
Article J. Braz. Chem. Soc. 2025, 36, 3, e-20240171, 1-9
©2025  Sociedade Brasileira de Química

https://dx.doi.org/10.21577/0103-5053.20240171

*e-mail: jose.neto@ufersa.edu.br
Editor handled this article: Fernando C. Giacomelli (Associate)

Evaluation of Thermodynamic Properties and Antioxidant Activities of an 
Adsorbent-Bioactive Complex with Antioxidant Characteristics

José M. da Silva Neto, *,a Líbia S. C. Oliveira,b Rennan P. de Gusmãoc and  
Fernanda S. Limad

aDepartamento de Ciências Exatas e Naturais, Universidade Federal Rural do Semi-Árido (UFERSA),  
59900-000 Pau dos Ferros-RN, Brazil

bDepartamento de Engenharia Química, Universidade Federal de Campina Grande (UFCG), 
58429-900 Campina Grande-PB, Brazil

cDepartamento de Engenharia de Alimentos, Universidade Federal de Campina Grande (UFCG) 
58429-900 Campina Grande-PB, Brazil

dDepartamento de Engenharia Química, Universidade Federal do Rio Grande do Norte (UFRN), 
59078-970 Natal-RN, Brazil

Jaboticaba peel powder (JPP) is a residue that contains phenolic compounds, such as 
anthocyanins and gallic acid. An adsorbent-bioactive complex (ABC) was synthesized using 
an extract rich in compounds with antioxidant properties obtained from JPP immobilized on 
microcrystalline cellulose from sweet sorghum bagasse. In this work, the result of thermal 
degradation of anthocyanins from JPP and ABC, activation energy (Ea), half-life time (t1/2), decimal 
reduction time (D), temperature variation (Z), thermodynamic parameters (enthalpy (ΔH), Gibbs 
free energy (ΔG) and entropy (ΔS)) and degradation of antioxidant activities were investigated. 
Anthocyanin degradation of 35, 60 and 85% was observed for JPP and 10, 30 and 65% for ABC 
at temperatures of 90-130 °C. Ea of JPP and ABC were 110 and 91 kJ mol-1, respectively. ABC 
was able to increase from 143-690% the half-life time when compared to JPP. The Z parameter 
indicated that a greater temperature variation is necessary to degrade ABC anthocyanins (31 °C) 
when compared to JPP (25 °C). The thermodynamic parameters showed that the energy needed to 
be broken down to reach the transition state is higher for JPP than ABC, in addition ABC is closer 
to its thermodynamic equilibrium state. Thus, ABC can be used as an additive in pharmaceutical, 
cosmetics and food industries, maintaining bioactive and antioxidant properties.
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Introduction

The growing consumer interest in functional foods 
has aroused the food industries in using natural pigments 
to manufacture food and beverages in order to mitigate 
the harmful effects that artificial pigments can cause.1 In 
this sense, Future Market Insights (2023) estimates2 that 
the global market value of natural food dyes will grow 
US$ 1.6 billion in 10 years.

Anthocyanins are examples of flavonoids which are 
natural pigments that can be found in the tissues of plants, 
fruits, vegetables, grains and flowers.1,3 One of the problems 

involving its use is its instability related to temperature, pH, 
light, oxygen, enzymes and relative humidity conditions.4 
Thus, research related to new sources and strategies 
that optimize the stability of these natural dyes must be 
developed to meet the demand. 

Ballesteros et al.5 have already encapsulated bioactive 
compounds from coffee grounds by freeze and spray-drying 
with different coating materials. Barbieri et al.6 analyzed 
the deep eutectic solvents to extract and stabilize phenolic 
compounds from rosemary (Rosmarinus officinalis  L.). 
Arend et al.7 studied nanofiltration to recover and 
stabilize phenolic compounds from guava leaf extract. 
Gençdağ  et  al.8 stabilized anthocyanins using organic 
molecules and encapsulation techniques. De Souza 
Mesquita et al.9 did the combination of eutectic solvents 

This is an open-access article distributed under the terms of the Creative Commons Attribution License.

https://orcid.org/0000-0002-2427-1855


Evaluation of Thermodynamic Properties and Antioxidant Activities of an Adsorbent-Bioactive Complexda Silva Neto et al.

