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Abstract
This study aimed to evaluate the effect of drying temperature (50, 60, 70 and 80 °C) on okra dehydration by comparing its powder’s
physical properties obtained from a sample produced by a lyophilization process. Ten drying models were adjusted to the experimental
data of the drying kinetics. As a result, effective diffusivity and activation energy were determined in addition to thermodynamic
parameters: entropy, enthalpy and Gibbs free energy. A physical characterization, as well as the pigments and colorimetry analyses of
the aforementioned powders were made, by comparing them with samples produced by lyophilization. The powders were
characterized for hygroscopicity, solubility, wettability, apparent and compacted density, fluidity and cohesiveness, pigments,
colorimetric, morphological analysis (SEM) and X-ray diffraction. Midilli model was the one that best adjusted to the drying kinetic
curves. There was a booster in the effective diffusion coefficient with the increase of temperature. Enthalpy and entropy were reduced
with the increase of both drying temperature and Gibbs free energy. The powders presented high luminosity, and the lyophilized
powder had higher pigments retention and greater solubility. All powders presented poor fluidity and intermediate cohesiveness, with
amorphous, irregular and asymmetric particles. Thus, from the present study it was possible to evaluate the best drying method, the
one that should be applied for the drying of okra, considering the costs involved, its quality and the final application of the product,
meeting the specific needs of each consumer.
Keywords: Abelmoschus esculentus (L.) Moench; convective drying; lyophilization; physicochemical analyses; thermodynamic
properties.
Abbreviations: -a*_green intensity; +b*_yellow intensity; C*_chroma; CI_carr index; a, b, c, k, K1, n_drying constants; Def_effective
diffusivity; DQM_ mean squared deviations; FH_hausner factor; L*_luminosity; R²_ coefficients of determination; SEM_morphological
analysis; T_temperature; ΔH_enthalpy; ΔS_entropy; ΔG_Gibbs free energy.
Introduction
Okra (Abelmoschus esculentus (L.) Moench) is a malvaceae that
comes from Africa, has commercial importance and expansion
of cultivation in almost all tropical and subtropical areas,
standing out for presenting a fast vegetative cycle, of high
yield, with low costs of production and high nutritional value
(Nascimento et al., 2013; Roy et al., 2014).
It is a fibrous vegetable, similar to a long pod, rich in fiber,
proteins, vitamins A and C, calcium, iron, and niacin. Besides
having medicinal properties, the seeds are also a good source
of oil, proteins, fats, fiber, and sugars (Fan et al., 2014; Mota et
al., 2010). It is a rich source of mucilage, presenting
considerable pectin and lignin content (Kpodo et al., 2017).
This vegetable is harvested and consumed when partially
developed and physiologically immature, they present high
perishability, with conservation limited to a short period of
time, due to its respiratory metabolism that remains active,

with chemical transformations that occur until it reaches or
surpasses the maturation stage, resulting in commercial value
loss and disinterest by the consumers.
Dehydration is one of the most important procedures used in
the processing of agricultural products since it increases its
shelf-life and preserves considerably the nutritional properties
with no need for refrigeration. Due to the great diversity of
drying techniques available, the choice of the method to be
used should consider mainly the relationship between both
the costs involved and the desired final quality, in which the
methods of convective drying and lyophilization are placed at
extremes.
Convective drying has noticeable advantages due to its low
complexity and simplicity of equipment, with functionalities
mainly directed to temperature control. When properly
applied, it can produce good quality products at relatively low

649

cost. Regarding thermosensitive nutrients, it can result in
losses, mainly of volatiles, which is its main disadvantage.
In regard to the lyophilization process, previously frozen
samples had the moisture content reduced by sublimation and
then by desorption (Geidobler et al., 2013), resulting in both
advantages and disadvantages, inverse to those observed in
the convective drying process. It has high costs, is a timeconsuming process with high energy expenditure, and it
originates products with maximum principles and nutrients
retention of raw material in natura.
It is important to highlight that there is a growing demand not
only from consumers, but also from the food industry, that
aims at having the maximum diversity of vegetables in nonperishable lines, conveniently prepared to maintain the main
characteristics of the raw material in natura and ready for use.
Therefore, the present study aims to evaluate the effect of
drying temperature on okra dehydration at different
temperatures and to compare their powders physical and
colorimetric properties with lyophilized samples. In order to
evaluate the best method to be used for dehydrating okra, it
was necessary to take into account the relationship between
its costs and their desired final quality, according to
consumers' needs.

