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Abstract: The research focused on the thermal decomposition characteristics and the kinetic 
and thermodynamic parameters of hexane extracts from Coccoloba uvifera leaf (CU), Byrsonima 
crassifolia bark (BYR), and Bursera copallifera resin (BUR). Additionally, it explored the relation-
ship between these thermal properties and radical-scavenging activity (RSA). The preexponential 
factor (A), activation energy (Ea), enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) were 
obtained via the Coats–Redfern method. The CU extract showed higher RSA than the BYR and 
BUR extracts. In thermal analysis, the BYR and BUR extracts had two mass-loss events, whereas 
the CU extract had three. BUR had the lowest Ea, A, ΔH, and ΔS values, coinciding with its low 
RSA. Meanwhile, in CU, these parameters had the highest values. The thermal decomposition of 
the extracts was an endothermic process. Variations in the thermal profile were associated with 
composition and RSA.
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1. Introduction

Bioactive compounds from medicinal plants serve as a 
valuable source of therapeutic drugs globally. Numerous 
studies reveal that various native Mexican plants, includ-
ing the leaves of Coccoloba uvifera (Ramos-Hernández 
et  al., 2018), the bark of Byrsonima crassifolia, and the 
resin of Bursera copallifera (Hernández-Vázquez et  al., 
2010), contain high biological value compounds (HBVC) 
that exhibit a broad spectrum of biological activities. 

Specifically, the leaves of C. uvifera L., commonly 
known as sea grape, contain various pentacyclic triter-
penes, including royleanone, lupeol, α-amyrin, β-amyrin, 
and β-sitosterol. Additionally, flavonoids present in the 
leaves include myricetin 3-O-rhamnoside, quercetin 
3-O-rhamnoside, and quercetin 3-O-arabinoside (Abu El 
Wafa et al., 2023). Meanwhile, B. copallifera, known as co-
pal, is an oleoresin derived from the cut bark of specific 
plants. This resin is a complex mixture that includes var-
ious monoterpenoids, sesquiterpenoids, diterpenoids, 
and triterpenoids. The most prevalent components of co-
pal are the pentacyclic triterpenes α-amyrin and β-amyrin 
(Hernández-Vázquez et al., 2010). 

For its part, the bark of B. crassifolia has been found to 
contain triterpenes such as betulin, betulinic acid, and lu-
peol, as well as flavonoids including catechin, epicatechin, 
guiaverin, quercetin, and its 3-O-β-d-glucopyranoside 
(Herrera-Ruiz et  al., 2011). Pentacyclic triterpenes are 
particularly important for their promising antimutagenic, 
antiproliferative, antioxidant, and other biological activ-
ities (Ramos-Hernández et  al., 2023). These compounds 
possess antioxidant properties that can be used as food 
additives to prevent food degradation caused by free 
radicals, which may lead to various human diseases and 
health issues.

Due to their complex composition, extracts necessi-
tate analytical methods and strategies to ensure their 
quality and integrity (da Silva-Júnior et  al., 2017; Guim-
arães et  al., 2018). Thermogravimetric analysis (TGA) is 
well-known for its high sensitivity, reliability, and rapid 
response to mass changes. It reveals information about 
the decomposition and volatile loss of raw materials, dry 
extracts, and plant medications in relation to tempera-
ture. Besides, this analysis offers insights into sample 
composition, thermal stability, compatibility, and poten-
tial interactions between the extracts and excipients or 
wall materials (da Silva Leite et al., 2018; Guimarães et al., 
2018; Malucelli et al., 2018). TGA enables the assessment 
of the thermal stability of extracts, allowing for the selec-
tion of polymeric materials that exhibit enhanced thermal 

stability to produce micro- or nanoparticles ideally suit-
ed for high-temperature processes in pharmaceutical or 
food applications. 

