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Abstract
Cassava (Manihot esculenta Crantz), an important crop in the North and Northeast of Brazil, is primarily cultivated for flour and
starch production. Large quantities of peel are generated as waste, which represents a valuable by-product in the food industry.
This study investigated the potential of cassava peel as a sustainable by-product for the food industry, focusing on the mathematical
modeling of drying kinetics and thermodynamic properties. Cassava peel has a high moisture content, which limits its conservation
and favors microbial growth. Cassava peels were collected, analyzed, and processed. Physicochemical analyses were conducted,
revealing the following composition: moisture (71.00%), ash (8.15%), lipids (0.29%), proteins (4.70%), and starch (42.12%). In
addition, the bioactive compounds were evaluated through Total Phenolic Compounds (TPC) (12.50 mg GAE/g) and antioxidant
activity (AA) by the ABTS method (150.00 µmol TE/g). Drying was conducted at temperatures of 50 ◦C, 60 ◦C, 70 ◦C, and
80 ◦C, and the data were fitted to five mathematical models. The logarithmic model presented the best fit, with coefficients of
determination (R2) above 0.99 and the lowest standard error (SE) and chi-square (χ2). Drying at 50 ◦C better preserved total TPC
(9.10 mg GAE/g) and AA (80.00 µmol TE/g), while higher temperatures reduced these compounds but maintained starch content
(39.12–42.2 g/100 g). Thermodynamic parameters∆H,∆S, and∆G indicated that drying is a non-spontaneous process requiring
external energy. This work highlights the viability of using cassava peel as a sustainable resource, contributing to the reduction of
agro-industrial waste.
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1. Introduction

Cassava (Manihot esculenta Crantz) is of considerable so-
cioeconomic importance worldwide, serving as a primary
source of carbohydrates for millions of people, particu-
larly in developing countries. This crop plays a signif-
icant role in generating employment and income, espe-
cially for family farmers in the North and Northeast re-

gions of Brazil [1]. The two main products of cassava are
flour and starch (sweet cassava starch, or gum). In the
industrial processing of cassava in Brazil, approximately
80% of the national root production is used for flour man-
ufacture, 3% for starch extraction, and the remainder for
animal feed [2].

In the processing of cassava, the peel is one of the
most generated residues during the manufacture of flour
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or starch, consisting, in addition to the peels themselves
(brown film), of inter-peel, debris from the cortex and root
tips, and high moisture content [3].

The disposal of urban solid waste does not always
occur due to a lack of waste management but rather due
to automatic behavior and a lack of responsibility linked
to the desire to discard the material [4]. The global trend
to reduce industrial waste is growing, and more solutions
for proper and profitable disposal are being sought.

Cassava peel is a promising residue with significant
chemical and biotechnological potential and can be uti-
lized for the production of bioinputs, including biochar [5],
bioethanol, and silage for animal feed [6,7].

The peels have a high moisture content, which must
be reduced to limit biological and biochemical activities,
thereby enhancing the shelf life and stability of potential
products during storage. The drying process reduces the
water content to safe levels for storage, as it involves heat
and mass transfers. The drying conditions and methods
employed influence both the biological activity and the
chemical and physical structure of the seeds [8].

Drying is a traditional conservation method and a
long-established unit operation used to preserve perish-
able products. It allows reducing the water content and
increasing the storage period of the product, preventing
the growth of microorganisms and insects, and reducing
the mass and volume to be transported [9].

Kinetics and mathematical modeling are important
and widely employed tools for optimizing various drying
processes of food products. Drying kinetics is a topic com-
monly covered in literature for various products. The tem-
perature and the flow and/or speed of the air used [9] are
among the most important variables.

According to Lopes de Menezes et al. [10], drying
allows the analysis of solid material behavior through
curves relating the moisture ratio to time and drying rate.
These curves contain essential information for developing
the process and for better dimensioning of the equipment,
making it possible to evaluate the time required to dry a
certain quantity of products.

This work aimed to study the mathematical model-
ing of cassava peel drying kinetics, evaluating four differ-
ent temperatures to optimize the processing time and pre-
serve the quality of phenolic compounds, antioxidant ac-
tivity, and starch content. The focus was on using cassava
peels from industrial waste for biotechnological applica-
tions. In addition, essential thermodynamic parameters,
fundamental for the design of drying equipment and the
calculation of required energy, were analyzed, providing
a deeper understanding of the physical phenomena occur-
ring during the process [9].

