. Vyazovkin Isoconversional Method was employed to evaluate the activation energy 
profiles, followed by kinetic model fitting to determine the pre-exponential factors. A multilayer 
perceptron neural network was implemented to identify the most suitable reaction mechanisms 
and complete the kinetic triplet for the reaction. Thermal analysis revealed three decomposition 
events for prednisone and betamethasone valerate and two events for hydrocortisone acetate, 
reflecting the influence of structural differences on their stability. The neural network provided 
more accurate predictions than the single kinetic models and indicated that most decomposition 
steps followed the Avrami-Erofeev model. In this context, nucleation and growth are interpreted 
as the stochastic initiation and propagation of reactive nuclei through molecular rearrangements 
and diffusion in the amorphous or liquid phases, rather than crystallization phenomena. Although 
originally developed for isothermal conditions, the Avrami-Erofeev approach has been widely and 
successfully applied to dynamic heating experiments as a phenomenological model for describing 
decomposition kinetics. These results provide unprecedented insights into corticosteroid stability, 
contributing to preformulation, quality control, and pharmaceutical development.

Keywords: corticosteroids, non-isothermal kinetics, Vyazovkin Isoconversional Method, 
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Introduction

Corticosteroids were discovered in the 1940s 
and are used to treat various types of inflammation 
and autoimmune diseases,1-3 such as dermatological, 
ophthalmological, rheumatological, hematological, 
pulmonary and gastrointestinal disorders.1,2 One of their 
main applications is in asthma treatment, administered 
via inhalation, but they can also be used to treat several 
other allergic problems.4

The term corticosteroid is used to describe agents 
with glucocorticoid activity, such as cortisol, a natural 
hormone produced by the adrenal glands, which interferes 

with glucose metabolism.5 Prednisone (Figure 1a), 
betamethasone valerate (Figure 1b) and hydrocortisone 
acetate (Figure 1c) are some widely used synthetic 
examples.6-11

In addition to traditional uses, these drugs have recently 
been applied in the coronavirus disease 2019 (COVID-19) 
pandemic to treat severe cases of this disease, being able to 
reduce mortality and the need for mechanical ventilation 
in hospitalized patients.12-16

Thus, it is important to know the physicochemical 
characterist ics of these active pharmaceutical 
ingredients  (API) to understand their behavior in drug 
products and biopharmaceutical properties and to 
elucidate the variables that affect their stability. In this 
way, several studies have already been carried out to 
identify and quantify, or to study the pharmacokinetics, 
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pharmacodynamics and their use as therapy in the fight 
against various comorbidities.3,5,17-23 Some studies focused 
on evaluating the stability of these corticoids,24-32 but 
few addresses their thermal behavior and decomposition 
kinetics in the solid state.26,33

Consequently, further studies are needed to elucidate the 
stability and and thermal decomposition kinetics of these 
APIs, especially for corticoids commonly applied in drug 
formulations. Thereby, this study aims to investigate the 
stability and kinetics of three widely used corticosteroids: 
prednisone, betamethasone valerate and hydrocortisone 
acetate which, from this point on, will be designated 
respectively as PSONE, BSONE and HSONE. To perform 
this study, samples were analyzed using thermogravimetry 
(TG/DTG/DTA), differential scanning calorimetry 
(DSC), and X-ray diffraction (XRD). The Vyazovkin 
Isoconversional Method was then applied to calculate the 
activation energies (Ea), and kinetic models were used to 
obtain the pre-exponential factor (A) from the experimental 
data of TG curves. Finally, a Multilayer Perceptron Network 
(MLP) was used to elucidate the kinetic mechanisms of the 
thermal decomposition of corticoids.

As temperature is a critical process parameter 
(CPP) within Good Manufacturing Practices (GMP) 
for drug products, knowledge of the thermal properties 
of corticosteroids and the kinetic parameters related 
to thermal stability are very useful for pharmaceutical 
manufacturing.34,35

Experimental

Materials and reagents

The samples API raw material were: prednisone 
97.96% (batch 23B10-B009-101266; tolerance limit 
97-102%) obtained from China, betamethasone valerate 
101.37% (batch 23A17-B024-100267; tolerance limit 
97-103%) obtained from India, and hydrocortisone 
acetate 99.5% (batch 20230207; tolerance limit 97-
103%) obtained from China, all with content within 
the acceptance limit established by the United States 
Pharmacopeia (USP-22).36

