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Abstract Soybean hull as a rich and inexpensive source of
dietary fiber and because of its health properties, is a good
option for supplying dietary fiber to various food indus-
tries. Optimization of the extrusion process and the effects
of its variables [Feed moisture (35-45%), screw speed
(160-200 rpm), and temperature (75-95 °C)] were inves-
tigated on the structural, nutritional, and functional prop-
erties of soybean hull by response surface methodology.
Based on response surface analysis, the maximum soluble
dietary fiber content and water absorption index in addition
to the minimum specific mechanical energy and anti-nu-
tritional composition of tannin were obtained at a feed
moisture content of 42.58%, screw speed of 182.46 rpm,
and temperature of 87.43 °C. The extrusion process also
increased the rate of swelling capacity, solubility index,
yellowness, and redness of the samples. It also reduced the
oil absorption index and lightness in comparison with the
control. The FTIR spectroscopy did not show a new
functional group and the urease test (trypsin inhibitor
activity) was negative in the extruded samples.
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Introduction

The dietary fiber content of soybean hull is approximately
17% higher than that of wheat bran and its calcium (0.6 in
soybean hull vs. 0.1% in wheat bran) and iron (429 ppm in
soybean hull vs. 92 ppm in wheat bran) contents are 5-6
times higher than those of wheat bran as well (Chee et al.
2005; Johnson et al. 1985). In the soybean industry, soy
hull accounts for about 8% of soybean, which is used as a
byproduct in plenty. It can be easily separated from soy-
bean by milling. (Ayo and Kajo 2016; Yoo et al. 2011).

Unlike other fiber sources, this nutrient has very low
levels of phytate, and its incorporation into the diet does
not reduce the absorption of minerals. It also has the most
significant effect on reducing cholesterol and relieving
constipation. As a rich source of insoluble dietary fiber,
soybean hull contains 46-51% cellulose, 16-18% hemi-
cellulose, and 1.4-2% lignin. Its soluble fiber content is not
high, and its fiber structure needs to be improved to
enhance its nutritional and functional properties. Since the
soluble dietary fiber has stronger antioxidant properties and
higher gel formation capacity than insoluble types, it is
easy to incorporate it into food products. Besides, it also
acts as an emulsifier (Ayo and Kajo 2016; Yan et al. 2015;
Yoo et al. 2011; Lo et al. 2011).

The high temperature and screw speed of extrusion are
effective in the release of cellulosic microcrystals in the
cell wall structure and wall breakdown as a result. Addi-
tionally, it is effective in reducing the soy-based anti-nu-
tritional factors such as trypsin inhibitors and tannin (Jing
and Chi 2013; Clarke and Wiseman 2007). The advantages
of extrusion are as follows: a short time of the process, low
cost, energy storage, preservation of heat-sensitive com-
ponents, industrialization capability, and being eco-
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friendly, due to the absence of hazardous chemical waste
(Kim et al. 2006; Jing and Chi 2013).

Response surface methodology (RSM) is comprised of a
series of statistical and mathematical efficient techniques
for process optimization, improvement, and development.
In this method, the effects of some independent variables
are examined in one or more dependent ones, aiming at
optimizing the process. RSM has several noteworthy
applications in improving product design. It develops a
mathematical model describing the whole process with a
limited number of observations (Jing and Chi 2013).

Although numerous studies have been undertaken to
investigate the effects of the extrusion variables on a
variety of fiber sources such as wheat bran (Rashid 2015),
soybean residue (Jing and Chi 2013), orange pomace
(Huang and Ma 2016), and lentil splits (Rathod and
Annapure 2016). Up to now, there has been no research to
realize the effects of these variables on the improvement of
the functional and nutritional properties of soybean hull.

The purpose of this study is to investigate the effects of
the extrusion variables on the functional, anti-nutritional,
and structural properties of soybean hull as well as opti-
mizing the process by RSM.

Materials and methods
Materials

Soybean hull (DTX variety containing about 8% to 10%
soybeans) was purchased from Toos Soya Protein Indus-
tries Co. (Mashhad, Iran). The hull was ground and passed
through a screen with a mesh number of 2. The resulting
powder was then packaged in polyethylene bags resistant
to moisture and stored in a refrigerator at 4 °C before
setting the moisture content and extrusion.

The KTDFR-200A Enzyme Kit was given a gift by
Megazyme (Bray, Ireland). The chemicals used in the
study were of analytical grade.