et al., 2013), did not present a defined behavior with
temperature increases, which suggests that the external
conditions present a greater influence on the drying process.
Martins et al. (2014) verified the same, when adjusting the
Midilli model to the bark kinetic of mulungu (Erythrina
velutina) at 40, 50, 60 and 70 °C, which showed no
dependence of the parameter n with the temperature
increase.
Figure 1 shows the drying kinetics curves adjusted by the
Midilli model, chosen to represent the curves due to the best
set of R2 and DQM values. It was observed an influence of
temperature on the curves, in which a consistent decrease was
shown in the drying time due to the increase of temperature.
A similar behavior was reported by both Corrêa Filho et al.
(2015), when drying fig (Ficus carica L.) at 40, 55 and 70 °C ,
and Elmas et al. (2019) in the drying of jujuba (Zizyphus jujuba)
in convective drying at 60, 70 and 80 °C.
The okra drying times were 650, 540, 450 and 345 minutes at
the temperatures of 50, 60, 70 and 80 °C respectively,
presenting final moisture contents of 6.99% hb at 50 °C, 65% at
60 °C, 5.28% at 70 ° C and 1.69% at 80 °C. As already verified,
the drying curves were influenced by the temperature, a
gradual decrease in time dehydration was observed as the airdrying temperature increased. Ratifying the high values of R²
and low values of DQM for the selected model, it was verified
that the experimental points remained very close to the
prediction curves.
Several studies related to the drying of vegetable products
obtained a better description of the drying phenomena after
using the Midilli model. For instance, Melo et al. (2015) in the
drying of chilli pepper (Capsicum chinense), in an oven without
air circulation at 50, 60 and 70 °C; and Doymaz and Medine
(2016) in the drying of broccoli slices, with and without
treatments (bleaching and citric acid), in convective drying at
45, 55, 65 and 75 °C, being thus the Midilli model the one that
adequately described their drying characteristics.

Results and discussion
Drying kinetics
In Table 1 are presented the following mathematical models:
Parameters of diffusion approximation, Two terms,
Exponential of two terms, Henderson and Pabis, Logarithmic,
Midilli, Newton, Page and Thompson and Wang and Singh; that
were adjusted to the drying data of dehydrated okra at 50, 60,
70 and 80 °C, showing the coefficients of determination and
the mean squared deviations.
All models had good adjustments, with coefficients of
determination higher than 0.98 and mean squared deviations
lower than 0.06, especially the Midilli model with the highest
R² (> 0.9999) and the lowest DQM (< 0.013), at all drying
temperatures. Silva et al. (2017) dried carrots in forced air
circulation at 50, 60, 70 and 80 °C, adjusted mathematical
models to the experimental data and obtained the best
adjustment with the Midilli model. Derlan et al. (2013) when
evaluated the drying kinetics of Cambuci pepper (Capsicum
baccatum L. var. Pendulum) in a forced circulation oven at 40,
50 and 60 °C also obtained the best adjustments with the same
model.
The drying constant k of the tested models showed an
increasing tendency with the increase of temperature, as a
consequence of higher drying rates, as suggested by Corrêa et
al. (2010), who related parameter k to drying rates, leading to
the equilibrium of moisture content in a shorter product
exposure time to the drying air. An increase of constant k,
after increasing the drying temperature, was reported by many
authors, such as Nascimento et al. (2015) when studying
algaroba pods (Prosopis juliflora SW) dried at 60, 70 and 80 °C;
by Moscon et al. (2017) in quinoa grains (Chenopodium quinoa
W.) dried at 40, 50, 60 and 70 °C; and by Santos et al. (2019)
when evaluating the mathematical modeling of acuri slices
(Attalea phalerata Mart.) at 60, 70, 80 and 90 °C.
The constant n from Midilli and Page models, that are related
to the internal resistance of the material to the drying (Perez

Effective diffusivity
In Table 2 both the effective diffusivity coefficients (Def),
estimated by the Fick model of okra drying under different
temperatures, and the determination coefficients are
presented. Increases in diffusivity were observed with the
increase in temperature, which represents the velocity at
which the water migrates from the interior to the product
surface. According to Goneli et al. (2014) the water viscosity
reduces with the increase in temperature, favoring its
movement and boosting its diffusion in the solid matrix.
According to Gupta and Alam (2014), as the temperature is
increased the effective diffusivity also increases due to vapor
pressure extension inside the sample.
The magnitude of the effective diffusivity coefficients, which
vary between 3.13 x 10-11 and 9.00 x 10-11 m2 s-1, are in the
range indicated by Madamba (2003), in which values of
coefficient diffusivity for food products are between 10-11 and
10-9 m2 s-1. Leite et al. (2015) determined values of 5.64 to 9.86
x 10-10 m2 s-1 in sliced and dehydrated bananas of Musa
sapientum variety in convective drying at temperatures of 4060 °C. The coefficients of determination (R2) were higher than
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values of 93.52; 97.99; 102.46 and 106.95 kJ mol-1, respectively
(Carvalho et al., 2018); and when slicing strawberries (Fragaria
sp. L.) at 40, 50 and 60 °C, with Gibbs free energy values of
74.16, 76.54 and 78.93 kJ mol-1, respectively (Oliveira et al.,
2015).