2 of 9 J. Braz. Chem. Soc. 2025, 36, 3, e-20240171

and food grade silica in recovery and stabilization of 
anthocyanins from grape pomace and Tan et al.,10 used 
simultaneous encapsulation-copigmentation via protein-
polysaccharide polyelectrolyte complexes to stabilize 
anthocyanins

Jaboticaba peel is a residue that contains a significant 
amount of bioactive compounds, especially anthocyanins. 
In addition, this residue also has other bioactive compounds 
such as tannins, flavonoids, depsides, volatiles, organic 
acids and tocopherols.11 For this reason, jaboticaba peel 
has been studied for antiproliferative activity in tumor cell 
lines,12 exerting anti-obesity effects in mice fed high fat 
content,13 used in the treatment of breast cancer14 and with 
a preventive effect on prostatic damage.15 

Microcrystalline cellulose, the most abundant polymer 
on Earth, is a polysaccharide of linear polymeric chains 
of β-(1,4)-linked D-glucopyranosyl units. The cellulose 
surface is made up of hydroxyl groups, which can be 
functionalized.16 It presents itself as a possible raw material 
for food systems in film production. This polymer has good 
antimicrobial activity, can be used in packaging to prolong 
the shelf life of foods, is biodegradable and presents an 
ecological approach to sustainability.17-19 

Aiming at stabilizing anthocyanins in a renewable, 
biodegradable material compatible with food matrices, it 
was proven in a previous work20 that bioactive compounds 
can be immobilized on the surface of microcrystalline 
cellulose. The innovative character of this work is the 
study of the evaluation of the thermodynamic properties 
of a bioactive complex rich in phenolic compounds, with 
potential applications in industries due to the its bioactive 
properties, among them, natural dyes. 

Thus, the objective of this work was to submit the 
jaboticaba peel powder and the adsorbent-bioactive 
complex (anthocyanins adsorbed on microcrystalline 
cellulose) to thermal treatments, performing a comparative 
analysis of the degradation of the anthocyanins present in 
these materials using kinetic models applied to the thermal 
degradation. A comparative thermal study between the 
degradation of anthocyanins present both in jaboticaba 
peel powder (JPP) and in the adsorbent-bioactive 
complex (ABC) was carried out. Thus, this study was able 
to predict the activation energy (Ea), decimal reduction 
time (D), half‑life time (t1/2), temperature variation (Z), 
thermodynamic parameters (enthalpy change (ΔH), 
Gibbs free energy (ΔG) and entropy change (ΔS)) and 
degradation of activities antioxidants (ABTS (2,2’-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid)), FRAP (ferric 
reducing antioxidant power) and DPPH (2,2-diphenyl-
1‑picrylhydrazyl).

Experimental

Obtaining powder and lyophilized extract from jaboticaba 
peel

Obtaining the powder and lyophilized extract of the 
jaboticaba peel was based on the methodology described 
in the previous work.20 In this process, the peels were 
sanitized, washed and dried at a temperature of 55 °C 
until constant mass. The extract was produced in a ratio of 
1:20 (m/v) from crushed bark and ethanol solution (50%) 
in an ultrasonic bath (UltraCleaner 800 A, supplier) under 
conditions of 25 kHz and 200 W, for 90 min. The material 
was then placed in a rotary evaporator so that the solvent 
was eliminated and subsequently lyophilized.

Microcrystalline cellulose (MCC) isolation

To obtain the MCC, the methodology of Morais et al.,21 
and adapted by da Silva Neto et al.,22 was used. At this 
stage, a ratio of 1:4 (sorghum bagasse without extractives 
and distilled water) were placed in a heated bath at 80 °C. 
To the set, 2.5 g of sodium chlorite (NaClO2) was added, 
with a purity of approximately 80%, and 3 mL of glacial 
acetic acid (CH3COOH), with a purity ≥ 99.85%, was added 
every hour for 3 h. After that, the set was left for another 
2 h in constant agitation.

