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The purpose of this study was to evaluate the effect of dehydration conditions on the chemical, physical, and rehydration properties
of instant whole beans (Phaseolus vulgaris L. var. Azufrado) using a 22 factorial design (air temperature: 25∘C and 30∘C, air velocity:
0.5m/s and 1.0m/s). To determine the kinetic parameters, the rehydration data were fitted to three models: Peleg’s, First Order, and
Sigmoid. The protein, fat, and ash contents of the beans were not significantly affected (𝑃 > 0.05) by the dehydration conditions.
Of the 11 physical properties of the instant whole beans, only water activity and splitting were significantly affected by dehydration
conditions (𝑃 < 0.05), with a range from 0.58 to 0.67 and from 2.90% to 5.87%, respectively. Of the three models tested, the First
Order model gave the best fit for rehydration, with no significant differences (𝑃 > 0.05) between the observed and predicted
equilibrium moisture contents of the instant whole beans. Regarding the rehydration kinetics for the instant whole beans, the
activation energy values ranged from 23.56 kJ/mol to 30.48 kJ/mol, depending on the dehydration conditions. The dehydration
conditions had no significant effect (𝑃 > 0.05) on the rehydration properties of instant whole beans.

1. Introduction

Beans (Phaseolus vulgaris L.) are an important food in the
traditional Mexican diet and also the most important grain
legume for human consumption inmany regions of the world
[1]. The dried seeds from beans have excellent nutritional
properties: high levels of protein, fiber, vitamin B complex,
iron, and calcium and a low fat content. They have recently
been associated with health benefits with their antioxidant
capacity and inhibition of carcinogenesis [2]. Compared with
other carbohydrate sources, beans have a low glycemic index,
which might help people with diabetes mellitus and other
chronic degenerative diseases to control their blood glucose
level [3].

Beans also contain several antinutritional factors that
can easily be eliminated or reduced using techniques such
as soaking, dehulling, heating (boiling in water, infrared
radiation, and extrusion), fermentation, and sprouting [4].
However, soaking followed by cooking is the most common
method for producing edible legume products [5]. Hulling,
precooking, canning, dehydration, and extrusion are some of
the technologies used to process beans [6, 7].

In 2009, the annual per capita consumption of the com-
monbean inMexicowas around 10.3 kg, comparedwith some
countries of the European Union at 2.5 kg and the United
States at 3.5 kg [8]. At present, the level of consumption
of beans is falling because of changes in Mexican society
such as urbanism and lifestyle, which affect eating habits
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[9]. The Mexican Department of Economy has reported that
the production and consumption of the common bean have
decreased over the past 5 years [10].

Time-consuming food preparation has been cited as the
main factor to be eliminated to reduce the time of household
work and has contributed to more people eating their meals
outside the home. Currently, because of this time-related
factor, the consumption of beans has decreased and been
replaced by less nutritious foods, foods with faster cooking
times, and precooked foods [11].

Because of their nutritional and health-promoting prop-
erties, the development of value-added products based on
beans is being promoted to react to the new market oppor-
tunities offered in the functional food and nutraceutical
industries [12, 13]. Processing dry beans into a high-value
marketable food product, such as dehydrated precooked
beans, is in high demand from the food industry, fast-food
restaurants, and consumers. This would improve profits for
farmers and food manufacturers. However, the high rate of
structural defects (splitting, bursting, or butterflying) of the
finished bean products has discouraged their acceptance by
consumers and end users [14].

A high rate of dehydration of cooked beans causes the
seed coat to split, which could be minimized by using a lower
air velocity and temperature during drying. However, few
studies have focused on the use of a low air temperature
for drying and the impact it has on product quality [15, 16].
Therefore, the objective of this study is to evaluate the effect of
less rapid dehydration conditions on the chemical, physical,
and rehydration properties of instant whole beans (Phaseolus
vulgaris L. var. Azufrado).

2. Materials and Methods

2.1. Plant Material. The bean seeds (Phaseolus vulgaris L. var.
Azufrado), highly consumed and most preferred in Mexico
[17], used for this study were obtained from the Mercado
de Abastos, located at Tepic, NAY, Mexico. The beans were
separated from broken, small, and split seeds, dust, and
other excess materials, then cleaned, and manually graded
by size. The physical properties of the size, shape, and color
of the samples of the dry beans, analyzed according to the
methods reported by Kaptso et al. [18] and Ulloa et al. [16],
are summarized in Table 1.

2.2. Bean Cooking. Batches of 0.20 kg beans were washed
with tap water. Each batch of beans was blanched in 600mL
tap water at 96∘C for 3min. After blanching, the beans were
soaked in 1.4 L tap water at 45∘C for 120min and then the
hydrated beans were cooked in a pot at 97∘C for 90min.

2.3. Dehydration of Cooked Beans. The dehydration of the
cooked beans was conducted using a 22 factorial design,
where dehydration air temperature (25∘C and 30∘C) and
dehydration air velocity (0.5m/s and 1.0m/s) were the two
factors. Each treatment was repeated three times.The cooked
beans were dehydrated in a cabinet dryer, using air at a
relative humidity (RH) of 45 ± 5%, flowing horizontally

Table 1: Some physical properties of raw dry bean of Azufrado
variety.

