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Abstract

Soaking is an important pre-requisite for soybean meal processing including fermentation. Soybean meal is soaked at 20,
30, 40, 50 and 60 °C for 10 h in order to investigate the effect of soaking on moisture gain and nutritional properties includ-
ing crude protein content, carbohydrate content and antioxidant activity. The properties of the soaking water (pH, turbidity
and colour parameters using L*a*b* scale) are also investigated. For soybean meal, the effective moisture diffusivity varied
from 1.14x 107" t0 2.07 x 10~'! m? s~! and the water absorption data fitted well with Peleg and Abu-Ghannam models. The
total phenolic content and DPPH radical-scavenging activity are found to be significantly (p < 0.05) affected by soaking time
and temperature and a maximum decrease of 90% and 20% are observed, respectively. For phenolic compounds, the effec-
tive diffusivity varied from 0.9x 107! to 1.19x 107! m? s~! and the data fitted with the second order kinetic model. Crude
protein and carbohydrate content decrease by 7% and 4%, respectively and are significantly (p <0.05) affected by soaking
time only. The pH of the soaking water reduces to mildly acidic (6-6.5), a* and b* values increase but L* value decreases.
Both time and temperature are found to have significant (p < 0.05) effects on all tested properties of soaking water. The best
conditions for soybean meal soaking are found to be 50 °C and 1 h within the range used. At these conditions, the desirable

moisture content (45-55%) can be achieved in a reasonable time and with minimum loss of nutrients.
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Introduction

Defatted soybean meal (SBM) has traditionally been used
as an important source of tons and accounted for 62.5% of
oil meals [1]. It also represented 61% of the proteins used to
feed livestock and 16% of compound feeds (in 2014, SBM
production reached 190 million) [2]. SBM is the material
remaining after extraction of oil from soybean flakes. It is
considered as a dried material (12% db) as it is solid and
is in the form of particles [3]. With crude protein content
as high as 48% and a balanced amino acid content that is
rich in lysine (upto 2.8%), SBM has the merits of being a
rich protein source for food as well as for feed [4]. Soya
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protein is also a rich source of natural antioxidants like iso-
flavones (mainly daidzein and genistein) and other phenolic
compounds (galic acid, ferulic acid, etc) that can scavenge
free radicals, act as metal—ion chelator, oxygen quencher or
hydrogen donor [5-7]. Intake of food derived antioxidants
is considered best for prevention of free-radical related cell
and tissue damages [7].

Moisture hydration through soaking has been ubiqui-
tously associated with the preparation of soybean foods,
especially the fermented ones [8, 9]. Fermentation of SBM
also requires prior soaking in order to convert the dry SBM
into a wet fermentable form (moisture content approx.
45-55% db) and to remove water-soluble anti-nutrients like
oligosaccharides. Usually, fermentation of SBM is carried
out in solid state form, which makes the moisture hydra-
tion step the most important pretreatment. Soaking is a slow
process controlled by the diffusion of water. Thus soaking
at room temperature may provoke microbial contamination,
which affects quality attributes (such as color, taste and
smell) of the product. Soaking has several benefits includ-
ing loss of carbohydrates like raffinose and stachyose which
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may cause flatulence upon consumption by humans [9, 10].
However, soaking also results in loss of a fraction of proteins
and phenolics [11, 12] which is undesirable. Thus soaking
must be carried out under optimal time and temperature in
order to minimize nutrient loss. Release of different com-
pounds into the soaking medium also in turn influences the
physical and chemical properties of the water used [13] and
thus any change in the properties of soaking water is an
indication of the substances leached out from SBM during
the thermal processing. Therefore, the properties of soaking
water should also be investigated to understand the process
as well as to evaluate its suitability as discharge and/or its
reusability.

The water absorption during soaking mainly depends
upon the time—temperature binomial [14]. The phenomenon
of water absorption can be explained by models based on
concepts of chemical kinetics [15], and by analytic expres-
sions derived from Fick’s second law of diffusion [16].
Processes such as the water absorption can be explained by
physical or empirical modeling [17]. Empirical models are
not derived from the physical aspect of the phenomenon
and thus have the advantages of bypassing phenomenologi-
cal modeling inaccuracies arising from uncertainties and
inadequacies of the assumptions made. Studies on the water
absorption process in various agricultural products are pre-
sented by Abu-Ghannam and McKenna [18], Clemente et al.
[19], and more recently by Pramiu et al. [17]. Turhan et al.
[20] studied the effects of different hydration temperatures
and their influence on water absorption using Peleg model
whereas McKenna [18] used a differential equation model
to explain hydration kinetics of red kidney beans.

Although soaking of soybean and the associated parame-
ters such as moisture content, solid loss and properties of the
water used for soaking are well documented [8, 10, 11] but
effects of hydration on SBM and subsequent changes in the
properties of water used for soaking are still lacking in lit-
erature [21]. The main objectives of the present study are to
analyze the moisture content using semi-emperical models
and also the various nutritional properties (example crude
protein content and antioxidant activity) of SBM at various
soaking time and temperature, and to analyze their effect on
the physicochemical properties of water (for example pH,
turbidity and color) to predict an optimal hydration behavior.