Synthesis of the adsovent-bioactive complex (ABC)

The ABC synthesis was based on the procedure 
presented by da Silva Neto et al.,20 where the kinetic, 
equilibrium and thermodynamic conditions involved in its 
synthesis were studied. Thus, 8.0 g of lyophilized extract 
were weighed and dissolved in 500 mL of potassium 
chloride / hydrochloric acid (KCl / HCl) pH 2.5 buffer. This 
extract was then placed in Erlenmeyer flasks together with 
5 g of microcrystalline cellulose and stirred for 60 min at 
a speed of 170 rpm at 25 °C. After this time, the sample 
was filtered and the solid fraction was dried at 45 °C  
for 5 h.

Determination of total anthocyanins (TA) and antioxidant 
activities content

The determination of the anthocyanin content was 
based on the procedure presented by Lee et al.23 The 
antioxidant activities were evaluated by determining 
the iron ion reducing power (FRAP) according to 
the methodology described by Rufino et al.,24 and 
evaluation of the ability to eliminate stable free radicals 
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(radical ABTS cation and radical DPPH) based on 
the methodologies developed by Rufino et al.,25 and 
Silveira et al.,26 respectively.

Heat treatments 

This procedure was based on Verbeyst et al.27 The 
treatments were carried out at three temperatures: 90, 
110 and 130 °C. The samples were placed in Petri dishes 
and heated. Between 0 and 360 min, a portion of each 
sample was removed for analysis. Finally, the material was 
characterized for the antioxidant activities of anthocyanins, 
DPPH, ABTS and FRAP.

Study of thermal degradation of bioactive compounds using 
kinetic models

For modeling the degradation of bioactive compounds, 
first and second-order kinetic models were taken into 
account to see which best fit the experimental data.28,29 In 
a first-order reaction, the reaction rate depends only on the 
concentration of one of the reactants. Thus, considering an 
irreversible, monomolecular, first-order reaction at constant 
volume, the rate equation for this reaction can be given by 
equation 1:

	 (1)

where CA is the concentration of bioactive compounds in 
a given time, in mg 100 g-1; t is the time in min and kd is 
the degradation kinetic constant in min-1. With the initial 
condition that CA = CA0 at t = 0, it results in equation 2:

	 (2)

where CA0 is the initial concentration of bioactive 
compounds, in mg 100 g-1. Thus, with Statistica 7.0,30 it 
was possible to calculate the value of the kinetic constant 
of thermal degradation.

In a second-order reaction, the reaction rate depends on 
the square of the reactant concentration. Thus, considering 
an irreversible, monomolecular, second-order reaction at 
constant volume, the rate equation for this reaction can be 
given by equation 3:

	 (3)

where kd2 is the second-order degradation kinetic constant 

in 100 g-1 mg min-1. With the initial condition that CA = CA0 
at t = 0, it results in equation 4:

	 (4)

With equation 4 it is possible to calculate the half-life 
time, which is the time required for the initial concentration 
of the reagent to reduce to half of its value. Thus, for a 
second-order model, this time is calculated with the help 
of equation 5.

	 (5)

The reaction rate constant can be related through the 
Arrhenius equation, equation 6:

	 (6)

where A is the frequency factor in min-1; Ed is the activation 
energy of the degradation reaction in J mol-1; T is the 
temperature in K and R is the gas constant in J mol-1 K-1. 
Applying the natural logarithm to equation 6, we get 
equation 7:

	 (7)

With the study of thermal degradation kinetics, it is usual 
to also calculate the time in which the 10 times reduction 
in the initial concentration of bioactive compounds occurs, 
this parameter is known as decimal reduction time (D), 
and for a second-order reaction this time was calculated 
from equation 8:

	 (8)

There is also the Z parameter that indicates the 
temperature interval that provides a 10 times variation in 
the degradation rate, for the calculation of this parameter it 
is necessary to adjust the data to the model through linear 
regression analysis, according to equation 9.29 

	 (9)

Thus, a plot of log (D) versus T (°C) provides the value 
of Z, which is given in °C, as well as the value of B, which 
is the linear coefficient of the line.
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Thermodynamic analysis of thermal degradation 

In a thermal degradation analysis, the determination 
of some thermodynamic functions is necessary to better 
understand the phenomenon being studied. For a process of 
this nature, Mercali et al.,28 proposed the use of equations to 
calculate the enthalpy change (ΔH), Gibbs free energy (ΔG) 
and entropy change (ΔS) and were calculated using 
equations 10, 11 and 12, respectively.