2. Materials and Methods

2.1. Sample Collecting

The cassava was collected in the municipality of Parauapebas,
PA, Brazil, located at 06◦12′58′′ S latitude and 49◦51′19′′ W
longitude, with an altitude of 197 m. The samples were
transported to the city of Belém-PA and taken to the food
laboratory of the Federal Rural University of the Amazon
for sanitization (100 mg/L) for 15 min, followed by wash-
ing with chlorinated water at 10 mg/L to remove excess
chlorine. The cassava was cut, the peels separated from
the pulp, and vacuum-packed in polyethylene bags, then
stored at −18 ◦C until analysis. This sample was coded
as cassava peels or RCP. The dried cassava peels were de-
signed as DCP.

2.2. Physicochemical Characterization

The physicochemical analyses generally followed the meth-
ods of Adolf Lutz [11] for the raw residue. The samples
were analyzed in triplicate, and the determinations per-
formed were for water activity (4TE, AquaLab, USA), to-
tal soluble solids (TSSºBrix) measured in a refractome-
ter (Portable refractometer, model KASVI, Brazil.), pH
measured in a benchtop pH meter (KASVI, K39-1420A,
Brazil), total titratable acidity (TTA), moisture, ash, lipids,
and proteins. Starch content was analyzed for the RCP,
and after drying at three different temperatures, to evalu-
ate the effect of temperature on starch extraction [12].

2.3. Analysis of Total Phenolic
Compounds (TPC)

The hydroalcoholic extract for this analysis was prepared
according to themethodology of Guindani et al. [13]. This
analysis was performed for both RCP and DCP at all stud-
ied temperatures.

TPC determination was performed according to the
methodology proposed by Singleton and Rossi [14], mod-
ified for microplates, in a spectrophotometer (Thermo
Fisher Scientific Oy, Multiskan Go-SN-1530-8001397,
Finland). The absorbance reading was performed at a
wavelength of 765 nm. The concentration of TPC in the
extracts was determined from the equation of the straight
line obtained in the standard curve of gallic acid (Sigma,
99% purity) (y = 0.0059x + 0.0929, R2 = 0.9996) and
expressed in mg GAE/g of the sample.

Rodrigues et al.
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2.4. Antioxidant Activity by the ABTS
Method

The antioxidant capacity of the RCP hydroalcoholic ex-
tracts against the free radical ABTS•+ (2,2-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid)) was evaluated accord-
ing to the methodology proposed by Rufino et al. [15] with
modification. Quantification was performed using Trolox
((±)-6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid, 97%, Sigma, Brazil) to construct the analytical curve
(y = −0.0005x + 0.6844, R2 = 0.9911). From the straight-
line equation, the calculationwas performed and expressed
in µM Trolox equivalent/g of sample. This analysis was
performed for both RCP and DCP.

2.5. Drying Kinetics

The drying kinetics of cassava residues occurred by con-
vection, with an average of 25.00 g of peels weighed on
stainless steel trays (3 mm) with an area of 204 cm2 and
a height of 1 cm. The process took place in an oven
with forced air circulation (Model EL 1.3 Odontobrás)
at temperatures of 50 ◦C, 60 ◦C, 70 ◦C, and 80 ◦C un-
til reaching constant mass [16]. The process was carried
out with an air speed of 1.4 m/s on the digital anemome-
ter (Model AD-250 Instrutherm). These conditions were
determined based on preliminary tests and the studies of
Vilhalva et al. [8] and Kosasih et al. [17], as well as the
selection of the mathematical models used in this study.
After this stage, the resulting samples were ground in a
processor (W, RI7625), packaged, and stored in a hermet-
ically sealed polyethylene bag under a vacuum for future
analysis.

Using the obtained results, curves relating moisture
content (Y) to process time were constructed according to
Equation (1).

Y =
m−me

mi −me
(1)

where: Y = moisture ratio (dimensionless); m, mi, and I
are the moisture at time t, initial, and equilibrium (g/100
g d.b.), respectively.