Physical properties Valuex

Weight 100 seeds (g) 23.52 ± 0.21
Length (mm) 10.61 ± 0.65
Width (mm) 6.83 ± 0.37
Thickness (mm) 4.58 ± 0.35
Sphericity 0.65 ± 0.02
Geometric diameter (mm) 6.98 ± 0.44
Color
𝐿
∗ 61.80 ± 1.58
𝑎
∗

−0.45 ± 0.56
𝑏
∗ 39.92 ± 1.82

xMean value ± standard deviation of three determinations.

through the cooked beans. The velocity of the air was mea-
sured using a CEM DT-618 thermoanemometer (Shenzhen
Everbest Machinery Industry, Co. Ltd, Nanshan, Shenzhen,
China). For dehydration, 0.40 kg of cooked beans was uni-
formly spread in a single layer on a rectangular tray formed
by an aluminum frame (0.40m × 0.30m) and a 1.3mm fine
plastic mesh. Bean samples were removed from the dryer
at intervals of 60min during the dehydration process and
their weights were recorded using a H-2710 digital scale
with 0.01 g accuracy (Ohaus Corporation, Parsippany, NJ,
USA). Dehydration of the cooked beans continued until the
decrease in weight was negligible. The final moisture content
was considered to be the equilibrium moisture content.
The moisture ratio (MR) was calculated using the following
equation:

MR =
𝑀
𝑡𝑑
−𝑀
𝑒𝑑

𝑀0𝑑 −𝑀𝑒𝑑
, (1)

where 𝑀
𝑡𝑑

is the moisture content at any time during
dehydration (d.b.);𝑀

𝑒𝑑
is the equilibrium moisture content

(d.b.); and𝑀
0𝑑

is the initial moisture content (d.b.).
The experimental dehydration data (MR) was fitted to

the models shown in Table 2 [19–23] by means of analy-
sis of nonlinear regression using the Simple-Quasi-Newton
method in the Statistica 9.0 software (StatSoft, Inc., Tulsa,
USA). The goodness of fit to the experimental data of the
testedmathematical models was evaluated using the values of
the coefficient of determination (𝑅2), the root mean square
error (RMSE), and the chi-square statistic (𝜒2). The lowest
values of RMSE and 𝜒2, with the highest values of 𝑅2 (≈1.0),
were considered the optimum criteria to evaluate quality of
fit of the models used [19].

2.4. Chemical Composition. The instant whole beans were
analyzed for moisture (method 934.01), protein (method
960.52), ash (method 942.05), and fat content (method
920.39), according to the AOAC methods [24]. The percent-
age of crude protein was estimated by multiplying the total
nitrogen content by a factor of 6.25. The total carbohydrate
content was estimated by subtracting the sum of the mean
percentage values of water, total ash, crude protein, and crude
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Table 2: Thin-layer models applied to dehydration of cooked bean
and models applied to rehydration of instant whole bean.

Model Mathematical equation Reference
Dehydration

Midilli et al. MR = 𝑎 exp(−𝑘
𝑑
𝑡
𝑛
) + 𝑏𝑡

Midilli et al.
[20]

Page MR = exp(−𝑘
𝑑
𝑡
𝑛
)

Vega-Gálvez
et al. [21]

Verma MR = exp(−𝑘
𝑑
𝑡) + (1 − 𝑎) exp(𝑔𝑡) Pardeshi et

al. [22]
Rehydration

Peleg RR = 𝑊
0
+
𝑡

(𝑘
1
+ 𝑘
2
𝑡)

Cox et al.
[19]

First order RR = 𝑊
𝑒
+ (𝑊
0
−𝑊
𝑒
) exp(−𝑘

𝑟
𝑡)

Cox et al.
[19]

Sigmoid RR = 𝑊
𝑒
+

𝑊
𝑒

1 + exp [−𝑘
𝑟
(𝑡 − 𝜏)]

Oliveira et
al. [23]

fat contents from 100. All determinations were carried out in
triplicate.

2.5. Physical Properties. The size and shape of the beans
were determined by weighing 100 seeds and calculating their
sphericity (𝑆) and geometric diameter (𝐷

𝑔
). The weight

of 100 seeds was determined in triplicate using a digital
balance of 0.01 g accuracy (Ohaus Corporation). From each
bean sample, 100 seeds were selected at random and their
individual length (𝐿), width (Wd), and thickness (Ti) (the
three principal dimensions in three mutually perpendicular
directions) were measured using a digital screw gauge with
an accuracy of 0.02mm (model 500-774; Mitutoyo Co.,
Kawasaki, Japan). 𝐿 was defined as the distance from the
seed’s eye to the opposite end, while Wd and Ti were taken in
the two opposite perpendicular directions from the seed’s eye
to represent themajor andminor seed diameters. Using these
values of 𝐿, Wd, and Ti, 𝑆was calculated as (𝐿×Wd×Ti)1/3/𝐿
and𝐷

𝑔
as (𝐿 ×Wd × Ti)1/3 [18].

The color was measured directly on the surface of each
precooked whole bean in a sample of 10 seeds using aMinolta
CR-300 color meter (Minolta, Tokyo, Japan). The measured
values were expressed according to the CIELAB color scale
𝐿
∗ (lightness), 𝑎∗ (redness-greenness), and 𝑏∗ (yellowness-

blueness).The 𝐿∗, 𝑎∗, and 𝑏∗ values of the white standard tile
used as reference were 97.14, 0.19, and 1.84, respectively.