Materials and methods

JS 9560 early variety soybean seeds procured from local
market in Kolkata are used to prepare SBM. The crude fat
content of the SBM is determined using AOAC method [22].
Sieve analysis determines the average size of the particles
in the SBM to be 1022 um (— 16/+ 18 mesh). All chemicals
used are of analytical grade.

Soaking experiments

Soaking of SBM is done at 20, 30, 40, 50 and 60 °C for
time intervals 1-10 h. Temperatures higher than 60 °C are
not chosen in order to avoid thermal degradation of SBM
nutrients, especially the heat sensitive ones (vitamins, pro-
teins). For soaking at each time and temperature, SBM is
added to deionized water (1:10 ratio of SBM to water) and
maintained at that temperature in incubators. SBM to water
ratio (1:10) is selected based on the availability of sufficient
soaking water after 12 h of soaking at all the temperatures
used to ensure that the moisture content could reach equi-
librium. A lower water ratio results in complete evaporation
of water at higher temperatures before the experiment ends
and a higher ratio results in abundance of water leading to
difficulty in separation. After soaking, the samples are cen-
trifuged for 5 min and then filtered using Whatman Filter
paper (GE HealthCare UK Limited, Buckinghamshire, UK).
For the measurement of moisture content (in % db), previ-
ously weighed soaked samples are then dried in a hot air
oven (Mac PharmaTech, India) at 103 °C for 24 h [23]. The
samples are then covered with aluminum foil and weighed
immediately after drying.

Preparation of SBM hydrolysate

SBM hydrolysate (SBMH) is prepared according to the
method described by Amadou et al. [6] for carrying out fur-
ther chemical analysis. For this, 5 g ml~! of soaked SBM is
homogenized for 1 min and incubated at 37 °C for 60 min.
The incubated mixture is centrifuged at 4900 g for 2 min,
the residue is washed with 20 ml distilled water, centrifuged
again at the same speed and time and the supernatants are
then combined.

Properties of SBM
Total phenolic content

Total phenols in the SBMH are determined by Folin—Ciocal-
teu reagent using gallic acid as a standard [24]. One hundred
ul solution of SBMH is added to 500 pl of Folin—Ciocalteu
reagent. After 10 min, 400 pl of 7.5% Na,CO; is added and
the mixture is incubated at 50 °C for 5 min. The absorbance
of the blue color is read spectrophotometrically (U-2000
Spectro, Hitachi, Japan) at 760 nm. The total phenolic con-
tent is expressed as gallic acid equivalents (GAE) in mg per g
extract. The calibration equation of gallic acid standard curve
is y=0.043x-0.036 (R?>=0.997) which covers the concentra-
tion range between 0.1 and 1.0 mg ml™".
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2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging
activity

Measurement of scavenging activity of antioxidants reflects
the overall antioxidative potential of SBM. The scavenging
effect of SBMH fractions on DPPH free radical is measured
according to the method of Amadou et al. [6]. 2 ml of each
SBMH solution are added to 2 ml of 0.1 mM DPPH dissolved
in 95% ethanol. The mixture is shaken and left at room tem-
perature for 30 min and the absorbance of resulting solution is
read at 517 nm in spectrophotometer. The scavenging effect is
expressed as follows:

activity) for SBM and four dependent variables (turbidity, L*-
value, a*-value, b*-value) for soaking water. Furthermore, Pil-
lai—Bartlett trace [27] and Wilks’ Lambda test [28] are done
to check if significant differences existed between the groups.
This analysis is carried out for a level of significance of 5% i.e.
for a 95% level of confidence.

Moisture sorption models
Peleg model

The Peleg model is typically represented as:

DPPH scavenging activity (%) = {(Blank absorbance — sample absorbance)/Blank absorbance} X 100 (D

Crude protein content

The crude protein content of SBMH is measured using the
method of Folin—Ciocalteu (Lowry protein assay) using BSA
(Bovine Serum Albumin) as the standard protein [25]. The
absorbance is measured at 660 nm in spectrophotometer.

Total carbohydrate loss

The total carbohydrate loss after soaking is measured indirectly
by measuring the total carbohydrate content of the soaking
water and assuming that the initially no carbohydrate is present
in the water used for soaking. Anthrone test with glucose as the
standard carbohydrate is used for measuring the total carbohy-
drate content of the soaking water as it is widely used for deter-
mination of starch and soluble sugars in plant material [26].
The absorbance is measured at 620 nm in spectrophotometer.

Properties of soaking water

As for the physicochemical properties of soaking water,
parameters such as pH, turbidity (absorbance at 500 nm)
and color of water are measured at 25 °C by using pH-meter
(Eutech Instruments, Singapore), spectrophotometer and
Hunter-Lab colorimeter (Colorflex, USA), respectively. Note
that the measurement of color by tristimulus colorimetry in
terms of Hunter scale (L*, a* and b*) values has been accepted
as simple and accurate method of color detections compared
to spectrophotometric systems [13].