0.950, which means that the Fick model was satisfactorily
adjusted to the experimental data.
The activation energy for the liquid diffusion of okra was 32.46
kJ mol-1. Corrêa et al. (2007) described activation energy as
being the difficulty with which water molecules face when
breaking the energy barrier, during the movement of the
product, in a way that the lower the activation energy, the
greater the water diffusivity, as corroborated in the present
study. Doymaz and Medine (2016), dried sliced broccoli in a
convective dryer at 45, 55, 65 and 75 °C and reported
activation energy of 35.41 kJ mol-1. According to Zogzas et al.
(1996) the activation energy values for agricultural products
vary from 12.7 to 110 kJ mol-1, and this variation is justified,
according to Martins et al. (2015) due to the physical and
biological characteristics of the products.

Powders’ physical characterization
Pigment and colorimetric analysis
The mean values and standard deviations of the pigments and
colorimetric parameters of okra powders obtained by
lyophilization and convective drying at temperatures of 50 to
80 °C are shown in Table 4.
Chlorophyll content (a, b and total) were found on a higher
concentration in lyophilized powder and differed statistically
from the powders obtained in convective drying, in which
chlorophyll degradation was observed with the increase in
temperature. This degradation is attributed to protein
denaturation, which leaves chlorophylls unprotected and
subjected to degradation, which is also triggered by pH and
temperature, light and oxygen variations on the sample (Bohn
and Walczyk, 2004). The degradation of the chlorophylls with
the increase of convective air drying temperature is also
instrumentally inferred by the powders colorimetric analysis,
in which the luminosity as well as the green and yellow
intensities were changed with the increase in drying
temperature.
The lyophilization process also preserved powder carotenoids
better than the convective drying process, in which a higher
value was observed at 50 °C, followed by reduction and there
was no statistical difference between the other temperatures,
which indicates that carotenoids were not susceptible to
degradation rise with the increase in temperature. Moreira et
al. (2018) when dehydrated kiwi slices in a greenhouse, with
air circulation at 70 °C, reported carotenoid content of 1.11 μg
g-1.
The luminosity (L*) was higher in the lyophilized powder, with
an increasing tendency in the convective drying temperature,
as the dehydration temperature increased. This behavior may
be associated with the shorter residence time of the product in
the dryer, with consequent lower exposure to degradation at
higher temperatures. Ren et al. (2017) when studying the
effect of drying methods (lyophilization, hot air drying, drying
in a greenhouse and drying in a vacuum oven), in both organic
and non-organic onions of Red Baron and Hyfort varieties,
found that the lyophilized material had a higher luminosity
when compared to those under different drying processes.
The green intensity was reduced in the convective drying with
the increase in temperature, inversely to the yellow color (+
b*). In both cases, presenting values lower than the
lyophilization ones. Guiné et al. (2014) when evaluated the
influence of different drying process (lyophilization, air
circulating greenhouse and tunnel drier) on peeled cucumber
slices, verified higher values of -a * for lyophilized powder. In
contrast, in convective drying in greenhouses with air
circulation at 40 and 60 °C an increase in the parameter b *
was observed, when increasing temperature.
Chroma (C*) was higher in the lyophilized powder, close to
that obtained in the convective drying at 80 °C, and
progressive decreases were observed with the decrease in the
convective drying temperature. According to Canuto et al.

Thermodynamic properties
In Table 3 the enthalpy, entropy, and Gibbs free energy values,
obtained in the drying process of okra at temperatures of 5080 °C, are presented. Enthalpy values were inversely
proportional to temperatures. Resende et al. (2018) in the air
drying of baru (Dipteryx alata Vogel) at 40, 60, 80 and 100 °C
verified the same behavior for this parameter. Goneli et al.
(2010) stated that the energy required for removing water
from the product, which during the drying process occurs by
diffusion, is composed of vaporization enthalpy ratio and free
water vaporization enthalpy in the product or isosteric heat.
Thus, with the increase in temperature and the respective
increase of the partial vapor pressure of the water inside the
material, there is a reduction in vaporization enthalpy and,
therefore, in the final enthalpy balance. In short, there is a
reduction in the enthalpy that comes from the process of the
product’s water diffusion, during the drying process (Araujo et
al., 2017).
Entropy behaved similarly to enthalpy, with decreases
following the increase in temperature. Due to the rising in
drying air temperature and its consequent increase in the
partial pressure of water vapor in the product, there is an
increase in the excitation of water molecules and a decrease in
viscosity, factors that combined booster the water diffusion
speed process and, as a result, causes reduction of entropy in
the process (Goneli et al., 2010). According to Moreira et al.
(2008), negative entropy values are attributed to the existence
of chemical adsorption and/or structural modifications of the
adsorbent.
Gibbs free energy is a thermodynamic parameter that
quantifies the maximum energy released in a process. It occurs
under constant temperature and pressure conditions. This
energy can serve as an indicator of an useful work performed,
and its positive value is explained by an addition of energy that
involves the product to the occurrence of phase change (liquid
to vapor), when, in the case of drying, there is no chemical
reaction, which identifies this operation as non-spontaneous
(Araujo et al., 2017).
Gibbs free energy increased with the expansion of drying
temperature, similarly to what was observed for some
scholars when studying timbó leaves (Serjania marginata
Casar) dried at 40, 50, 60 and 70 °C, with values of 140.10 kJ
mol-1, 142.07 kJ mol-1, 144.03 kJ mol-1 and 145.99 J mol-1,
respectively (Martins et al., 2015); when drying sunflower
seeds (Helianthus annuus), at 40, 60, 80 and 100 °C, with
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(2010), in the sensorial equivalence, the lyophilized powder
presents a more intense tonality than the powders of the
convective drying, which present greater opacity. The powders
tended to neutral colors, especially to gray (values closer to
zero), since values close to 60 express vivid colors (Mendonça
et al., 2003). Approximate chroma values were verified in
acerola with seeds flour, dehydrated at 60 and 70 °C, with C*
values of 34.1 and 36.30, respectively (Reis et al., 2017).
The hue angle (h) deviated from the red region, which
corresponds to the angle h = 0 ° and approached the yellow
region (h = 90 °) (Alves et al., 2008). The significant increase of
component h, from 84.29° (lyophilized powder) to 87.67°
(convective drying at 80°C), shows a deviation from the
standard, represented by the lyophilized sample as the drying
temperature increased. Oliveira et al. (2016) verified for baru
(Dipteryx alata Vogel), dried in an oven with air circulation at
60 to 100 °C, shade angles that ranged from 60.00 to 62.48,
values that are in the same quadrant of those obtained for the
okra.