Instrumentation

Simultaneous thermogravimetry (TG)/differential 
thermal analysis (DTA) was conducted using a Shimadzu 
DTG-60H instrument in a dynamic N2 atmosphere at a flow 
of 50.0 mL min-1. Experiments were carried out from room 
temperature up to 600.0 °C, with heating rates of 10.0, 15.0, 
and 20.0 °C min-1 for PSONE and BSONE. The HSONE rates 
were 2.0, 6.0, and 10.0 °C min-1. These heating rates were 
selected because they provided three non-overlapping curves 
suitable for kinetic calculations. The samples were accurately 
weighed to approximately 2.5 mg in an open alumina crucible. 
The TG curves were differentiated in the 1st order (DTG) to 
confirm the temperature range of the observed phenomena. A 
differential scanning calorimetry (DSC) 60 plus Shimadzu cell 
was used under a dynamic N2 atmosphere with a flow of 50 mL 
min-1 and heating rate of 10 °C min-1 in the range of 30‑400 °C. 
A closed aluminum crucible and sample mass of 2.0 mg, 
accurately weighed, were used for analysis. The equipment 
was previously calibrated with indium (Tonset = 156.63 °C, 
melting enthalpy (ΔHm) = 28.45 J g-1).

X-ray diffraction (XRD) was performed using an 
Anton Paar XRDynamic 500 diffractometer at 40 KV and 
50 mA, using a NiCu monochromator with a Cu tube, 1D 
detector, and steel 25 mm sample holder without an internal 
standard. The setup conditions were 4-50° 2θ, step size of 
0.02° 2θ, with 15 s of acquisition time, with peak position 
calibrated with LaB6.

Kinetic methods

The investigation was conducted using the obtained TG 
curves (see the “Instrumentation” sub-section). To perform 
the kinetic calculations, the Vyazoykin isoconversional 
method was applied to obtain the activation energies, and 
15 different f(α) models (see Table 1) were used to calculate 
the pre-exponential factor, both Ea and A as a function 
of α (conversion degree). To complete the study, a non-
isothermal MLP neural network was used to investigate 
the mechanisms involved in the thermal decomposition 
of corticosteroids. Calculations were performed using 
MATLAB software37 with custom codes.

Figure 1. Graphical representation of the molecular structures of the corticosteroids: (a) prednisone, (b) betamethasone valerate, and (c) hydrocortisone acetate.
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Vyazovkin Isoconversional Method

The Vyazovkin Isoconversional Method38 was 
employed to determine the activation energy for the thermal 
decomposition of corticoids. The fundamental kinetic 

equation,39 
d

dt
k T f

�
�� � �� � �  can be used to describe the 

rate of thermal decomposition of a solid sample, where 

t 0

f 0

m m
m m

-
α =

-
 is the reaction conversion degree, with m0 

being the initial mass, mf the final mass and mt the mass 
at time t. 

Assuming the Arrhenius equation for the rate constant 
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E

RT

a� � � ��

�
�

�

�
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are the pre-exponential factor, the universal gas constant, 
and activation energy, respectively. Under non-isothermal 

conditions with constant heating rates, 
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dt
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decomposition rate d
dt
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 can be rewritten as 
d
dT
α β 

 
. 

 Therefore, the fundamental kinetic equation for these 
processes is as follows:

( )aEd Aexp f
dT RT

-α  β = × α 
 

	 (1)

where the function f(α) is the reaction mechanism, which 
can be obtained by assuming different kinetic models 
(Table 1). 

Rearranging and integrating equation 1, the following 
expression is obtained:
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Integral of equation 2, I(E,T), does not have an analytical 
solution. Therefore, it can be calculated using some 
approximation functions available in the literature,40,41 or 
obtained numerically (the method used in this work) for 
more accurate results. Assuming that the reaction model 
is independent of the heating rate (β), equation 2 can be 
rearranged as follows (equation 3). 

( ) ( )1 n
1 n

A AI E ,T I E ,Tα α
α α α α= … =

β β
	 (3)

with the subindex n indicating different heating rates. 
According to the Vyazovkin Isoconversional Method, 
the activation energy of the process can be obtained for 
different α values by determining Ea that minimizes  
equation 4. In addition, the pre-exponential factor can 
be calculated for each kinetic model (Table 1) using the 
obtained Ea values. 
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( )
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α α

= ≠
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β
=

β
∑ ∑ 	 (4)

Table 1. The fifteen kinetic models used in the MLP network to model corticoids thermal decomposition kinetics

Kinetic model f(α) g(α)