Water activity (𝑎
𝑤
) was measured in triplicate at 25∘C

using a Decagon AquaLab meter CX-2 (Pullman,WA, USA),
on coarse powder samples (3 g), which were obtained by
grinding precooked whole beans using a mortar and pestle.
Before testing samples, thewater activitymeter was turned on
and allowed to warm up for 30min and calibrated by filling
a plastic disposable cup half full with a saturated sodium
chloride solution. The accuracy of the measured 𝑎

𝑤
values

was ±0.003.
The integrity of the instant whole beans was determined

by the presence of split or butter flied beans. Instant whole
beans were judged to be split if they had either a crack

between the cotyledons or a transverse fissure in the seed
coat more than 2mmwide.The beans with split seed coats or
cracked cotyledons in each batch were counted. The results
are reported as the percentage of split beans in a sample of
100 instant whole beans. Butterflied beans have been defined
as those with two cotyledons separated by more than half of
𝐿 of the bean [25].

2.6. Rehydration Characteristics. A sample of 25 beans
(weighed them exactly to be fairly close to 10 g) without
structural damage was placed in a net basket and immersed
in a 1 L glass jar with a lid containing 1 L distilled water,
which had been previously heated to the required soaking
temperature (40∘C, 60∘C, or 80∘C) in a water bath ther-
mostatically controlled at the required temperature (±1∘C).
Water absorption was determined using a digital scale
(Ohaus Corporation, Parsippany, NJ, USA) as the increase
in the bean weight recorded every 3min until the difference
between consecutive weight measurements was insignificant
(0.05 ± 0.01 g). This was considered to represent the point
of saturation moisture content. There was no correction for
lost solids. After the specified soaking time, the beans were
removed from the soaking solution, drained in a kitchen
strainer for 0.5min, blotted with paper tissue, and weighed.
The weight gain was measured, and the beans were returned
to the soaking solution at the required temperature. All
soaking tests were in triplicate and recorded as the percentage
moisture (d.b.).

The rehydration ratio (RR) was calculated according to
the following equation:

RR =
𝑊
𝑟

𝑊
𝑑

, (2)

where 𝑊
𝑟
is the weight after rehydration (g) and 𝑊

𝑑
is the

weight of the dried material.
The experimental rehydration data (RR) was fitted to the

models shown in Table 2 by means of analysis of nonlinear
regression with Statistica 9.0 software as before, using the
same criteria for goodness of fit of the tested mathematical
models to the experimental data.

The effective diffusivity (𝐷eff ) and energy of activation
(𝐸
𝑎
) were determined according to the procedures reported

by Kaptso et al. [18].
The water absorption capacity (WAC), dry basis holding

capacity (DHC), and rehydration ability (RA) were used
as indices to estimate the rehydration characteristics of the
instant whole bean at 80∘C, according to the equations
reported by Markowski and Zielińska [26]:

WAC =
𝑀
𝑟
(100 − 𝑠

𝑟
) − 𝑀

𝑑
(100 − 𝑠

𝑑
)

𝑀0 (100 − 𝑠0) − 𝑀𝑑 (100 − 𝑠𝑑)
,

DCH =
𝑀
𝑟
𝑠
𝑟

𝑀
𝑑
𝑠
𝑑

,

RA =WAC ⋅ DHC,

(3)

where 𝑀 and 𝑠 denote mass of a sample and percent dry
matter content of a sample (0, 𝑑, and 𝑟: initial, dried, and
rehydrated), respectively.
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Figure 1: Effect of dehydration conditions on the moisture ratio of
cooked bean.

2.7. Statistical Analysis. Statistica software (version 9.0) was
used for all statistical analyses. Analysis of variance (ANOVA)
andTukey’smean comparison testwere used to determine the
significance of differences between the treatments at a level of
𝑃 < 0.05. Each treatment was evaluated using at least three
determinations and each test from data in triplicate.

3. Results and Discussion

3.1. Dehydration Kinetics. The initial moisture content of the
cooked beans used in the dehydration experimentwas 2.03 kg
H
2
O/kg d.b. (67% w.b.) and after dehydration was 0.14 kg

H
2
O/kg d.b. for drying at 25∘C and 0.5m/s, 0.13 kg H

2
O/kg

d.b. at 30∘C and 1.0m/s, 0.12 kg H
2
O/kg d.b. at 25∘C and

0.5m/s, and 0.12 kg H
2
O/kg d.b. at 30∘C and 1.0m/s. This

represents reductions of 78.1%, 80.0%, 81.0%, and 81.0%,

respectively. MR as a function of dehydration time is shown
in Figure 1. MR decreased with time to a value of 0 in 27–
40 h depending on the dehydration conditions. At 25∘C, a
reduction of 10% in the dehydration time was observed when
the air velocity increased from 0.5m/s to 1.0m/s, while at
30∘C the reduction was 28.9% for the same increase in air
velocity. The decrease in dehydration time with increasing
air temperature and air velocity has been reported for many
agricultural products [27–30].