The thickness of the cut cassava peels was calculated
using a digital caliper with a resolution of 0.01 mm [18].
To ensure greater representativeness, 100 repetitions of
the material were performed in different parts of the waste.
An arithmeticmeanwas calculated for these 100measured
parts.

To calculate the effective diffusion coefficient, we
used the theory of water migration by diffusion as a basis,
based on Fick’s second law, which was considered in the
study of drying kinetics. Considering that a flat plate can

represent the mass of cassava peel residues, Equation (1)
was used as proposed by Crank [19]:

k =
Deff.π

2

L2 (2)

where k = drying constant, Deff = effective diffusivity, and
L = characteristic dimension to model the drying kinetics.

The Arrhenius equation, described in Equation (3),
was used to evaluate the influence of temperature on the
effective diffusion coefficient.

Deff = D0.exp
(

Ea
R.Ta

)
(3)

where: Deff = Effective diffusion coefficient; D0 = pre-
exponential factor; Ea = energy activation (kJ/mol); R =
universal gas constant (8.314 kJ/mol. K); Ta = absolute
temperature (K).

Equation (3) can be linearized to determine the acti-
vation energy (Ea) of the drying process, as shown in the
following Equation (4).

ln(Deff) = ln(D0)−
Ea
R.Ta

(4)

2.6. Adjustments to Mathematical
Models

In predicting drying curves, mathematical adjustments of
classical models that describe the kinetics of drying pro-
cesses in foods were evaluated (Table 1). These models
describe the kinetics of the drying processes applied in
present work. The models were adjusted by nonlinear re-
gression to the results obtained in the drying experiments
using the Statistica software (version 7.1, StatSoft Inc.,
USA). The Levenberg-Marquardt algorithm was used as
a 10−6 convergence criteria [16].

The models were selected considering the magni-
tude of the estimate’s standard deviation (SE). The values
of the coefficient of determination (R2) and chi-square
(χ2) were used to determine the model that best describes
the drying curves according toMartins and Pena [16]. The
SE and χ2 values for each model were estimated by Equa-
tions (5) and (6), respectively.

SE =

√∑(
Y− Ŷ

)2
DF

(5)

χ2 =

∑n
i=1

(
Y− Ŷ

)2
DF

(6)
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Table 1: Models used to describe the drying curves of different food matrices.

Model Equation Reference

Logarithmic Y = a.exp(k.tn) + c Toğrul; Pehlivan [20]

Diffusion Approximation Y = a·e-k.t + (1a)·e-k.b.t Corrêa et al. [21]

Newton Y = e –k.t Faria et al. [22]

Henderson & Pabis Y = a.exp(-k.t) Henderson & Pabis (1974) [23]

Wang & Singh Y = 1 + a.t + b.t2 Wang; Singh (1978) [24]
Y = moisture rate (dimensionless), t = residence time (s), and a, b, c, and k are model constants.

where: Y = experimentally observed value; Ŷ = value es-
timated by the model; n = number of observed data; DF:
degrees of freedom of the model.

For a model to provide a good fit, it should meet the
following criteria: R2 close to 1, and SE and χ2 close to
zero.

2.7. Calculation of Thermodynamic
Parameters

The thermodynamic properties of enthalpy (Equation (7)),
entropy (Equation (8)), and Gibbs free energy (Equation
(9)) in the drying process of cassava peels at different tem-
peratures (50, 60, 70, and 80 ◦C) were determined using
the method presented by Silva et al. [25].

∆H = Ea − R(T+ 273.15) (7)

∆S = R
[
ln(D0)− ln

(
KB

hp

)
− ln(T + 273.15)

]
(8)

∆G = ∆H− (T+ 273.15).∆S (9)

where: ∆H= specific enthalpy, J mol−1;∆S = specific en-
tropy, J mol−1 K−1;∆G =Gibbs free energy, J mol−1; KB
= Boltzmann constant, 1.38 × 10−23 J K−1; hp = Planck
constant, 6.626 × 10−34 J/s; T = temperature, ◦C.

2.8. Statistical Analysis

For the physical-chemical, TPC, and ABTS determina-
tions, averages, standard deviations, and the coefficient
of variation were calculated (considering up to 10% for
physical-chemical analyses and up to 15% for TPC and
ABTS analyses).