1 First-order (F1) 1 - α −ln(1 − α)

2 Second-order (F2) (1 – α)2 (1 − α)−1 −1

3 Avrami-Erofeev (Am2) 2(1 − α)[−ln(1 − α)]1/2 [−ln(1 − α)]1/2

4 Avrami-Erofeev (Am3) 3(1 − α)[−ln(1 − α)]2/3 [−ln(1 − α)]1/3

5 Avrami-Erofeev (Am4) 4(1 − α)[−ln(1 − α)]3/4 [−ln(1 − α)]1/4

6 Avrami-Erofeev (Am15) 3/2((1 - α)[ - ln(1 - α)]1/3 [−ln(1 − α)]2/3

7 Avrami-Erofeev (Am25) 5/2((1 - α)[ - ln(1 - α)]3/5 [−ln(1 − α)]2/5

8 Prout-Tompkins (Au) α/1 - α ln(α/(1 - α))

9 Linear contraction (R1) 1 α

10 Contracting area (R2) 2(1 - α)1/2 1 - (1 - α)1/2

11 Contracting volume (R3) 3(1 - α)2/3 1 - (1 - α)1/3

12 1-D Diffusion (D1) 1/(2α) α2

13 2-D Diffusion (D2) - [1/ln(1 - α)] ((1 - α)ln(1 - α)) + α

14 3-D Diffusion-Jander (D3) 3(1 - α)2/3]/[1 - (1 - α)1/3] (1- (1 - α)1/3)2

15 Ginstling- Brounshtein (D4) 3/[2((1 - α)-1/3 - 1)] 1 - (2/3)α - (1 - α)2/3

f(α): reaction mechanism; g(α): reaction mechanism in integral form; α: conversion degree.
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Multilayer Perceptron Network (MLP)

To study the thermal decomposition kinetics of 
corticosteroids, a Multilayer Perceptron (MLP) was 
employed to treat the non-isothermal data obtained through 
TG analysis. Thus, a network comprising three layers 
(input, output, and hidden) was used. The architecture of 
the proposed MLP is shown in Figure 2.

The temperatures at different reaction conversion 
degrees for each heating rate (βi) were provided to the 
neurons in the input layer. At least three neurons are 
necessary according to the International Confederation 
for Thermal Analysis and Calorimetry (ICTAC) protocol.42 
Each neuron corresponds to a distinct heating rate dataset. 
Interconnection weights (W1) between the intermediate 
and input layers can be obtained using an approximation 
function or calculated numerically to maximize precision. 

Neurons in the intermediate layer represent 
specific kinetic models activated by g(α). The matrix 
Bn = g(W1(Tαi)), consisting of m experimental data and 
p kinetic models, is constructed for each heating rate. 
Considering n heating rates, optimization of the following 
multi-objective function, MOF, is required: 

MOF � �� � � �� � ��� �� �W B Y W B Y W B Y2 1 1 2 2 2 2 n n
2 2 2 	 (5)

where W2 is the vector of interconnection weights 
between the intermediate and output layers, and Yn is the 
experimental α(T) data at the heating rate βi. 

Matrices with high conditions indicate an ill‑posed 
problem; therefore, a well-established Tikhonov 
regularization method43,44 was used to solve equation 5. The 
optimization of W2 can be described as the contribution of 
each kinetic model used here, providing a physical meaning 
for a process that cannot be adequately explained by an 
individual model. 

The performance of the MLP architecture was evaluated 
using mean squared errors (MSEs), as shown in equation 6, 
by comparing the individual model results with those of 
the proposed MLP architecture. 

( )2m
exp. j calc. jj 1

1MSE y y
m =

= -∑ 	 (6)

Here, m is the total number of points, yexp.j the 
experimental data and ycalc.i the predicted data. 

Results and Discussion

Thermal behavior 

To evaluate the effects of temperature on corticosteroid 
stability, DSC and TG/DTA curves were obtained at 
10  °C  min-1 (Figure 3). The temperature range of the 
observed phenomena was confirmed by DTG (pink line). 
PSONE melted at Tonset 228.36 °C with an enthalpy of 
101.7  J g-1. BSONE melted at Tonset 185.6 °C with an 
enthalpy change of 57.28 J g-1. HSONE melted at Tonset 
218.75 °C with an enthalpy of 117.17 J g-1. The three 
corticosteroids have high thermal stabilities (> 195 °C).

Before the melting event, the DSC curves of the three 
corticosteroids presented an endothermic phenomenon at 
ca. 100 °C, with a small amount of heat involved (< 1 J g-1) 
and without mass loss (confirmed by TG curves), as shown 
in the enlarged view in Figure 3. The residue separation 
after the phenomenon at ca. 105 °C, with cooling of the 
sample and subsequent thermal and XRD analyses, showed 
that the structures did not change in relation to the source 
material, maintaining the same phenomenon, melting, and 
XRD pattern. Therefore, this endothermic phenomenon 
at ca. 100 °C may be related to the chain rearrangement 
characteristics of the steroid nucleus (a structure common 
to all corticosteroids). The amount of heat involved and 
the results of the XRD investigation confirm that this is 
a rearrangement in the steroid nucleus, where the only 
observation is the change in the number of diffractor centers 
in the concerned plane without mass loss. As expected, the 
only reflection on the diffractogram was a small change 
in the peak intensities owing to a higher or lower number 
of electrons diffracting the electromagnetic radiation. No 
crystalline lattice transition to another lattice was observed, 
the space group remained unaltered, the lattice parameters 
were the same, the peaks still centered at the same angle, 
and the symmetry relationships remained the same. The 
only observed differences were the slight variations in peak 
intensities. This is characteristic of small changes in the 
plane occupation and, therefore, changes in the observed 
peak intensities of the related planes.