Statistical analysis

Multivariate analysis of variance (MANOVA) with replica-
tion is performed by using the R statistical software package
(R v3.1.0, 2014) with two independent variables (soaking
time and temperature) and three dependent variables (crude
protein loss, total carbohydrate loss and loss of antioxidant
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where M(¢) is the moisture content of the product at a given
instant of time, and M, is the initial moisture content, t is
time, and the plus sign is used to denote water uptake. The
k, and k, parameters are the constants of Peleg, which are
associated with the initial rate of water transfer and with the
concentrations of water in equilibrium conditions. Values
of k, and k, are obtained from the linearized form of the
equation.

This model can be widely used to study water uptake in
farm products, and its solution shows moisture content as a
function of time, allowing for its estimate after certain periods
of time [17]. This model has been used to study absorption and
desorption processes in several studies [17, 20].

Abu-Ghannam model

General series solution of Fick’s second law [29] consider-
ing spherical coordinates, in terms of moisture ratio (MR),
is given as:

M-M 6 w— 1 n°D,,, =2
MR = BT Y (it Al
oo e (E @

where D, is the effective diffusivity (m*s™'), R is the equiv-
alent radius of SBM granule, M is the moisture content in
time ¢, M, is the initial and M, is the final moisture content.
The equivalent radius is measured by the method described
in Luz et al. [30]. The slope of the curve In(MR) versus time
is k can be related to D 4 by the following equation:

De#ﬂz
k=—L @)

In this study, Fick’s law of diffusion is used in order to
calculate the effective diffusivity of SBM. For simplicity, it
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is assumed that the volume of SBM does not change during
soaking and the surface reaches the equilibrium moisture
content instantaneously upon immersion in water [31]. The
phenomenon of soaking can be explained with the following
mathematical model that can be derived from Eq. 2

dM(t) B 3
— = k[M(r) - M,] 5)

where coefficient k>0 is specified for hydration or drying
processes by an Arrhenius type of equation. The minus sign
in Eq. 5 is used to maintain the consistency between the
mathematical and the physical formulation and shows that
this equation describes water uptake phenomena. Taking
M(0)=M, at t=0 as initial condition, the above equation
can be written as

%:-k[M(z)—Me],k>0andt>o (6)

M@©0) = M,,t = 0

whose analytical solution is given by

M(t)= M, -~ M)e™ + M, @
where k is the rate constant of the hydration expressed as
h™.

This model has been originally proposed by Abu-Ghan-
nam and McKenna [18] and is obtained when considering
the hypothesis that the moisture content M depends only on
time, the final moisture content is constant over time and
the body is homogeneous and isotropic. Furthermore, the
rate of change in moisture content at time ¢ is proportional
to the difference between the moisture in any time t and the
final (equilibrium) moisture content M,.

Kinetic analysis for loss of phenolic compounds

The kinetics of loss of phenolic compounds during soaking of
SBM can be established by estimating some kinetics param-
eters using nonlinear regression between concentration of
phenolic compounds and time [32]. The following simplified
hyperbolic function has been found to explicitly expressing
the nonlinear relationship between concentration and time:

C%"P(S)kt

—_— 8

CTP(z) =

Crp(s)» Crp(y represent the total phenolic content in the
equilibrium (mg g™') and at time t while k is the second order
rate constant of the process (g mg~"' h™!) respectively. Equa-
tion 8 may be transformed into following linearized form:

t 1t

= +
Creq) kC;P( 5  Crrs ©)

The initial rate of loss, h (mg g~! h™!), when t approaches
0, can be defined as:
h=kCps, (10)

Plotting t/Crp, Vs t gives a straight line with inter-
cept= l/kCzTP(S) and slope = 1/Cyrp(). This model can be used
to predict the behavior of total phenolic content loss during
soaking of SBM. This model also explains the changes in
rate of loss during different phases of soaking.

The second order rate constant k increases with tempera-
ture and can be described according to Arrhenius law:

Eq
k = kyerr (11)

where k is the extraction rate constant (g mg_l hh, ky the
temperature-independent factor (g mg~' h™!), E, the activa-
tion energy for the extraction (kJ mol™'), R the gas constant
(8.314 J mol~! K™!) and T is the absolute soaking tempera-
ture (K). A plot of In(k) against 1/T gives the value of the
activation energy (E,) from slope.

Results and discussion
Determination of moisture content

The moisture content of SBM increases with increasing
soaking time and temperature. As seen in Fig. 1, the value
almost reached equilibrium within 8 h and barely increased
with time thereafter. It is also evident from the figure that
although the moisture soaking profiles at temperatures 40,
50 and 60 °C are similar and that the maximum moisture
content reached after soaking for 8 h at these temperatures
are almost identical (approximately 70% of the total absorp-
tion), the rate of increase in moisture is higher for higher
temperatures. During the initial hours, this rate is the highest
and then it slowed down to a great extent, in particular from
2 h of soaking reaching an almost constant value after 8 h for
all the temperatures used in the present study. The moisture
uptake behavior with temperature observed in this study is
similar to the reports available in literature for soaking of
raw soybeans [10, 31, 33]. The results suggest that a higher
temperature, say 50 or 60 °C could be used for soaking in
order to speed up the process.