The dehydration data obtained from the experiments
were fitted using the three thin-layer dehydration models
mentioned in Table 2. The kinetic parameters and statistical
results from the models are summarized in Table 3. The best
model describing the thin-layer dehydration characteristics
of cooked beans was selected as the one with the highest
𝑅
2 values and the lowest 𝜒2 and RMSE values. Of the three

models tested, Page’s model gave the highest value of 𝑅2
and the lowest values of 𝜒2 and RMSE for the different
conditions for dehydrating cooked beans, which agrees with
results obtained for dehydration of other foodstuffs [17, 31].

3.2. Chemical Composition. The effect of the conditions of
dehydration on the chemical composition of the cooked
beans is shown in Table 4. According to these results, protein,
the fat, and ash contents were not significantly affected (𝑃 >
0.05) by the dehydration conditions. However, the moisture
content was only higher (by 1.84%) where cooked beans
dehydrated at 25∘C and 0.5m/s were compared with those
dehydrated at 30∘C and 1.0m/s.The chemical composition of
the instant whole beans determined in the present study was
in the range of values reported for precooked whole beans in
other studies [32, 33].

3.3. Physical Characteristics. Table 5 shows the physical char-
acteristics of the instant whole beans. The weight of 100
seeds, the dimensions 𝐿, Wd, Ti, 𝑆, and 𝐷

𝑔
, and color (𝐿∗,

𝑎
∗, 𝑏∗) of the instant whole beans were not significantly

affected (𝑃 > 0.05) by the conditions of dehydration used
for their preparation. Of all the physical properties of the
instant whole beans, only 𝑎

𝑤
and the percentage of split beans

were significantly affected (𝑃 < 0.05) by the dehydration
conditions. The higher dehydration air temperature and air
velocity produced a lower value of 𝑎

𝑤
and a higher level of

splitting in the instant whole bean. However, the values of 𝑎
𝑤

obtained under dehydration conditions of 25∘C and 1.0m/s
and 30∘C and 0.5–1.0m/s were below or at the limit value,
𝑎
𝑤
< 0.66, where no microbial growth will occur [16].
Regarding the integrity of instant whole beans, the dehy-

dration conditions of 30∘C and 1.0m/s for air temperature
and air velocity, respectively, produced a value for splitting of
5.87% (±0.65), which was significantly higher (𝑃 < 0.05) than
the values obtained under the other dehydration conditions.
No butterflying was observed in the instant whole beans
dehydrated under any conditions used in this experiment.
Splitting and butterflying are caused by differential rates of
drying between the skin and the cotyledon. The skin dries
rapidly, causing the beans to shrink, resulting in splitting
or butterflying, which could be reduced by using a lower
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Table 3: Kinetic parameters of the different mathematical models fitted to the experimental data during the dehydration of cooked bean from
Azufrado variety.

Model Dehydration conditions Constants RMSE 𝜒
2

𝑅
2

Page

25∘C, 0.5m/s 𝑘
𝑑
= −0.0007; 𝑛 = 2.3688 0.0310 0.5649 0.9922

25∘C, 1.0m/s 𝑘
𝑑
= −0.0006; 𝑛 = 2.4698 0.0361 0.6142 0.9897

30∘C, 0.5m/s 𝑘
𝑑
= −0.0010; 𝑛 = 2.3109 0.0447 0.8352 0.9841

30∘C, 1.0m/s 𝑘
𝑑
= −0.0020; 𝑛 = 2.2046 0.0256 0.3228 0.9943

Midilli et al.

25∘C, 0.5m/s 𝑎 = 1.0728; 𝑘
𝑑
= 0.0876; 𝑛 = 2.5 × 10−6; 𝑏 = −0.029 0.0580 1.1723 0.9722

25∘C, 1.0m/s 𝑎 = 0.7673; 𝑘
𝑑
= −0.2052; 𝑛 = 0.3305; 𝑏 = −0.0357 0.0575 0.9684 0.9730

30∘C, 0.5m/s 𝑎 = 0.7673; 𝑘
𝑑
= −0.2052; 𝑛 = 0.3305; 𝑏 = −0.0357 0.0440 0.8472 0.9840

30∘C, 1.0m/s 𝑎 = 0.5312; 𝑘
𝑑
= −0.5931; 𝑛 = 2.0953; 𝑏 = −0.0009 0.0264 0.3293 0.9942

Verma

25∘C, 0.5m/s 𝑎 = −0.0302; 𝑏 = 0.0001 0.0591 1.1647 0.9749
25∘C, 1.0m/s 𝑎 = −0.0263; 𝑏 = −0.0001 0.0624 1.1173 0.9696
30∘C, 0.5m/s 𝑎 = −0.0324; 𝑏 = 0.0001 0.0678 1.4825 0.9643
30∘C, 1.0m/s 𝑎 = −0.0459; 𝑏 = 0.0003 0.0583 0.8165 0.9755

Table 4: Effect of the conditions of dehydration on the chemical composition of instant whole bean of Azufrado variety.

Component (g/100 g) Conditions of dehydrationx

25∘C, 0.5m/s 25∘C, 1.0m/s 30∘C, 0.5m/s 30∘C, 1.0m/s
Moisture 12.78 ± 0.29a 11.82 ± 0.57ab 11.26 ± 0.13b 10.94 ± 0.55b

Protein (N × 6.25) 24.57 ± 0.36a 24.98 ± 0.04a 24.23 ± 1.06a 22.75 ± 0.93a

Fat 1.61 ± 0.06a 1.64 ± 0.04a 1.61 ± 0.05a 1.67 ± 0.06a

Ash 2.26 ± 0.02a 2.27 ± 0.03a 2.22 ± 0.08a 2.23 ± 0.06a

Total carbohydrates 58.78 ± 0.61a 59.29 ± 0.42a 60.02 ± 0.61b 61.75 ± 0.52b
xValues are averages ± standard deviation of three samples measured in each experiment repeated three times. Mean values within the same line followed by
the same superscript lowercase letter are not significantly different (𝑃 < 0.05).