	 (10)

	 (11)

	 (12)

where: ΔH is the enthalpy change in J mol-1; ΔG is the 
change in Gibbs free energy in J mol-1; ΔS is the entropy 
change in J mol-1 K-1; Ed is the activation energy of the 
degradation reaction in J mol-1; R is the ideal gas constant 
in J mol-1 K-1; T is the temperature in K; kd2 is the thermal 
degradation constant in s-1; h is Planck’s constant, with 
a value equal to 6.6262 × 10-34 J s; kB is the Boltzmann 
constant, with a value equal to 1.3806 × 10-23 J K-1.

Results and Discussion

Bioactive compounds and antioxidant activities

Table 1 presents the results obtained from the 
analysis of total phenolic compounds (TPC), total 
anthocyanins  (TA) and determination of antioxidant 
activities (AA) by the iron reducing power (FRAP), 
inhibition of ABTS and DPPH radicals for jaboticaba 
peel powder (JPP), lyophilized extract (LE) and adsorbent 
complex-bioactives (ABC).

As shown in Table 1, JPP had a total phenolic 
compound content of 8536.6  mg  GAE  100  g-1, 

th i s  va lue  i s  h igher  than  those  repor ted  by 
Rodrigues  et  al.,31 and Loubet  Filho  et  al.,32 2500 and 
8820 mg GAE 100 g-1, respectively, for jaboticaba peel 
powder. The lyophilized extract showed TPC content 
(28438.8  mg  GAE 100 g-1) close to that reported by  
Pereira et al.,33 (27500.0  mg  GAE  100  g-1). These 
differences may be associated with the different regions 
where jaboticaba was cultivated, as well as the extraction 
method used to quantify these compounds. With 
regard to the content of phenolic compounds present 
in the adsorbent-bioactive complex, a lower value was 
observed than those found for the peel as well as for the 
lyophilized extract, a similar behavior was observed by 
Alzate-Arbeláez et al.,4 when studying the adsorption 
of polyphenols from the Andean berry (Vaccinium 
meridionale) in nanocellulose from banana waste. The 
anthocyanin contents present in JPP and ABC, 67.80 
and 21.7 mg 100 g-1, respectively, are higher than those 
reported by de Lima Marsiglia et al.,34 for the alcoholic 
extract of jaboticaba peel.

Analyzing Table 1, it can be seen that the method of 
determining antioxidant activity by inhibition of the ABTS 
radical was the one that presented the highest values for 
JPP, LE and ABC; 1275, 5389 and 618 µmol TEAC g-1, 
respectively, the inhibition by the DPPH radical was 
the one that presented the lowest values of antioxidant 
activities, approximately 775, 1434 and 211 µmol TEAC g-1. 
Castañeda-Valbuena et al.,35 when studying the antioxidant 
capacity of mango peel, observed lower values of  
DPPH (249 µmol TEAC g-1), ABTS (1155 µmol TEAC g-1) 
and FRAP (100.89 µmol TEAC g-1).

Thus, with the results of the bioactive components and 
antioxidant activities of the jaboticaba peel, the lyophilized 
extract and the complex it can be noted that these materials 
can be considered good sources of antioxidant compounds, 
and that they had a higher potential than some other fruits. 
Because it is an innovation, it was not possible to find data 
in the literature that could be used for comparative purposes 
of the adsorbent-bioactive complex.