However, understanding the thermal decomposition 
profile, kinetics (including activation energy and fre-
quency factor), and thermodynamic parameters (such 
as enthalpy change, variations in Gibbs free energy, and 
changes in entropy) is also essential for assessing the in-
dustrial applicability of extracts (Cuinica & Macêdo, 2018; 
Parida & Biswal, 2020). In that sense, TGA has well-defined 
the thermal stability of extracts from Cissampelos sym-
podialis (da Silva Leite et al., 2018), Dicksonia sellowiana 
(Malucelli et  al., 2018), Poincianella pyramidalis (Guim-
arães et al., 2018), and Protium oleoresin (da Silva-Júnior 
et al., 2017). 

To the best of our knowledge, no literature provides 
information on the kinetic and thermodynamic parame-
ters or the antioxidant capacity of extracts from C. uvifera 
leaves, B. crassifolia bark, and B. copallifera resin. As a 
result, this study focused on generating decomposition 
profiles and analyzing kinetic and thermodynamic pa-
rameters through TGA curves. It also illustrated their 
connection to antioxidant activity, which serves as an 
indicator of the extract composition. 

2. Materials and methods

2.1 Vegetal material and chemical substances 
Potassium persulfate, 2,2′–azinobis–(3–ethylben-zothia- 
zoline-6-sulfonic acid) (ABTS+), 1,1–diphenyl–2–picryl- 
hydrazyl (DPPH+), and 6–hydroxy–2,5,7,8–tetramethyl-
chroman–2–carboxylic acid (Trolox) were acquired from 
Sigma Chemical Co. (St. Louis, MO, USA). n-Hexane (65% 
purity) was purchased from Jalmek (Nuevo León, Méx-
ico). C. uvifera leaves were collected from the coast of 
Tecolutla, Veracruz, Mexico (20° 23′17″ N 97° 01′31″ W). B. 
crassifolia bark and B. copallifera resin were sourced from 
a Tepic, Nayarit, Mexico, market. 

The sea grape leaves, nance bark, and copal resin were 
dried in a convective oven (Novatech, HS60-AID, Jalisco, 
Mexico) at 60 °C for 24 h. Subsequently, the plant materials 
were ground, sifted through a 150 μm sieve, homoge-
nized, and stored at room temperature until required. 

2.2 Ultrasound-assisted extraction of extracts
The plant material was combined with hexane at a 1:10 
ratio. The sample was carefully placed in an ultrasonic 
bath (Digital Ultrasonic Cleaner, CD-4820, CHN) at 42 kHz 
for 30 min. Subsequently, the sample was filtered (What-
man No. 1), and the solvent was evaporated (RV 10 basic 
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S1, IKA, Staufen, DEU). The concentrated extracts of C. 
uvifera leaf (CU), B. crassifolia bark (BYR), and B. copallif-
era (BUR) resin were stored at room temperature until use 
(Ramos-Hernández et al., 2023).

2.3 ABTS+ radical scavenging activity
The determination of ABTS+ radical scavenging activity 
(RSA) was performed using the procedures described by 
Re et al. (1999), with modifications. The ABTS+ stock solu-
tion was prepared to achieve a final concentration of 7 mM 
ABTS+ using 2.45 mM potassium persulfate. This mixture 
was stored in complete darkness at room temperature 
and agitated for 16 h before use. The ABTS solution was 
diluted with distilled water until an absorbance of 0.70 ± 
0.02 at 734 nm using a Cary 50 Bio UV‒Visible spectro-
photometer (Varian, AUS). Next, 50 µL of extract solution 
(0.5–6 mg/mL) was combined with 950 µL of the ABTS+ 
radical solution. The resulting mixture was vortexed for 10 
s. After waiting for 7 min, the absorbance of the reaction 
was measured at 734 nm. The ABTS+ radical scavenging 
activity was then calculated according to Eq. 1.

(1)

Acontrol: absorbance of the diluted ABTS+ solution; ASample: 
absorbance of the diluted ABTS+ solution containing the 
sample.

2.4 DPPH+ radical scavenging activity
DPPH+ radical scavenging activity was determined fol-
lowing the method of Shimada et  al. (1992), with some 
modifications. Solutions of extracts (0.5–6 mg/mL) or 
95% ethanol (as a control) were combined with 0.1 mM 
DPPH+ in 95% ethanol (1:1, v/v), vortexed for 10 s, and 
then incubated in the dark at room temperature for 30 
min. Absorbance was measured at 517 nm using a Cary 
50 Bio UV‒Visible spectrophotometer (Varian, Mulgrave, 
AUS). The radical-scavenging activity was calculated us-
ing Equation 2.

