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Abstract   
The present work investigated the effect of salt solutions of sodium chloride, and sodium 
bicarbonate on the water uptake by kidney beans (Phaseolus vulgaris) at different tem-
peratures (30, 45 and 60 0C). Thirty-five soaking solutions were prepared using NaCl and 
NaHCO3 to find the optimum soaking treatment and time to maximise the hydration. Hy-
dration kinetics of kidney beans was studied in different concentrations of the salt solu-
tions and at different temperatures by the method of weight gain until equilibrium condi-
tions were attained. Response surface methodology was used to design the experiments 
and to optimize the levels for minimum soaking time and to maximize the hydration. The 
soaking solutions affected the mass transfer in both seed coat and cotyledon, demon-
strating changes on both proteins and polysaccharides.  Increasing the temperature from 
30 to 60 0 C in sodium chloride solution and sodium bicarbonate solution (0.5, 1.0 and 
1.5% concentration) decreased the soaking time from >225min and 225 min to 82.5 min 
and 73.5 min respectively to achieve around 80% hydration. Beans soaked in sodium 
bicarbonate solution exhibited higher hydration rates than in distilled water followed by 
sodium chloride solution at the same salt concentration. Soaking for about three hours at 
300C resulted in maximum hydration.  The optimum soaking treatment was found to be in 
a salt solution containing 1.10% NaCl and 0.92% NaHCO3 at 300C which resulted in a 
soaking time of 193.45 min.  This work demonstrated a simple and non-tedious approach 
for enhancing the hydration process of grains. 
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INTRODUCTION 

The consumption of kidney beans (Phaseolus 
vulgaris L.) is primarily for their pods and seeds 
(Choung et al., 2003), and are widely used in 
Asian countries in traditional foods. They are used 
in various processed foods such as bakery prod-
ucts, salads, and canned food and are considered 
to be versatile dietary ingredients (Nciri et al., 
2015). Cereals and legume processing often in-
volve hydration of seeds first to facilitate cooking 
or canning operations. Thus, water adsorption into 
seeds is of both theoretical and practical interest 
to grain processing industries (Hsu, 1983; Taiwo 
et al., 1998; Schoeninger et al. 2017; Miano and 
Augusto, 2018).   
Dry Beans (Phaseolus vulgaris L.) require a long 
cooking time to achieve the desired digestibility 

(Uebersax et al., 1991). Therefore, hydration of 
beans before cooking is necessary to decrease 
the cooking time and increase the drained weight 
(Taiwo et al., 1998; Mustafa et al., 2015). Besides 
reducing the cooking time, it also results in a soft-
er drained texture and partial removal of oligosac-
charides, stachyose and raffinose responsible for 
flatulence (Nelson and Hsu, 1985; Abd El-Hady 
and Habiba 2003). There are also some reports 
on the optimization of the soaking condition of 
black gram dal in order to reduce the flatugenic 
sugar content (Rakshit et al.,2015). Soaking is a 
time-consuming process that involves the diffusion 
of water into the grain (Engels et al., 1986). Thus, 
soaking at room temperature may provoke micro-
bial spoilage (Miano and Augusto, 2018), which 
affects the quality attributes (such as color, taste, 
and smell) of the product (Bello et al., 2004). So 
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several attempts have been made to shorten it. 
Many (Kon,1979; Piergiovanni, 2011; Oliveira et 
al., 2013; Miano et al. 2015) employed soaking at 
elevated temperature for reducing the soaking 
time. However, it resulted in significant losses of 
total solids, nitrogenous compounds, total sugars, 
calcium, magnesium, and water-soluble vitamins.  
 Vacuum filtration techniques have also been em-
ployed to accelerate the soaking of lima beans 
(Rockland and Metzler, 1967) and soyabean (Xiao 
et al., 2015). Numerous studies have reported the 
beneficial effects of soaking in salt solutions be-
fore cooking or using various salt solutions in the 
cooking of pulses. Few studies, however, conclud-
ed that the sodium salts in water did not signifi-
cantly affect the amount of water absorbed by 
beans, but the pH of the solution is a critical deter-
minant (Varriano- Marston and De Omana, 1979 
and Avila et al., 2015).  
From the processing and engineering standpoint, 
it is required not only to know the time required to 
attain equilibrium moisture content but also the 
effect of processing variables and the prediction of 
soaking time under given conditions. Various 
models have been used to predict the quantitative 
analysis of water absorption for cereal grains, but 
the suitability for applying these models to de-
scribe the absorption in legumes remains to be 
determined. A good model can replace experi-
ments that may be difficult to perform and can aid 
in the process scale-up (Clark, 1978). Therefore, 
the aim of the present investigation was (1) to 
study the effect of various soak solutions of sodi-
um salt, their concentration and the temperature 
on hydration kinetics of beans (2) to find out a 
suitable model which fits the hydration kinetics of 
beans and (3) to optimize (minimize) the soaking 
time of beans in mixed salt solution. 

