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Abstract
Bocaiuva is the fruit of the palm tree Acrocomia aculeata (Jacq.) Lodd, native to various regions of Brazil,
particularly in the Cerrado and Pantanal biomes. However, its commercialization is hindered by its fibrous
nature and short shelf life, leading to post-harvest losses. This study aimed to obtain bocaiuva slices at
different infrared drying temperatures (60, 70 and 80 ºC). It was found that a shortening in the drying time
at 80 ºC caused an increase in the drying rate. Fick’s second law and Page’s equation were suitable for
describing the process behavior. The thermodynamics and energetic analysis demonstrated higher
energy efficiency at 80 ºC. Lower temperature (60 ºC) promoted lower total color difference and
hygroscopicity, and higher volumetric shrinkage. The results suggested that IRD at 80 ºC was able to
produce bocaiuva slices with suitable physical characteristics. Furthermore, the production of dried
bocaiuva contributes to the regional development of the Cerrado biome, thereby enhancing the
bioeconomy.

1 INTRODUCTION
The state of Mato Grosso do Sul boasts a rich diversity of native species, necessitating techniques that
promote the valorization and preservation of its biomes, notably the Cerrado and Pantanal. Among these
species is the Acrocomia aculeata (Jacq.) Lodd, a native palm found predominantly in the central region
of Brazil, particularly in the Cerrado and Pantanal. The economic significance of this plant stems from
the commercialization of its fruits, renowned for their edibility and utility in oil extraction, while also
holding cultural and environmental importance (Bortolotto et al., 2021; Munhoz et al., 2013).

Referred to as bocaiuva, macaúba, or coco-de-espinho, the fruits of this palm exhibit considerable
nutritional potential, serving as a natural source of vitamins, minerals, fiber, and bioactive compounds.
However, owing to their seasonality and perishable nature, it becomes imperative to employ techniques
that prolong the shelf life of bocaiuva fruits while retaining their inherent characteristics. Processes
aimed at reducing moisture content in the fruits can yield value-added products and enhance stability
(Correia et al., 2022; V. M. da Silva et al., 2018).

Infrared drying (IRD) emerges as a viable method for preserving bocaiuva fruits. This technique offers
faster drying rates, improved heat transfer coefficients, and enhanced energy efficiency, resulting in
reduced processing times. In IRD, radiation energy within the wavelength range of 0.78 to 1000 µm is
converted into heat, facilitating moisture removal from the fruits. Notably, infrared energy is selectively
transferred from the heat source to the sample, expediting heating while minimizing heat dispersion to
the surroundings (Delfiya et al., 2022; Sakare et al., 2020; Salehi, 2020).

In the literature, IRD has recently studied in foods and agricultural products such as: ginger (Osae et al.,
2020), kiwifruit (Lyu et al., 2017), pears (Araujo et al., 2021), bitter melon (Akhoundzadeh Yamchi et al.,
2023), okra (El-Mesery et al., 2023) among others. To our knowledge, no study was conducted for a native
Cerrado fruit.
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This technology yields promising results; nevertheless, its implementation is confined to pilot scale and
laboratory settings, necessitating comprehensive energy and feasibility assessments for its viability on
an industrial scale. In this sense, the objective of this study was to analyze the quality of bocaiuva slices
submitted to IRD observing the influence of different temperatures with respect to drying kinetics,
mathematical modeling, thermodynamics, energetic and physical analyses.

2 MATERIALS AND METHODS

2.1 Fruit characterization
The fruits of bocaiuva (Acrocomia aculeata) were obtained from a local producer (La Lima Village,
Miranda, Campo Grande state, Brazil). The fruits were selected, washed, and sanitized, then removing the
epicarp and endocarp manually. Samples were prepared with mesocarp slices, that were cut (2.50 ± 0.10
cm length × 1.00 ± 0.05 cm width × 0.25 ± 0.05 cm thick), with the aid of a stainless steel knife and stored
under freezing (-18 ºC ± 1 ºC).

Prior the experiments, the samples were thawed under refrigeration (4°C ± 1 ºC) during 12 h, followed by
room temperature until thermal balance (25°C ± 1 ºC). The initial moisture content was 0.622 ± 0.012 kg
of water/kg sample (wet basis, w.b.), determined by drying in an oven at 105 ºC until constant weight
(AOAC, 2016).

Total soluble solids (Abbè refractometer, Tecnal RL3, Brazil) pH analysis (HANNA pHmeter pH21, Brazil),
and total titratable acidity by volume potentiometric measurements were also performed for the fruit
characterization (Instituto Adolfo Lutz, 2008). The soluble solids content was 0.032 ± 0.002 kg solid/kg
product, and the pH was 6.45 ± 0.06. The acidity total titratable was 0.313 ± 0.007 g of citric acid/ kg
product.

2.2 Infrared drying experiments
The drying process took place using an infrared radiation dryer (Model IV 2500, Gehaka, São Paulo,
Brazil). Each batch involved drying 0.020 kg of fresh fruits. The experiments continued until reaching an
average final moisture content of 0.150 ± 0.01 kg of water/kg sample (w.b.).

During the drying, the mass of the samples was monitored using a digital balance coupled to the
equipment (accuracy ± 0.01 g). The radiation source (infrared power of 300 W) was located at a fixed
distance of approximately 0.10 m from the samples. The moisture content of the samples throughout the
drying process was assessed gravimetrically by comparing the initial moisture content of the sample
(before the drying) with its mass at each time interval.

2.3 Mathematical modeling
The experimental results obtained were fitted using drying equations. The moisture ratio (MR) of the
samples was calculated using the Eq. 1.
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1
where MR is the moisture ratio [dimensionless], Xt is the moisture content at a specific time [kg water/kg],
X0 is the initial moisture content [kg water/kg] and Xe is the moisture content under equilibrium conditions
[kg water/kg].