transportation and storage. Souza et al. (2012) found in
breadfruit mesocarp, Apyrena variety, dehydrated in a tray
dryer at 60 °C, a density of 0.610 g cm-³. The compacted
density followed the tendency observed in the apparent
density with a lower value observed in the lyophilized powder
and a significant decrease with the increase in temperature.
Dehydrated tomato pulp, by convective drying at 60 and 80 °C,
resulted in powders with compacted density of 0.267 and
0.454 g cm-³, respectively (Fernandes et al., 2014).
Carr index (CI) showed decreases under convective drying
between temperatures of 50 and 80 °C. There were no
statistical differences between the lyophilized powder and
drying powders at the temperatures of 50, 60 and 70 °C. The CI
corresponds to the fluidity capacity of the powders, in which
values between 20-35, as determined, classify them as poor
flowability (Santhalakshmy et al., 2015). Goyal et al. (2015)
when evaluated the flaxseed oil powder, obtained by spraydrying at 177 °C, with addition of whey protein, concentrate
and sodium caseinate, observed CI in between 33.82 to
34.57%.
The Hausner factor (FH), which evaluates the cohesiveness of
the powders, had the same behavior observed for the Carr
Index, regarding drying temperature and lyophilized powder.
Okra powders, obtained in both drying methods, are classified
as having intermediate cohesiveness, according to
Santhalakshmy et al. (2015), who states that powders with FH
of less than 1.2 are classified as having low cohesiveness, FH
between 1.2 and 1.4 of intermediate cohesiveness and FH>
1.4, high cohesiveness.

Physical characterization
In table 5 the mean values of the powder samples’ physical
characterization, obtained by both lyophilization and
convective drying at 50 to 80 °C, are presented . The powders
showed high hygroscopicity, except for the powder obtained
by convective drying at 50 °C. All the samples were classified,
according to GEA Niro (2003), as extremely hygroscopic (>
25%). The increase in convective drying temperature
promoted a reduction in hygroscopicity, which may be related
to the amorphous state of the powders and the amount of
amorphous sugar (Jaya and Das, 2004). Santos et al. (2017)
when evaluated bark powders of white pitaya (Hylocereus
undatus) at 50, 60 and 70 °C observed hygroscopicity values of
22.19, 23.45 and 24.60%, respectively. Moreover, Fernandes et
al. (2014) reported for dehydrated tomato pulp at 60 and 80
°C, values of 57.88 and 57.50%, respectively.
The wettability rate increased as the drying temperature also
increased, which can be attributed to the water content, since
the wettability is inversely proportional to it. Lannes and
Medeiros (2003) stated that powders with good wettability
take up to 5 minutes in order to be 90% immersed, this is not
observed for okra powder, which indicates difficulties of
reconstitution in the water, at ambient temperature.
The solubility values were significantly higher in the lyophilized
powder and presented an increasing tendency in the
convective drying samples between 50 and 80 °C, although
with no significant differences. The great difference between
the solubility of the lyophilized powder and the powders of the
convective drying can be justified by the greater particle
aggregation of the convective dried samples. Kuck and Noreña
(2016) stated that the lower the water content, the more
soluble the product, which was corroborated in the okra
powders.
The apparent density inversely followed the drying
temperature and reached the lowest value in the lyophilized
powder. Apparent density values are related to the water
content of the powders. In short, the higher the temperature,
the lower the water content and solubility; as well as, the
lower the density, the higher the solubility (Sogi et al., 2015).
Density value allows the calculation of the required volume in
the production chain, from its packaging to spaces in