(2)

where AControl is the absorbance of the control, and ASam-

ple: is the absorbance of the sample and DPPH+ solution.

2.5 Thermogravimetric analysis, kinetics, 
and thermodynamic parameters
Thermogravimetric analysis (TGA) was performed with 
the TGA 550 equipment (TA Instruments, New Castle, 

USA). Samples weighing 5 to 10 mg were heated from 25 
to 450 °C at 10 °C/min in a nitrogen atmosphere at a flow 
rate of 40 mL/min. The analysis of the thermogravimet-
ric (TG) and derivative thermogravimetric (DTG) curves 
was carried out using TRIOS v5.1.1.46572 software. The 
initial decomposition temperature (Ti), final decomposi-
tion temperature (Tf), peak temperature (Tp), and mass 
change (Dm) were then determined. Subsequently, the TG 
curve for each extract was analyzed to determine the ki-
netics and thermodynamic parameters using a modified 
version of the Coats–Redfern method, as described by 
Calderón-Santoyo et al. (2025) and Farrukh et al. (2019), 
with Eq. (3). 

β
(3)

where A represents the preexponential factor (s-1), β de-
notes the heating rate (10 °C/min), R is the universal gas 
constant (8.3143 J/mol•K), Ea refers to activation energy 
(KJ/mol), T indicates temperature (K), and X refers to the 
extent of conversion, calculated using Eq. (4).

X = (Wi - Wt)/ (Wi - Wf) (4)

where Wi is the initial weight of the sample, Wt represents 
the sample weight at time t, and Wf denotes the final 
sample weight. The relationship between ln[−ln(1−x)] and 
1000/T was used to determine the kinetic parameters (A 
and Ea).

Additionally, the thermodynamic parameters, such 
as ΔH (total enthalpy change, kJ/mol), ΔS (total entropy 
change, kJ/mol•K), and ΔG (free Gibbs energy, kJ/mol), for 
each decomposition step of the extract were calculated 
using Equations 5–7.

ΔH = Ea - RT (5)

A = (kT/h) exp(ΔS/R) (6)

where k = the Boltzmann constant and h = Planck’s 
constant.

ΔG = ΔH - TΔS (7)

2.6 Statistical analysis
Data analysis (n=3) for ABTS+ and DPPH+ radical scaveng-
ing activity utilized one-way analysis of variance (ANOVA) 
and an LSD mean comparison test (P <0.05) using Statisti-
ca v.12.0 (StatSoft, Inc., Tulsa, OK, USA). The figures were 
generated with SigmaPlot v. 12.0 (Systat Software Inc.).
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3. Results and discussion

3.1 Antioxidant activity of extracts
Antioxidants protect against damage caused by free 
radicals and reactive oxygen species. Consequently, 
sourcing antioxidants from plant parts, such as leaves, 
stems, roots, or resins, has become a vital area of sci-
entific research. The extract of C. uvifera demonstrated 
the highest antioxidant capacity (P<0.05), followed by the 
bark of B. crassifolia and the resin of B. copallifera (Fig. 
1). The ABTS+ radical scavenging activity of the C. uvif-
era extract (11.03-79.24%) was roughly double that of the 
B. crassifolia bark (6.21-16.78%) and B. copallifera resin 
(6.63-13.96%) extracts at the same concentrations tested 
(Fig. 1A). In the DPPH+ radical scavenging activity test, 
C. uvifera leaf extract also showed a higher RSA (2.89-
23.12%) compared to the extracts of B. crassifolia bark 
(3.46-12.09%) and B. copallifera resin (0.60-9.88%) (Fig. 
1B). Interestingly, all evaluated extracts exhibited the 
highest RSA when using the ABTS method. This trend was 
similarly observed in the extracts and hexane fractions of 
Macaranga hypoleuca leaves (Minarti et al., 2024) and C. 
uvifera leaves (Ramos-Hernández et al. 2023).