ANOVA and Tukey analysis (after the data were an-
alyzed by Shapiro-Wilk and presented as a normal distri-
bution) were performed to compare the means of the TPC,
AA, and starch analyses after drying the material at tem-
peratures of 50, 60, 70, and 80 ◦C and assess whether there
was a significant difference between the treatments.

3. Results and Discussion

3.1. Physicochemical Characterization of
the Residue

Table 2 presents data on the centesimal and chemical com-
position (on a dry basis) of raw cassava peels (RCP).

According to Tapia et al. [26], aw analysis is a deter-
mining factor in foods’ microbiological stability and en-
zymatic activity. Therefore, controlling water activity and
humidity are fundamental factors in preserving the quality
of the product. The peels obtained water activity or aw val-
ues from 0.981 to 0.9956, with an average of 0.996. These
results demonstrate that the sample is perishable and that
the probability of it undergoing chemical, physical, micro-
biological, or enzymatic reactions is much higher.

Souto [27] found the following compositions for cas-
sava peel: 72.53 g/100 g of moisture, 1.63± 0.04 g/100 g
of ash, 0.86 g/100 g of lipids, and 3.97 g/100 g of protein.
Regarding pH, the author obtained a value of 4.85, while
for Total Acid Titration (TTA), the value found was 5.18
mL of 1MNaOH per 100 g. The starch content was 60.68
g/100 g. In the present study, the results were similar to
those reported by Souta [27], although considerably lower
values were observed for starch and lipids. On the other
hand, the protein content was slightly higher, while the
moisture and ash values presented results close to those
found by this author.

The values of the present research were also com-
pared with those found by Batista et al. [28] for cassava
peel, which were as follows: pH of 5.64, TTA of 4.13 mL
of 1 M NaOH (100 g), water activity of 0.996, moisture
of 70.96 (g/100 g), ash of 8.95 (g/100 g), lipids of 0.26
(g/100 g), and protein of 4.08 (g/100 g).

The sample’s total soluble solids (TSS) content shows
that cassava peel retains a low ◦Brix value. Pinto et al. [29]
found a ºBrix value varying from 2 to 3.9 for cassava flour.

The ash percentage of the sample had an average
value of 8.15 g/100 g. This high ash value may indicate
the presence of minerals in the roots, which is understand-
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Table 2: Centesimal and chemical composition of RCP.

Determination RCP Variation Coefficient (%)

Moisture (g/100 g) 71.00 ± 0.32 1.04

Ash (g/100 g) 8.15 ± 0.41 4.58

Lipids (g/100 g) 0.29 ± 0.01 3.45

Proteins (g/100 g) 4.70 ± 0.05 1.22

Starch (g/100 g) 42.12 ± 0.40 0.95

aw 0.981 ± 0.01 1.01

TSS (ºBrix) 3.0 ± 0.01 0.33

TTA (NaOH 1 M/100 g) 4.13 ± 0.24 5.81

pH 5.06 ± 0.14 2.78

TPC (mg GAE/g) 12.50 ± 1.80 14.4

ABTS (µmol TE/g) 150.00 ± 18.33 12.22

able, since this is in direct contact with the soil during its
collection.

Regarding TPC and AA measured by ABTS, it is
important to note that such variations are common among
vegetables and can be influenced by factors including
plant variety, soil type, climate, and cultivation condi-
tions [30].

Batista et al. [27] also measured TPC in cassava peel
extracts (hot water extraction) and found values ranging
from 10 to 15 mg GAE/g. These results are similar to
those found in this work (12.50 ± 1.80).

Santos et al. [31] investigated the extraction of pheno-
lic compounds from cassava leaves using different solvent
mixtures: (1) Methanol/water 50:50 (v/v), (2) Ethanol/water
50:50 (v/v), and (3) Acetone/water 70:30 (v/v). These au-
thors performed chromatographic identification by HPLC,
obtaining catechin, gallic acid, epigallocatechin, chloro-
genic acid, and gallocatechin as the major compounds.
The authors also found 233.17 to 383.33 µmol trolox/g
for AA by ABTS.

3.2. Mathematical Modeling

The cassava peel was dried at four different temperatures,
50, 60, 70, and 80 ◦C, until reaching final water contents
on a dry basis (ds) of 1.35, 1.23, 1.28, and 1.19, respec-
tively. All samples achieved these final moisture levels in
approximately 7 hours on average.