Particle morphology
Figure 2 shows the photomicrographs of the powders obtained
by convective drying and lyophilization. Despite the difference
in the drying methods and the range of different temperatures
used in the convective drying, the microstructures were similar
in all powders. It was observed morphologically asymmetrical
structures with different sizes and shapes, though. The
irregularity in powder particles shape can be attributed to its
obtaining process. By grinding the samples in a knife mill, there
is a disintegration of the structures of the dry material
resulting in fragmentations and asymmetries. Lyophilized
powder’s porosity, observed in Figure 2A, can be correlated
with more or less loose blades of the material interspersed
with voids. According to Harnkarnsujarit et al. (2012) porosity
can be influenced by the freezing method used, in which
freezing temperatures near -18 °C favor the formation of larger
pores and thicker walls, while lower freezing temperatures
form smaller pores and finer walls. Caparino et al. (2012)
performed the dehydration of mango pulp using different
drying methods (Refractance Window®, drum drying, spray
drying and lyophilization) and found by analysing the
microstructure of the samples, that lyophilization formed
powders with a more porous structure, if compared to other
drying methods.
On one hand, the variation in the drying temperature did not
result in significant differences in the particles size. On the
other hand, resulted in the formation of a more compacted
structure. It is important to highlight that materials with
compacted surfaces contribute to the increase in wettability
values (Ferrari et al., 2012).
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Table 1. Obtained parameters, determination coefficients (R²) and mean squared deviations (DQM) of mathematical models adjusted to
the drying data.
Model
Diffusion approximation

Two terms

Exponential of two terms

Henderson and Pabis

Logarithmic

Midilli

Newton

Page

Thompson

Wang and Singh

T
(°C)
50
60
70
80
50
60
70
80
50
60
70
80
50
60
70
80
50
60
70
80
50
60
70
80
50
60
70
80
50
60
70
80
50
60
70
80
50
60
70
80

Parameters
a
-47.1671
-6.2952
-10.0439
-51.6137
0.5279
0.5364
0.5333
0.5322
0.0001
0.0020
0.0022
0.0022
1.0535
1.0726
1.0665
1.0647
1.1133
1.1171
1.1104
1.0956
0.9711
0.9851
0.9771
0.9806
-14.7780
-31.2822
-31.2427
-94.0633
-0.0045
-0.0060
-0.0075
-0.0104

b
0.9851
0.8908
0.9318
0.9857
0.6256
0.5362
0.5331
0.5322
-0.0002
-0.0001
-0.0003
-0.0002
1.1623
0.5384
1.6135
1.2892
0.0001
0.0001
0.0001
0.0001

c
-0.0755
-0.0579
-0.0577
-0.0410
-

k
0.0120
0.0187
0.0225
0.0340
0.0068
0.0097
0.0124
0.0189
4.3841
5.0702
9.7812
8.4876
0.0068
0.0097
0.0122
0.0189
0.0058
0.0086
0.0109
0.0174
0.0011
0.0016
0.0023
0.0043
0.0063
0.0087
0.0112
0.0175
0.0016
0.0020
0.0030
0.0053
-

k1
0.0068
0.0097
0.0122
0.0189
-

n
1.3492
1.3619
1.3525
1.3498
1.2729
1.3274
1.3022
1.3051
-

R2

DQM

0.9993
0.9995
0.9990
0.9994
0.9947
0.9945
0.9941
0.9946
0.9924
0.9908
0.9910
0.9923
0.9947
0.9945
0.9941
0.9949
0.9970
0.9964
0.9961
0.9962
0.9996
0.9998
0.9994
0.9996
0.9924
0.9910
0.9912
0.9924
0.9992
0.9996
0.9990
0.9994
0.9922
0.9875
0.9910
0.9920
0.9966
0.9907
0.9862
0.9661

0.0138
0.0114
0.0160
0.0127
0.0896
0.0383
0.0384
0.0362
0.0442
0.0497
0.0472
0.0444
0.0369
0.0383
0.0384
0.0362
0.0278
0.0312
0.0312
0.0310
0.0096
0.0081
0.0127
0.0103
0.0442
0.0492
0.0467
0.0439
0.0148
0.0103
0.0155
0.0123
0.0448
0.0578
0.0471
0.0452
0.0295
0.0499
0.0585
0.0923

Fig 1. Okra Kinetic drying curves at temperatures of 50, 60, 70 and 80 °C adjusted by the Midilli model.