The ABTS assay is widely used to evaluate hydrophilic 
and lipophilic antioxidants. Conversely, the DPPH assay 
utilizes a radical dissolved in organic solvents, targeting 
hydrophobic compounds (Floegel et  al., 2011). The high 
RSA of the extracts in the ABTS method could be attribut-
ed to the sample’s reactivity with the radical. The reaction 
between DPPH+ and most antioxidants proceeds more 
slowly than the reaction with ABTS+. The structural con-
formation of antioxidants is a key factor in determining 

their interaction with DPPH+. Some compounds can react 
rapidly with DPPH+, thereby reducing DPPH+ molecules 
relative to the available hydroxyl groups. Additionally, 
samples may contain components that overlap with the 
spectrum of DPPH+, which can affect the accuracy of 
spectrophotometric measurements (Martysiak-Żurows-
ka, 2012). 

Ramos-Hernández et  al. (2018), Ramos-Hernán-
dezet al. (2021) identified organic acids (piscidic, eucomic, 
ferulic, caffeic, and quinic acid), benzyl-O-galloyl glucose, 
myricetin-3-O-hexoside, acacetin, digalloyl-glucose, 
N-caffeoyl agmatine, 1,8,10-trihydroxy-9-anthrone, β-sit-
osterol, α-amyrin, and β-amyrin in the hexane extract of 
C. uvifera leaves. On the other hand, Hernández-Vázquez 
et  al. (2010) identified α-amyrin, 3-epi-lupeol, and 
β-amyrin in extracts of B. copallifera resin and B. crassi-
folia bark. Then, the high antioxidant activity of C. uvifera 
may relate to the broader range of compounds in this 
extract. de Melo et al. (2020) allied the potent antioxidant 
properties of Coccoloba alnifolia leaf extract to phenolic 
compounds that are associated with sugar molecules, 
including flavonoid glycosides, condensed tannins, and 
glycoside triterpenes. 

These results highlight the potential of using C. uv-
ifera leaves to obtain various bioactive compounds for 
therapeutic applications or to improve the antioxidant 
capacity of nanoparticles (Ramos-Hernández et al. 2023). 
Conversely, future studies should focus on fractionating 
extracts from B. crassifolia bark and B. copallifera resin 
to eliminate inactive and inert phytocompounds, thereby 
increasing the concentration of active components and 
enhancing their antioxidant properties.

Figure 1. Radical scavenging activity of extracts from different plant materials. a-cDifferent letters 
indicate significant differences between extracts at each concentration evaluated (P<0.05).
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3.2 Thermal decomposition profile  
of hexane extracts
TG and DTG curves showed that B. crassifolia bark and 
B. copallifera extracts underwent two distinct mass loss 
events. In contrast, the extract from C. uvifera leaves ex-
hibited three mass loss events (Fig. 2). The variations in 
thermal profiles of the extracts were attributed to the 
plant material and their composition. Typically, the three 
extracts exhibited an initial mass loss below 200 °C, with 
a fluctuation of 6–14% (Table 1). This loss was related to 
dehydration and the release of volatile compounds from 
the sample (Zhang & Zhu, 2024), with C. uvifera leaf ex-
tract containing less water than B. crassifolia bark and B. 
copallifera extracts.

The second mass loss occurred below ~305 °C for B. 
crassifolia bark and B. copallifera extracts. It was associat-
ed with the decomposition phase of extract components 
(Table 1). The primary components of these extracts 
have been identified as pentacyclic triterpenes, such as 
α-amyrin and β-amyrin (Hernández-Vázquez et al., 2010). 

Then, observed mass loss may be associated with 
the decomposition of these components. This behav-
ior was consistent with the thermal decomposition of 

α,β-amyrenone mixture derived from the oxidation of 
α,β-amyrin extracted from Protium Amazonian oleoresins 
(Ferreira et  al., 2017), as well as the mixture α,β-amyrin 
obtained from Protium heptaphyllum (da Silva-Júnior 
et  al., 2017). For the B. crassifolia bark extracts (Fig. 2B) 
and Bursera copallifera (Fig. 2A), this second event led 
to significant mass losses of 85% and 91%, respective-
ly, leaving residuals of 0.6%, which indicates complete 
decomposition of the extracts, confirming that these tri-
terpene compounds are the majority in the extract. 