The drying rate (DR) of the bocaiuva slices was calculated using Eq. 2

2
where DR is drying rate [kg water/ (kg × min)], t is time [min] and dt is time increase [min].

The effective diffusivity (Deff) was derived from the analytical solution of Fick's second law under
unsteady-state conditions, as represented by Eq. 3:

3
where Deff is the effective diffusivity [m2 /s].

The solution to Eq. 3 is obtained using the Fourier series, assuming: Uniform initial moisture content 

 moisture concentration symmetry ; equilibrium content at the surface,

; the samples are infinite slabs, and shrinkage and external resistance to mass transfer
are neglected.

Considering an unidirectional moisture diffusion, the Deff was calculated according to Eq. 4

4
where L is the characteristic length (half of the thickness).

The activation energy, governing the relationship between Deff values and temperature dependence, is
characterized by an Arrhenius-type correlation, as expressed by Eq. 5
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where D0 is the pre-exponential factor of the Arrhenius equation [m2/s]; Ea is the activation energy

[kJ/mol]; R is the universal gas constant [8.314×10− 3 kJ / (mol× K)] and T is the IRD temperature [K].

The Eq. (5) can be linearized into the form of Eq. (6):

6
Ea can be calculated with the slope of the Eq. 6 by plotting ln Deff as a function of 1/T (Oliveira et al.,
2021).

The Page’s equation (Eq. 7) was used describe the drying kinetics of agricultural products (Page, 1949).

7
Where k is the drying rate [1 / s] ; n is the unit coefficient [dimensionless].

2.4 Thermodynamic parameters and Energetic Analysis
The Ea value allowed determination of different thermodynamic parameters such as the enthalpy (ΔH),
the entropy (ΔS), and the free energy (ΔG), according to the Equations 8–10 (Jideani & Mpotokwana,
2009).

8

9

10
where kB indicates the Boltzmann constant (1.38×10− 23 J/K) and hp represents the Planck constant

(6.626×10− 34 J×s).

Assessing energy consumption contributes to the cost-effective operation and advancement of energy-
efficient drying systems (Delfiya et al., 2022). The specific energy consumption (SEC) was obtained as
the consumed energy [kJ] for the removal of 1.0 kg water from the sample, according to Eq. 11 (Zhang et
al., 2021):

lnDeff = lnD0 −
Ea

RT

MR = exp(−ktn)

ΔH = Ea − RT

ΔS = R(lnD0 − ln( ) − ln T)
kB

hP

ΔG = ΔH − TΔS



Page 6/20

11
where SEC is specific energy consumption [MJ/ kg water], P is the infrared power [W] and mev is the total
mass of water removal during the drying [kg].

2.6 Quality analyses
All the following analyses were performed in triplicate (at least), in either dried and fresh samples.

2.6.1 Color Parameters
Color parameters were measured using a colorimeter (CM-2600D model, Konica Minolta). The parameters
recorded L*, a*, and b* were quantified for each sample. These color parameters were used to calculate
the total color difference (ΔE) (Eq. 12). Six samples were evaluated for each treatment.

12
where L* indicates the lightness (100 for white to 0 for black), a* indicates red when positive and green
when negative, and b* indicates yellow when positive and blue when negative. The subscript ‘0’ denotes
the color parameters of the fresh fruit.

2.6.2 Volumetric Shrinkage
The volume (V) of the bocaiuva samples was determined by averaging three measurements of the fruit
dimensions along the corresponding coordinate axes, using a calibrated digital caliper (Western, DC-6
model, China). Five samples were assessed for each treatment during the drying process. Volumetric
shrinkage was calculated as the ratio of the dried fruit volume (Vt) to the initial fruit volume (V0)
(Junqueira et al., 2018).

2.6.3 Rehydration
The dried fruits were submerged in distilled water at 25°C for 20 hours to determine their rehydration
capacity (RC). After the drying, three dehydrated samples were submitted to rehydration (Badwaik et al.,
2014). The RC was calculated as the ratio between the weight of the dried sample and the weight of the
fresh samples.

2.6.4 Hygroscopicity
Approximately 1.0 g of the sample was placed in an airtight desiccator filled with saturated solution of
NaCl (75% RH) and stored at 25 ± 1°C for seven days (Ng & Sulaiman, 2018). Subsequently, the samples

SEC =
P × t × 10−6

mev

ΔE = √(L − L0)2 + (a − a0)2 + (b − b0)2
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were weighed, and the absorbed moisture was expressed in grams per 100 grams of dry solids. The
difference in weight of dried was calculated to determine its hygroscopicity.

2.7 Statistical analyses
The results were analyzed using Statistica software (Statistica 8.0, Statsoft Inc., Tulsa, UK). For the
statistical evaluation of the mathematical modeling, the coefficient of determination (R2), root mean
square error (RMSE), and reduced chi-square (χ2), were used to determine the quality of the adjustment.
Higher R2 and lower RMSE and χ2 values indicated better adjustment (Babu et al., 2018).

The quality analysis results underwent evaluation through one-way ANOVA at a 95% confidence level. If
significant effects were observed (p < 0.05), mean comparisons were conducted using the Tukey test.

3 RESULTS AND DISCUSSION

3.1 Drying kinetics
Figure 1 shows the drying kinetics of bocaiuva slices during the IRD. The duration for the samples to
attain a final moisture content of 0.150 ± 0.01 kg of water/kg sample (w.b.) ranged from 160 minutes at
80°C to 280 minutes at 60°C.

As expected, lower drying time was observed in the treatments at higher temperature (Fig. 1). As the
drying temperature rises, both internal and external resistance to moisture removal diminishes. This
phenomenon is associated with the augmentation of water molecule mobility, an increase in the driving
force, and consequently, a heightened vapor pressure that facilitates the evaporation of moisture from the
product's interior to its surface (Araújo et al., 2020; Elhussein & Şahin, 2018; Turan & Firatligil, 2019).