Figure 2. MLP neural network architecture to investigate the thermal 
decomposition kinetics of corticoids.
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The thermal properties of test drugs are critical material 
attributes (CMA) that must be considered when defining the 
manufacturing conditions. The temperature reached in a unit 
operation, for example, through heat dissipation, can induce 
phase transitions that compromise the biopharmaceutical 
performance of the product. Therefore, kinetic studies of 
thermal processes provide detailed information about the 
behavior of molecules, as described in this study.

TGA and a × T curves for the corticoids PSONE, BSONE  
and HSONE are shown in Figure 4, as a standard procedure, 

the events were normalized (0 to 1), with 
d  T
dt
α

×  plottings 

on Figure 5. Three events were observed for PSONE and 
BSONE and two for HSONE, in accordance with the DTG 

curves shown in Figure 3. The temperatures and mass 
loss of decomposition for each event were as follows: for 
PSONE, 220-320 °C, Δm 8.9% in the 1st event (PSONE-1); 
320‑387 °C, Δm 21.4% in the 2nd event (PSONE-2); and 
387-500 °C, Δm 46.8% in the 3rd event (PSONE-3); for 
BSONE: 220-289 °C, Δm 7.9% (BSONE-1); 289‑396 °C, 
Δm 47% (BSONE-2); and 396-500 °C, Δm 25.2% 
(BSONE-3); and for HSONE, from 200 to 380 °C, Δm 
54% (HSONE-1) and 380 to 500 °C, Δm 36% (HSONE-2).

Several pharmaceutical ingredients are subject to inter 
and intramolecular interactions, such as hydrogen bonding 
and steric repulsions, which are generally promoted by group 
sizes. Molecules with higher inter- and/or intra-hydrogen 
bonding interactions require high energy for melting, 
lattice movements, defect corrections, and direct melting 
and/or melting immediately followed by decomposition, 
when not directly decomposing. Corticoid molecules have 
a similar basic structure that undergoes such responses to 
heat. However, they exhibit different interaction energies. 

The lattice energy can be correlated with the sublimation 
enthalpy by considering the electronic relaxation energy 
associated with the transition from the crystal to the gas 
phase, as well as the difference in vibrational energies 
between the two phases. This relationship can be reasonably 
approximated, since it is important to note that crystals where 
minimal molecular geometry change occurs between the 
crystal and gas phases, the sublimation enthalpy is a positive 
quantity, with its magnitude at room temperature being 
approximately 5 kJ mol-1 less than that of the lattice energy. 
Conformational polymorphism is prevalent in API because 
of their significant internal flexibility. Any attempt to estimate 
the relative stability of polymorphs must also account for 
the energy differences between the various conformations 
present in the polymorphs.45 

The interaction energies were determined using 
CrystalExplorer Open Computacional Chemistry 
project, by Peter R Spacman, Perth, Australia V25.09 
Model Energies, 2025,45 which are characterized by four 
primary components: electrostatic, polarization, dispersion, 
and exchange-repulsion energies. To achieve precise 
values for the electrostatic, polarization, and repulsion 
energies, monomer wavefunctions at the HF/3‑21G, 
MP2/6-31G(d,p), and B3LYP/6-31G(d,p) levels were used, 
supplemented by Grimme’s D2 dispersion corrections. 
Three energy models originally developed by fitting 
dispersion-corrected density functional theory (DFT) 
energies for numerous pairs of neutral molecules derived 
from organic (and some inorganic) molecular crystals were 
employed. The most effective model from the initial study 
replicated B3LYP-D2/6-31G(d,p) counterpoise-corrected 
energies with a mean absolute deviation (MAD) slightly 

Figure 3. Thermal behaviors of corticosteroid drugs: (a) prednisone 
(PSONE); (b) betamethasone valerate (BSONE); and (c) hydrocortisone 
acetate (HSONE) as determined by differential scanning calorimetry 
(black line), differential thermal analysis (green line), thermogravimetry 
(red line), and derivative thermogravimetry (pink line).
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exceeding 1  kJ  mol-1 while requiring significantly less 
computational time. These models evaluate the interaction 
energy of two molecules within a unit cell.45

Prednisone presented -1178 Eh, betamethasone 
valerate presented -3388 Eh and hydrocortisone acetate 
presented -1331 Eh, where Eh is the energy in Hartree 
units, corresponding to 1 Eh to 27.211 electron-volts (eV) 
or 4.359 × 10–18 joules (J). Therefore, even with a basic 
similar molecular structure, the interaction energies are 
different, inducing exchanges in the interactions under heat. 

