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Abstract

Hydrodynamic characteristics and its associated thermodynamic and textural
variation of three common Malawian beans varieties (Boma, Sugar and
Mandondo) during soaking were evaluated at four temperature regimes
(25°C, 35°C, 45°C and 55°C). The equilibrium water uptake of 127% + 5%
was reached in 10, 6, and 4 hours respectively, for 25°C, 35°C and 45°C. Not
much variation was observed between 45°C and 55°C except for sugar beans
where equilibrium water uptake was reached within two hours of soaking at
55°C. Three models namely Peleg, two-parameter Mitscherlich model and
viscoelastic model were used to evaluate the comparative predicting capabili-
ties of the bean hydrodynamic characteristics. All models predicted the water
absorption accurately (R > 0.903, RMSE < 4.95). In addition, the viscoelastic
model gave a good prediction for the two water absorption phases. The im-
pact of temperature and time on moisture transfer rate and bean hardness
showed the activation kinetic parameters to be between 25 - 65 kJ/mol. Sugar
beans were found to be the least hard. At room temperature, its hardness re-
duced by 58% within 2 hours of soaking. At higher temperature (55°C) hard-
ness values were reduced to 12.5%, 11.1% and 15.0% within the first hour for

Boma, Sugar and Mandondo beans, respectively.

Keywords

Common Beans, Soaking, Thermodynamics, Kinetics, Bean Hardness

1. Introduction

Common beans (Phaseolus vulgaris) are included in pulses that make a signifi-
cant contribution to human and animal food supply. Globally, bean legumes

make important contribution to the diets and nutrition. They are known to be
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important sources of starch and fibre, minerals and bioactive compounds and
health benefits [1] [2]. Soaking of common beans is an important pre-process
method of producing edible beans both locally and commercially. This process
occurs either at room temperature or with water at higher temperatures but be-
low the starch gelatinization temperature prior to cooking at much higher tem-
peratures.

Water uptake during soaking influences the product’s textural and nutritional
qualities [3] [4] [5]. Hence, its modeling has been given significant attention.
Several researchers have employed different hydrodynamic models to evaluate
the water uptake or absorption during soaking. The Peleg model [6] is the most
widely used model for hydrodynamics. It has been employed on different food
products including chickpea [7] [8], mung grain [9], dry bean [10] [11], lentils
[12].

Although, the hydrodynamics of beans has been considered as a diffusion
process, and the liquid water transport has been modeled using Fick’s law, other
researchers [9] have argued that the liquid water movement cannot be described
as solely diffusional mechanism. This is because the Fick’s law hinges on as-
sumptions that are partially valid for hydration processes. Several other hydro-
dynamic models have been evaluated for bean soaking. For instance, Shafaei and
Masoumi [13] evaluated the moisture absorption kinetics of three Iranian bean
varieties using fourteen standard models and concluded that the Weibull equa-
tion fitted best. Wood and Harden [7] also evaluated the hydration and swelling
properties of chickpea using four different models including the modified Peleg
model and their proposed two-parameter Mitscherlich model. They concluded
that the two-parameter Mitscherlich model was superior due to its simplicity
and the ability to allow individual curves to be overlaid for ease of comparison.
Several studies [14] [15] [16] [17] have showed that water absorption kinetics of
agro-products such as grains and cereals occurs in two phases—a rapid early
phase and much slower second phase which continues until product equilibra-
tion. Some researchers [18] have argued that the inability of popular models
such as the Peleg, Fick or Weibull to evaluate the water absorption rate during
the second phase of absorption requires modification in water absorption mod-
eling. They proposed a new model which uses the time-dependent behavior
found in creep test of viscoelastic materials to model water uptake in the two
phases.

Therefore, the objectives of this work were to 1) model the hydrodynamic cha-
racteristics of three Malawian bean varieties using the Peleg, the two-parameter
Mitscherlich model and the recently proposed viscoelastic two-phase model; 2)
evaluate the thermodynamics variations during soaking of common beans; 3)

assess the textural changes during soaking.

2. Materials and Methods
2.1. Materials

Three varieties of common beans namely Boma, Sugar and Mandondo harvested
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from the Kameme and Lufita communities in the Chitipa district of Malawi were
used for this work. The beans were harvested during the 2016 harvest season.
Prior to the experiments, the seeds were cleaned by removing foreign materials
such as dried pods, stones, dirt, and broken bean seeds. Seeds with length 10.5 +
0.5 mm were used in this work for consistency and to eliminate the influence of
seed size on water absorption. Initial moisture content of samples was deter-
mined using the ASAE §352.2 DEC 97.