Figure 1 shows the profile of the drying kinetics
curves at different temperatures (50, 60, 70, and 80 ◦C).
The results obtained in this analysis will be adjusted in
mathematical models to verify which model best fits the
drying conditions studied in this work.

Table 3 presents the values of the statistical parame-
ters SE, R2, and the chi-square test (χ2), which were used
to compare the 5 mathematical models analyzed through
nonlinear regression to describe the drying behavior of
cassava peel at different temperatures.

Table 3 shows that the coefficient of determination
(R2) values were greater than 0.95 until the Henderson and
Pabis model, evidencing a satisfactory representation of
the drying process. However, upon examining the Wang
and Singh model, it is evident that the fit was unsatisfac-
tory for the experimental data at 60 ◦C and 70 ◦C, and
completely inadequate at 80 ◦C, indicating that this model
is not suitable for these data.

According to Lopes de Menezes [10], the closer R2

is to the value 1, the better the model representation. How-
ever, when considered in isolation, the coefficient of deter-
mination (R2) is not a reliable criterion for selecting non-
linear models [32]. Analyzing the results, the estimated
mean error (SE) values for all models at different temper-
atures were very low, with a maximum value of 0.0641 for
the temperature of 60 ◦C in the Henderson and Pabis mod-
els. For Draper and Smith [33], the lower the SE value,
the better the fit of the model and the better its ability to
describe the dynamics of the drying process. In the chi-
square test (χ2), the values recorded for the different ad-
justed models presented very low results. Lima et al. [34]
reported that the efficiency of a mathematical model for
the drying process is related to the lowest chi-square value.

In the study by Modesto Junior et al. [35] on the
mathematical modeling of cassava leaf drying kinetics, R2

values exceeded 0.95 for all model fits to the experimen-
tal data, indicating that the models accurately described
the drying processes. Also, in this study, the authors re-

Sustainable Processes Connect
5

Rodrigues et al.

https://scifiniti.com/
https://scifiniti.com/journals/sustainable-processes-connect


2025, Vol. 1, Article ID. 2025.0008
https://doi.org/10.69709/SusProc.2025.1993765

Figure 1: Drying kinetics curves at different temperatures.

Table 3: Values of the parameters of the adjustments of the mathematical models to the drying kinetics data of DCP.

Model T (◦C) R2 SE χ2

Logarithmic

50 0.99722 0.0189 3.5738.10−4

60 0.98261 0.4005 0.0016

70 0.97742 0.0418 0.0018

80 0.96563 0.0427 0.0018

Diffusion
Approximation

50 0.9958 0.0232 5.40 × 10−4

60 0.9679 0.0550 0.0030

70 0.9824 0.0369 0.0013

80 0.9947 0.0612 2.8 × 10−4

Newton

50 0.9896 0.0364 0.0013

60 0.9667 0.0561 0.0031

70 0.9342 0.0713 0.0050

80 0.9518 0.0505 0.0025

Henderson & Pabis

50 0.9941 0.0274 0.0157

60 0.9676 0.0552 0.0641

70 0.9631 0.0534 0.0599

80 0.9567 0.0479 0.0482

Wang & Singh

50 0.9924 0.0312 9.7 × 10−4

60 0.7275 0.1604 0.0257

70 0.5911 0.1780 0.0316

80 - - -
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ported χ2 values lower than 0.005 and SE lower than 0.07,
confirming that all models accurately described the drying
kinetics in the experimental domain.

The Logarithmic model (Figure 2a) was chosen to
calculate the value of the drying constant k (because this
model had the best metric fit for all temperatures when
compared to the other models tested), which was used to
calculate Deff to continue with the calculations of the ther-
modynamic parameters (Table 4).

The residual plot (Figure 2b) for the drying kinet-
ics shows points randomly distributed around zero with
no apparent systematic trends, indicating that the loga-
rithmic model adequately describes the drying process.
The residuals also showed approximate homoscedasticity,
without strong signs of increasing or decreasing variance
over time. In this analysis, no evidence of clustering or
systematic deviations was observed. Residual analysis
enables verification of the model’s adequacy in describ-
ing the process, which is essential for selecting the most
appropriate model.