For the observed phenomena that have no mass loss in 
the TG curves, the only reasonable explanation, since there 
is no loss or gain in reflection planes under X-ray diffraction 
experiments, is the existence of small movements and 
dislocations in the molecules comprising the asymmetric 

unit. Small enough to have the energies observed in the heat 
experiment, which leads to few angle exchanges in certain 
planes and results in an increase or decrease in the diffractor 
centers on that plane, generating only intensity changes on 
the already observed reflections on the diffractograms, as 
expected by the presence of a higher or lower number of 
electrons on the considered plane. These movements did not 
characterize polymorph interconversions, as the geometric 
descriptions were still the same for the same special group, 
with symmetric relationships all over the diffractor centers 
and point symmetry. 

X-ray diffraction also confirmed the pure samples 
of all corticosteroids used in the present study: PSONE, 
BSONE, and HSONE, as can be visualized in the XRD 
diffractograms (Figure 6). The experimental patterns 

Figure 4. TGA experimental data and normalized conversion degree α in function of temperature. (a,b) prednisone (PSONE); (c,d) betamethasone valerate 
(BSONE); and (e,f) hydrocortisone acetate (HSONE).

Figure 5. Calculated Td
dt
α

×  for the corticosteroids (a) prednisone (PSONE); (b) betamethasone valerate (BSONE); and (c) hydrocortisone acetate (HSONE). 
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indicate pure starting materials with no contribution from 
any crystalline phase of order for all the corticoid samples.

Activation energies and pre-exponential factors

The thermal decomposition curves indicated that 
the processes occurred through more than one event, 
that is, a multi-step mechanism; therefore, they were 
separated and studied independently. For each process, the 
activation energy (Ea) was calculated using the Vyazovkin 
Isoconversional Method, and the values obtained are 

displayed in Figure 7. In addition, the pre-exponential 
factors were calculated for each kinetic model, as listed 
in Table 1. The obtained Ea and logA values are listed in 
Table 2, where the pre-exponential factors are displayed for 
the main kinetic model, as evidenced by the MLP. 

The onset temperature of thermal decomposition occurs 
at 197 °C for BSONE, 228 °C for PSONE, and 257 °C for 
HSONE. Although the order of the initial decomposition 
temperature is BSONE < PSONE < HSONE, the average 
activation energy of the first event does not follow this 
same trend.

The onset temperature values are used to compare 
the relative thermal stability of the corticosteroids, 
as is commonly done in thermal analysis. However, 
it is important to note that the onset temperature of a 
decomposition process cannot be inferred solely from the 
activation energy, it is obtained through an analysis of the 
kinetic triplet: Ea, A, and reaction mechanism, f(α). 

The activation energy is expressed as a function of 
conversion, Ea(α), allowing the identification of possible 
changes in the reaction mechanism throughout the thermal 
decomposition. We can note that in all events analyzed, A 
has the same behavior of Ea, which states these parameters 
follow the kinetic compensation effect.

The dependence of the kinetic triplet to explain the 
onset temperature can be performed by considering 
equation 1, which rearranged, can be obtained: 

( )
aEd exp

Af dT RT
-β α  =  α  

  and, 

( )

aE
T

dR log
Af dT

= -
 β α
  α 

	 (7)

A lower onset temperature does not necessarily imply a 
lower activation energy (or average Ea value). A higher onset 

Figure 6. Rietveld-fitted patterns for prednisone (PSONE); betamethasone 
valerate (BSONE); and hydrocortisone acetate (HSONE).