In contrast, in the extract from C. uvifera leaves (Fig. 
2C), the second thermal event occurred within the 237.18 
to 280.57 °C range. This event resulted in a mass loss of 
48.68% (Table 1), which could be associated with the ther-
mal decomposition of carbohydrates such as cellulose, 
hemicellulose, or lignin, which are possibly residual by-
products from the extraction (Cano-Gonzalez et al., 2024; 
da Costa et al., 2013; da Silva Leite et al., 2018). Also, the 
decomposition of triterpenes mentioned above and other 
glucoside compounds such as benzyl-O-galloyl glucose, 
myricetin-3-O-hexoside, acacetin, and digalloyl-glucose 
(Ramos-Hernández et al., 2018; Ramos-Hernández et al., 
2021). 

Figure 2. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of hexane extracts from different 
plant materials: Bursera copallifera resin (A), Byrsonima crassifolia bark (B) and Coccoloba uvifera leaf (C).
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During the pyrolysis of glycosylated compounds, 
various reactions typically yield distinct thermal de-
composition intermediates. The initial decomposition 
reaction occurs at temperatures below 300 °C, driven by 
cleavage of the O-glycosidic bond upon heating (Wu et al., 
2024). Overall, this stage showed the greatest mass loss 
across all three extracts, consistent with the DTG curves 
(Fig. 2). This suggests that it is the most active phase, 
resulting in the greatest release of volatiles (devolatiliza-
tion) (Garba et al., 2023). 

A third event occurred between 299.6 and 358.73 °C 
for the C. uvifera leaf extract, resulting in a 28.8% mass 
loss. This was related to the decomposition of other com-
pounds in the extract, as well as the initial formation of ash 
(Cano-Gonzalez et al., 2024; da Costa et al., 2013; da Silva 
Leite et  al., 2018; Huang et  al., 2022). In that sense, this 
stage may be associated with the onset of the decomposi-
tion of lupeol, another pentacyclic triterpene found in this 
extract, since its decomposition temperature has been re-
ported to range from 303 to 534 °C. (Macêdo et al., 1999). 

In addition, the decomposition of additional non-tri-
terpene components that were identified in the extract 
by Ramos-Hernández et  al. (2021) For instance, ferulic 
acid decomposes into 2-methoxy-4-vinylphenol at 300 
°C (Cheng et al., 2014), while caffeic acid initiates thermal 
decomposition at ~294 °C (Liudvinaviciute et  al., 2019) 
and quinic acid thermally decomposed at ~400 °C (Wang 
et al., 2013). Likewise, the decomposition of the aglycone 
released in the previous stage derives from glycosylated 
compounds (González-Cruz et al., 2025).

Ultimately, at temperatures exceeding 400 °C, the ex-
tract exhibited a residual mass of 16.51%, attributable to 
the carbonization of the material (da Costa et al., 2013). 

The residual mass of this extract was comparable to the 
20% noted in Dicksonia sellowiana extract. This similarity 
is attributed to the nonoxidative atmosphere employed 
during thermal analysis (Malucelli et al., 2018). The results 
indicated that the thermal stability of B. crassifolia bark 
and B. copallifera resin extracts was lower than that of C. 
uvifera. This assumption was based on the fact that only 
two stages were required for the complete decomposition 
of B. crassifolia bark and B. copallifera resin. Furthermore, 
the decomposition temperature in the final stage was sig-
nificantly lower compared to C. uvifera. 