2.2. Hydrodynamic Experiments

Hydrodynamic experiments were conducted using randomly selected seeds of
each variety to obtain 4 + 0.1 g. The seeds were soaked in 20 ml distilled water at
different temperatures (25°C, 35°C, 45°C and 55°C). The selected temperatures
were below the starch gelatinization temperature. Prior to the experiment, the
distilled water and its container were maintained at the desired temperature. For
temperatures above room temperature, a water bath was used to establish the
thermal equilibrium. Soaking were than for 15, 30, 60, 120, 240, 360, 480, 600,
and 720 min. Preliminary experiments showed negligible water absorption vari-
ations after 600 min. At the end of each experimental run, the water was drained
and the surface water on the samples dried using a paper towel. The weight of
the samples was then determined. Experiments were conducted in triplicates.

The water absorption capacity was evaluated using Equation (1) [10] [19]

a

W, W,
W = x100 (1)
W,
where W, is the water absorption (d.b. %), W, is the final weight of seeds af-
ter soaking (g) and W, is the initial weight of seeds prior to soaking (g).

2.3. Chemical Properties

The Dumas combustion method in accordance with AOAC method 968.06 [20]
was used to determine the total nitrogen content of bean powders. The crude
protein was then estimated using a conversion factor of 6.25. Moisture content
of pulverized samples was measured using the hot air oven method AOAC Me-
thod 925.09 [20]. Crude fat was determined by petroleum ether extraction me-
thod (AOAC method 963.15) using automated solvent extractor (VelpScientific,
Usmate, Italy). The energy value (in kilojoules) of the bean seeds was estimated
by multiplying the values of protein (%), fat (%) and carbohydrate (%) by the
factors 16.7, 37.7 and 16.7, respectively [21].

2.4. Hydrodynamic Modeling

Hydrodynamics of legumes have widely been modelled with theoretical and em-
pirical models. Due to the relative ease of use, the latter is preferred. The Peleg
equation and its modifications are the most used empirical models for hydrody-
namic characteristics. In this work, in addition to the Peleg model, three other

hydrodynamic models namely viscoelastic model, the Weibull model and the
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two-parameter Mitscherlich model were all fitted to the experimental data.

2.4.1. Peleg Model
The Peleg model [6] is a two parameter sorption equation used to predict water

adsorption of rice during soaking. Rate of water absorption is defined as:

dMm K
=— = (2)
dr (Kl +K2t)

In its linearized form, the water absorption capacity is given by Equation (3)

t

W:Kl +K21 (3)
t o

where, ¢is the soaking time in min, M, is the moisture content (d.b) at time ¢

t
(%), M is the initial moisture content (d.b), K, is the Peleg rate constant,
min/% m.c. (d.b), and K, is the Peleg capacity constant 1/% m.c. (d.b).

The equilibrium moisture content, M, (d.b) was determined using Equation

(4) [22] given by:

M,=M,+— (4)

2.4.2. Viscoelastic Model

The viscoelastic model is based on the fact that water absorption characteristics
are time dependent just like other viscoelastic properties of food. Therefore, the
two-phase water absorption characteristics of common beans can be model us-
ing Equation (5)

M, —M, =M, (1-e"" )+ Kt (5)

ret

where K, is the rate of water absorption in the relaxation phase (%/min.), M,
is the total retarded moisture content and 7,

ret

is the retardation time, referring to

the time required by the seed moisture content to reach 63% of M .

2.4.3. Two Parameter Mitscherlich Model

The Mitscherlich model [23] is an asymptotic regression model given by
W,=y-ap (6)

where, W, is the weight after soaking for time ¢ (hours), yis the asymptote, ais
the increase in weight and Bis a curve parameter related to the rate of weight
change over the period =0 to t=o.

In its modified form, the weight gain is modeled and the asymptote, yis elim-
inated. The water absorption capacity can now be predicted with a two parame-

ter Mitscherlich model given by Equation (7) [7] [12]:
w,=a(1-p") (7)

where, W

a

is the water absorption (d.b %) after soaking for t (min).