The initial moisture content of SBM is considered to be
12% (db) for all analytical and numerical solutions. The
values for experimental equilibrium moisture content, dif-
fusion coefficients, constants of Abu-Ghannam and Peleg
models are tabulated in Table 1. The effective diffusivity
is calculated by Eq. 3 using slopes derived from the linear
regression of In(MR) versus time. The effective diffusivity
of water in SBM varied from 1.18 x 10~'! m? s~! at 20 °C
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Fig. 1 Effect of soaking time (0—10 h) and temperature (20-60 °C) on
the moisture content of SBM

t0 2.07x 107" m? s~! at 60 °C (see Table 1). The effective
diffusivities of water for SBM found in this study are com-
parable, with SBM presenting slightly higher values for each
temperature [16].

Figure 2 shows the hydration curves obtained from all
treatments, considering the experimental data and the results
from adjust of the Abu-Ghannam and McKenna [18] and
Peleg [15] models. All hydration curves exhibit a similar
behavior characterized by high uptake rate within the first
2 h of hydration, followed by a reduction in the rate of water
uptake. Approximately 60% of total water grain is absorbed
in the first phase of the process. After that the rate of water
uptake drops considerably and the hydration time reduces
with increasing temperature; results that can be confirmed
with the works of Abu-Ghannam and McKenna [18], Gowen
et al. [34] and Pramiu et al. [17].

The quality of adjustment of the implemented models is
done based on their coefficient of determination (R%) and
root mean square error (RMSE) values [17]. It is evident
from Table 1 that Abu-Ghannam model suits the experi-
mental data and agrees with literature [17, 18, 34]. RMSE

values for Peleg model vary between 2.73 and 3.79, with
20 °C having the lowest and 50 °C having the highest value.
For Abu-Ghannam model, RMSE varies between 0.83 and
6.15 with 50 °C and 30 °C having the lowest and the high-
est value, respectively. Thus a comparison of RMSE val-
ues along with R? values for both models used in this study
indicates that Abu-Ghannam model is efficient enough to
describe the soaking behavior of SBM. Table 1 also lists the
values for the hydration constant k (Abu-Ghannam model)
which are found to be from 3.65x 10~ to 5.8x 10~' h~! and
is higher than values reported by Gowen et al. [34]. This
can be attributed to SBM being significantly different from
soybean in its physicochemical characteristics which may
influence hydration. Similarly, Peleg’s constants k; and k,
and the quality of adjustment are in accordance with litera-
ture [17]. The values for constants k; and k, are found to be
from 2.5x107* to 1.0x 107> h db™" and from 1.7x 107 to
1.5% 1072 db~. The constant k, is said to be related to the
maximum capacity of water uptake of feedstock i.e. a small
k, implies high absorption capacity. The effect of tempera-
ture on k, i.e. on feedstock water uptake capacity, varies with
the type of feedstock used, and also whether the loss of solu-
ble solids during soaking is taken into account in the calcula-
tion of moisture content [17, 18]. In contrast, the constant
k, varies linearly with temperature and an increased rate of
water uptake, i.e. a decreased k; with increasing temperature
is an expected behavior of sorption. A similar behavior of
both constants is observed in the present study, although the
values are different than those reported for other legumes,
which can be attributed to the physicochemical difference
of SBM from others.

Properties of soybean meal
Total phenolic content

The phenolic content is correlated with antioxidant activ-
ity [35] and typically a positive linear correlation exists
between total polyphenolic content and antioxidant activ-
ity [36]. Thus a reduction in phenolic content during
soaking will result in loss of antioxidant activity of SBM.

Table 1 Values of effective moisture diffusivity, constants of Peleg [15] and Abu-Ghannam and McKenna [18] models, and metrics used to
assess the quality of adjustments of the models for various temperatures used in this study

Soaking tem-  Equilibrium moisture Effective diffusiv- Peleg model Abu-Ghannam model
ture (°C tent, M, (% db ity Doy (m? 57!
perature (°C) - content, M, (% db) ity Do (™) 5 "0 S0 @by R2 RMSE(%) k() RE RMSE (%)
20 64.008 1.14x 107" 0.025 0.017 0974 273 0.365 0981 2.19
30 64.98 1.34x 107" 0.021 0.017 0980 2.77 0.375 0990 1.6
40 71.921 1.38x 107! 0.019 0.015 0987 3.12 0.402 0969 4.64
50 83.005 1.58x 107! 0.012 0.015 0980 3.79 0.52 0.998 0.83
60 97.07 2.07x 1071 0.010 0.015 0.990 3.52 0.58 0.966  6.15
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Soaking results in significant (p < 0.05) decrease in total
phenolic content of SBM as seen in Fig. 3 (represented in
terms of increase in phenolic content of soaking water),
the highest loss occurring at the highest soaking tempera-
ture and time (60 °C and 8 h). The total phenolic content
of unsoaked SBM is found to be 8.84 mg GAE/g extract
which is in agreement with Ramadan et al. [37]. As is evi-
dent from the figure, soaking results in a sharp decrease in
total phenolic content of SBM during the first 2 h for all
the temperatures used but the rate is approximately twice
for higher temperatures (50 and 60 °C). After 2 h of soak-
ing the rate of decrease of total phenolic content reduces,

becoming almost negligible after 4 h as the concentrations
of phenolic compounds in SBM and soaking water reach
equilibrium. This is in concurrence with Fig. 1 where dur-
ing the initial hours of soaking, the moisture uptake rate is
higher than the later hours.