Table 1. Total phenolic compounds, total anthocyanins and antioxidante activities of jaboticaba peel powder, lyophilized extract and adsorbent complex-
bioactives

Sample
Analyses

TPC / (mg GAE 100 g-1) TA / (mg 100 g-1) FRA / (µmol TEAC g-1) ABTS / (µmol TEAC g-1) DPPH / (µmol TEAC g-1)

JPP 8536.6 ± 209.3 67.80 ± 1.0 961.7 ± 19.8 1275.0 ± 100.5 774.3 ± 32.2

LE 28438.8 ± 788.5 211.7 ± 7.4 2384.1 ± 43.1 5388.9 ± 834.13 1434.4 ± 139.9

ABC 3564.7 ± 137.5 21.7 ± 0.3 355.4 ± 0.6 618.4 ± 71.9 211.3 ± 5.7

JPP: jaboticaba peel powder; LE: lyophilized extract; ABC: adsorbent complex-bioactives; TPC: total phenolic compounds; TA: total anthocyanins; 
TEAC: trolox equivalent antioxidant capacity; GAE: gallic acid equivalent; ABTS: 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid); FRAP: ferric 
reducing antioxidant power; DPPH: 2,2-diphenyl-1-picrylhydrazyl.
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Thermal stability kinetics of total anthocyanins from JPP 
and ABC

In this study, the thermal stability kinetics of 
anthocyanins in jaboticaba peel powder and in the complex 
synthesized via adsorption were investigated after thermal 
treatments at temperatures of 90, 110 and 130 °C, varying 
the heating time from 0 to 360 min. Figures 1a‑1c show 
the results obtained for the ratio between anthocyanin 
concentrations before and after heat treatment.

Analyzing Figures 1a‑1c, it is observed that the thermal 
degradation rates of anthocyanins are greater as there 
is an increase in temperature for JPP and ABC. Upon 
reaching kinetic equilibrium, the percentage of anthocyanin 
degradation was 35, 60 and 85% for JPP and 10, 30 and 
65% for ABC at temperatures of 90, 110 and 130 °C, 
respectively. In this context, it is evident that the complex 
synthesized via adsorption increased (20-30%) the stability 
of anthocyanins present in it, even when subjected to high 
temperatures.

Application of kinetic models in the thermal degradation of 
anthocyanins

The first- and second-order kinetic models were applied 
to the experimental data obtained, however, the second-

order model was the one that best fitted the data based 
on the coefficients of determination (R2) of the model 
that ranged from 0.872 to 0.991, and the sum of squared 
residues were less than 0.02, as shown in Table 2. With the 
aid of this model, the kinetic degradation constants (kd) 
were calculated for each temperature studied, as well as 
the half-life time for JPP and ABC, as shown in Table 2.

Within the temperature range studied (90-130 °C) it 
was observed that the kinetic constants of degradation 
increased with increasing temperature, showing that the 
degradation of these compounds occurred more quickly. 
Regarding the half-life times, it is observed that they 
are inversely proportional to the temperature, and when 
comparing the values for the two materials, it is observed 
that the adsorbent-bioactive complex was able to increase 
(143-690%) the half-life time of anthocyanins present in 
the complex.

Determination of the activation energy of the thermal 
degradation of anthocyanins

The degradation energy was calculated by correlating 
the inverse of the temperatures with the logarithm of the 
kinetic constants of thermal degradation for each studied 
condition. Applying a linear regression and using the 
Arrhenius equation, the frequency factor (A) and the 

Figure 1. Degradation of anthocyanins in jaboticaba peel powder (JPP) and adsorbent complex-bioactives (ABC) during heating at 90 °C (a), 110 °C (b) 
and 130 °C (c).
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activation energy of the degradation reaction (Ed) were 
obtained, which were 25 and 110 kJ mol-1 and, 20 and 
91 kJ mol-1 for JPP and ABC, respectively. Analyzing the 
degradation activation energy values, it is noted that a lower 
value was found for ABC, indicating that the anthocyanins 
present in the ABC are stabilized when compared to the JPP. 

A value close to that found in the present work for the 
energy of degradation was reported by Jiménez et al.,36 
when determining the degradation reaction of anthocyanins 
in blackberry juice extract, for a temperature range of 100 
to 140 °C, which was 94.0 kJ mol-1, and higher than that 
reported by Qiu et al.,37 when studying the degradation of 
anthocyanins in dried purple potato slices in the temperature 
range of 50-80 °C, which was 72.18 kJ mol-1.