2.4.4. Model Evaluation

The models were evaluated using the coefficient of determination (&) and the
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root mean square error (RMSE). The expression for estimation of the R and

RMSE are given by Equation (8) and Equation (9) as:

z:l:l (Mexp,i - Mexp,ave )2 - Z:I:I (Mexp,i - Ml)re,i )2
n 2
Zizl (Mexp,i - Mexp,ave )

n

Z(Mcxp,[ - Mpre,i )2
RMSE =4/ N 9)

R® = (8)

2.5. Thermodynamic Variations

Thermodynamic variations during soaking can be determined by estimating the
dependence of the Peleg model coefficient on the water temperature. This de-

pendence is expressed in the Arrhenius equation shown in Equation (10):

1 E [1 1

—=K_,  exp| ——% [———j} (10)
ref.f

K { R\T T,

where, K|, is the coefficient of hydration at reference temperature; E, is the
activation energy expressed in KJmol™; R, is the universal gas constant (8.314
KJmol™-K™); 7, the experimental temperature (K) and 7, is the reference
temperature (K). The reference temperature was chosen as the average of the
experimental temperatures to lessen the co-linearity of K,, and activation

energy [10] [24]. In the linearized form Equation (10) becomes:

ln(lj:anrejf+ E L1 (11)
K ’ RN\T T,

1 . 11 . . . [E j
A plot of In| — | against | ———— ives a linear graph with | —*| as
p [ K) g ( T T,-K/J g grap. R

slope. The activation energy E, is then determined form the slope. From the
estimated E, other thermodynamics parameters can be determined. The en-

thalpy, entropy and Gibbs free energy of activation can be estimated from Equa-
tions (12)-(14), respectively [10] [25].

H=E,—RT (12)
KB
AS:R(anm/—ln——ln TJ (13)
hP
AG =AH —TAS (14)

where, Ris the universal gas constant; InK, . is the ordinate intersection of the
linearized plot to obtain the activation energy (Equation (11)) KB is the Boltzmann
constant (1.38 x 107 J.K™); h,, is the Planck’s constant (6.626 x 107 J.s); and

T'is the absolute temperature.

2.6. Texture Changes during Soaking

Changes in hardness of dry and soaked beans (as a function of time and temper-
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ature) were determined using a TA-HD Plus texture analyzer (Stable Micro Sys-
tems Ltd, Surrey, UK), a return-to-start (RTS), measuring force under compres-
sion using a 2-mm cylindrical stain less-steel probe (P2). The selected probe is
widely used for bean hardness due to its ability to impact the tegument which
helps differentiate similar samples [26]. A 50-kg load cell was used for the expe-
riment. Soaked beans were compressed axially to 75% of their original height
applying a cross head speed of 1.0 mm/s and a pre-test and post-test speed of 1
mm/s [27].

Bean hardness was defined as the peak force of the texture curve correspond-
ing to the required force to deform the seed. Due to significant variation of indi-
vidual bean hardness [24] ten (10) bean seeds were chosen to represent each
treatment. For consistency, the orientations of the seeds on the analyzer plat-

form were kept uniform.

3. Results and Discussions

3.1. Chemical Properties

The chemical composition of the varieties used in the study is shown in Table 1.
The average protein, fat and carbohydrate contents of all samples were 25.8, 1.34
and 60.01%, respectively. The gross energy varied between 1474 and 1499 kJ/100
g. Analysis of variance of among the different chemical components shows that
only the protein content was significantly different (p < 0.01) among the selected
cultivars. However, a mean comparison using Tukey-Kramer HSD show protein
content of Boma beans and Mandondo were not significantly different (p >
0.05). Sugar beans on the other hand were significantly higher than the other
beans (p < 0.01). The protein content (24.1% - 28.7%) of the selected varieties
was similar to those reported by Joshi, Adhikari [12]. They were however, higher
than some common beans powders reported in the literature [28] [29] and other
legumes such as chickpeas, peas [29] and lentils but lower than others like Faba
beans [30].

3.2. Hydrodynamic Characteristics

Figure 1 shows a plot of the hydrodynamic characteristics of the studied culti-
vars at different soaking times and water temperature. It can be seen from these
plots that water uptake was faster in the initial stages (first 240 min.) for all tem-

peratures. Although, it has been demonstrated by other researchers [31] [32]

Table 1. Chemical composition of common beans.