Table 5: Effect of the conditions of dehydration on some physical properties of instant whole bean of Azufrado variety.

Physical properties Conditions of dehydrationx

25∘C, 0.5m/s 25∘C, 1.0m/s 30∘C, 0.5m/s 30∘C, 1.0m/s
Weight 100 seeds (g) 21.02 ± 0.55a 20.98 ± 0.71a 19.99 ± 0.61a 19.98 ± 0.68a

Length (mm) 1.07 ± 0.03a 1.07 ± 0.04a 1.08 ± 0.04a 1.08 ± 0.04a

Width (mm) 0.65 ± 0.04a 0.66 ± 0.04a 0.66 ± 0.03a 0.65 ± 0.03a

Thickness (mm) 0.51 ± 0.02a 0.52 ± 0.03a 0.50 ± 0.03b 0.50 ± 0.02a

Sphericity 0.66 ± 0.01a 0.67 ± 0.02a 0.66 ± 0.01a 0.66 ± 0.02a

Geometric diameter (mm) 0.71 ± 0.02a 0.72 ± 0.03a 0.71 ± 0.02a 0.71 ± 0.02ª
Color
𝐿
∗ 45.42 ± 6.94a 42.10 ± 4.72a 42.60 ± 5.15a 44.89 ± 2.61a

𝑎
∗ 7.62 ± 0.57a 7.71 ± 0.68a 7.95 ± 0.78a 7.79 ± 0.70a

𝑏
∗ 29.12 ± 3.16a 29.62 ± 2.2a 25.22 ± 4.65a 29.54 ± 0.67a

Water activity 0.67 ± 0.01a 0.66 ± 0.01a 0.63 ± 0.01b 0.58 ± 0.01c

Splitting (%) 2.90 ± 0.36b 3.93 ± 0.90b 2.91 ± 0.51b 5.87 ± 0.65a
xValues are averages ± standard deviation of three samples measured in each experiment repeated three times. Mean values within the same line followed by
the same superscript lowercase letter are not significantly different (𝑃 < 0.05).

air velocity and temperature during dehydration [14], as was
demonstrated in the present study.

3.4. Rehydration Characteristics. The kinetics of water ab-
sorption of the instant whole beans as affected by the dehy-
dration temperatures of 40∘C, 60∘C, and 80∘C as rehydration

temperatures is shown in Figure 2. The kinetics exhibited
initially a high rate of water absorption followed by pro-
gressively lower uptake rates at later stages. In addition, at
a higher rehydration temperature a lower rehydration time
was observed. The rapid initial water uptake by legumes has
been attributed to the filling of capillaries on the surface of
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Table 6: Water absorption characteristics of instant whole bean obtained at different conditions of dehydration using Peleg’s model.

Soaking
temperature Kinetic parameters

Dehydration conditionsx

25∘C 30∘C
0.5m/s 1.0m/s 0.5m/s 1.0m/s

40∘C

𝑊obs-eq (kg H2O/kg d.b.) 1.29 ± 0.02abA 1.24 ± 0.03aA 1.33 ± 0.03bcA 1.37 ± 0.02cA

𝑊eq (kg H2O/kg d.b.) 1.50 ± 0.03bB 1.37 ± 0.03aB 1.56 ± 0.03bcB 1.59 ± 0.02cB

𝑘
1
(min/[kg H2O/kg d.b.]) 3.78 ± 0.03b 2.50 ± 0.04a 3.84 ± 0.03bc 3.92 ± 0.05c

𝑘
2
(kg H2O/kg d.b.)

−1 0.66 ± 0.03ab 0.72 ± 0.02b 0.64 ± 0.02a 0.63 ± 0.02a

𝑅
2 0.9998 0.9993 0.9997 0.9998
𝜒
2 0.0060 0.0139 0.0063 0.0025

RMSE 0.0232 0.0345 0.0223 0.0106

60∘C

𝑊obs-eq (kg H2O/kg d.b.) 1.38 ± 0.03bA 1.31 ± 0.03aA 1.47 ± 0.02cA 1.43 ± 0.02bA

𝑊eq (kg H2O/kg d.b.) 1.48 ± 0.04bB 1.37 ± 0.03aA 1.62 ± 0.03cB 1.58 ± 0.03cB

𝑘
1
(min/[kg H2O/kg d.b.]) 1.26 ± 0.03b 0.80 ± 0.04a 1.59 ± 0.03c 1.69 ± 0.04d

𝑘
2
(kg H2O/kg d.b.)