The logarithmic model was selected not only be-
cause it presented a better statistical fit but also because
it reflects the expected behavior of the studied process.
Furthermore, interpreting the results in terms of relative
variations facilitates their practical application and the de-
termination of optimal conditions in an industrial context.
Oliveira et al. (2015) [36], in their study on strawberry
drying using a forced-air circulation oven, also found that
the logarithmic model provided the best fit for their data.
This type of model describes situations in which there
are rapid initial gains, followed by stabilization, which is
consistent with the dynamics of food systems.

Vilhava et al. [9] found Deff values ranged from 1.87
to 3.57 × 10−9 m2/s for cassava peels at different condi-
tions. According to Cuevas et al. [37], Deff is an important
parameter in the food drying process, as it helps in plan-
ning and modeling mass transfer. This value may vary de-
pending on the material thickness and the external drying
conditions. Santos et al. [36] Deff values ranged between

0.5666 and 1.4245 × 10−¹⁰ m2/s for patuá (Oenocarpus
bataua) pulp fruit.

As stated by Goneli et al. [18] when the drying tem-
perature is increased, it results in a decrease in water vis-
cosity, a parameter used to measure fluid resistance. The
reduction in viscosity facilitates the diffusion of water
present in the leaf capillaries. The increase in Deff with
increasing temperature can be explained by the rise in
vibrations of water molecules, which intensifies the diffu-
sion of this water.

As the temperature increased from 50 to 80 ◦C, the
enthalpy decreased from 66.64 to 66.39 kJ/mol, indicating
that less energy is required for drying at higher tempera-
tures, consistent with the findings of Corrêa et al. [21] and
by Silva et al. [25] for coffee drying and Capsicum chi-
nense L, respectively. The entropy ranged from −276.01
to −257.76 J/mol.K, with lower values at higher temper-
atures, suggesting greater order in the arrangement of wa-
ter molecules, which may be related to structural modifi-
cations in the product. The Gibbs free energy increased
from 134.25 to 137.82 × kJ/mol, indicating that drying
is a non-spontaneous process, requiring additional energy
from the environment to occur, as also observed by Corrêa
et al. [21] and Silva et al. [25].

Silva et al. [24] found values of ∆H ranged from
32.99 to 33.32 kJ/mol,∆S−295.7 to−296.7 Jmol/K, and
∆G of 131.85 to 143.70 kJ/mol for pepper species Cap-
sicum chinense L.

Lower ∆S values at higher temperatures indicate
greater order in the interactions between water molecules
and the vegetable, suggesting reduced molecular excita-
tion [38]. Furthermore, negative entropy values may re-
flect chemical or structural changes in the product during
drying.

When the∆Gpresents positive values, this indicates
that drying is a non-spontaneous process; that is, it re-
quires the supply of external energy from the environment
for the reaction to occur [39].

Table 4: Thermodynamic properties for DCP at different temperatures with the Logarithmic model.

Thermodynamic Properties Temperature ◦C

50 60 70 80

K parameter 0.077 0.020 0.022 0.088

Deff x10−10 (m2/s) 0.649 1.435 1.320 5.842

∆H (kJ/mol) 66.64 66.55 66.47 66.39

∆S (J/mol.K) −276.01 −269.42 −270.12 −257.76

∆G (kJ/mol) 137.82 137.74 134.25 137.72
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Figure 2: (a) Logarithmic model fit applied for all temperatures; (b) Graphical residual plot for the Logarithmic model fit.

Energy activation (Ea) represents the difficulty wa-
ter molecules must overcome to overcome the energy bar-
rier during their movement within the product. According
to Kayacier and Singh [40], this energy tends to decrease
as the water content of the product increases. In drying
processes, lower energy activation values are associated
with greater water diffusivity within thematerial [39]. The
energy activation (Ea) for the net diffusion of DCP, calcu-
lated as the slope of the line obtained from ln(Deff), was
69.32 kJ/K·mol; this result was considerably higher than
the values reported by Kosasih et al. [17], who studied the
drying of elephant cassava slices using natural convection
in a moisture analyzer and forced convection at tempera-
tures of 60 ◦C, 80 ◦C, 100 ◦C the Ea found for them varied
between 22.915 kJ/mol and 27.17 kJ/mol.