Methods
Extrusion cooking

Soybean hull was mixed with distilled water to reach the
pre-defined moisture levels (25-50%). Subsequently, the
samples were agitated for 10 min so that the moisture
would be distributed thoroughly in the sample. They were
then vacuum-sealed and packaged in polyethylene bags.
Next, the soybean hull was allowed to equilibrate its
humidity for 24 h at 4 °C before extrusion. Extrusion was
performed using a co-rotating twin-screw extruder (DS56,
Jinan Saxin, China) with a length:diameter (L:D) ratio of

10:1 and a die diameter of 5 mm. The feed rate of the
soybean hull was set at 40 kg/h. According to literature,
before determining the range of the independent variables
(feed moisture, screw speed, and extrusion chamber tem-
perature), several preliminary experiments were done (Yoo
et al. 2011; Jing and Chi 2013). The moisture content,
screw speed and process temperature of these samples
varied between 25-50%, 140-220 rpm, and 70-110 °C,
respectively. The results indicated that it was practically
impossible to carry out the extrusion of soybean hull at
feed moisture of less than 35%, the rotational speed of
higher than 200 rpm, and temperatures of higher than
100 °C, due to the burning and disconnected flow of
materials in the machine. Accordingly, for optimization,
feed moisture, screw speed, and temperature were consid-
ered in the range of 35-45%, 160-200 rpm, and 75-95 °C,
respectively. The extruded samples were dried in a vacuum
oven at 40 °C to reach a moisture content below 7% (wet
base). Afterward, they were ground using a grinder (IKA,
Model A11, Germany) and passed through a sieve 500 mm
in pore size.

Specific mechanical energy (SME)

The samples were collected after the rotor torque, die
pressure, and the sample temperature reached a steady
state. Rotor torque, die pressure and sample temperature
displayed on the control panel of the apparatus, were
recorded twice, once at the beginning and once at the ter-
mination of the collection process. The average values of
the two replications were reported. The specific mechanical
energy (SME) input was computed by the following
(Eq. 1):
SME(Wh/kg) = T(Nm) - SS(rpm) - 27 - n/F(kg/h) - 60
(1)

where SS represents the screw speed (rpm), T denotes the
mean torque recorded during sampling (%), 27-n/60 is the
angular velocity, and MF stands for the mass flow rate (kg/
h).

Color

The color of the ground extrudates was quantified through
Hunter-Lab (colorFlex EZ, 45/0, USA). The apparatus was
calibrated using a white standard calibration plate and the
color of the samples was expressed in CIE-Lab space as L*
(brightness/darkness), a* (redness/greenness), and b¥*
(yellowness/blueness). All measurements were triplicated.
The total color change (AE) was determined by the fol-
lowing (Eq. 2) (Jafari et al. 2017).

@ Springer



4056

J Food Sci Technol (November 2020) 57(11):4054—4064

L1172

(2)

where the subscript ‘0’ indicates the initial color values of
the native soybean hull.

AE = [(L — Lo)*+(a — ap) +(b — by)

Proximate analysis

Total nitrogen content was quantified through the Kjeldahl
method. A conversion factor of 6.25 was utilized to mea-
sure the protein content on nitrogen basis. Soybean oil was
extracted using diethyl ether in a Soxhlet system. Ash
content was measured through incineration in a furnace at
550 °C. All of the analyses were based on (AACC 2000)
methods.

Determination of dietary fiber content

Total dietary fiber (TDF), soluble dietary fiber (SDF), and
insoluble dietary fiber (IDF) were measured through the
enzymatic—gravimetric method using a fiber assay kit
(Megazyme K-TDFR, Bray, Ireland). 1 g of each sample
was suspended in Phosphate buffer and digested by heat-
stable a-amylase sequentially for 30 min at about 100 °C.
After that, protease and amyloglucosidase were separately
added, and the mixture was kept at 60 °C for 30 min. After
filtration, IDF was recovered from enzyme digestate, dried
at 105 °C and subsequently weighed. SDF was precipitated
in the filtrate with the fourfold volume of 95% ethanol and
then filtered. The precipitate, referred to as SDF, was dried
at 105 °C and weighed. IDF and SDF contents were cor-
rected for residual protein and ash contents. The TDF
content was obtained after the summation of IDF and SDF.