Kinetic analysis of the phenolic content is done in order
to calculate the effective diffusivity of phenolic compounds
in water and the initial rate of loss. Table 2 lists the cal-
culated effective diffusivities of phenolic compounds in
water, respective initial rate of loss and parameters for
measuring the goodness of fit of the model used at differ-
ent soaking temperatures used in this study. The effective

. 40°C
. - n 5. 50°C
2
LL' —_
< n =) - L]
O w

64 <
o (0] 6+
E . >
b= S
5 = -
£ . S 4]
8 44 g
L 8]
E o
o 2
g g 2+
gl %
2 ©
o 8
= P

04
0 T T T T T T T T T T T T T T T T T
0 2 4 6 8 0 2 4 6 8
X Axis Title Soaking time (hr)
8 60°C §
[] - -

° (]
w
R
o 87
E
k=
9
c
8 41
L
©
c
)
s
— 24
8
o
'_

0 T T T T T T T T

0 2 4 6 8
X Axis Title

Fig.3 Variation in total phenolic content of SBM during soaking and the goodness of fit of the kinetic model for different temperatures used in

this study (40-60 °C)

@ Springer



Soaking of soybean meal: evaluation of physicochemical properties and kinetic studies 397

diffusivities of phenolic compounds are found out to be
0.9x 107", 1.02x 107" and 1.19x 107" m* s™! for 40, 50
and 60 °C, respectively. The initial rate of loss (h) increases
gradually with temperature and this is in agreement with
the moisture uptake behavior of SBM. A second order
kinetic model is used to predict the changes in phenolic
content during soaking. It is evident from Table 2 and
Fig. 3 that this model shows a good fit in terms of both R2
and RMSE values.

The model constant k is dependent on temperature and
shows a constant increase with increasing temperature.
Using Eq. 11 and In(k) versus 1/T plot, the activation energy
E, can be calculated for any process. The empirical relation-
ship for the loss of total polyphenols during soaking can be
written as:

12)

k = 3.02 % 10° exp (— 36939 )

8314 xT

and the coefficient of determination is R>=0.990.

The value of activation energy is found to be positive
(36.939 kJ mol™"), denoting the endothermic nature of the
process. This value fits between the E, values reported in
literature for the solid—liquid extraction of bioactive com-
pounds from biomass. The activation energy value is situ-
ated between 20 and 40 kJ mol~!, which implies that the loss
of phenolic compounds during SBM soaking is governed
by both reaction and diffusion regime. According to Wang
et al. [5] and Gonzalez-Centeno et al. [32], if the E, value is
lower than 20 kJ mol~! the extraction process is managed by
diffusion, and if the E, value is higher than 40 kJ mol~! the
process is controlled by solubilization reaction.

DPPH radical-scavenging activity

Soaking reduces the overall antioxidant activity of SBM
as measured in terms of DPPH radical-scavenging activ-
ity. The initial DPPH radical-scavenging activity of SBM
is measured to be approximately 13% and after soaking at
60 °C for 8 h the loss of antioxidant activity is found to
be 20%. Soaking at 70 °C results in approximately 50%
loss of activity, thus higher temperatures are not considered
for soaking and this decrease shows dependence on both

soaking time and temperature. The reduction in DPPH rad-
ical-scavenging activity is in agreement with the literature
[12, 38] for various other beans after soaking. However the
percentage loss of antioxidant activity found in this study is
higher than the values reported for black beans (6-8%) [12],
which can be attributed to the structural changes occur-
ring during SBM production from soybeans that in turn
resulted in easier removal of compounds including vita-
mins (see later). This removal of soluble compounds along
with probable degradation of heat sensitive compounds at
higher soaking temperature contributed largely to the loss
of antioxidant activity with increasing soaking time and
temperature.

Analysis of crude protein content

Soaking treatment results in decrease in crude protein con-
tent of SBM, whose initial value is measured to be approxi-
mately 46%. The maximum loss is around 7% which occurrs
at highest temperature (60 °C) and highest soaking time
(8 h), though the difference between percentage losses of
different temperature are insignificant (p >0.05). Table 3
represents the percentage loss of crude protein at different
soaking temperature after equilibrium soaking time. This
value is however much higher than the value reported for
soybean [10], which could be attributed to the increased
nutrient extraction rate due to a higher surface area to vol-
ume ratio of SBM.