Similar reports were presented by Rodríguez-Ramos et al. (Rodríguez-Ramos et al., 2021) during the
convective drying of Salicornia fruticosa. In this study, comparing the treatments at different
temperatures, a reduction in drying time of approximately 50% was observed, comparing 70 and 50 ºC.
Such a reduction in the drying period at higher temperatures were also reported by Ju et al. (Ju et al.,
2020) during the convective drying of American ginseng root (Panax quinquefolium) at 45–60°C and by
Bakhara et al. (Bakhara et al., 2018) during osmo-convective of tender jackfruit slices at 50–70°C.

Figure 2 - The drying rate of bocaiuva slices versus moisture content in different IRD treatments

According to Fig. 2, maximum drying occurred at the initial stages of the process, characterized by high
moisture content in the fruits, leading to elevated drying rates. As the process progressed, the treatments
entered the falling rate period, indicating that diffusion mass transfer governs the drying process. During
agricultural food drying, the absence of a constant drying rate period has been reported by several
authors (Babu et al., 2018; Junqueira et al., 2021; Ovando-Medina, 2023).
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It was also observed higher drying rates at 80 ºC (Fig. 2). Babu et al. (Babu et al., 2018) pointed that an
elevation in temperature leads to a decrease in drying time. Consequently, a greater gradient in both
moisture and heat is achieved, resulting in an increased drying rate. Junqueira et al. (Junqueira et al.,
2021) observed that taioba leaves dried at higher temperatures presented higher drying rates (lower
drying periods).

3.2 Mathematical modeling
Table 1 presents the effective diffusivities (Deff) of bocaiuva slices during IRD, calculated based on Fick’s
diffusion theory. The Deff values ranged from 4.53 × 10− 11 to 9.38 × 10− 11 m2/s. The results showed that

R2 values were greater than 0.97, and RMSE and χ2 values were lower than 0.07 and 0.005, respectively.
These values presented analogous magnitude orders than those observed for IRD (Delfiya et al., 2022).

Table 1
Effective diffusivity of bocaiuva slices during IRD at different

temperatures
Temperature Deff [m²/s] ×1011 R² RMSE ×102 χ² ×103

60 ºC 4.53 0.973 6.46 4.32

70 ºC 6.95 0.971 6.98 5.13

80 ºC 9.38 0.975 6.62 4.64

According to Table 1, an increase in the temperature process promoted an increase in the Deff. Araujo et
al. (Araujo et al., 2021) observed similar behavior during IRD of pear slices (50–100 ºC) and pointed that
the temperature enhancement leads to alterations in the physical properties of fluids, including viscosity
and the molecular vibration of water and air molecules.

Deff values of various food products during IRD are reported in many literatures, for example, 2.89–12.23

× 10− 10 m2/s for okra (El-Mesery et al., 2023), 1.14–3.08 ×10− 9 m2/s for black mulberry (Doymaz &
Kipcak, 2019), 6.97–8.96 ×10− 9 m2/s for dill leaves (Tezcan et al., 2021), 1.53–3.23 × 10− 10 m2/s for
piquin pepper (Ovando-Medina, 2023), and 1.15–8.96 ×10− 9 m2/s for pears (Araujo et al., 2021).

The disparities observed in Deff values are attributed to factors such as material thickness and
composition, IR power, drying temperature, distance between the IR heater and the sample, among others
(Sakare et al., 2020).

The commencement of the moisture diffusion from the inside to the outside of bocaiuva slices requires
energy, which is expressed as Ea. This parameter was calculated using the Arrhenius equation (Eq. 6) and
was found as 35.69 kJ/mol. This value represents the energy required to achieve the Deff (Balzarini et al.,
2018; Kamble et al., 2022).
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The determined values of activation energy present the range of many food products during the drying
such as lemon basil leaves (32.35 kJ/mol) (Mbegbu et al., 2021), piquin pepper (38.81 kJ/mol) (Ovando-
Medina, 2023), potato slices (25.35–36.17 kJ/mol) (Singh & Talukdar, 2019), yam slices (10.59–54.93
kJ/mol) (Ojediran et al., 2020) and orange slices (18.64–32.88 kJ/mol) (Bozkir, 2020) in different
conditions.

The statistical results of the modeling with Page’s equation are presented in the Table 3.

Table 2
Effect of drying temperature on Page’ equation regression parameters
Temperature k n R2 RMSE ×103 χ² ×105

60 ºC 4.82 × 10− 5 1.12 0.999 3.17 1.08

70 ºC 5.84 × 10− 5 1.17 0.999 5.59 3.09

80 ºC 7.29 × 10− 5 1.16 0.999 7.05 5.57

As indicated in Table 2, the drying constant “k” parameter exhibited an increase with the rise in IRD
temperature. This finding aligns with the Deff values, wherein faster drying (Fig. 1) corresponded to higher
diffusivity (Table 1).

The adjustment parameter “n” ranged from 1.12 to 1.17, presenting similar values (Table 2). No trend was
observed. The results showed statistical values of R2 greater than 0.99 and lower RMSE and χ² values.
This suggests the suitability of this equation for depicting the drying behavior. Recently, this model was
successfully used for describing the IRD of black mulberry (Doymaz & Kipcak, 2019), ginger (Osae et al.,
2020) and turmeric (Jeevarathinam et al., 2022).

3.3 Thermodynamic properties and Energetic Analysis
Table 5 shows the thermodynamic functions including enthalpy, entropy, Gibbs free energy, and specific
energy consumption under various IRD temperatures.