Table 2. Calculated Ea and logA for the thermal decomposition of corticosteroids

α 
PSONE-1 PSONE-2 PSONE-3 BSONE-1 BSONE-2 BSONE-3 HSONE-1 HSONE-2
Ea / 

(kJ mol-1)
logA

Ea / 
(kJ mol-1)

logA
Ea / 

(kJ mol-1)
logA

Ea / 
(kJ mol-1)

logA
Ea / 

(kJ mol-1)
logA

Ea / 
(kJ mol-1)

logA
Ea / 

(kJ mol-1)
logA

Ea / 
(kJ mol-1)

logA

0.1 70.6 10.4 84.1 12.7 182.3 28.1 68.9 10.8 142.6 24.8 176.3 26.6 368.9 76.1 95.6 9.6
0.2 63.4 8.7 86.0 12.7 164.8 24.3 74.6 12.2 126.7 21.0 185.2 27.8 385.3 77.0 112.5 12.6
0.3 59.6 7.9 86.4 12.5 168.6 24.6 84.1 14.5 113.1 17.9 193.8 29.1 209 37.3 127.4 15.2
0.4 56.2 7.1 87.9 12.7 166.9 24 87.6 15.3 105.5 16.1 195.2 29.1 163.6 27.1 142.8 17.8
0.5 54.2 6.6 87.5 12.4 165.5 23.5 89.9 15.9 101.6 15.2 196.3 29.1 149.1 23.6 158.1 20.4
0.6 54.2 6.6 88.0 12.4 167.8 23.7 91.5 16.2 102.7 15.2 194.5 28.6 131.2 19.7 171.5 22.7
0.7 53.7 6.5 86.2 11.9 170.6 24.0 91.9 16.3 104.9 15.5 197.3 28.8 113 15.7 184.4 24.8
0.8 54.2 6.6 89.6 12.5 179.4 25.2 87.3 15.2 104.2 15.2 200.2 29.1 91.6 11.2 191.2 25.8
0.9 54.1 6.7 100.7 14.5 201.5 28.7 83.8 14.4 109.4 15.9 220.2 32.2 74.7 7.7 196.6 26.4

α  :reaction conversion degree; Ea: activation energy; A: pre-exponential factor (in s-1); PSONE-1: prednisone event 1; PSONE-2: prednisone event 2; 
PSONE-3: prednisone event 3; BSONE-1: betamethasone valerate event 1; BSONE-2: betamethasone valerate event 2; BSONE-3: betamethasone valerate 
event 3; HSONE-1: hydrocortisone acetate event 1; HSONE-2: hydrocortisone acetate event 2.
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temperature can be obtained even if Ea (or average Ea) is 
lower, as long as A, f(α) or a combination of these parameters 
compensates the Ea value. The initial temperatures of the 
decomposition process were calculated for the first event to 
the three corticoids considering α = 10%, activation energy at 
this conversion degree, frequency factor and only one kinetic 
model (the model that showed the greatest contribution from 
the neural network). The frequency factor was determined 
from equations 2 and 3 considering this same kinetic model. 
The calculated temperature presented a residual error of 
2.6% for BSONE, 3.3% for PSONE and 7.9% for HSONE 
validating the determined kinetic triplet and highlighting 
the process must be described as a combination of kinetic 
models, once the adjustment of the MLP (considering this 
combination of kinetic models) presented much smaller 
residual error, with the same Ea and A.

From the calculated data, it can be seen that prednisone 
first event (PSONE-1) presented a decrease in Ea and A until 

α = 0.4, followed by a stabilization of these kinetic parameters 
for the rest of the event. The maximum Ea obtained was 
70.6 kJ mol‑1, and the minimum was 53.7 kJ mol-1, with 
an average value of 57.8 kJ mol-1. Prednisone second event 
(PSONE-2) exhibited a slight growth trend, with a maximum 
Ea of 100.7 kJ mol-1, a minimum of 84.1 kJ mol-1, and an 
average value of 88.5 kJ mol-1. Comparing the Ea result for 
the 2nd event with the results of Ledeti et al.,33 the average 
Ea calculated here (88.5 kJ  mol‑1) is close to that obtained 
by the integral isoconversional methods used in that study. 
However, these values deviate significantly when compared 
to the Friedman differential technique46-48 calculated in that 
work, which could indicate undervalued values for the latter, 
since the Vyazovkin Isoconversional Method holds high 
accuracy when performed with numerical integration.42,49,50 
For prednisone third event (PSONE-3), we first have a 
decrease in Ea, then an increasing behavior after α = 0.5. 
The maximum, minimum, and average Ea were 201.5, 164.8, 
and 174.2 kJ mol-1, respectively. The pre-exponential factor 
exhibited the same trend as the activation energy for this step. 
These results suggest that during the thermal decomposition 
process, PSONE yields a stable conformational intermediate, 
as more energy is required to complete the decomposition. 
For example, in the first event, there was a mass loss of 
8.9%, which corresponds to 31.9 g mol-1. This result can be 
attributed to the -CH2OH group as the initial leaving group. 
This suggestion is corroborated by the average Ea determined 
as about 50 kJ mol-1 and total (sum) of 520 kJ mol-1 for 
the first step, which is consistent with the breaking of one 
carbon-carbon bond (ca. 350 kJ mol-1) with some energy 
required to break intermolecular interactions. Thus, one 
can suggest, from the combination of these results, that 
the thermal decomposition process must start with the 
-CH2OH group leaving the corticosteroid nucleus. After 
this group leaves the molecule, the residual corticosteroid 
nucleus can possibly rearrange with more effective 
intermolecular and/or intramolecular interactions, yielding 
a more stable intermediate. This discussion is a suggestion 
to be evaluated, as it is necessary to perform XRD analysis 
of the intermediates. These analyses will be performed in 
future studies. 