−1 0.67 ± 0.02b 0.73 ± 0.03c 0.61 ± 0.02a 0.63 ± 0.03ab

𝑅
2 0.9999 0.9998 0.9996 0.9999
𝜒
2 0.0039 0.0010 0.0106 0.0071

RMSE 0.0231 0.0111 0.0321 0.0223

80∘C

𝑊obs-eq (kg H2O/kg d.b.) 1.45 ± 0.03abA 1.41 ± 0.02aA 1.50 ± 0.02bA 1.48 ± 0.03bA

𝑊eq (kg H2O/kg d.b.) 1.52 ± 0.03abB 1.47 ± 0.02aB 1.58 ± 0.03bcB 1.60 ± 0.03cA

𝑘
1
(min/[kg H2O/kg d.b.]) 0.66 ± 0.02b 0.58 ± 0.02a 0.64 ± 0.02b 0.95 ± 0.03c

𝑘
2
(kg H2O/kg d.b.)

−1 0.66 ± 0.02ab 0.68 ± 0.02b 0.63 ± 0.02a 0.63 ± 0.02a

𝑅
2 0.9998 0.9997 0.998 0.9998
𝜒
2 0.0032 0.00027 0.0015 0.0014

RMSE 0.0144 0.0085 0.0143 0.0136
xValues are averages ± standard deviation of three samples measured in each experiment repeated three times. The values with the same superscript lowercase
letter along the lines are not significantly different (𝑃 < 0.05), while values with the same superscript uppercase letter in the column for each temperature are
not significantly different (𝑃 < 0.05).

the seed coats and at the hilum [16]. The decline in rehy-
dration rates at later stages is related to the combined effects
of increased extraction rates of soluble materials and lower
water absorption, presumably because of the water filling the
free capillaries and intermicellar spaces. Subsequently, the
amounts of water absorbed with further rehydration were
minimal until equilibrium was attained, which signaled the
maximum water capacity of the instant whole bean. Similar
rehydration patterns have been reported in many foodstuffs
[34–36].

The kinetic parameters of dehydration and the statistical
results from the mathematical models mentioned in Table 2
for instant whole beans are summarized in Tables 6–8. Of
the three models tested, Peleg’s model gave the highest values
of 𝑅2 and lowest values of 𝜒2 and RMSE, followed by the
First Order and Sigmoid models. However, the predicted
equilibrium moisture content (𝑊eq) at each rehydration
temperature for the First Order and Sigmoid models in
general was not significantly different (𝑃 > 0.05) from the
observed equilibrium moisture content (𝑊obs-eq). This was
not the case with Peleg’s model, which showed significant
differences (𝑃 < 0.05) between the predicted and observed
equilibriummoisture contents. Higher temperatures resulted
in an increase in the magnitude of absorbed water in the

instant whole beans obtained under different dehydration
conditions. Similar behavior has been observed in other
food systems [19]. The higher values of 𝑊obs-eq were 1.50
and 1.48 kg H

2
O/kg d.b., corresponding to instant whole

beans dehydrated at 30∘C and 0.5m/s and 30∘C and 1.0m/s,
respectively (Tables 6–8). According to Reyes et al. [37], the
value of 𝑊obs-eq for slices of dehydrated mushrooms in a
hybrid-solar dryer after rehydration in water at 30∘C was
1.91 kg H

2
O/kg d.b.

In contrast, the First Order and Sigmoid models pro-
duced a constant rate of rehydration, 𝑘

𝑟
, which increased

with rehydration temperature in agreement with studies on
kidney beans and cowpeas [18], and varied significantly (𝑃 <
0.05) with the dehydration conditions but without a defined
behavior (Tables 7 and 8). Regarding Peleg’s model, the
second constant, 𝑘

2
, which has been shown to be linked to

the maximumwater absorption capacity of the seeds, did not
vary with temperature, while for the first constant, 𝑘

1
, the

reverse effect of temperature has been observed [18]. At each
rehydration temperature, higher values of 𝑘

1
were observed

for instant whole beans dehydrated at an air temperature of
30∘C.

The effect of rehydration temperature on the 𝐷eff of
water in the instant whole beans dehydrated under different
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Table 7: Water absorption characteristics of instant whole bean obtained at different conditions of dehydration using the First Order model.

Soaking
temperature Kinetic parameters

Dehydration conditionsx

25∘C 30∘C
0.5m/s 1.0m/s 0.5m/s 1.0m/s

40∘C

𝑊obs-eq (kg H2O/kg d.b.) 1.29 ± 0.03aA 1.24 ± 0.03aA 1.33 ± 0.02bA 1.37 ± 0.02bA

𝑊eq (kg H2O/kg d.b.) 1.29 ± 0.04aA 1.23 ± 0.02aA 1.33 ± 0.03bA 1.36 ± 0.03bA

𝑘
1
(min−1) 0.13 ± 0.01a 0.19 ± 0.01b 0.13 ± 0.01a 0.12 ± 0.01a

𝑘
0
(min−1 kg H2O/kg d.b.) 0.17 ± 0.01a 0.24 ± 0.01b 0.17 ± 0.01a 0.17 ± 0.01a

𝑅
2 0.9998 0.9998 0.9997 0.9995
𝜒
2 0.0284 0.0104 0.0305 0.0623

RMSE 0.0245 0.0149 0.0292 0.0306

60∘C

𝑊obs-eq (kg H2O/kg d.b.) 1.38 ± 0.02bA 1.31 ± 0.03aA 1.47 ± 0.03cA 1.43 ± 0.04cA

𝑊eq (kg H2O/kg d.b.) 1.36 ± 0.02bA 1.29 ± 0.02aA 1.46 ± 0.03cA 1.42 ± 0.02cA

𝑘
1
(min−1) 0.32 ± 0.01b 0.45 ± 0.02c 0.25 ± 0.01a 0.25 ± 0.01a

𝑘
0
(min−1 kg H2O/kg d.b.) 0.43 ± 0.02b 0.59 ± 0.03c 0.37 ± 0.02a 0.35 ± 0.01a

𝑅
2 0.9998 0.9989 0.9995 0.9998
𝜒
2 0.0144 0.0119 0.0098 0.0167

RMSE 0.0219 0.0215 0.0128 0.0216

80∘C

𝑊obs-eq (kg H2O/kg d.b.) 1.45 ± 0.02abA 1.41 ± 0.02aA 1.50 ± 0.03cA 1.48 ± 0.02bcA