Table 3
Thermodynamic properties and energetic consumption of bocaiuva slices during IRD

Temperature ΔH [kJ/mol] ΔS [kJ/mol×K] ΔG [kJ/mol] SEC [MJ/kgwater]

60 ºC 32.93 -336.56 145.05 448.79

70 ºC 32.84 -336.80 148.42 311.42

80 ºC 32.76 -337.04 151.79 243.24

According to Table 3, minor differences were noted in the thermodynamic properties. Furthermore,
enthalpy and entropy decreased with increasing IRD temperature, while the Gibbs free energy showed an
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increase.

The higher enthalpy change (ΔH) value, the stronger the water is attached to the product, and more
energy are required to separate water from the product over the course of the drying process
(Akhoundzadeh Yamchi et al., 2023). Positive enthalpy values indicate endergonic reactions, implying
that drying at a higher temperature requires less energy to separate the water attached to the product.
Similar magnitude order values were observed during the IRD of bitter melon (28.83–36.06 kJ/mol),
without pretreatments (Akhoundzadeh Yamchi et al., 2023).

The ΔS presented similar behavior of ΔH, with values being reduced with the increase in IRD temperature
(Table 3). The reduction in the moisture content throughout the drying process, hinders the movement of
water molecules. Enhancing the IRD temperature results in an increase in the partial pressure of water
vapor within the product, consequently elevating the excitation of water molecules. This, in turn,
accelerates the diffusion process rate (El-Mesery et al., 2023).

According to Silva et al. (E. K. Silva et al., 2014), negative ΔS values are attributed to the presence of
chemical adsorption and/or structural modifications of the adsorbent occurring during the process.
Studying the drying (40–80 ºC) of azuki beans, Almeida et al. (Almeida et al., 2020) obtained ΔS ranging
from − 339 kJ/mol×K to -340 kJ/mol×K.

ΔG showed positive values for all treatments, and increased with increasing IRD temperature, ranging
from 145.05 (60°C) to 151.79 kJ/mol (80°C), indicating a non-spontaneous process. Hence, it is essential
to supply thermal energy for these processes to occur.

The SEC reduced with an increase in IRD temperature (Table 3). Such a results are related to the higher
temperature gradient, which reduces the total drying time (Fig. 1) and favors the energy save, since the
energy spent on the evaporation process decreases. According to the Eq. 9, the higher time process, the
higher energy consumption (Çelen, 2019; Junqueira et al., 2022).

The findings of this study was in agreement with Sa-Adchom (Sa-Adchom, 2023). He investigated the
impact of far-infrared radiation in conjunction with a belt conveyor system during the drying of tamarind
foam-mats and observed a decrease in the specific energy consumption (SEC) in treatments with higher
power levels (resulting in shorter drying periods).

During Mentha spicata IRD, Hazervazifeh et al. (Hazervazifeh & A. Moghaddam, 2024) observed that
increasing the drying temperature reduces the SEC. The lowest (42.23 MJ/gwater) and the highest (67.19
MJ/gwater) values of SEC were observed at 70 and 50 ºC, respectively.

3.5 Quality parameters
The color characteristics of bocaiuva slices during IRD are presented in the Table 4
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Table 4
– Color parameters of bocaiuva slices during IRD at different temperatures

Temperature L* a* b* ΔE

60 ºC 39.14 ± 2.66a 11.67 ± 1.58a 41.23 ± 1.35a 3.71 ± 0.29a

70 ºC 48.87 ± 2.46c 11.27 ± 0.78a 47.78 ± 1.15b 9.66 ± 0.39b

80 ºC 43.70 ± 1.50b 11.98 ± 1.63a 47.62 ± 1.78b 11.09 ± 0.56b

Average value ± standard deviation. Mean followed by different letters in the same column indicate a
significant difference (p ≤ 0.05), according to Tukey’s test.

The fresh bocaiuva presented the color characteristics: L* = 41.76 ± 1.93; a* = 10.16 ± 1.78; and b* = 46.56 
± 2.86. The parameters L* and b* were significantly affected by the IRD temperature (Table 4) (p ≤ 0.05).
We observed an increase in L*, b* and ΔE, at higher drying temperature.

The samples dried at 60 ºC, presented color characteristics darker and “less yellowness”, which may
indicate browning reactions. The higher drying process time (40% higher than 70 ºC and 75% higher than
80 ºC) at this temperature, intensified contact of the sensible compounds, such as pigments
(carotenoids), with oxygen and heat occurs, thereby promoting oxidation, which ultimately results in color
changes (Macedo et al., 2021).

As presented in the Table 4, significative difference (p ≤ 0.05) was observed for the ΔE.

Color differences can be categorized as follows: small differences (ΔE < 1.5), distinct differences (1.5 < 
ΔE < 3), and very distinct differences (ΔE > 3) (Pathare et al., 2013). According to this assessment, all
treatments exhibit very distinct color characteristics compared to the fresh fruit. During vacuum drying of
yacon, Oliveira et al. (Oliveira et al., 2021) observed higher ΔE at higher temperatures. Similar findings
were reported during of kiwifruit with/without osmotic dehydration under IRD (Lyu et al., 2017).

Table 5 shows physical analyses of the bocaiuva slices during IRD.

Table 5
– Physical analyses of bocaiuva slices during IRD at different

temperatures
Temperature Shrinkage

[ - ]

Rehydration

[%]

Hygroscopicity

[g/100 g− 1]

60 ºC 0.620 ± 0.065a 279 ± 23a 13.807 ± 0.236a

70 ºC 0.533 ± 0.055ab 281 ± 41a 15.977 ± 1.576a

80 ºC 0.460 ± 0.010b 289 ± 43a 19.407 ± 1.427b
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Average value ± standard deviation. Mean followed by different letters in the same column indicate a
significant difference (p ≤ 0.05), according to Tukey’s test.