Sample Protein Ash Moisture Fat Carbohydrate Gross Energy
Name (%) (%) (%) (%) (%) (kJ/100 g)
Boma 24.81+£0.69 3.55+0.32 9.89+0.01 1.53+0.00 60.22 1477.68

Sugar beans 27.67 £0.99 3.21+0.15 8.55+0.08 1.21+0.00 59.36 1499.02
Mandondo 24.91+0.32 3.04+0.12 10.30+0.01 1.29 *0.00 60.46 1474.31

Source: Authors’ experimental results.
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Figure 1. Contour plots of water uptake during soaking at different water temperature (a) Boma beans (b) Sugar beans and (c)
Mandondo beans.

that the main mechanism controlling the rate of water absorption in seeds is
diffusion through the endosperm regardless of the process condition. During
hydration, water is absorbed by the seed coat, then diffused into the interior and
cotyledon [33]. It was evident from the results obtained that the influence of
temperature was substantial. For instance, after soaking Boma beans for four
hours at room temperature, only 21.8% water uptake was recorded compared to
89.2% when soaked at 35°C. Certainly, the rate of hydration increases with rising
temperature which may be attributed to the changes in resistance to gain diffu-
sion. Several studies [32] [34] [35] have supported the argument that a signifi-
cant shortening of the processing time is the result of accelerating the water ab-
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sorption with higher temperature.

The effect of variety on water absorption can be seen by comparing the plots.
Hydrodynamic behavior of Sugar beans differs significantly from Boma and
Mandondo beans. It showed even a much faster water uptake within the first 200
mins of soaking.

The results also showed that equilibrium water uptake was similar for all va-
rieties even at different temperatures, however, the time to reach that point va-
ried significantly for different soaking water temperature. This may be attributed
to the increase in water permeability as the temperature rises. On the average,
the equilibrium water uptake was reached in 10, 6, and 4 hours, respectively for
water temperature at 25°C, 35°C and 45°C. Not much variation was seen be-
tween 45°C and 55°C except for sugar beans where equilibrium water uptake

was reached within two hours of soaking at 55°C.

3.3. Hydrodynamic Modeling

3.3.1. Peleg Model

The experimental data were fitted to the Peleg model (Equation (3)). Using a
non-linear regression analysis, the model constants were determined and pre-
sented in Table 2. As shown in the table, the model constant associated the wa-
ter transfer rate, K, decreased as water temperature increased for all varieties.
The rate constant is inversely related to the initial water absorption hence a low-
er value for K, implies a higher water absorption rate. For a temperature rise
from 25°C - 55°C, K varied from 5.006 - 0.706, 3.884 - 0.390 and 1.829 - 0.669,
respectively, for Boma, Sugar and Mandondo varieties. The K| results of the
three varieties were statistically not significant from each other (P < 0.05) at

temperatures higher than 35°C. Turhan, Sayar [22] also observed similar results

Table 2. Model parameters of the Peleg rate and capacity constants.

Variety Temperature K (min/% MC (d.b) K, (min/% MC (d.b) R RMSE

Boma Beans 25 5.006 0.034 0.903 3.15
35 2.619 0.031 0.999 0.25

45 0.982 0.030 0.997 0.36

55 0.706 0.029 0.996 0.43

Sugar Beans 25 3.844 0.035 0.945 2.40
35 1.832 0.033 0.979 1.39

45 0.580 0.031 0.997 0.44

55 0.390 0.029 0.997 0.46

Mandondo beans 25 1.829 0.032 0.979 1.28
35 1.665 0.031 0.983 1.30

45 1.368 0.028 0.981 1.16

55 0.669 0.027 0.996 0.55

K, is the Peleg rate constant and K is the Peleg capacity constant.
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at temperatures above 40°C. Several factors including temperature, soaking du-
ration, presence and concentration of salt have been attributed to higher mass
flow rates during soaking [10] [36] [37]. Higher temperature results in increased
mass transfer due to the partial gelatinization of the endosperm and subsequent
softening and expansion of seed. This results in the opening of more pores and
cracks hence faster water transmission through seeds. Beside soaking conditions
(temperature and time) other inherent seed characteristics such as cell wall
structure, seed composition and compactness of cells in the seeds have been
mentioned as contributing to higher rate of transfer [18] [38].