Analysis of total carbohydrate

The primary water-soluble carbohydrates of SBM are
reported to be galacto-oligosaccharides, stachyose, raffinose
and verbascose [39]. Lo et al. [9] reported that carbohydrates
including raffinose and stachyose are removed during soak-
ing of soybeans which can be observed by their presence
in the soaking medium. A maximum of 4% carbohydrate
is measured in soaked water at 60 °C for 8 h (Table 3),
although the soaking temperature does not have significant
effect (Table 4). Removal of carbohydrates like raffinose and
stachyose could have beneficial effects on the acceptability
of SBM based products [9, 10].

Table 2 Values of effective moisture diffusivities of phenolic compounds in water and metrics used to assess the quality of adjustments of the

2nd order kinetic model for various temperatures used in this study

Soaking tempera-  Equilibrium concentration, Effective diffusivity 2nd order kinetic model
ture (°C C mg g~! D (m?s”!
¢ ) (ML) o (757 k (g mg~' h™) h(mg g h™") R? RMSE (%)
40 8.20 0.9%x107! 0.214 14.39 0.967 0.479
50 8.33 1.02x 1071 0.3 20.81 0.981 0.378
60 8.26 1.19% 107" 0.503 34.32 0.995 0.214
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Table 3 Calculated percentage (%) losses of CP and carbohydrate in
SBM at different temperatures used in this study

Soaking tem- Loss of crude protein (%) Loss of carbohydrate

perature (°C) after 8 h of soaking (%) after 8 h of soaking
20 6.5+0.12 2.9+0.33

30 6.6+0.1 32+0.1

40 6.9+0.26 3.5+0.15

50 7.0+£0.48 3.5+0.21

60 7.0+0.21 4.0+0.25

Properties of soaking water
Changes in pH

During soaking of SBM, the pH of the soaking water (ini-
tial pH of 7-7.2) reduced to being slightly acidic (approx
6-6.5). With increase in soaking time, the extraction process
increased resulting in decreasing pH values. The pH value
however did not reduce beyond 6 in the temperature range
used for soaking in the present study. Leaching of acidic
compounds, like amino acids, is primarily responsible for
low pH resulting in physicochemical changes in water [13].
Although SBM contains both basic (arginine, lysine and his-
tidine) and acidic (aspartate and glutamate) amino acids that
are hydrophilic, concentrations as well as solubility of the

acidic ones are much higher [40] causing the pH range of
the soaked water to be shifted from neutral to mildly acidic.

Changes in turbidity

A change in turbidity is a direct indicator of release of nutri-
ents from SBM to water during soaking [41]. It occurs due
to extraction of several components like proteins, sugars,
pigments and other soluble compounds. Figure 4 shows the
changes in measured absorbance at 500 nm at different time
and temperatures due to moisture uptake in SBM. Turbid-
ity of soaking water increased with increasing time and
temperature, highest being at 8 h—60 °C within the para-
metric range of this study. For 40 and 50 °C, the turbidity
increased gradually with soaking time, while for 60 °C, the
turbidity increased rapidly after 2 h of soaking. This sudden
increase in turbidity at 60 °C occurred due to much higher
rate of extraction at this temperature compared to the other
temperatures. After 2 h of soaking, the initially-dried SBM
gained enough water for easier removal of nutrients result-
ing in a rapid increase in turbidity. Using soybean, Bayram
et al. [13] also reported a similar behavior in turbidity of
soaking water.

Table 4 Results of the MANOVA performed to evaluate the effects of soaking time and temperature on the three properties of SBM, i.e. protein
content, oligosaccharide content and anti-oxidant activity and on four properties of soaking water, i.e. tubidity, L*-value, a*-value and b*-value

For SBM properties df Pillai trace Approx. F Numerator df Denominator df Pr(>F)
Temp 0.63779 5.3999 12 240 <<0.05%*
Time 7 0.69223 3.4281 21 240 <<0.05*
Temp:time 28 0.59371 0.59371 84 240 0.9687
For SBM properties df Wilks A Approx. F Numerator df Denominator df Pr(>F)
Temp 4 0.41303 6.8342 12 206.66 <<0.05%
Time 7 0.41987 3.7726 21 224.52 <<0.05*
Temp:time 28 0.48639 0.7596 84 234.22 0.9283
For soaking water proper-  df Pillai trace Approx. F Numerator df Denominator df Pr(>F)
ties

Temp 1.1607 17.9800 8 104 <<0.05%
Time 1.2898 3.2124 32 216 <<0.05%
Temp:time 16 1.2861 1.5994 64 216 0.006961*
For soaking water proper-  df Wilks A Approx. F Numerator df Denominator df Pr(>F)
ties

Temp 0.11774 24.4084 8 102 <<0.05%
Time 8 0.10989 4.8599 32 189.67 <<0.05%
Temp:time 16 0.14930 1.9735 64 201.93 0.0001866*

*Significant difference at P <0.05
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Fig.4 Variation in absorbance of soaking water at 500 nm with soak-
ing time at different soaking temperatures (20-60 °C)

Colorimetric analysis

The color measurement gives an insight into the nature
of compounds that are being released from SBM into the
water during soaking [13]. Whole mature soybeans contain
pigments of carotenoid class along with small amounts of
chlorophyll and water-soluble vitamins like thiamine, nia-
cin, biotin, pantothenic acid [41]. In comparison, SBM also
contains xanthophylls, a yellow pigment of carotenoid class,
though in lesser amount (2 mg kg~! of SBM). The change
in color of soaking water is clearly visible in this study and
is attributed to the release of pigments and water-soluble
vitamins [13, 41].