According to Table 5, it was observed significant difference between the treatments on the shrinkage
parameter (p ≤ 0.05). The closer the value is to unity, the greater the sample shrinkage, resulting in lower
preservation of the physical and structural characteristics of the dried bocaiuva. This phenomenon is
associated with changes in cell shape (Junqueira et al., 2017).

Lower shrinkage was observed at higher temperatures (Table 5). IRD induces a reduction in moisture
content, thereby decreasing the tension exerted by liquid (water) against the cell wall. This can lead to a
pressure imbalance between the interior and exterior of the tissues. It is pressure difference can cause
ruptures and collapses to the structure of the material, and, therefore, shrinkage is observed (Rojas &
Augusto, 2018).

Akbarian et al. (Akbarian et al., 2014) concluded that shrinkage is increased with increasing drying time.
During the convective drying of hawthorn fruit, Aral and Beşe (Aral & Beşe, 2016) observed that the
shrinkage decreased with increasing air temperature.

The ANOVA revealed no significant differences (p > 0.05) in the rehydration of the dried bocaiuva
(Table 5). The removal of water during IRD results in cell damage, leading to a gradual breakdown in
tissue organization. This affects the ability of semi-permeable membranes to act as a barrier to water
diffusion (Junqueira et al., 2017).

The reduced process leads to the creation of a porous structure which increases the ability to absorb the
water during the rehydration (Taghian Dinani & Havet, 2015). However, in this study, such a difference
was not observed for this parameter. Probable the fibrous structure of the bocaiuva (Munhoz et al., 2013)
aided the water absorption, regardless the temperature treatment.

During the drying of lettuce in different drying treatments (hot air, infrared, microwave-assisted hot air and
hot air-assisted radio frequency), Roknul et al. (Roknul et al., 2014) observed rehydration capacity values
ranging from 14.85–18.89%. Those authors reported slight differences in this parameter, although there
was a significant difference in the duration of the process.

According to Russo et al. (Russo et al., 2013), several factors affect the structure of the dried samples,
thereby influencing water uptake during rehydration. During the drying of eggplants, those authors
observed that samples dried at 40, 50 and 60°C show similar rehydration kinetics with a weight gain of
about 500%.

Table 5 presents the hygroscopicity of the samples, and a significant difference (p ≤ 0.05) was observed
between the treatments. The bocaiuva slices dried at 60 and 70 ºC, presented lower hygroscopicity values
(p ≤ 0.05). It is desirable for dried fruits to exhibit low hygroscopicity, indicating minimal water absorption
from the environment. (Macedo et al., 2021).
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During the drying of soursop pulp, Cavalcante et al. (Cavalcante et al., 2017) observed that higher drying
temperatures resulted in powders that exhibited greater ease in adsorbing water. This phenomenon is
associated with the increased concentration gradient of water between the samples and the air. During
the drying of kinui (mango), in different drying methods, Shuen et al. (Shuen et al., 2021) obtained
hygroscopicity ranging from 18.66% (convective drying) to 22.41% (spray dryer).

4 CONCLUSION
The production and consumption of native fruits from the Cerrado have been experiencing significant
growth, contributing to the social development of the State of Mato Grosso do Sul. In this study, we
investigated the effects of different IRD temperatures on the drying kinetics, mathematical modeling,
thermodynamics, energetic, and physical analyses of dried bocaiuva slices. Higher temperature (80 ºC)
leads to shorter drying times, higher drying rate, and effective diffusivity. The Page’s model described the
process behavior (R² > 0.999) accurately. Slights differences were observed in the thermodynamics
properties. At 80 °C, higher total color difference and hygroscopicity were observed. At 60 ºC, higher
specific energy consumption and shrinkage was obtained. Interest in native fruits has surged due to their
economic potential for use in various products, thereby adding value and fostering the development of
new goods. This supports the advancement of the bioeconomy.

Declarations
CRediT authorship contribution statement

João Renato de Jesus Junqueira: Writing – original draft, Methodology, Investigation, Conceptualization.
Juliana Rodrigues do Carmo: Writing – review & editing, Data curation, Investigation. Luciana Miyagusku:
Methodology, Data curation. Thaisa Carvalho Volpe Balbinoti: Methodology, Data curation. Reinaldo
Farias Paiva de Lucena: Supervision, Project administration. 

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Acknowledgements

This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior -
Brasil (CAPES) - Finance Code 001.

Data availability

Data will be made available on request.

Conflict of interest: The authors confirm that this article content has no conflict of interest.



Page 14/20

References
1. Akbarian, M., Moayedi, F., Ghasemkhani, N., & Ghaseminezhad, A. (2014). Impact of antioxidant

edible coatings and osmotic dehydration on shrinkage and colour of " Quince " dried by hot air.
International Journal of Biosciences, 4(1), 27–33. https://doi.org/10.12692/ijb/4.1. 27-33 A

2. Akhoundzadeh Yamchi, A., Hosainpour, A., Hassanpour, A., & Rezvanivand Fanaei, A. (2023).
Developing ultrasound‐assisted infrared drying technology for bitter melon (Momordica charantia).
Journal of Food Process Engineering, August 2023, 1–18. https://doi.org/10.1111/jfpe.14516

3. Almeida, R. L. J., Santos, N. C., Pereira, T. dos S., Queiroga, A. P. R. de, Silva, V. M. de A., Ribeiro, V. H.
de A., Araújo, R. D. A., Cabral, M. B., Silva, L. R. I. da, & Borges, E. M. E. S. (2020). Cinética de secagem
do feijão azuki: modelagem matemática e propriedades termodinâmicas. Research, Society and
Development, 9(3), e27932316. https://doi.org/10.33448/rsd-v9i3.2316

4. AOAC. (2016). Association of Official Agricultural Chemists. In Official Methods of Analysis of AOAC
International. 20th Ed, Rockville, Maryland, USA.