The conversion rates of B. crassifolia bark and B. copal-
lifera resin extracts were observed to be higher compared 
to those of the C. uvifera leaf extract (Fig. 3). Specifically, 
during stage 2, the conversion occurred rapidly, possibly 
because this temperature range is the primary phase of 
the pyrolysis reaction, where numerous substances de-
compose. The degree of transformation after 350 °C for C. 
uvifera extract was 0.86. In contrast, the B. crassifolia bark 
and B. copallifera resin were recorded at 0.96‒1.0, respec-
tively. This indicates that the decomposition of C. uvifera 
extract occurs more slowly because it contains various 
compounds that undergo physicochemical changes 
when heated, resulting in unique thermal decomposition 
curves (Fernandes et al., 2018; Li et al., 2023). 

Thus, the third phase of decomposition in the C. uvif-
era leaf extract could be attributed to a higher presence of 
bioactive compounds, which explains the important antiox-
idant capacity of this extract. These findings show a similar 
behavior to that reported by Calderón-Santoyo et al. (2025). 
These authors observed that hydrophilic extracts, which 
contain a wider variety of compounds, displayed multiple 
decomposition stages and a more gradual decay rate.

Table 1. Thermogravimetric analysis of hexane extracts.

Extract Stage Phase Ti (°C) Tf (°C) Tp (°C) Dm (%)

Bursera 
copallifera resin

1 Dehydration 101.19 169.24 134.27 14.09

2 Devolatilisation 267.29 305.05 285.36 85.28

Residual - - - - 0.63

Byrsonima 
crassifolia bark

1 Dehydration 175.22 199.39 181.04 8.16

2 Devolatilsation 240.15 278.1 259.13 91.16

Residual - - - 0.68

Coccoloba 
uvifera leaf

1 Dehydration 169.38 198.31 179.64 6.01

2 Devolatilsation 237.18 280.57 258.8 48.68

3 Carbonisation 299.66 358.73 329.86 28.8

Residual - - - - 16.51

Ti: initial decomposition temperature; Tf: final decomposition temperature; Tp: peak temperature; Δm, mass variation.
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3.3 Kinetic parameters
The kinetic and thermodynamic parameters were as-
sessed through the 1000/T against ln[−ln(1−x)] graphs 
of the extracts (Fig. 4). At each stage, the coefficient of 

determination (R²) approached 1, demonstrating that the 
data aligns closely with the Coats–Redfern model. 

Activation energy refers to the minimum energy 
threshold a reaction needs to overcome to initiate and 
generate products. The activation energy (Ea) for the 
three extracts was high in the first decomposition phase. 
However, it decreased in the later stages (Table 2). 

The C. uvifera extract showed the highest Ea values 
during its decomposition, implying that the C. uvifera 
extract demands more activation energy for its decom-
position. The findings suggest that the C. uvifera extract 
possesses a more complex composition than the ex-
tracts from B. crassifolia bark and B. copallifera resin, as 
evidenced by the antioxidant capacity results and the 
compounds identified in previous studies. 

A lower A value (less than 10⁹ s-¹) indicates the dom-
inance of surface reactions. On the contrary, a higher A 
value (10⁹ s-¹ or more) implies a more intricate mecha-
nism. The A values of the extracts exhibited a comparable 
pattern in activation energy variations, decreasing as the 
decomposition stage progressed and varying in magni-
tude. The C. uvifera extract showed a wider frequency 

Figure 3. Extent of conversion profiles of 
hexane extracts versus temperature.

Figure 4. Plot of 1000/T versus ln[−ln(1−x)] of each thermal event of the extracts: Bursera 
copallifera resin (A), Byrsonima crassifolia bark (B), and Coccoloba uvifera leaf (C).
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factor range (100-1020), suggesting a more complex com-
position and requiring different energy levels at various 
stages of thermal decomposition than other extracts.

3.4 Thermodynamic parameters
The thermodynamic parameters exhibited a pattern con-
sistent with the trend of the kinetic parameters (Table 2). 
Each extract displayed decomposition stages character-
ized by positive ΔH values. This phenomenon suggests 
that the pyrolysis of the extracts is an endothermic re-
action in which molecules absorb thermal energy to 
decompose and form new chemical bonds. The decrease 
in enthalpy values in later stages implies less energy to 
decompose the extract as the pyrolysis process advanced 
(Li et al., 2023). The slight difference between the Ea and 
ΔH values indicates a minor potential energy barrier for 
decomposition. This suggests that such a slight barrier 
facilitates the formation of complexes, which in turn in-
creases the probability of pyrolytic reactions occurring 
(Rasool et al., 2018; Yiga et al., 2023). The most negligible 
variations in these parameters were particularly notice-
able in B. copallifera resin extracts, indicating that this 
resin is more prone to thermal decomposition. 