Similarly, K, which represents the maximum water absorption capacity fol-
lowed a decreasing trend as water temperature increased. This was expected due
to the inverse relationship with the water absorption capacity as reported by
other researchers [22]. There was no statistical significant difference among the
varieties studied, implying that the maximum water holding capacity of the va-
rieties were the same even at different temperatures provided there was suffi-
cient time to reach equilibrium water uptake. Depending on the food material
under consideration and whether soluble solids loss have been considered in the
evaluation, the water absorption capacity of a food material may increase or de-
crease with temperature. In this study, soluble solid loss had not been considered

hence the observed trend.

3.3.2. Two Parameter Mitscherlich Model

The two parameter Mitscherlich model was fitted to the experimental data and
the results displayed in Table 3. The result indicates the Maximum hydration
parameter, a increase with increasing temperature for all the studied varieties.
The rate of hydration represented as S, on the other hand decrease with increas-
ing temperature.

In contrast to raw experimental data which indicated that regardless of the
soaking temperature, the equilibrium water uptake was similar for all varieties,
the two parameter Mitscherlich model showed that the maximum hydration
among the varieties at room temperature, a differs significantly (p < 0.05). This
may be due to an underestimation of maximum hydration at lower temperature.

This is also reflected in the high RMSE values at room temperature.

3.3.3. Viscoelastic Model

Table 4 shows result of non-linear regression analysis of fitting the viscoelastic
model to the experimental data. The results show that the viscoelastic model ac-
curately predicted the hydrodynamic characteristics of the selected common
bean varieties with RMSE of less than 2.5. Additionally, both the rapid early wa-
ter absorption and the slower second phases were adequately described by the
model parameters. The amount of water absorbed in the first phase increased
with increasing hydration temperature for all varieties as expected. Mandondo
beans showed the highest first phase water absorption of 99.5% at 55°C while
Boma bean showed the lowest initial water absorption (49.2%) at room temper-

ature. The time to reach this initial phase varied from 128 to 178 min at room
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Table 3. Two parameter Mitscherlich model parameter estimation and goodness of fit.

Variety Temperature a s R RMSE
Boma beans 25 102.5 0.999 0.945 2.53
35 110.8 0.994 0.991 1.88
45 115.9 0.992 0.972 2.25
55 117.2 0.984 0.988 4.52
Sugar beans 25 104.7 0.995 0.985 491
35 108.1 0.989 0.990 421
45 110.5 0.985 0.995 3.19
55 111.4 0.976 0.987 4.39
Mandondo 25 109.0 0.996 0.987 4.78
35 111.1 0.994 0.992 3.77
45 117.5 0.993 0.995 3.15
55 119.4 0.990 0.990 4.57

Table 4. Viscoelastic parameter estimation and goodness of fit.

Variety Temperature M, % (d.b) M,,;% (db) T,,min K,,% (db)/min R  RMSE

Boma Beans 25 9.96 49.2 177.94 0.029 0.987  2.420
35 9.96 74.5 145.99 0.025 0.966  0.551

45 9.96 82.6 102.15 0.010 0.984 0.527

55 9.96 90.3 55.40 0.005 0.991 0.123

Sugar Beans 25 10.21 58.1 128.21 0.107 0.976  1.660
35 10.21 75.8 91.32 0.030 0.986  0.988

45 10.21 81.2 39.01 0.013 0.989  0.368

55 10.21 85.6 22.29 0.012 0.989  0.120

Mandondo Beans 25 9.69 62.1 149.45 0.029 0.994 0.490
35 9.69 75.0 137.93 0.019 0.990 0.679

45 9.69 80.3 109.69 0.011 0.979 0.274

55 9.69 99.5 50.25 0.004 0.987  0.201

temperature. At higher temperature (55°C) this time reduced to a third for Bo-
ma and Mandondo beans and only 17% for Sugar beans. This implies commer-
cial hydration process for sugar beans can be achieved rapidly (less than 25

mins) during processing by increasing water temperature to 55°C.

3.3.4. Model Comparison

A comparison of the three models used for this work is shown in Figure 2. As
can be seen from the plots, all models accurately described the water absorption
characteristics of the common bean varieties at the selected soaking temperatures
(25°C - 55°C). However, the Peleg model seems to better predict the hydration
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Figure 2. Comparison of the three-selected model (a) B (b) RMSE (B represent Boma beans, S represent Sugar beans and M

represent Mandondo beans).

behavior of Boma beans than others, while the Viscoelastic model predict Man-
dondo beans better than the others.