655
653

Table 2. Effective diffusivity (Def) mean values obtained in Okra drying at 50, 60, 70 and 80 °C and their respective determination
coefficients (R2).
Def (x 10-11 m²s -1)
3.13
4.37
5.70
9.00

Temperature (°C)
50
60
70
80

R²
0.9614
0.9597
0.9627
0.9678

Table 3. Mean values of enthalpy (ΔH), entropy (ΔS) and Gibbs free energy (ΔG) in okra drying at 50, 60, 70 and 80 °C.
Temperature
(°C)
50
60
70
80

∆H
(kJ mol-1)
32.04
31.96
31.88
31.79

∆S
(kJ mol-1 K-1)
-0.3464
-0.3467
-0.3469
-0.3472

∆G
(kJ mol-1)
143.99
147.46
150.93
154.40

Table 4. Mean values and standard deviations of the pigments and colorimetric parameters evaluated in okra powders obtained by
lyophilization and convective drying.
Parameters

Lyophilization

Chlorophyll a (µg g-1)
Chlorophyll b (µg g-1)
Chlorophyll total (µg g-1)
Carotenoids (µg g-1)
Luminosity (L*)
Green intensity (-a*)
Yellow intensity (+b*)
Chroma (C*)
Hue angle (o)

1.74±0.02 a
0.38±0.01 a
3.12±0.03 a
0.99±0.02 a
78.18±0.11 a
2.28±0.14 a
22.68±0.24 a
22.79±0.26 a
84.29±0.28 d

Convective drying
Temperature (°C)
50
0.92±0.01 b
0.31±0.02 b
1.71±0.01 b
0.49±0.01 b
62.21±0.34 d
1.66±0.14 b
17.26±0.55 c
17.30±0.56 c
85.12±0.34 c

60
0.84±0.01 c
0.32±0.04 ab
1.58±0.02 c
0.46±0.02 bc
64.01±0.37 c
1.02±0.14 c
18.20±0.57 c
18.27±0.58 c
86.37±0.29 b

70
0.55±0.01 d
0.20±0.01 c
1.03±0.02 d
0.44±0.01c
69.05±0.34 b
0.97±0.17 c
20.75±0.60 b
21.21±0.61 b
87.32±0.40 a

80
0.49±0.03 d
0.14±0.03 d
0.89±0.05 e
0.45±0.01 bc
69.12±0.22 b
0.88±0.05 c
21.46±0.37 b
21.48±0.37 b
87.67±0.15 a

Means followed by the same letter in the lines do not differ statistically by the Tukey test at 5% probability.

Table 5. Mean values and standard deviations of the physical parameters evaluated in the okra powders obtained by lyophilization and
convective drying.
Parameters

Lyophilization

Hygroscopicity (%)
Wetting rate (g min-1)
Solubility (%)
Apparent density (g cm-³)
Compacted density (g cm-³)
Carr Index (%)
Hausner Factor

83.33±0.29 c
3.08±0.10 b
63.04±0.48 a
0.128±0.005 e
0.171±0.007 e
25.00±0.00 a
1.33±0.00 b

50
87.14±0.02 a
1.89±0.02 e
32.98±1.36 b
0.518±0.017 a
0.691±0.019 a
25.67±1.53 a
1.38±0.01 a

Convective drying
Temperature (°C)
60
70
84.89±0.07 b
82.69±0.14 d
2.21±0.09 d
2.60±0.13 c
33.63±3.28 b
34.97±0.80 b
0.433±0.012 b
0.392±0.008 c
0.599±0.02 b
0.522±0.011 c
25.00±0.00 a
25.00±0.00 a
1.33±0.00 b
1.33±0.00 b

Means followed by the same letter in the lines do not differ statistically by the Tukey test at 5% probability.

Table 6. Mathematical models used to estimate okra kinetic drying curves.
Mathematical model designation
Diffusion approximation
Henderson and Pabis
Two terms
Exponential of two terms
Logarithmic
Midilli
Newton
Page
Thompson
Wang and Singh

Model
RX = a.exp(-k.t) + (1 - a).exp(-k.b.t)
RX= a. exp(-k.t)
RX = a.exp(-k.t) + b.exp(-k1 .t)
RX = a.exp(-k.t) + (1 - t).exp(-k.a.t)
RX = a. exp (-k t) +c
RX=a. exp(-k.tn ) + b.t
RX = exp (-kt)
RX=exp(-k.tn )
RX=exp(-a - (a2 + 4.b.t)0,5 )/2.b)
RX= 1 + (a.t) + (b.t2 )

RX - Water content ratio (dimensionless), a, b, c, k, k1, n - constants of the models, t - time (min).
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Equation
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)

80
82.14±0.10 e
3.37±0.03 a
36.95±0.48 b
0.370±0.002 d
0.466±0.008 d
20.67±1.16 b
1.26±0.02 c

Fig 2. Morphology of powdered okra particles obtained by lyophilization (A) and convective drying at 50 °C (B), 60 °C (C), 70 °C (D) and
80 °C (E).

Fig 3. X-ray diffraction spectrum for okra powders.

Fig 4. Peeled okras (A); Sliced okras (B).