Changes in the L*, a*, b* values of soaking water with
respect to time at different soaking temperatures, respec-
tively are shown in Fig. 5. The values change considerably
with changes in soaking time and temperature. The L*-value
representing the “lightness” of soaking water decreases with
time (Fig. 5a). It is found to be maximum for 40 °C and
decreases with increasing temperature. The decreasing L*-
value with increasing temperature could be due to multi-
ple reactions like recrystallization of sugar and formation
of pigment derivatives that resulted in darker compounds
[43] which in turn are released into the soaking water. The
a*-value of soaking water is found to be negative (Fig. 5b)
which indicates the presence of the colour green caused due
to traces of chlorophyll and its derivatives from immature
soybeans that might have been used alongside the mature
soybeans during SBM production [41]. Small amount of
green pigments could have leached out during soaking at
elevated temperature, thereby increasing the a-value [13].
At 60 °C, changes in greenness are much higher than the
previous two temperatures i.e. 40 and 50 °C, which can
be attributed to the fact that pigments are removed faster
with increase in temperature. The b*-value that represents

yellowness are found to be positive and increased with tem-
perature (Fig. 5c¢). Yellowness of the water is highest for
60 °C and a rapid increase after 2 h of soaking is observed.
This could be explained by the leaching of yellow pigments
and vitamins during soaking. The results are in agreement
with the report of soybean soaking by Bayram et al. [13].

Statistical analysis

MANOVA is a statistical test procedure for comparing mul-
tivariate means of several groups [42—44]. It helps to deter-
mine whether changes in the independent variable(s) have
significant effects on the dependent variables, relationships
between the dependent variables as well as independent vari-
ables [44].

In this study, the soaking parameters are investigated for
their effects on the properties of SBM. MANOVA results
(Table 4) suggest that although the main factors, i.e. soaking
time and temperature, have significant (p <0.05) effects on
the three dependent variables, i.e., losses of protein, carbo-
hydrate and antioxidant activity, the interaction had none.
Since the multivariate test is significant, individual ANO-
VAs for each of the three variables are performed in order to
explore which of them are driving the significant differences.

As is evident from Table 5, the decreases in protein and
carbohydrate contents as well as antioxidant activity are
affected significantly (p <0.05) by the soaking time, but
soaking temperature has significant (p <0.05) effect only
on loss in antioxidant activity. This could be attributed to the
antioxidative compounds being more sensitive to heat com-
pared to protein and carbohydrate in the temperature range
used (20-60 °C). This could be an interesting finding as
soaking at higher temperature to minimize the soaking time
might result in increased loss of antioxidant activity. Thus a
temperature optimization is necessary to minimize this loss.

For the properties of soaking water, the main factors
(soaking time and temperature) as well as their interac-
tion are found to be significantly (p <0.05) influencing the
changes in the four dependent variables i.e., turbidity, L*-
value representing lightness, a*-value representing green-
ness and b*-value representing yellowness (Table 4). The
results of individual ANOVAs (Table 5) also show that
both soaking time and temperature have significant effects
on the properties of soaking water. These findings indicate
that extraction of compounds like water-soluble vitamins,
green and yellow pigments, etc are significantly (p <0.05)
dependent on the soaking time and temperature, thus an
increase in these parameters would result in higher loss of
these compounds.

For the purpose of deciding the best conditions for
SBM soaking under the test range used in this study, a
balance must be maintained so that the desired moisture
level can be achieved in a reasonable time without losing
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too much nutritional value. The required moisture level
that must be achieved for an optimal SBM fermentation
is approximately 45-55% (db) [45]. The desired moisture
level can be achieved in 1 h when soaking is done at 50
and 60 °C, while for 20, 30 and 40 °C the required soak-
ing time is 6, 5 and 2 h, respectively. Therefore a further
comparison of the reduction of nutritional components is
carried out to obtain the most suitable soaking conditions.
Table 6 compares the three properties of SBM investigated
in this study that are affected by soaking. From this table,
it is clear that soaking at 50 °C for 1 h results in mini-
mum losses of nutrients (i.e., crude protein and antioxi-
dant activity) although it also results in minimum loss of
anti-nutrient (i.e. oligosaccharide) in this study. Therefore
soaking SBM at 50 °C will not only speed up the soaking
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process (only 1 h), it will also minimize the amount of
nutrient lost during the initial soaking before fermentation.