Betamethasone first event (BSONE-1) exhibited 
crescent Ea values, with a small decrease after α = 70%. 
The maximum, minimum, and average activation energies 
were 91.9, 68.9, and 84.4  kJ  mol-1, respectively. For 
betamethasone second event (BSONE-2), Ea maximum 
was 142.6 kJ mol-1, minimum of 101.6, and 112.3 kJ mol‑1 
for the average. Betamethasone third event (BSONE-3) 
displayed Ea values of 220.2 kJ mol-1 for the maximum value, 
176.3, and 195.4 kJ mol-1 as the maximum, minimum, and 
average values, respectively. For all the BSONE events, the 

Figure 7. Activation energy along the thermal decomposition process 
for (a) prednisone (PSONE); (b) betamethasone valerate (BSONE); and 
(c) hydrocortisone acetate (HSONE).
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pre-exponential factors displayed the same tendency as the 
activation energies, i.e., following the kinetic compensation 
effect. Similar to PSONE, the average Ea increased from 
the previous to the next step of thermal decomposition, 
indicating the formation of more stable species along the 
thermal decomposition process. For BSONE, the activation 
energy also increased along the decomposition process, 
suggesting the stabilization of intermediates by inter- or 
intramolecular interactions. The first BSONE event shows 
a mass loss of approximately 9%, which is consistent with 
a mass loss of approximately ca. 43 g mol-1. In this case, 
the suggested groups leaving are -CH2OH and -CH3. 
The average and total (sum) Ea values for this first event 
corroborate this suggestion, as it is approximately 84 
and 760 kJ mol-1 respectively, which corresponds to two 
carbon-carbon bond breaking and some energy required 
for weakening intermolecular interactions. Similar to the 
PSONE, this discussion is also a suggestion for evaluation. 
A complete analysis will be performed in future studies. 

Hydrocortisone acetate first event (HSONE-1) 
maximum, minimum, and average calculated activation 
energies were respectively: 385.3, 74.7 and 187.4 kJ mol‑1, 
respectively. The hydrocortisone acetate second event 
(HSONE-2) activation energies increased, with a 
small decrease after α = 80%.  was 196.6, of 95.6, and 
153.3  kJ  mol-1 for for the average. The pre-exponential 
factor exhibited a behavior similar to that of Ea in both 
HSONE events. Unlike the other corticoids investigated, 
the average Ea decreased when the next step was reached; 
therefore, we can conclude that the decomposition 
products are less stable than hydrocortisone acetate. The 
average activation energy for the initial 30% of HSONE 
thermal decomposition was superior to 200 kJ mol-1, with 
total of 1686  kJ  mol-1 for the first event, the mass loss 
was approximately 54% or 218.4 g mol-1. This combined 
analysis suggests that the HSONE molecule possibly 
decomposes with the breaking of many structural bonds. By 
comparing the molecular structures of these corticoids, one 

can suggest that the thermal decomposition of PSONE and 
BSONE starts with the smaller leaving groups, -CH2OH 
and -CH3 (BSONE only). In contrast, this process is 
not the same for HSONE, which presents an expressive 
mass loss for the first event. The processes started with a 
higher activation energy and decreased along the process, 
indicating that the decomposition intermediates were not 
stabilized by inter- or intramolecular interactions.    

Kinetic mechanisms of corticosteroids thermal decomposition

The thermal decomposition mechanisms obtained using 
the MLP network are illustrated in Figure 8. For PSONE-1, 
PSONE-2, HSONE-1, HSONE-2, and BSONE-2, Am2 
(Avrami-Erofeev order n = 2) was the main reaction model, 
whereas Am25 (Avrami-Erofeev order n = 2.5) was the 
principal model for the other reactions. Other differences 
were observed in the model distribution of drug thermal 
decomposition. Nevertheless, all events resulted in a 
combination of Avrami-Erofeev models51-54 for all corticoid 
events, as shown in Figure 8. This is evidence that the 
nucleation and growth (with diffusion) mechanisms are 
the limiting steps for the reactions to proceed.