5. Aral, S., & Beşe, A. V. (2016). Convective drying of hawthorn fruit (Crataegus spp.): Effect of
experimental parameters on drying kinetics, color, shrinkage, and rehydration capacity. Food
Chemistry, 210, 577–584. https://doi.org/10.1016/j.foodchem.2016.04.128

6. Araújo, C. da S., Corrêa, J. L. G., Dev, S., Macedo, L. L., Vimercati, W. C., Rodrigues de Oliveira, C., &
Pio, L. A. S. (2020). Influence of pretreatment with ethanol and drying temperature on
physicochemical and antioxidant properties of white and red pulp pitayas dried in foam mat. Drying
Technology, 0(0), 1–10. https://doi.org/10.1080/07373937.2020.1809446

7. Araujo, M. E. V., Barbosa, E. G., Lopes, R. P., Corrêa, P. C., & Barbosa, E. G. (2021). Infrared drying of
pear slices: Drying kinetics, energy, and exergy analysis. Journal of Food Process Engineering,
44(12), 1–12. https://doi.org/10.1111/jfpe.13915

8. Babu, A. K., Kumaresan, G., Raj, V. A. A., & Velraj, R. (2018). Review of leaf drying: Mechanism and
influencing parameters, drying methods, nutrient preservation, and mathematical models. Renewable
and Sustainable Energy Reviews, 90(March), 536–556. https://doi.org/10.1016/j.rser.2018.04.002

9. Badwaik, L. S., Choudhury, M., Dash, K. K., Borah, P. K., & Deka, S. C. (2014). Osmotic Dehydration of
Bamboo Shoots Enhanced by Centrifugal Force and Pulsed Vacuum Using Salt as Osmotic Agent.
Journal of Food Processing and Preservation, 38(5), 2069–2077.
https://doi.org/10.1111/jfpp.12186

10. Bakhara, C. K., Pal, U. S., & Bal, L. M. (2018). Drying characteristic and physico-chemical evaluation
of tender jackfruit slices during osmo-convective drying. Journal of Food Measurement and
Characterization, 12(1), 564–572. https://doi.org/10.1007/s11694-017-9668-1

11. Balzarini, M. F., Reinheimer, M. A., Ciappini, M. C., & Scenna, N. J. (2018). Comparative study of hot
air and vacuum drying on the drying kinetics and physicochemical properties of chicory roots.
Journal of Food Science and Technology, 55(10), 4067–4078. https://doi.org/10.1007/s13197-018-
3333-5



Page 15/20

12. Bortolotto, I. M., Ziolkowski, N. E., Gomes, R. J. B., Almeida, F. S. de, Campos, R. P., & Aoki, C. (2021).
Women in Network: Connecting knowledge on Cerrado and Pantanal food plants. Ethnoscientia, 6(2),
198. https://doi.org/10.22276/ethnoscientia.v6i2.387

13. Bozkir, H. (2020). Effects of hot air, vacuum infrared, and vacuum microwave dryers on the drying
kinetics and quality characteristics of orange slices. Journal of Food Process Engineering, 43(10), 1–
12. https://doi.org/10.1111/jfpe.13485

14. Cavalcante, C. E. B., Rodrigues, S., Afonso, M. R. A., & Costa, J. M. C. (2017). Avaliação dos
parâmetros de secagem da polpa de graviola em pó obtida por secagem em spray dryer. Brazilian
Journal of Food Technology, 20(0). https://doi.org/10.1590/1981-6723.1516

15. Çelen, S. (2019). Effect of microwave drying on the drying characteristics, color, microstructure, and
thermal properties of Trabzon persimmon. Foods, 8(2), 7–9. https://doi.org/10.3390/foods8020084

16. Correia, F. dos S., B. da Silva, W., Jolner S. de Almeida, F., da Silva Bulhões, K., & A. de França Leme,
S. (2022). Analysis of the Proximate Composition, Bioactive Markers and Antioxidant Activity Present
in the Mesocarp of Acrocomia aculeata Fruit Harvested in the State of Mato Grosso. Revista Virtual
de Química, 14(2), 207–213. https://doi.org/10.21577/1984-6835.20220010

17. Delfiya, D. S. A., Prashob, K., Murali, S., Alfiya, P. V., Samuel, M. P., & Pandiselvam, R. (2022). Drying
kinetics of food materials in infrared radiation drying: A review. Journal of Food Process Engineering,
45(6), 1–19. https://doi.org/10.1111/jfpe.13810

18. Doymaz, I., & Kipcak, A. S. (2019). Drying characteristics investigation of black mulberry dried via
infrared method. Journal of Thermal Engineering, 5(2), 13–21.
https://doi.org/10.18186/THERMAL.528969

19. El-Mesery, H. S., Qenawy, M., Hu, Z., & Alshaer, W. G. (2023). Evaluation of infrared drying for okra:
Mathematical modelling, moisture diffusivity, energy activity and quality attributes. Case Studies in
Thermal Engineering, 50(September), 103451. https://doi.org/10.1016/j.csite.2023.103451

20. Elhussein, E. A. A., & Şahin, S. (2018). Drying behaviour, effective diffusivity and energy of activation
of olive leaves dried by microwave, vacuum and oven drying methods. Heat and Mass
Transfer/Waerme- Und Stoffuebertragung, 54(7), 1901–1911. https://doi.org/10.1007/s00231-018-
2278-6

21. Hazervazifeh, A., & A. Moghaddam, P. (2024). Mentha spicata drying via infrared: Mathematical
modeling and evaluation of two-step temperature potential for improving drying characteristics.
Journal of Food Process Engineering, 47(1), 1–11. https://doi.org/10.1111/jfpe.14526

22. Instituto Adolfo Lutz. (2008). Métodos físicos-quimicos para análise de Alimentos. In Instituto Adolfo
Lutz (Vol. 5).