MATERIALS AND METHODS 

Dry kidney beans (Phaseolus vulgaris L.) of Chitra 
cultivar were procured from the local market in 
Pantnagar, India. Beans were sorted manually for 
removing small, split, and defected beans. Beans 
were stored at room temperature (23- 240C) in 
airtight plastic containers to prevent moisture 
changes during storage. 
Experimental Plan: Response Surface Methodol-
ogy involving designing of experiments, selection 
of levels of variables, fitting mathematical model, 
and finally selecting variable levels by optimizing 
the response (Khuri and Cornell, 1987) was em-
ployed in the present study. The general factorial 
and box Behnken design was used to design the 
experiments. In general factorial, two independent 
variables - salt concentration and temperature at 
three levels were used. Inbox Behnken design 
(Tables 1 and 2), three independent variables at 
three levels were used. Independent variables 
included salt concentrations of sodium chloride 

(0.5, 1.0 and 1.5%), salt concentrations of sodium 
bicarbonate (0.5, 1.0 and 1.5%) and temperature 
(30, 45 and 600C).  
Determination of moisture content: Dry beans 
were ground in a domestic grinder, and the result-
ant bean flour was sieved through a 1 mm screen. 
Ten gram of the flour in triplicates was dried to a 
constant weight in an oven at 1000C, and the 
moisture content was determined using AOAC 
(1984) method. 
Determination of water absorption during 
soaking: Ten gram of dry beans were soaked in 
50 ml soak solutions using a thermostatically con-
trolled water bath at three soaking temperatures: 
30, 45, and 600 C. Water absorption was recorded 
every 15 min. initially due to rapid water uptake 
and then at 30 min. and one hour due to a decline 
in the water absorption rate as equilibrium condi-
tions were reached. After the specified time inter-
val, beans were removed from soaking solutions, 
spread over the tissue paper to remove superficial 
water, and weighed. The weight gain was record-
ed (Wood and Harden, 2006) and the beans were 
put back into the soaking solution, maintained at 
the required temperature. Water absorption was 
recorded until there was insignificant difference 
between two consecutive weights. Experiments 
were conducted in triplicates, and the results re-
ported as g H20/ 100g dry beans (% dwb). 
Mathematical Modelling: Mathematical equa-
tions were developed to relate the amount of wa-
ter absorbed during hydration to the hydration 
time for different soaking temperatures, salts, and 
salt concentration considered in the study. Various 
models were analyzed using the CURVEFIT soft-
ware and the best fit model for the data was fitted 
into the primary response (hydration rate, y). The 
adequacy of the model was tested using the coef-
ficient of determination (R2).  The constants (a, b) 
of the model were, thereafter, determined using 
NLREG software. These values were further used 
to evaluate the secondary response x (hydration 
time) for 80 percent hydration (y) using the model. 
The regression equation was then evaluated for 
80 percent hydration rate. A complete second-
order model was fitted into the response 
(hydration time) for mixed solutions. The adequa-
cy of the model was tested using a coefficient of 
determination (R2), Fisher’s F-test and lack of fit 
test. The model was then used to interpret the 
effects of variables. Contour plots were drawn for 
showing the effect of independent variables on the 
response and to select the range of variables for 
optimum process. The hydration conditions were 
then optimized using Design Expert 8.0.3.1 where 
the hydration time and temperature were mini-
mized. A second order response function for three 
independent variables has the following form: 
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Where, 
β0, βii, βij are constants 
Xi, Xj are variables (coded) 