Determination of D and Z parameters

Applying the data of the degradation constants and the 
initial concentrations of anthocyanins in JPP and ABC, it 
was possible to obtain the decimal reduction times (D) for 
each evaluated temperature, as well as the parameter (Z) 
according to Table 3.

Analyzing the data obtained in Table 3, it appears that 
the time required for a 10 times reduction in the initial 
concentration of bioactive compounds in the extract to 
occur is greater at lower temperatures. It was also verified 
that the temperature interval that causes a 10 times variation 
in the degradation rate (Z) was equal to 25 °C for the JPP 
and 31 °C for ABC. Therefore, in the analysis of one more 
parameter, it is proved that the fact that these bioactive 
compounds are adsorbed on microcrystalline cellulose, 
makes them more resistant to thermal degradation.

Thermodynamic parameters (ΔH, ΔS and ΔG) of the thermal 
degradation of anthocyanins

With the values of the degradation constants and energy 
of degradation calculated for each heat treatment, it was 
possible to calculate the variations in enthalpy (ΔH), Gibbs 
free energy (ΔG) and entropy (ΔS) of the degradation 
processes. The results obtained in the thermodynamic 
analysis are shown in Table 4.

Table 2. Values of kinetic constants of thermal degradation (kd) and half-life (t1/2) for the second-order model

Sample Parameter

Temperature / °C kd × 10-2 / (100 g mg-1 min-1) t1/2 / min R2 SSE

JPP 

90 0.0019 660 0.872 0.0103

110 0.0065 193 0.911 0.0209

130 0.0712 18 0.991 0.0056

ABC

90 0.0025 2620 0.908 0.0012

110 0.0147 468 0.924 0.0082

130 0.0495 139 0.940 0.0196

JPP: jaboticaba peel powder; ABC: adsorbent complex-bioactives; kd: kinetic constants of thermal degradation; t1/2: half-life; R2: coefficient of determination; 
SSE: sum of squared errors.

Table 3. Experimental values of the decimal reduction time (D) and 
parameter Z for JPP and ABC at the evaluated temperatures

Temperature / K D / min Z / °C

JPP

363.15 5727

25383.15 1674

403.15 153

ABC

363.15 23560

31383.15 4007

403.15 1190

JPP: jaboticaba peel powder; ABC: adsorbent complex-bioactives.

Table 4. Thermodynamic functions for the degradation of anthocyanins 
from JPP and ABC

Thermodynamic 
function

Temperature / K

363.15 383.15 403.15

JPP

ΔH / (kJ mol-1) 106.53 106.37 106.20

ΔG / (kJ mol-1) 134.72 138.39 137.76

ΔS / (J mol-1 K-1) –77.61 –83.58 –78.28

ABC

ΔH / (kJ mol-1) 88.04 87.88 87.71

ΔG / (kJ mol-1) 133.89 135.79 138.98

ΔS / (J mol-1 K-1) –126.24 –125.05 –127.17

JPP: jaboticaba peel powder; ABC: adsorbent complex-bioactives; 
ΔH: enthalpy; ΔG: Gibbs free energy; ΔS: entropy.

https://prepnuggets.com/glossary/sum-of-squared-errors/
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For both materials, the positive enthalpy value implies 
an endothermic degradation process, since a greater 
degradation of anthocyanins was observed with increasing 
temperature. Regarding the Gibbs free energy variation 
for the degradation of anthocyanins, the positive sign of 
this thermodynamic function implies a non-spontaneous 
reaction process, thus, for the three temperatures under 
study, the degradation reactions were non-spontaneous, that 
for the degradation reaction to occur, it will be necessary to 
add energy. With the entropy variation value, it is concluded 
that the degradation process suggests that there is a more 
organized transition state of the molecules when compared 
to the beginning of the reaction.