3.4. Thermodynamic Variations

Temperature dependence of the initial rate of water absorption has been mod-
eled with the Arrhenius equation expressed in Equation (10). The kinetic para-
meters are reported in the Table 5 below. The magnitude of the activation ener-
gyE,, was within the range of values typical of grains and legumes, 11.1 - 136.5
kJ/mol [22] [39].

Changes in thermodynamic properties during common bean hydration are
displayed in Figure 3. The result reveals that the enthalpy and entropy change
decreased with increasing temperature, but the Gibbs free energy showed a posi-
tive correlation with temperature. Sugar beans had the maximum change in en-
thalpy and entropy at all the experimental temperatures and the lowest Gibbs
free energy among the varieties studied. The enthalpy which is the heat dissi-
pated by the hydration process at constant pressure is the binding energy or in-
termolecular force established between both the solvent and the adsorbent sur-
face as well as the solvent and the absorbed molecules. Therefore, with the rela-
tively high activation energy of the Sugar beans the enthalpy change shown in
Figure 3(a) can be expected. This change demonstrated the measure of energy
variation taking place because of water molecules and bean interaction during

hydration.

3.5. Effect of Soaking Time and Temperature on Bean Texture
during Soaking

Textural variations determined as the changes in bean hardness as a function of

time and temperature are shown in Figure 4 and Figure 5. Three phases of
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Figure 3. Thermodynamic variation during soaking (a) enthalpy (b) entropy and (c) Gibbs free energy.

Table 5. Thermodynamic parameters of water absorption.

60

Variety E, (kj/mol) R K.,
Boma Beans 55.84 0.974 0.592
Sugar beans 65.25 0.975 0.919

Mandondo beans 25.78 0.801 0.784

hardness pattern can be observed for the beans at different soaking tempera-

tures. These phases which were especially pronounced during soaking at room

temperature represent an initial slow softening during the first 30 mins, a sub-

sequent rapid softening then a much slower final softening phase. As can be seen
from Figure 4(a), Sugar beans showed the least hardness of the three varieties

with a maximum force of 13.5 in its dry state compared to 15.1 and 18.1 kg for

Boma and Mandondo, respectively. After two hours of soaking, hardness of sug-

ar beans reduced by 42%. This seems to corroborate the results from the
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hydrodynamic characteristics (Section 3.2), which was significantly different
from Boma and Mandondo as well as the two parameter Mitscherlich model
which indicated that the first phase of water absorption for Sugarbeans occurred
within 128 mins of soaking. The thermodynamic results which revealed that
Sugar beans showed the highest enthalpy change and the greatest energy varia-
tion due to bean-water interaction during hydration also seem to support this
assertion.

The effect of soaking water temperature on bean hardness, shown in Figure 5
revealed that soaking above room temperature significantly impacted hardness.
Although, this difference reduces markedly above 35°C. Nonetheless, after 360

mins of soaking bean hardness is similar irrespective of the water temperature.

4. Conclusion

In this present study, the hydrodynamic characteristics of three Malawian com-
mon beans varieties were investigated. Hydration temperature and time had a
significant influence (p < 0.05) on the hydration kinetics of the selected common
bean varieties. The time required to reach equilibrium water uptake was deter-
mined as 10 + 1.08 hours for all bean samples. This equilibrium time reduces to
6 and 4 hours when beans are soaked at 35°C and 45°C. Soaking above 45°C did
not significantly reduce the equilibrium water uptake except in Sugar beans. The
hydrodynamic characteristics were modeled using Peleg model, two-parameter
Mitscherlich model and the viscoelastic model. All the models accurately de-
scribed the water absorption characteristics of the common bean varieties at the
selected soaking temperatures. Furthermore, the initial rapid early water absorp-
tion was successfully modeled to be between 49.2% and 99.5% with the viscoe-
lastic model for the studied varieties. The impact of temperature and time on
moisture transfer rate was determined with Arrhenius relation. The activation
energies were found to be within 25 - 65 kJ/mol. Thermodynamic properties
such as enthalpy and entropy change decreased with increasing temperature
while Gibbs energy increased with increasing soaking water temperature. Changes
in bean hardness were found to be significantly influenced by soaking time and
temperature. While it takes 360 mins to reduce bean hardness to less than 20% at
room temperature, the same level of hardness reduction can be achieved in 60

mins during soaking at 55°C.
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