655

X-ray diffraction
The X-ray diffraction spectrum of the powders obtained by
both convective drying and lyophilization are shown in Figure
3. X-ray diffraction is a common technique used to confirm the
crystalline-amorphous state of products, dried in the powder
form. In general, the crystalline material shows a series of
pointed peaks, while amorphous products produce a broad
background pattern (Caparino et al., 2012).
The X-ray diffraction patterns of the powders, in both drying
methods, exhibited amorphous characteristics and showed no
crystalline peaks formation. In addition, diffractograms
revealed that the amorphous domain of the powders
concentrates in 23 (2θ). For the same sample type, if
diffraction intensity is reduced, there is a tendency of the
curves to become flattered. There is also less difference
between minimum and maximum, with the increase of drying
temperature. Rapid material drying in the presence of low
molecular weight compounds tends to produce dried products
in metastable state, due to insufficient time for crystallization
(Jayasundera et al., 2011).
Moreover, irreversible changes in the structure of polymeric
compounds, cause its molecular structure degration and loss
of crystallinity (Anastasiades et al., 2002). Mahdavi et al.
(2016) stated that more amorphous characteristics are
required for a product to function as a good wall material
(carrier) for both hydrosoluble and liposoluble compounds.
Therefore, the absence of crystalline peaks in okra powders is
a good indicator of a potential application, as a possible wall
material or drying adjuvant, depending on the performance of
studies that determine its functional properties to ratify this
hypothesis.

calculated. Water content ratio values (Equation 1) were
calculated using the experimental data.
RX=

X- Xe

(1)

Xi - Xe

In which: RX - Product water content ratio, dimensionless; X Product water content ratio at a given time, % dry basis; Xi Product initial water content, % dry basis; Xe - Product
equilibrium water content, % dry basis.
The mathematical models of diffusion approximation, Two
terms, Exponential of two terms, Henderson and Pabis,
Logarithmic, Midilli, Newton, Page, Thompson and Wang and
Singh (Table 6) were adjusted to the experimental data of the
drying kinetics.
The software Statistica 7.0 was used for mathematical
adjustment of the models to the experimental data, through
non-linear regression analysis, using the Quasi-Newton
estimation method. To evaluate the model adjustment, the
coefficient of determination (R²) and the mean square
deviation (DQM) were used (Equation 12).
∑ (RXpred-RX exp )2

DQM=√

n

(12)

In which: DQM - Mean square deviation; RXpred - Water
content ratio predicted by the model, dimensionless; RXexp Experimental non-dimensional water content ratio; n Number of observations.
Samples effective diffusivity for the drying temperatures of 50
to 80 °C were calculated, according to the liquid diffusion
theory; in which equation is the analytical solution for the
second law of Fick, comparing the geometric form of the
product with approximation of a flat plate and with
approximation of five terms (n = 5), (Equation 13).

Materials and methods
Raw material
The raw material used in this study was the okra (Abelmoschus
esculentus (L.) Moench), from the green subgroup, Santa Cruz
variety, which has pointed cylindrical shapes, and average size
from 12 to 18 cm, in its green maturation stage.

8

1

2 2
RX= ( 2) ∑∞
n=0 ((2n+1)2 ) exp (-(2n+1) π
π

Def
L2

t)

(13)

In which: RX - Water content ratio, dimensionless; n - Number
of equation terms; Def - effective diffusivity (m² s-1); L thickness (m); t - time (s).

Drying methods
First, okras were individually selected, according to their
maturation stage and physical integrity. Then, they were
washed and sanitized in chlorinated water (50 ppm), for 15
minutes, and finally they were rinsed. In order to be dried,
okras were previously peeled (Figure 4A) and crosswise sliced
with a standard thickness of 2 mm (Figure 4B).

Arrhenius equation (Equation 14) was adjusted to the data, in
order to obtain the activation energy, to evaluate the influence
of the drying temperature on the effective diffusivity (Def).
Def = Def0 exp

Ea

(14)

RT

In which: Def0 - pre-exponential factor (m2 s-1); Ea - activation
energy (kJ mol-1); R - universal gas constant, 0.8314 kJ mol-1 K-1;
T - absolute temperature (K).

Convective drying
For convective drying, the sliced samples were placed in
stainless steel trays (Figure 4B) and submitted to oven drying
with forced air circulation at 50, 60, 70 and 80 °C, until
reaching hygroscopic equilibrium. After dried, the slices were
grounded in a knife mill and sieved in a stainless steel sieve
with a mesh of #32 mesh, for the removal of particles of
greater granulometry.
Okra kinetic drying data was obtained in triplicate by weighing
the containers with the samples at regular intervals until
constant mass. At the end of the drying process, the dry
masses were determined and the water contents were

Thermodynamic properties
The thermodynamic properties of the drying process enthalpy,
entropy, and Gibbs free energy, were determined according to
Equations 15, 16 and 17, respectively (Corrêa et al., 2012).
∆H = Ea - R T
(15)
∆S = R (lnA0 - ln
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- ln T)

(16)

∆G = ∆H - T ∆S

(17)

mass/volume ratio was calculated. The compacted density was
determined in the same test tube containing the powder,
subjecting it to 50 times beating on the bench, at an
approximate height of 2.5 cm, and the compacted ratio
mass/volume was then calculated (Tonon et al., 2009).