When comparing with the thermodynamic functions 
obtained for the degradation of anthocyanins from JPP 
and ABC, it is observed that for both materials the process 
is endothermic and non-spontaneous, however, lower 
enthalpy values for the anthocyanins of the complex, 
imply that the energy needed to be broken down to reach 
the transition state is higher. For the Gibbs free energy 
variation similar values were observed, however, for 
the entropy variation smaller values were found for the 
complex, this implies the material is closer to its state of 
thermodynamic equilibrium, that is, it is little reactive and 
consequently there is an increase in the time required to 
form the activated complex.38 

Effect of heat treatment on the degradation of anthocyanins, 
total phenolic compounds and antioxidant activities (ABTS, 
FRAP and DPPH)

Figures 2a-2e present a comparative analysis of the 
degradation percentage for the total anthocyanin content, 
total phenolic compounds and antioxidant activities by the 
inhibition of DPPH and ABTS radicals and by the reducing 
power of iron (FRAP) for bark powder and adsorbent 
complex before and after heat treatment (360 min).

Analyzing Figure 2a, which shows the percentage 
of thermal degradation of anthocyanins present in JPP 
and ABC, it is observed that for the three temperatures 
studied, ABC was able to reduce the degradation of 
these compounds. At a temperature of 130 °C, JPP had 
a degradation of approximately 26%, while ABC had a 
value below 1%. For the degradation of the total phenolic 
compounds, the biggest difference happened at the 
temperature of 90 °C where the JPP had a degradation 
of approximately 13% and the ABC 2%. With regard to 
antioxidant activities, at a temperature of 130 °C, the DPPH 
radical suffered a degradation of 22% for JPP, while for 
ABC it was approximately 1.3%. The ABTS radical showed 
the greatest percentage difference at the temperature of 

90 °C where JPP lost about 33% of its antioxidant activity 
and ABC only 16%. Analyzing the loss of antioxidant 
activity in relation to the iron reducing power (FRAP), the 
JPP presented the smallest degradation differences when 
comparing the two materials, however, at the temperature of 
90 °C the JPP had a degradation of 10% and the ABC 7%.

Therefore, it can be seen that the jaboticaba peel is 
a rich source of bioactive compounds, and according to 
Nascimento et al.39 diets enriched with this residue have a 
greater antioxidant capacity and tests carried out on mice 
that fed jaboticaba peel daily did not show symptoms of 
colitis or cancer, in addition to preventing the formation of 
tumors. Consequently, immobilizing these compounds in 
a matrix such as microcrystalline cellulose increases their 
usefulness so that even when exposed to adverse conditions 
they do not lose their usefulness and antioxidant functions 
in the human body.

Conclusions

In the thermal processing, it was verified with 
the kinetic study that the anthocyanins present in the 

Figure 2. Degradation behavior of total anthocyanins (a), total 
phenolic compounds (b), and antioxidant activities by inhibition 
of DPPH (2,2-diphenyl-1-picrylhydrazyl) (c), ABTS (2,2’-azino-
bis(3‑ethylbenzthiazoline-6-sulfonic acid)) (d), FRAP (ferric reducing 
antioxidant power) (e), in jaboticaba peel powder (JPP) and adsorbent 
complex-bioactives (ABC).
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jaboticaba peel powder (JPP) and in the adsorbent-bioactive 
complex (ABC) were degraded showing kinetic constants 
of degradation increasing with the temperature. 

Comparing the half-life times, it was verified that using 
microcrystalline cellulose as an adsorbent of bioactive 
compounds, the half-life time of anthocyanins increased by 
297, 143 and 690% with the thermal treatments carried out 
at temperatures of 90, 110 and 130 °C, the same occurred 
for the decimal reduction time, comparing with the JPP. 
The Z parameter indicated that for the degradation time 
of the anthocyanins of the complex to undergo a decimal 
reduction, it will be necessary to increase the processing 
temperature by 31 °C, a value higher than that found for 
the jaboticaba peel, which was around 25 °C. With the 
thermodynamic analysis of the anthocyanin degradation 
process, it can be stated that it is an endothermic and 
non‑spontaneous process. 

The adsorbent-bioactive complex reduced the 
thermal degradation of anthocyanins and total phenolic 
compounds (TPC) for the three evaluated temperatures, with 
a percentage reduction of 65% of anthocyanin degradation 
at the temperature of 90 °C. The complex synthesized in 
the present work reduced degradation by approximately 
58% of DPPH radicals, 52% of ABTS radicals and 31.8% 
of iron reduction (FRAP) at temperatures of 90, 110 and 
90 °C, respectively.
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