RESULTS AND DISCUSSION 

The hydration by beans at different temperatures, 
in individual and combined salt solution are  
shown in Tables 3, 4 and 5.  
Effect of soaking time: The water absorption 
curves (Fig 1 and 2) initially showed a high hydra-
tion rate followed by a decline in later stages, 
which is characteristic of moisture sorption behav-
iour. This is attributed to the gradual filling of capil-
laries at the surface of seed coats and at the hi-
lum of black beans and Andean lupins (Hsu et al., 
1983; Miano et al., 2015) in the initial phases 
which increased the water uptake. This is followed 
by a decline in water absorption due to cumulative 
effects of increased solute extraction, filling of free 
capillaries and intermicellar spaces with water 
(Phlak et al., 1989; Sayar et al., 2001; Miano and 
Augusto, 2015). Also with prolonged soaking time, 
the amount of water absorbed stabilized (Taiwo et 
al., 1998; Wood and Harden, 2006) in legumes 
due to resisted swelling by the unsolvated struc-
tural network of solids which leads to the develop-
ment of internal pressure and thereby less swell-
ing for the same degree of moisture absorbed 
(Singh and Kulshreshtha, 1987; Wood and Hard-
en, 2006). 

Effect of temperature: Beans soaked at 600C 
approached equilibrium faster than at 300C. Also, 
there was a decrease in the maximum water up-
take of beans (Fig.1). Similar results were reported 
previously (Taiwo et al., 1998). These effects are 
possibly modulated due to increased mass transfer 
resulted due to altered cell membrane permeability 
as well as increased gas pressure in the interior of 
kidney beans (Abu-Ghannam, 1998).   
Effect of salt: Soaking in NaHCO3 solution over a 
temperature range of 30-600C resulted in a more 
rapid and greater water uptake than beans hydrat-
ed in NaCl at the same salt concentration (Fig 2).  
This could be due to the degradation of pectic sub-
stances, decreased proportion of calcium pectate 
resulting from the chelation of calcium, and in-
creased charge density of proteins resulting from 
ionization of amino acid side chains at high pH. 
This results in increased content of soluble nitro-
gen, as reported in black beans (Varriano-Marston 
and De Omana, 1979). Increased water uptake by 
soaking in NaHCO3 solution was reported previ-
ously also in faba beans and yam beans 
(Haladjian et al., 2003; Aminigo and Metzger, 
2005; Avila et al., 2015).  
Effect of salt concentration: It was found that 
soaking in increased concentrations of NaCl and 
NaHCO3 at higher temperatures decreased the 
hydration rate significantly (Fig. 1c and 1f) (Kader, 
1995) contrary to the one reported by Avila et al., 
2015 in cowpeas. This may be due to increased 
osmotic gradient across the cotyledon membranes 
resulting due to the mutual effect of increased salt 
concentration in the soaking water and more 
leached solids at a higher temperature (Onyeike 
and Uzogara, 2000) 
Optimizing the soaking time in mixed salt  
solution: The model, y = axb (power-law) was 

Agarwal, N. et al. / J. Appl. & Nat. Sci. 12(1): 42 - 52 (2020) 

Table 1. Experimental variables for soaking treat-
ments, their coded and uncoded (actual) values. 

Variables Code Coded level 
-1 0 +1 

NaCl concentration (%) X1 0.5 1.0 1.5 
NaHCO3 concentration (%) X2 0.5 1.0 1.5 
Temperature (0C) X3 30 45 60 

Table 2. Experimental design matrix (Box Behnken design) for soaking treatment and levels in coded and  
uncoded form. 

Experiment   No. 
                     Coded (real values) 

           X1 
(NaCl concentration) 

          X2 
(NaHCO3 concentration) 

        X3 
(Temperature) 

1 -1 -1 0 
2 +1 -1 0 
3 -1 +1 0 
4 +1 +1 0 
5 -1 0 -1 
6 +1 0 -1 
7 -1 0 +1 
8 +1 0 +1 
9 0 -1 -1 
10 0 +1 -1 
11 0 -1 +1 
12 0 +1 +1 
13 0 0 0 
14 0 0 0 
15 0 0 0 
16 0 0 0 
17 0 0 0 
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found to be the best fit for the data where y is the 
water absorbed and x is the hydration time. The 
constants a and b at different conditions with the 
corresponding correlation coefficients are shown 
in Table 6. In a mixed salt solution of sodium chlo-
ride and sodium bicarbonate, minimum soaking 
time for 80 percent hydration was observed with 
Expt. 7 (Table 5) which corresponds to 0.5 per 
cent NaCl (X1 = -1), 1.0 per cent NaHCO3 (X2 = 0) 
at 600C (X3 = +1) and soaking time of 62.64 min. 
The maximum soaking time (221.98 min) was 
seen for Expt. 10 which corresponds to 1.0 per 
cent sodium chloride (X1 = 0), 1.5 per cent sodium 
carbonate (X2 = +1) at 300C (X3 = -1).  
The results of the regression analysis are present-
ed in Table 7. The coefficient of determination 
(R2) for the regression model of hydration time in 
sodium chloride and sodium bicarbonate was 
93.10, which implied that the model could account 
for 93.10 percent data. Lack of fit was insignifi-
cant, which implied that the data could be well 
explained and interpreted by the model. It was 
seen (Table 8) that the effect of sodium chloride 
and sodium bicarbonate was insignificant, but the 
temperature had a significant effect on hydration 
time (p<0.01) as having been reported earlier 
(Kader, 1995). The negative coefficient of X3 indi-
cated that the hydration time decreased with the 
increase in temperature, whereas the positive 
coefficient of X1 and X3 indicated that hydration 
time increased with an increase in levels of sodi-
um chloride and sodium bicarbonate. The predic-
tive equation is given below: 
Y = 124.39 + 5.40X1 + 1.47X2 - 65.57X3 + 
2.91X1X2 + 8.74X1X3-2.63X2X3 +10.17X1