23. Jeevarathinam, G., Pandiselvam, R., Pandiarajan, T., Preetha, P., Krishnakumar, T., Balakrishnan, M.,
Thirupathi, V., Ganapathy, S., & Amirtham, D. (2022). Design, development, and drying kinetics of
infrared-assisted hot air dryer for turmeric slices. Journal of Food Process Engineering, 45(6), 1–15.
https://doi.org/10.1111/jfpe.13876



Page 16/20

24. Jideani, V. A., & Mpotokwana, S. M. (2009). Modeling of water absorption of Botswana bambara
varieties using Peleg’s equation. Journal of Food Engineering, 92(2), 182–188.
https://doi.org/10.1016/j.jfoodeng.2008.10.040

25. Ju, H. Y., Zhao, S. H., Mujumdar, A. S., Zhao, H. Y., Duan, X., Zheng, Z. A., Gao, Z. J., & Xiao, H. W.
(2020). Step-down relative humidity convective air drying strategy to enhance drying kinetics,
efficiency, and quality of American ginseng root (Panax quinquefolium). Drying Technology, 38(7),
903–916. https://doi.org/10.1080/07373937.2019.1597373

26. Junqueira, J. R. de J., Côrrea, J. L. G., Júnior, I. P., Gatti, I. P., & Mendonça, K. S. (2022). Microwave
drying of sweet potato : Drying kinetics and energetic analysis. Australian Journal of Crop Science,
16(10), 1185–1192. https://doi.org/10.21475/ajcs.22.16.10.p3673

27. Junqueira, J. R. de J., Corrêa, J. L. G., & Mendonça, K. S. de. (2017). Evaluation of the shrinkage
effect on the modeling kinetics of osmotic dehydration of sweet potato (Ipomoea batatas (L.)).
Journal of Food Processing and Preservation, 41(3), 1–10. https://doi.org/10.1111/jfpp.12881

28. Junqueira, J. R. de J., Corrêa, J. L. G., Mendonça, K. S., Mello Júnior, R. E., & Souza, A. U. (2018).
Pulsed Vacuum Osmotic Dehydration of Beetroot, Carrot and Eggplant Slices: Effect of Vacuum
Pressure on the Quality Parameters. Food and Bioprocess Technology, 11(10), 1863–1875.
https://doi.org/10.1007/s11947-018-2147-9

29. Junqueira, J. R. de J., Corrêa, J. L. G., Resende, N. S., Balbinoti, T. C. V., Gatti, I. P., & Mendonça, K. S.
de. (2021). Ethanol pretreatment in taioba leaves during vacuum drying. Science and
Agrotechnology, 45(0), e020421. https://doi.org/http://dx.doi.org/10.1590/1413-
7054202145020421

30. Kamble, M. G., Singh, A., Kumar, N., Dhenge, R. V., Rinaldi, M., & Chinchkar, A. V. (2022). Semi-
Empirical Mathematical Modeling, Energy and Exergy Analysis, and Textural Characteristics of
Convectively Dried Plantain Banana Slices. Foods, 11(18). https://doi.org/10.3390/foods11182825

31. Lyu, J., Chen, Q., Bi, J., Zeng, M., & Wu, X. (2017). Drying Characteristics and Quality of Kiwifruit
Slices with/without Osmotic Dehydration under Short- and Medium-Wave Infrared Radiation Drying.
International Journal of Food Engineering, 13(8), 1–15. https://doi.org/10.1515/ijfe-2016-0391

32. Macedo, L. L., Corrêa, J. L. G., da Silva Araújo, C., Vimercati, W. C., & Júnior, I. P. (2021). Convective
Drying with Ethanol Pre-treatment of Strawberry Enriched with Isomaltulose. Food and Bioprocess
Technology, 14(11), 2046–2061. https://doi.org/10.1007/s11947-021-02710-2

33. Mbegbu, N. N., Nwajinka, C. O., & Amaefule, D. O. (2021). Thin layer drying models and characteristics
of scent leaves (Ocimum gratissimum) and lemon basil leaves (Ocimum africanum). Heliyon, 7(1),
e05945. https://doi.org/10.1016/j.heliyon.2021.e05945

34. Munhoz, C. L., Sanjinez-Argandoña, E. J., Campagnolli, R., & Macedo, M. L. R. (2013). Drying of the
kernel and fresh and osmotically dehydrated bocaiuva pulps. Acta Scientiarum. Technology, 36(1),
165. https://doi.org/10.4025/16843

35. Ng, M. L., & Sulaiman, R. (2018). Development of beetroot (Beta vulgaris) powder using foam mat
drying. LWT - Food Science and Technology, 88, 80–86. https://doi.org/10.1016/j.lwt.2017.08.032



Page 17/20

36. Ojediran, J. O., Okonkwo, C. E., Adeyi, A. J., Adeyi, O., Olaniran, A. F., George, N. E., & Olayanju, A. T.
(2020). Drying characteristics of yam slices (Dioscorea rotundata) in a convective hot air dryer:
application of ANFIS in the prediction of drying kinetics. Heliyon, 6(3), e03555.
https://doi.org/10.1016/j.heliyon.2020.e03555

37. Oliveira, L. F., Corrêa, J. L. G., Silveira, P. G., Vilela, M. B., & Junqueira, J. R. de J. (2021). Drying of
yacon pretreated by pulsed vacuum osmotic dehydration. Brazilian Journal of Agricultural and
Environmental Engineering, 25(8), 560–565. https://doi.org/10.1590/1807-
1929/agriambi.v25n8p560-565