Conversely, ΔS indicates the level of randomness 
and disorder present in the system during pyrolysis. The 
extracts from B. crassifolia bark and B. copallifera resin 
showed negative entropy values throughout all decom-
position stages, indicating that the degradation process 
is nonspontaneous. Notably, the C. uvifera extract began 
with a positive ΔS (stage 1), suggesting it had a lower de-
gree of organization at the start of the process (El et al., 
2021)10, 15, 20 K min-1. Mass loss (TGA. Subsequent stag-
es of decomposition exhibited negative entropy values, 

indicating that the stability of the extract increased, with 
the lowest ΔS values observed in the final decomposition 
stage, suggesting reduced reactivity. This finding corre-
sponds with the higher decomposition temperatures and 
activation energies required for the decomposition of C. 
uvifera leaf extract, denoting enhanced thermal stability 
compared to the other extracts.

Regarding ΔG, all extracts exhibited positive ΔG values 
across all decomposition stages, with ΔG values rising as 
pyrolysis progressed. This trend contrasts with the pat-
terns observed for entropy and enthalpy values (Table 
2). The positive ΔG values indicate that the pyrolysis of 
extracts is an endergonic reaction that requires external 
energy input for decomposition (Li et  al., 2023). Among 
the extracts, the highest ΔG values at the final stage were 
observed in the C. uvifera leaf extract. These elevated 
ΔG values indicate that the overall energy of the system 
increases during the thermal decomposition process due 
to heat absorption (El et al., 2021).

4. Conclusions

The results showed that the C. uvifera extract exhibited 
superior thermal stability and high radical-scavenging ac-
tivity, indicating a composition of antioxidant molecules 
with strong thermal stability. In contrast, B. crassifolia 
bark and B. copallifera resin extracts were more reactive 
and less thermally stable than the C. uvifera leaf extract. 
This behavior could be associated with their lowest RSA, 
indicating that these extracts contained antioxidant com-
pounds with reduced thermal stability. Subsequently, 
these extracts may need precise thermal processing to pre-
vent degradation and preserve their antioxidant activity. 

Table 2 Kinetics and thermodynamics parameters of extracts.

Kinetic parameters Thermodynamic parameters

Extract Stage T (°C) Ea 
(KJ/mol)

A 
(s-1)

DH 
(KJ/mol)

DS
(KJ/mol•K)

DG
(KJ/mol)

Bursera 
copallifera 

resin

1 169.24 47.80 2.71E+02 44.20 –0.20 133.37

2 305.05 45.43 4.06E+01 40.72 –0.22 167.67

Byrsonima 
crassifolia 

bark

1 199.39 139.51 8.95E+11 135.67 –0.02 145.08

2 278.1 125.03 1.32E+10 120.55 –0.06 151.56

Coccoloba 
uvifera leaf

1 198.31 212.85 5.96E+20 209.01 0.15 138.78

2 280.57 73.91 3.66E+04 69.41 –0.16 159.47

3 358.73 38.99 7.28E+00 33.86 –0.23 182.09

A: preexponential factor; Ea: activation energy; total enthalpy change (ΔH); total entropy change (ΔS); free Gibbs energy (ΔG).
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Ultimately, the findings suggest that the thermal sta-
bility of the extracts may be related to their antioxidant 
capacity, which is influenced by the composition of these 
extracts. The results also highlight C. uvifera leaves’ abil-
ity to produce thermally stable antioxidant compounds 
suitable for the food and pharmaceutical sectors. In 
additional studies, extracts from B. crassifolia bark and 
B. copallifera resin exhibit notable potential to enhance 
thermal stability through nano- or microencapsulation. 
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