The Avrami-Erofeev kinetic equation, which originally 
describes the formation of a new phase along the thermal 
decomposition process, can also be applied in a broader 
interpretation, for example, to model stochastic initiation 
of active reaction sites inside the material. The subsequent 
growth process of the nuclei represents the propagation 
of these reaction fronts through diffusion and molecular 
rearrangements in the liquid or amorphous phase.55,56

Therefore, when the kinetic analysis indicates an Avrami-
Erofeev-type mechanism, it suggests that the limiting step 
of decomposition is associated with the initiation and spatial 
propagation of reactive centers rather than crystallization 
phenomena. This broader interpretation of nucleation 
and growth has been widely adopted in the thermal 
decomposition studies of amorphous or liquid systems.

Figure 8. Normalized contribution of kinetic models in the MLP result to describe corticosteroid thermal decomposition events, with EV1 as Event 1, 
EV2 as event 2 and EV3 as event 3.
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The Avrami-Erofeev model was originally formulated 
for isothermal transformations. Nevertheless, its use under 
non-isothermal conditions has been widely reported in 
thermal decomposition studies, particularly for organic 
and pharmaceutical compounds, where it often provides a 
satisfactory description of the experimental data.

For example, the Avrami-Erofeev function has been 
successfully applied to the nonisothermal decomposition 
of amitriptyline,57 biomass,58 and pyrolysis of phosphate 
tailings,59 among other systems, all studied under linear 
heating programs. In these cases, the model served not as 
a rigorous isothermal derivation but as a phenomenological 
function capable of capturing nucleation-and-growth-type 
kinetics even in the absence of crystalline nuclei.

We fully acknowledge the theoretical limitations 
associated with applying Avrami’s equation outside 
isothermal conditions, as emphasized in the literature.60 
However, under well-controlled heating rates, this approach 
has been considered a reasonable approximation to describe 
the overall kinetics of thermal decomposition, and our use of 
the model was based on its ability to best fit the experimental 
data compared with alternative mechanistic functions.

From Figure 9, we can observe that the proposed MLP 
showed a good fit with the conversion curves calculated 
from the experimental data for the PSONE events. This was 

confirmed by the network error compared to the conversion 
values from the TG data, which was below 10-11 for the three 
steps, indicating the quality of the MLP in reproducing the 
experimental curves, together with the validation of the 
calculated activation energy and frequency factor.

The applied MLP was also able to successfully describe 
the BSONE thermal decomposition events, as shown 
in Figure 10, where the circles (obtained by the MLP 
mechanism and activation energy and frequency factor 
determined) were adequately adjusted to the conversion 
curves of experimental data. 

Similar to the PSONE events, the calculated errors 
between the network and experimental data were below 
10-11 for the BSONE processes, corroborating the high-
quality of the proposed MLP.

Finally, the MLP was adequate for modeling the 
HSONE thermal degradation steps, as shown in Figure 11, 
where the circles indicate the values obtained by the 
network and the curves are the calculated conversions 
from the experimental data. The calculated error of the 
MLP compared to the experimental values was below 10-7 
for the two thermal decomposition events. This confirms 
the quality of the MLP applied to corticosteroids and 
also validates the activation energy and frequency factor 
determined for all studied corticoids. 

Figure 9. MLP values (in circles) plotted above the conversion curves for (a) PSONE-1, (b) PSONE-2, and (c) PSONE-3. P-EV for PSONE (prednisone) 
events 1, 2 or 3.

Figure 10. MLP values (in circles) plotted above the conversion curves for (a) BSONE-1, (b) BSONE-2, and (c) BSONE-3. BSONE (betamethasone 
valerate) events 1, 2 or 3.
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Conclusions

In this study, we successfully investigated the thermal 
behavior, including the decomposition kinetics, of three widely 
prescribed corticosteroids, PSONE, BSONE, and HSONE, 
using a non-isothermal approach. Thermogravimetric analyses 
revealed multi-step decomposition mechanisms: three distinct 
events for PSONE and BSONE and two for HSONE.

The Ea and A varied throughout the conversion process, 
indicating complex and temperature-dependent degradation 
pathways during the conversion process. Notably, PSONE 
and BSONE displayed an increase in Ea in the later 
decomposition steps, suggesting the formation of more stable 
intermediates, whereas HSONE exhibited the opposite trend.

The MLP neural network was effective in modelling 
the thermal decomposition behavior of all corticosteroids. 
It outperformed the individual kinetic models in fitting 
the experimental data and revealed that the thermal 
decomposition mechanisms predominantly followed the 
Avrami-Erofeev models, indicating nucleation and growth 
processes.

Overall, this study highlights the relevance of kinetic 
modelling in understanding API stability and demonstrates the 
potential of neural networks as powerful tools for kinetic analysis.
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