38. Osae, R., Essilfie, G., Alolga, R. N., Bonah, E., Ma, H., & Zhou, C. (2020). Drying of ginger slices—
Evaluation of quality attributes, energy consumption, and kinetics study. Journal of Food Process
Engineering, 43(2), 1–14. https://doi.org/10.1111/jfpe.13348

39. Ovando-Medina, V. M. (2023). Infrared drying kinetics of Capsicum annuum L. var. glabriusculum
(Piquin pepper) and mathematical modeling. Journal of Food Process Engineering, 46(7).
https://doi.org/10.1111/jfpe.14333

40. Page, G. E. (1949). Factors influencing the maximum rates of air drying shelled corn in thin layers.

41. Pathare, P. B., Opara, U. L., & Al-Said, F. A. J. (2013). Colour Measurement and Analysis in Fresh and
Processed Foods: A Review. Food and Bioprocess Technology, 6(1), 36–60.
https://doi.org/10.1007/s11947-012-0867-9

42. Rodríguez-Ramos, F., Leiva-Portilla, D., Rodríguez-Núñez, K., Pacheco, P., & Briones-Labarca, V. (2021).
Mathematical modeling and quality parameters of Salicornia fruticosa dried by convective drying.
Journal of Food Science and Technology, 58(2), 474–483. https://doi.org/10.1007/s13197-020-
04556-6

43. Rojas, M. L., & Augusto, P. E. D. (2018). Microstructure elements affect the mass transfer in foods:
The case of convective drying and rehydration of pumpkin. Lwt, 93, 102–108.
https://doi.org/10.1016/j.lwt.2018.03.031

44. Roknul, A. S. M., Zhang, M., Mujumdar, A. S., & Wang, Y. (2014). A Comparative Study of Four Drying
Methods on Drying Time and Quality Characteristics of Stem Lettuce Slices ( Lactuca sativa L.).
Drying Technology, 32(January 2015), 657–666. https://doi.org/10.1080/07373937.2013.850435

45. Russo, P., Adiletta, G., & Di Matteo, M. (2013). The influence of drying air temperature on the physical
properties of dried and rehydrated eggplant. Food and Bioproducts Processing, 91(3), 249–256.
https://doi.org/10.1016/j.fbp.2012.10.005

46. Sa-Adchom, P. (2023). Drying of tamarind foam-mats using far-infrared radiation combined with a
belt conveyor system: Drying kinetics, quality attributes, and mathematical modeling. Engineering
and Applied Science Research, 50(6), 584–596. https://doi.org/10.14456/easr.2023.60

47. Sakare, P., Prasad, N., Thombare, N., Singh, R., & Sharma, S. C. (2020). Infrared Drying of Food
Materials: Recent Advances. Food Engineering Reviews, 12(3), 381–398.
https://doi.org/10.1007/s12393-020-09237-w



Page 18/20

48. Salehi, F. (2020). Recent Applications and Potential of Infrared Dryer Systems for Drying Various
Agricultural Products: A Review. International Journal of Fruit Science, 20(3), 586–602.
https://doi.org/10.1080/15538362.2019.1616243

49. Shuen, G. W., Yi, L. Y., Ying, T. S., Von Yu, G. C., Binti Yusof, Y. A., & Phing, P. L. (2021). Effects of
drying methods on the physicochemical properties and antioxidant capacity of Kuini powder.
Brazilian Journal of Food Technology, 24, 1–14. https://doi.org/10.1590/1981-6723.08620

50. Silva, V. M. da, Campos, R. P., Borsato, A. V., Candido, C. J., & Donadon, J. R. (2018). Bocaiuva jelly:
preparation, physicochemical and sensory evaluation. Revista Brasileira de Fruticultura, 40(5), 1–9.
https://doi.org/10.1590/0100-29452018846

51. Silva, E. K., Fernandes, R. V. D. B., Borges, S. V., Botrel, D. A., & Queiroz, F. (2014). Water adsorption in
rosemary essential oil microparticles: Kinetics, thermodynamics and storage conditions. Journal of
Food Engineering, 140, 39–45. https://doi.org/10.1016/j.jfoodeng.2014.05.003

52. Singh, P., & Talukdar, P. (2019). Design and performance evaluation of convective drier and prediction
of drying characteristics of potato under varying conditions. International Journal of Thermal
Sciences, 142(February), 176–187. https://doi.org/10.1016/j.ijthermalsci.2019.04.019

53. Taghian Dinani, S., & Havet, M. (2015). Effect of voltage and air flow velocity of combined
convective-electrohydrodynamic drying system on the physical properties of mushroom slices.
Industrial Crops and Products, 70, 417–426. https://doi.org/10.1016/j.indcrop.2015.03.047

54. Tezcan, D., Sabancı, S., Cevik, M., Cokgezme, O. F., & Icier, F. (2021). Infrared drying of dill leaves:
Drying characteristics, temperature distributions, performance analyses and colour changes. Food
Science and Technology International, 27(1), 32–45. https://doi.org/10.1177/1082013220929142

55. Turan, O. Y., & Firatligil, F. E. (2019). Modelling and characteristics of thin layer convective air-drying
of thyme (Thymus vulgaris) leaves. Czech Journal of Food Sciences, 37(2), 128–134.
https://doi.org/10.17221/243/2017-CJFS

56. Zhang, W., Chen, C., Pan, Z., & Zheng, Z. (2021). Vacuum and infrared-assisted hot air impingement
drying for improving the processing performance and quality of poria cocos (Schw.) wolf cubes.
Foods, 10(5). https://doi.org/10.3390/foods10050992

Figures



Page 19/20

Figure 1

Drying kinetics of bocaiuva slices at different temperatures
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Figure 2

The drying rate of bocaiuva slices versus moisture content in different IRD treatments