𝑊eq (kg H2O/kg d.b.) 1.43 ± 0.02abA 1.39 ± 0.02aA 1.48 ± 0.02cA 1.46 ± 0.02bcA

𝑘
1
(min−1) 0.49 ± 0.02b 0.54 ± 0.01c 0.49 ± 0.01b 0.39 ± 0.01a

𝑘
0
(min−1 kg H2O/kg d.b.) 0.70 ± 0.01b 0.75 ± 0.02c 0.72 ± 0.01b 0.57 ± 0.01a

𝑅
2 0.9998 0.9998 0.9997 0.9998
𝜒
2 0.0112 0.0085 0.0052 0.0091

RMSE 0.0307 0.0309 0.0204 0.0209
xValues are averages ± standard deviation of three samples measured in each experiment repeated three times. The values with the same superscript lowercase
letter along the lines are not significantly different (𝑃 < 0.05), while values with the same superscript uppercase letter in the column for each temperature are
not significantly different (𝑃 < 0.05).

conditions, using the 𝑘-values of the First Order model, is
shown in Table 9. From this table, it is possible to verify the
increase in𝐷eff when the temperature is raised, which agrees
with the behavior reported in other studies [38, 39]. The
values of 𝐷eff were at least two orders of magnitude higher
than values reported for other raw seeds and grains [40],
probably because during the preparation of instant whole
beans, the cooking of the seed modifies the barrier effect of
the seed coat and its role in the process of mass exchange [41].

The effect of the dehydration conditions on the natural
logarithm of 𝐷eff as a function of the reciprocal of absolute
temperature for instant whole beans has been plotted in
Figure 3. The results show a linear relationship due to the
Arrhenius-type dependence (𝑅2 = 0.8992–0.9995, Table 9).
From the slope of these lines, 𝐸

𝑎
values were determined

ranging from 23.56KJ/mol to 30.48KJ/mol, being slightly
lower than those from instant whole beans dehydrated at
30∘C.These values of𝐸

𝑎
are similar to those found in different

agricultural products and correspond to the general range of
15–40 kJ/mol for various food materials [42].

Table 10 shows the values of the DHC, WAC, and RA
indices at 80∘C for the instant whole beans dehydrated under
different conditions. According to these results, the different
dehydration conditions had no significant effect (𝑃 > 0.05)

on the DHC index and only a small effect on the WAC
and RA indices. Taking into account the values of such
indices (Table 10), the instant whole beans dehydrated under
different conditions had a very high ability to retain total
solids during rehydration, to absorb water with respect to the
water loss during dehydration, and to rehydrate. Regarding
the indices evaluated, their values indicate the low extent of
tissue damage caused by the dehydration and rehydration
processes [43].The values of the DHC,WAC, and RA indices
for instant whole beans in the present study were high
compared with values reported for carrots [22], mushrooms
[44], and mango [45], although a fair comparison is difficult
because of differences in the experimental and rehydration
conditions used.

4. Conclusions

Air temperatures of 25∘C and 30∘C at 0.5 and 1.0m/s as
dehydration conditions were used for the preparation of
instant whole beans. The results showed that such dehydra-
tion conditions did not significantly affect (𝑃 > 0.05) the
protein, fat, and ash contents, or the rehydration quality at
80∘Cmeasured usingWAC, DHC, and RA indices. However,
the higher temperature and air velocity used for dehydration
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Table 8: Water absorption characteristics of instant whole bean obtained at different conditions of dehydration using the Sigmoid model.

Soaking
temperature Kinetic parameters

Dehydration conditionsx

25∘C 30∘C
0.5m/s 1.0m/s 0.5m/s 1.0m/s

40∘C

𝑊obs-eq (kg H2O/kg d.b.) 1.29 ± 0.02bA 1.24 ± 0.02aA 1.33 ± 0.02bcA 1.37 ± 0.03cA