Water absorption index (WAI) and water solubility (WSI)
index

To determine WAI and WSI, 1 g of each sample was
dispersed in distilled water at 25 °C for 20 min with gentle
agitating at 5-min intervals. Subsequently, the dispersion
was centrifuged at 3000 g for 15 min. The supernatant was
poured into an aluminum can and then dried in a hot air
oven at 105 °C for 8 h. WAI and WSI were measured
using (Eqs. 3 and 4):(Jafari et al. 2017).

WAL — wet sediment vx./eight 3)
sample dry weight

supernatant dry solid weight

WSI =
sample dry weight

(4)
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Oil absorption index (OAI)

OAI was quantified similar to WAI by employing com-
mercial sunflower oil instead of distilled water. The result
was expressed as g of the oil absorbed by 1 g of the dry
sample.

Swelling capacity (SC)

250 mg of the sample was weighed in a graduated cylinder.
Next, 5 mL distilled water, containing 0.02% sodium azide
was added to it. The mixture was subsequently agitated
gently to remove air bubbles and left on a flat surface at
ambient temperature for about 24 h to allow the sample to
settle. Eventually, the volume (mL) occupied by the sample
was determined and SC was expressed as mL per g of dry
sample (Jing and Chi 2013).

Determination of polyphenols and condensed
tannins

The preparation of the samples was performed according to
the method previously described by (Malencic et al. 2012).
Total phenolic content and condensed tannin measure-
ments were performed according to the Folin—Ciocalteu
method using polyvinylpolypyrrolidone (PVPP) reagent.
Gallic acid (GA) was used as the standard.

Urease activity

The extruded soy hull (0.2 g) together with 10 mL of urea
buffer solution (pH = 7) was poured in to a test tube. After
5 min, this experiment was repeated with phosphate buffer
instead of urea buffer solution (pH = 7) and the test tubes
were placed in a water bath at 30 °C for 30 min. Subse-
quently, the tubes were removed from the water bath and
mixed up. The difference between the pH values of the
phosphate buffer and the urea buffer was calculated as the
urease activity index (AOCS 1997).

FTIR

The sample was blended with barium chloride at a ratio of
1 to 50. The resulting mixture was then placed on a thin
transparent sheet and its FTIR spectrum was determined in
the range of 400-4000 cm™'. The absorbance spectra were
recorded as a function of wavenumber with the help of the
Omnic software.

Experimental design

The effect of the factors on the response were examined by
a three-level, three-factor Box-Behnken design (BBD). The
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three independent variables included feed moisture (%,
X1), extrusion temperature (°C, X2), and screw speed
(rpm, X3). The coded and actual levels of the variables are
presented in Table 1. A total of 17 experiments with five
replicates at the center point were carried out. Regression
analysis was performed on the empirical data by fitting the
quadratic model to them, as demonstrated below (Eq. 5):

3 3 2 3
Y =Bo+ D BXit Y BXTH DY BiXiX, (%)
i=1 i=1

i=1 j=it1

where Y shows the dependent variable, By B; B;i and Bj;
represent the regression coefficients for constant, linear,
quadratic, and interactive effects, respectively; Xi and Xj
denote the independent variables. The effects of the factors
on the response were expressed as surface and contour
plots to visualize the relationship between the response and
the independent variables and to acquire the optimal con-
ditions of the process (Jing and Chi 2013).

Statistical analyses

All experiments were triplicated. Analysis of variance
(ANOVA) of the results was performed using Design-Ex-
pert 7.1 (Statease Inc., Minneapolis, USA). The statistical
significance of the model terms was determined by calcu-
lating the F-value at confidence levels of 95% (P < 0.05)
and 99% (P < 0.01). To determine the differences between
the control sample and the optimized extruded soy hull,
SPSS version 23 and the independent 7-test were used.

Results and discussion

Effects of the independent variables
on the functional properties of the extruded soy hull

To describe the relationships between the independent
variables (temperature, feed moisture, and screw speed)
and the dependent ones (soluble fiber and functional
properties), the response data were fitted to the quadratic
polynomial model. (Tables 2, 3).

Table 1 The range of the independent variables and their corre-
sponding levels

Independent variables Symbol Coded levels

+1 0 -1
Feed moisture (%) X, 45 40 35
Screw speed (rpm) X3 200 180 160
Extrusion temperature ( °C) X, 95 85 75

Soluble fiber

The linear terms of feed moisture (A) and screw speed (B),
as well as the second-order expression of all the three
variables, had significant effects on the increase in the
soluble fiber content (P < 0.05). The highest amount of
soluble fiber was equal to 11.86% obtained at feed moisture
of 40%, screw speed of 180 rpm, and temperature of
85 °C, which showed a 7.01% increase compared to the
control sample.