2 
+14.78X2

2 + 4.12X3
2 

Where, 
X1, X2, X3 are the coded variables for sodium chlo-
ride (percent) level, sodium bicarbonate (percent) 
level and temperature (0C). 
ANOVA showing the effect of independent varia-
bles at a linear, quadratic and interactive level and 
the individual effect of variables are shown in Ta-
ble 9 and 10. It shows that the effect was signifi-
cant at a linear level only (p<0.01) and the effect 
of temperature was most followed by sodium chlo-
ride and sodium bicarbonate. The contour plots 
are shown in Fig.3.  These curves are plotted to 
understand the interaction of the variables and to 
determine the optimum level of each variable for 
maximum response. The higher sodium chloride 
concentration and sodium bicarbonate concentra-
tion in a salt solution, increased the hydration time 
(Fig. 3a). An increase in the temperature leads to 
a decrease in hydration time, while for both sodi-
um chloride concentration (Fig. 3b) and sodium 
bicarbonate concentration (Fig 3c), the hydration 
time decreases initially and then increases with 
increase in concentration. The optimized levels of 
the variables are given in Table 11. Beans soaked 
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Fig. 1.  Effect of temperature on soaking in (a) 0.5% NaCl solution, (b) 1.0% NaCl solution, (c) 1.5% NaCl solu-
tion, (d) 0.5% NaHCO3 solution, (e) 1.0% NaHCO3  solution and (f) 1.5% NaHCO3 solution. 

(a) (b) 

(c) (d) 

(e) (f) 

Agarwal, N. et al. / J. Appl. & Nat. Sci. 12(1): 42 - 52 (2020) 
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Fig. 2. Effect of NaCl concentration on hydration rate at temperatures (a) 300C (b) 450C (c) 600C and effect of 
NaHCO3  concentration at temperatures (d) 300C (e) 450C (f) 600C. 

(a) (b) 

(c) (d) 

(e) (f) 

Agarwal, N. et al. / J. Appl. & Nat. Sci. 12(1): 42 - 52 (2020) 
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in 1.10 percent sodium chloride and 0.92 percent 
sodium bicarbonate resulted in a minimum soak-
ing time of 193.45 min. 

Agarwal, N. et al. / J. Appl. & Nat. Sci. 12(1): 42 - 52 (2020) 

Conclusion 

In the present study, RSM was used to optimize 
the soaking time and soaking treatments for kid-
ney beans to enhance the hydration process. The 
optimal values were obtained for responses by 
solving the regression equations of independent 
variables using Design-Expert software. The wa-
ter absorption of beans (Phaseolus vulgaris L.)  
increased with time and temperature. It is also 
affected by the type of salt and its concentration 
in soaking solution. Soaking in sodium chloride, 
sodium bicarbonate or ammonium carbonate so-
lution at an elevated temperature decreased the 
hydration time while an increase in concentration 
increased the hydration time. The effect of in-
creasing temperature was significant (60 0 C), but 
the effect of salts (1.5%) was insignificant on hy-
dration time in mixed salt solutions of sodium 
chloride and sodium bicarbonate. The optimum 
soaking treatment was found to be in a salt solu-
tion containing 1.10% NaCl and 0.92% NaHCO3 
at 300C resulted in a soaking time of 193.45 min.         
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Fig. 3. Contour plots showing effect of sodium chloride, sodium bicarbonate and temperature on hydration     
 time. 
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