Conclusions

Soaking of SBM resulted in significant (p < 0.05) changes
in its properties, in terms of crude protein (a maximum
loss of 7%), total carbohydrate (maximum 4% decrease),
total phenolic content (maximum 90%) and DPPH radical
scavenging activity (a maximum of 20% loss in activity).
Kinetic analysis for the loss of phenolic compounds dur-
ing soaking shows that the rate of loss can be predicted
using a second order kinetic model and the effective diffu-
sivity of such compounds in water varied from 0.9 x 107!
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TabIeSI Result.s of individual SBM/soaking water property Source of variation df SS MS F Prob
analysis of variance (ANOVA)
for the three properties of Loss of protein Soaking temperature (A) 4 18273 45684 14548  0.2238
iﬁ;ﬁsgcihfrrl‘ggfofl‘t’é‘;f‘;; . Soaking time (B) 7 215941 30.8487  9.8237 <<0.05*
anti-oxidant activity and four AB 28 2.557 0.0913 0.0291 1.000
properties of soaking water, i.e., Error 80 251.217 3.1402
turbidity, L-values, a-value and Total 119 487988 38.6486
EoZlilll:leg i?gg?ngdtg;fiizt;i Loss of carbohydrate Soaking temperature (A) 4 7.600 1.9001 1.8146 0.1341
on changes of these properties Soaking time (B) 7 66.062  9.4375 9.0126 <<0.05*
AB 28 1.810  0.0646  0.0617 1.000
Error 80 83.772 1.0471
Total 119 159.244  12.4493
Loss of anti-oxidant activity =~ Soaking temperature (A) 4 402.83 100.708 4.0672 <0.05*
Soaking time (B) 7 155771 222.530 8.9872 <<0.05*
AB 28 111.21 3.972 0.1604 1.000
Error 80 1980.86 24.761
Total 119 4052.61 351.971
Turbidity Soaking temperature (A) 2 0.031161 0.015580296.9277 <<0.05*
Soaking time (B) 8 0.029153 0.003644122.6708 <<0.05*
AB 16 0.016812 0.0010507 6.5367 <<0.05*
Error 54 0.008680 0.0001607
Total 80  0.085806 0.0204357
L-value Soaking temperature (A) 2 42214 21.1072  12.6704 <<0.05%
Soaking TIME (B) 8 220.394 27.5493 16.5375 <<0.05*
AB 16 17.826 1.1141 0.6688 0.8109
Error 54 89.957 1.6659
Total 80 370.391 51.4365
a-value Soaking temperature (A) 2 8.0342 4.0171 80.4289 <<0.05%
Soaking time (B) 8 24935 03117  6.2406 <<0.05*
AB 16 24177 0.1511 3.0254 <<0.05*
Error 54 2.6971  0.0499
Total 80 15.6425 4.5298
b-value Soaking temperature (A) 2 0.79716  0.39858 67.9539 <<0.05*%
Soaking time (B) 8 0.70548 0.08818 15.0346 <<0.05*
AB 16 0.49209 0.03076 52435 <<0.05*
Error 54 0.31673  0.00587
Total 80 231146  0.52339
*Significant difference at P <0.05
Table 6 Comparison of Soaking conditions Crude protein loss Oligosaccharide loss Antioxidant
perceptage losses of crude activity loss
protein, carbohydrate and
antioxidant activity of SBM 20°C—6h 4.9+0.11 22+0.12 14.0+1.2
fgﬁ;g;’;‘;‘r‘:‘f ?érdfg::;t ime | 30°C—5h 4.6%0.09 1.920.1 17.0£1.9
intervals 40°C—2h 1.9+0.21 0.4+0.08 6.5+0.9
50°C—1h 1.1+0.14 0.1+0.02 5.0+x1.1
60 °C—1h 1.4+0.11 0.19+0.04 65+14

The time-temperature 1 h—50 °C combination shows minimum loss of all three properties
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to 1.19%x 107" m? s~!. The effective moisture diffusivity
of water through SBM is calculated to be slightly higher
than raw hydrated soybeans and varied from 1.14x 10! to
2.07x 107! m? s7! as the soaking temperature is increased
from 20 to 60 °C. Hydration rate of SBM increased at
elevated temperatures, absorbing the maximum amount of
water during the initial 2 h of soaking. Both Peleg model
and Abu-Ghannam models are used to describe the absorp-
tion kinetics of SBM. A comparison of the R? and RMSE
values revealed that the absorption data fitted well in to
Abu-Ghannam model, suggesting that this model can be
efficiently used to predict the moisture hydration kinetics
of SBM. Physicochemical properties of the soaked water
also considerably change during hydration, including the
pH which turns mildly acidic. The changes in turbidity at
lower temperatures (20 °C and 30 °C) is less compared to
higher temperature (i.e. 60 °C) which implies that a rise in
temperature aggravates the process of compound removal.
MANOVA done on the SBM and soaking water properties
indicate both the soaking parameters (time and tempera-
ture) have significant (p < 0.05) effect on leaching of various
compounds like protein, oligosaccharides and antioxidative
compounds. Comparison studies, keeping approximately
55% moisture content as the desirable level, find that within
the time—temperature range used the most suitable condi-
tions for SBM soaking is 1 h at 50 °C because it results
minimum loss of antioxidative compounds (5%). The loss of
crude protein, oligosaccharides and total phenolic content at
these conditions are 1.1%, 0.1% and 55%, respectively. It is
expected that the results of this study would help to under-
stand and control the subsequent fermentation step without
compromising the antioxidant property of the SBM.
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