The highest correlation and the most significant effect
on increasing the amount of soluble fiber was related to the
screw speed. The higher the screw speed was, the greater
were the shear stress and pressure in the extruder barrel.
Therefore, the pressure was elevated among the soybean
hulls, apparatus barrel, and the screw. Under these condi-
tions, the amount of SDF is increased by the breakdown of
the chemical bonds of the insoluble dietary fiber macro-
molecules (Rashid 2015; Jing and Chi 2013; Huang and
Ma 2016). Moreover, the dissociation of covalent and non-
covalent bonds of protein and carbohydrate molecules with
the fiber can lead to smaller and more soluble molecular
fragments (Wang et al. 1993). At higher speeds (200 rpm),
the feed cannot stay long enough in the machine barrel,
which is considered undesirable for elevating the SDF
content (Jing and Chi 2013). Furthermore, this reduction
might be caused by the Maillard reaction and carbonization
of SDF, which reduces the extraction ability at higher
screw speeds (200 rpm) (Chen et al. 2014). Feed moisture
can have a significant effect on shear force (40%). The
appropriate feed moisture (depending on the type of feed)
is considered an advantage for increasing the pressure, and
the frictional and shear forces in the machine barrel.
However, excessive moisture will block the machine and
reduce the soluble fiber content (Jing and Chi 2013).
Although the bond between cellulose and hemicellulose
with lignin weakens at higher temperatures, soy hull con-
tains low lignin content (1-4%). This allows the applica-
tion of the process at lower temperatures to raise the
soluble fiber content (Islam et al. 2017). Temperatures
about 100 °C and higher reduced the soluble fiber content
in the soy hull, due to the dissociation of the glycosylated
bonds and the degradation of the existing polysaccharides
(Chen et al. 2014).

Hydration properties and solubility index

Hydration properties of fibers are determined by measuring
the water absorption and swelling indices (Thebaudin et al.
1997). The ANOVA results of WAI (Table 2) showed that
the significant expressions of the model included the first
and second-order effects of the screw speed and the sec-
ond-order effect of the screw speed and the moisture
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Table 2 Analysis of variance of the quadratic polynomial model for SDF%, functional and physical properties

Source of variance  Soluble fiber (%) WAI (g/g) WSI (%) SI(mL/g) OAI (g/g)

F P F P F P F P F P
Quadratic model 18.9 < 0.0001 11.53 0.0012 70.40 < 0.0001  20.02 < 0.0001  261.20 < 0.0001
Moist (A) 5.57 0.0399 6.92 0.0302 10.71 0.0136 9.94 0.0103  253.01 < 0.0014
Screw speed (B) 20.97 0.001 8.57 0.0191  112.58 < 0.0001 17.67 0.0018  962.08 < 0.0001
Temp (C) 4.96-E003 0.9425 0.044  0.8388 0.029 0.8688 0.4 0.5425 4.5 0.0716
A? 18.1 0.0017  15.17 0.0046 74.61 < 0.0001 13.17 0.0017  496.88 < 0.0001
B> 522 < 0.0001  40.53 0.0002  368.45 < 0.0001  57.65 < 0.0001  298.95 < 0.0001
c? 8.91 0.0137 4.71 0.0617 8.52 0.0224  13.17 0.0046 5.24 0.0224
AB 7.32 0.268 9.52 0.0177 114.17 < 0.0011
AC 3.36 0.1039 5.05 0.05 139.47 < 0.0021
BC 13.87 0.0074 18.59 0.0074
R? 0.95 0.92 0.98 0.92 0.98
Radjz 0.89 0.84 0.97 0.87 0.97
Source of variance L a’ b AE

F P F P F P F P

Quadratic model 23,888.7 < 0.0001 128.1 < 0.0001 1376.3 < 0.0001 5274.3 < 0.0001
Moist (A) 30,900.7 < 0.0001 79.7 < 0.0001 818.3 0.0004 6029.8 < 0.0001
Screw speed (B) 48,540.3 < 0.0001 33.60 0.0004 222.4 < 0.0001 7040.1 0.0003
Temp (C) 16,738.8 0.0005 536.5 0.0003 3477.7 < 0.0001 60,308.3 0.0018
A? 19,770.6 < 0.0001 8.8 0.0176 1272.4 < 0.0001 49454 < 0.0001
B> 54,339.7 < 0.0001 149.7 < 0.0001 676.8 < 0.0001 9148.3 0.0002
C? 18,086.6 0.0015 19.23 0.0023 4499.5 < 0.0001 7755.1 0.0015
AB 2122.7 < 0.0001 109.2 0.0003 242.6 0.0005 655.8 0.0023
AC 9691.4 90.7 0.0021 496.5 0.0003 2158.6 < 0.0001
BC 4984.6 76.7 0.0023 913.6 0.0004
R? 0.98 0.95 0.97 0.97
R.g’ 0.97 0.90 0.95 0.94