In which: ΔH - enthalpy variation (kJ mol-1); Ea - activation
energy (kJ mol-1); R - universal gas constant, 0.8314 kJ mol-1 K-1;
T - absolute temperature (K); ΔS -entropy variation (kJ mol-1 K1); Kb - Boltzmann constant, 1.38 x 10-26 kJ K-1; hp - Planck's
constant, 6.626 × 10-37 kJ s; ΔG - Gibbs free energy variation (kJ
mol-1).

Carr index and Hausner's factor
Carr index (CI) and Hausner's factor (FH) were determined
according to Wells (1988) methodology, based on both
apparent density (ρap) and compacted density (ρc) data,
according to Equations 20 and 21:
ρ ρ
IC= c- ap 100
(20)

Lyophilization
Sliced okras were frozen at -18 °C, for 48 hours, and taken to a
Liobras brand lyophilizer machine, model L101, for a period of
72 hours. The raw material was grounded in a knife mill and
sieved in #32 mesh stainless steel sieves in order to obtain
powder samples.

ρap

FH=

Powders characterization

Colorimetric analysis
The instrumental colorimetric parameters were determined by
direct reading using a Hunter Lab Mini Scan XE Plus portable
spectrophotometer, model 4500 L, in the Cielab color system.
The parameters were: L* - luminosity; a* - transition from
green (-a*) to red (+ a*); and b* - transition from blue (-b*) to
yellow (+ b*); and from the values of a* and b*, the chroma
values were determined (C*) (Equation 18) and hue angle (h)
(Equation 19):
(18)

tan-1 (b* /a* )

(19)

h=

(21)

Particle morphology
Particle’s morphological analysis was determined by scanning
electron microscopy (SEM), on a Shimadzu SSX-550 Superscan
equipment, operating at 15 kV. In order to obtain the images
by MEV, the samples were plated with a gold alloy for 360
seconds, with 10 mA current in Shimadzu IC-50 metallizer,
under high vacuum conditions, to provide a reflecting surface
for the electron beams. Then, the samples were visualized
under the microscope and their morphological structures were
photographed in 500X magnifications.

Pigment analysis
The chlorophyll a, b as well as the powders total carotenoids,
obtained in both convective drying and lyophilization, were
quantified after extraction using 80% acetone and calcium
carbonate, with spectrophotometer absorbance readings at
470, 646 and 663 nm, according to Lichtenthaler (1987).
Results were expressed in μg/g, on a dry basis.

C*=√(a*)2 +(b*)2

ρc
ρap

X-ray diffraction
The scanning method was used for X-ra y diffraction analysis,
which consists of X-rays incidence on powder samples,
compacted on a support, using Shimadzu XRD-6000 apparatus
with CuKα radiation, voltage of 40 KV, 30 mA current, step size
of 0.020 2θ and time per step of 1.00 s, with a scanning speed
of 2 ° (2θ) / min, with a 2θ angle traveled from 4 to 50°. The
values of the crystalline planes with the distance of the
wavelength λ of X - radiation were determined according to
the Bragg equation (22), which consists of the recorded
intensity of diffracted rays versus the double diffraction angle
(2θ).
nλ=2.d (h.k.l) sin θ
(22)
In which: n - reflection order; λ - electromagnetic radiation
wavelength used; d (hkl) - distance between planes; θ - Bragg
angle of the crystalline plane.

Physical characterization
Hygroscopicity
Hygroscopicity was determined according to Cai and Corke
(2000), and the results were expressed in grams of adsorbed
water per 100 g of sample mass.

Statistical analysis
The results of the physical analyses were submitted to analysis
of variance and their means were compared by the Tukey test,
at 5% probability. The Assistant version 7.7 beta software was
used (Silva and Azevedo, 2016).

Solubility
Solubility was determined according to the method described
by Schoch (1964). In addition, a centrifuge at 3200 rpm was
used for 15 minutes, with its supernatant removed and
brought to the oven at 105 °C for 24 h for the determination of
soluble mass.

Conclusion
The mathematical model of drying proposed by Midilli was the
one that better adjusted for the representation of the drying
kinetics of sliced okra. The effective diffusion coefficient
increased as the drying air temperature also increased, and
presented an activation energy for the liquid diffusion, during
the drying process of 32.46 kJ mol-1. Enthalpy and entropy
values decreased with the increase of drying temperature, and
Gibbs free energy was directly proportional to temperature.

Wettability
The wettability was determined by the method of Schubert
(1993), expressed by the mass (g)/time required for the
disappearance of the sample ratio (min).
Apparent and compacted density
The apparent density (ρap) was determined by the weight of
the sample in a 10 mL beaker filled with the powder and the

657

The lyophilized powder presented high luminosity, with
greater retention of pigments and greater solubility. All
powders presented poor fluidity and intermediate
cohesiveness. They were presented as morphologically
irregular, showing asymmetric particles with amorphous
characteristics. From the present study it was possible to
evaluate the best drying method that should be applied for the
drying of okra taking into account its costs, its quality and the
final product application, meeting the needs of consumers.
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