𝑊eq (kg H2O/kg d.b.) 1.25 ± 0.02abA 1.21 ± 0.02aA 1.29 ± 0.02bcA 1.32 ± 0.02cA

𝑘
𝑟
(10−2min−1) 0.29 ± 0.01b 0.45 ± 0.02b 0.28 ± 0.01b 0.25 ± 0.01a

𝜏 (min) 5.68 ± 0.04b 4.10 ± 0.03a 5.89 ± 0.04c 5.96 ± 0.05d

𝑅
2 0.9609 0.9708 0.9609 0.9556
𝜒
2 0.2512 0.2127 0.2614 0.3031

RMSE 0.0746 0.0607 0.0789 0.0809

60∘C

𝑊obs-eq (kg H2O/kg d.b.) 1.38 ± 0.02bA 1.31 ± 0.02aA 1.47 ± 0.02dA 1.43 ± 0.02cA

𝑊eq (kg H2O/kg d.b.) 1.33 ± 0.02bB 1.28 ± 0.02aB 1.43 ± 0.03dA 1.39 ± 0.02cA

𝑘
𝑟
(10−2min−1) 1.25 ± 0.01c 2.07 ± 0.01d 0.66 ± 0.01b 0.63 ± 0.01a

𝜏 (min) 2.54 ± 0.03b 2.40 ± 0.02a 3.13 ± 0.03c 3.17 ± 0.03c

𝑅
2 0.9725 0.9972 0.9713 0.9729
𝜒
2 0.0939 0.0352 0.2181 0.2257

RMSE 0.0631 0.0445 0.0733 0.0845

80∘C

𝑊obs-eq (kg H2O/kg d.b.) 1.45 ± 0.03abA 1.41 ± 0.02aA 1.50 ± 0.03bA 1.48 ± 0.02bA

𝑊eq (kg H2O/kg d.b.) 1.41 ± 0.02abA 1.38 ± 0.02aA 1.47 ± 0.02cA 1.43 ± 0.02bcB

𝑘
𝑟
(10−2min−1) 2.24 ± 0.01b 4.06 ± 0.02c 2.23 ± 0.02b 1.80 ± 0.02a

𝜏 (min) 2.54 ± 0.03b 2.40 ± 0.02a 3.13 ± 0.03c 3.17 ± 0.02c

𝑅
2 0.9957 0.9961 0.9958 0.9889
𝜒
2 0.0213 0.0121 0.1623 0.3419

RMSE 0.0531 0.0429 0.0427 0.0521
xValues are averages ± standard deviation of three samples measured in each experiment repeated three times. The values with the same lowercase letter along
the lines are not significantly different (𝑃 < 0.05), while values with the same uppercase letter in the column for each temperature are not significantly different
(𝑃 < 0.05).

Table 9: Diffusion coefficient (𝐷eff) and activation energy (𝐸
𝑎
) for rehydration of instant whole bean obtained at different conditions of

dehydration.

Dehydration conditions Temperature (∘C) 𝐷eff (m
2/s)x 𝐸

𝑎
(Kj/mol) 𝑅

2

25∘C, 0.5m/s
40 2.86 × 10−09 (±2.57 × 10−10)a

29.97 0.988560 6.74 × 10−09 (±1.28 × 10−10)b

80 1.04 × 10−08 (±1.43 × 10−09)c

25∘C, 1.0m/s
40 4.25 × 10−09 (±2.59 × 10−10)a

23.56 0.898260 9.95 × 10−09 (±2.51 × 10−10)b

80 1.17 × 10−08 (±1.89 × 10−09)c

30∘C, 0.5m/s
40 2.75 × 10−09 (±2.31 × 10−10)a

30.48 0.999560 5.38 × 10−09 (±1.95 × 10−10)b

80 1.04 × 10−08 (±1.87 × 10−09)c

30∘C, 1.0m/s
40 2.64 × 10−09 (±2.88 × 10−10)a

26.5 0.998560 5.24 × 10−09 (±1.90 × 10−10)b

80 8.34 × 10−09 (±1.51 × 10−09)c
xValues are averages ± standard deviation of three samples measured in each experiment repeated three times.The values with the same lowercase letter in the
column for each dehydration condition are not significantly different (𝑃 < 0.05).

produced the lowest value of 𝑎
𝑤

and the highest value
of splitting in the instant whole beans. The First Order
model gave the best fit for the rehydration kinetics, with no
significant differences (𝑃 > 0.05) between the observed and
predicted equilibriummoisture contents of the instant whole
beans. Therefore, an air temperature of 30∘C and 0.5m/s

air velocity can be recommended as the most appropriate
dehydration conditions for the preparation of instant whole
beans, because this produces desirable chemical, physical,
and rehydration characteristics in the instant whole bean,
including low levels of structural damage (splitting) and an
appropriate value of 𝑎

𝑤
.
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Table 10: Values of water absorption capacity (WAC), dry matter holding capacity (DHC), and rehydration ability (RA) indexes at 80∘C of
rehydration of instant whole bean obtained at different conditions of dehydrationx.

Dehydration
conditions DHC WAC RA

25∘C, 0.5m/s 1.00 ± 0.01a 0.87 ± 0.01ab 0.87 ± 0.01ab

25∘C, 1.0m/s 1.00 ± 0.01a 0.84 ± 0.02a 0.84 ± 0.02a

30∘C, 0.5m/s 1.00 ± 0.01a 0.89 ± 0.01b 0.89 ± 0.01b

30∘C, 1.0m/s 1.00 ± 0.01a 0.88 ± 0.02b 0.88 ± 0.02b
xValues are averages ± standard deviation of three samples measured in each experiment repeated three times. Mean values within the same column followed
by the same superscript lowercase letter are not significantly different (𝑃 < 0.05).
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Figure 2: Rehydration kinetics of instant whole bean obtained at different conditions of dehydration and rehydration temperatures.
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Figure 3: Variation of the diffusion coefficient of instant whole bean
obtained at different conditions of dehydration and rehydration
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