Table 3 Regression coefficients for the independent variables and all the response

Dependent variable (Y)

Equation

Soluble fiber (%)
WAI (/g)

WSI (%)

SI (mL/g)

OAI (g/g)

L*

a*

b*

AE

SME

Tannin

Y,
Y,
Y,
Y,
Y,
Y,
Y,
Y,
Y,
Y,

=11.55 + 0.33A + 0.65B + 0.01C — 0.83A% — 1.42B% — 0.58C>

=7.57 + 0.23A + 0.25B + 0.18C — 0.33AB + 0.22AC — 0.46A% — 0.76B% — 0.26C>

=10.75 + 0.26A + 0.85B + 0.014C — 0.35AB + 0.26AC — 0.42BC — 0.96A% + 2.12B> — 0.32C>
=7.62 + 0.19A + 0.25B + 0.037C — 0.3A% — 0.62B* — 0.3C>
=2 — 0.15A — 0.29B + 0.02C + 0.014AB 0.16AC + 0.057BC + 0.29A% + 0.22B? + 0.03C?
=63.87 + 0.93A — 1.17B — 0.68C — 0.35AB + 0.73AC + 0.53BC + 1.04A% + 1.71B* + C?

= 1.63 + 0.094A + 0.061B + 0.025C + 0.016AB — 0.14AC + 0.43A% + 0.18B> — 0.64C>
=11.62 — 0.47A + 0.24B + 0.96C + 0.36AB — 0.52AC — 0.2BC — 0.8A% — 0.59B> — 1.51C>
=15.48 — 1.04A + 1.12B + 1.06C + 0.48AB — 0.88AC — 0.57BC — 1.30A% — 1.77B* — 1.63C>
=281.6 — 29.56A + 23.81B — 16.71C
Y =0.53 — 0.16A — 0.15B

content. Additionally, for the solubility index, the signifi-
cant terms of the model included the first and second-order
effects of the moisture content and the screw speed, the
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second-order effect of the temperature as well as the screw
speed—feed moisture and screw speed—temperature inter-

actions (Tables 2, 3).
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WAI ranged from 4.33 to 7.82 (g/g) for all of the
extruded samples. On the other hand, it was 5.02 (g/g) for
the control. Moreover, in this study, the solubility index
varied from 6.2 and 10.95 g/100 g, which was increased up
to 5.45% compared to the control. Figure la shows the
interactive effect of screw speed and feed moisture at a
constant temperature of 85 °C on WAI. Accordingly, with
increasing the screw speed up to 180 rpm and feed mois-
ture up to 40%, WAI increased. An increase in the specific
mechanical energy due to the increase in the screw speed
may have caused the fiber structure to be more unfolded by
releasing free hydroxyl groups from cellulose and
increasing the ability to bind with water (Huang and Ma
2016). In addition, the examined soy hull contained about
14% protein. Protein compounds increase water absorption
owing to their hydrophilic nature. Denaturation of proteins
during extrusion increases the availability of the polar
groups of amino acids, enhances their hydrophilicity, and
consequently increases the water absorption capacity.
(Altan et al. 2009).

WSI is often used as an index for the degradation of
molecular components, indicating the amount of soluble
polysaccharides released from fiber components during
extrusion. It largely depends on the amount of solvent. An
increase in screw speed, by increasing the shear force, will
give rise to the amount of soluble dietary fiber, thus, raising
the solubility index.

awelling

7 0.0
“o 8. sorew speed

me E28
B: screw spaed £ A hum idity

19000736 00

L

Fig. 1 The simultaneous effect of two variables of screw speed and
moisture content at a constant temperature of 85 °C on water
absorption index (WAI) (a), swelling capacity (b), oil absorption

The higher water absorption capacity and solubility
index of the extruded soy hull than those of the control
showed the great potential of this soy hull to produce the
products that need to be hydrated and freshly preserved,
such as bakery products and frozen foods (Huang and Ma
2016).