This discrepancy may result from experimental vari-
ables such as moisture measurement errors, increased in-
ternal resistance to water migration due to the fibrous na-
ture of cassava peel, and possible physicochemical matrix
transitions that hinder diffusion. Another factor contribut-
ing to the higher energy requirement is the occurrence of
competing reactions during drying. By reevaluating Ea at
various temperature intervals and excluding locations out-
side of the linear Arrhenius regime, a sensitivity analysis
was carried out (results not shown). However, even with
these adjustments, it was not possible to obtain lower val-
ues than those originally estimated, which reinforces the
robustness of the result. Further studies comparing differ-
ent drying conditions and plant matrices are recommended
to clarify these deviations.
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These thermodynamic properties, primarily ∆H
(kJ/mol), ∆S (J/mol·K), and ∆G (kJ/mol), have direct im-
plications for scalability. The energy fluctuations occurring
during sorption, as water molecules interact with product
constituents, are quantified by changes in enthalpy (∆H).
Entropy (∆G) is related to the spatial arrangement of the
water-product and can be linked to the binding or repulsion
of water molecules from food components in the system [41].

The degree of order or disorder in the water-product
system is defined or characterized by entropy (∆G). Con-
versely, Gibbs free energy provides a criterion for evaluat-
ing water desorption and reflects the product’s affinity for
water. The energy required to transfer water molecules

between the vapor state and a solid surface is associated
with changes in Gibbs free energy during water exchange
between the product and its environment [42].

3.3. Analysis Performed at DCP

After the drying process was completed, analyses of TPC,
AA, and starch were performed in DCP, as shown in Fig-
ure 3a–c. The increase in temperature leads to the degrada-
tion of phenolic compounds (Figure 3a) and a decrease in
AA (Figure 3b); therefore, to extract phenolic compounds
from this residue, it is not advisable to work at tempera-
tures above 60 ◦C.

Figure 3: Drying kinetics effect on DCP: (a) total phenolic content (TPC), (b) antioxidant activity (AA), and (c) starch content.
Columns marked with the same uppercase letter do not differ significantly from each other at the 95% confidence level (p < 0.05),
according to analysis of variance (ANOVA) followed by Tukey’s test. Different letters indicate statistically significant differences. The
results show that increasing the drying temperature of cassava peels caused significant reductions (p < 0.05) by the Tukey Test in
total phenolic compound (TPC) content, antioxidant activity (AA), and it was lesser in starch content. This occurs because higher
temperatures accelerate thermal and oxidative degradation reactions of bioactive compounds, especially phenols and antioxidants,
which are heat sensitive. Thus, while drying at 50 ◦C better preserves these components, higher temperatures, such as 80 ◦C and 90
◦C, promote significant losses, explaining the statistical differences observed between treatments. Starch, being more stable, showed
less variation, but still suffered reductions at high temperatures due to structural modifications and possible gelatinization or partial
degradation reactions.
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4. Conclusions

The physicochemical characterization confirmed the po-
tential of cassava peel as a valuable by-product for the
food industry. Studying its drying kinetics was essential
for extending shelf life, reducing microbial susceptibility,
and enabling broader applications. Among the mathemat-
ical models tested, the logarithmic model best described
the drying behavior, while drying at 50 ◦C preserved phe-
nolic compounds and antioxidant activity. Higher tem-
peratures caused minimal starch losses, indicating their
suitability for starch-focused applications. Although the
study demonstrated the feasibility of drying cassava peel,
it was limited to laboratory-scale hot air convection. Fu-
ture research should address scale-up, evaluate alternative
or hybrid drying technologies (e.g., vacuum, infrared, or
freeze-drying), and investigate storage stability and prac-
tical applications to advance sustainable and efficient val-
orization strategies.
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aw Water activity
DCP Dry Cassava Peels
Deff Effective diffusivity
Ea activation energy
R universal gas constant (8.314 kJ/mol.K)
R2 Coefficient of determination
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Ta absolute temperature (K)
TPC Total phenolic compounds
TSS Total soluble solids
TTA Total titratable acidity
χ2 Chi-square
∆H Enthalpy variation (kJ/mol)
∆S Entropy variation (J/mol.K)
∆G Gibbs free energy (kJ/mol)
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