The volume of water that is trapped by a certain amount
of fiber is called swelling. Changes in how the dietary fiber
interacts with water after the extrusion can be observed by
measuring the swelling index. Cellulose molecules, due to
their particular structure, do not disperse in the final dis-
persion, i.e., they swell, but do not dissolve (Thebaudin
et al. 1997). Therefore, amorphous cellulose and the cre-
ation of void spaces in the lingo-cellulosic network can
likely increase the penetration of water and consequently
enhance the swelling.

The significant terms of the model included the linear
effects of feed moisture and screw speed in addition to the
quadratic expression of temperature (Tables 2, 3).

As a lingo-cellulosic compound, the soybean hull has a
low water holding capacity. The presence of lignin and
hemicellulose prevents the diffusion of water from the
internal structure of the soybean hull. The crystalline
structure of cellulose is also effective. The amount of
swelling in the extruded soy hulls ranges from 6.3 to
7.8 mL/g, while the swelling rate in the control sample was
5.12 mL/g. The interactive effect of feed moisture and

50.0035.00

delta E

index (OAI) (c), lightness (d), and the simultaneous effect of two
variables of temperature and moisture content at a constant screw
speed of 180 rpm on AE (e)
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screw speed at a constant temperature of 85 °C (Fig. 1b)
shows that with a rise in the feed moisture and screw speed,
the amount of swelling initially increased and then slightly
decreased.

Extrusion, due to the simultaneous application of high
temperature and shear force, leads to a change in the three-
dimensional fiber structure, an increase in the amount of
soluble dietary fiber, in particular, pseudo-pectin polysac-
charides and a decrease in the degree of crystallization of
cellulose in the product. It also affects the structure of the
fiber and considerably elevates the amount of the enclosed
water within the porous fiber structure by raising the
number of short-chain soluble molecules (Huang and Ma
2016).

Contrary to the results of this study, a reduction was
reported in the swelling index of the extruded sugar beet
pulp. It was due to the weakening of the cell wall structure
with an increase in the extrusion intensity at temperatures
and screw speeds of more than 150 °C and 150 rpm,
respectively (Ralet et al. 1991).

Oil absorption index (OAI)

OALI can be used as an index of the hydrophobicity of an
extruded product. Significant terms for OAI included the
independent effect of the first and second-order terms of
feed moisture, screw speed, the second-order of tempera-
ture, and all of the interactive effects. With increasing the
feed moisture and screw speed at a constant temperature
(Fig. 1c), OALI first decreased and then increased. At the
same time, the OAI of the extruded soy hulls was less than
that of the control. OAI varied from 1.11 to 3.9 g/g in the
extruded samples, while this value was calculated 3.18 (g/
g) for the control. The presence of hydrophilic groups in
the extruded hulls, which increase WAI, can be a reason
behind the reduction in their OAL

OALI is related to the chemical composition of herbal
polysaccharides and is impacted by the total charge den-
sity, surface properties, in addition to the hydrophobic
nature of the fiber particles. Significant decreases in the
OAI of the extruded soy hulls might be owing to the
smaller number of the lipophilic sites which are released
during extrusion (Huang and Ma 2016). On the other hand,
unlike these results, an increase has been reported in the
OAI of the extruded soybean residue compared to the
control sample (Jing and Chi 2013).

@ Springer

Effects of independent variables on SME, physical
and anti-nutritional properties of extruded soy hulls

SME

SME is used to determine the amount of the consumed
energy (work) and the overall effects of temperature, feed
moisture, and screw speed during the process. This
parameter is also considered to quantify the energy coef-
ficient as well as the costs of the process. (Chen et al.
2014).

According to the ANOVA results, the linear model had
a significant effect (P < 0.0001) on the response, demon-
strating the selected model properly fitted the analyzed
data. The significant terms of the model included the linear
effects of feed moisture, screw speed, and temperature
(Table 3).

Based on the results, as the feed moisture and the pro-
cess temperature increased, the mechanical energy of the
extruded soy hull significantly decreased. Higher moisture
leads to softening the lingo-cellulosic compound and so
dues to lower torque requirement during extrusion there-
fore, SME is reduced. Furthermore, a rise in the feed
moisture can reduce the average residence time of the feed
in the extruder, thus decreasing the conversion ratio of the
extruder mechanical energy to heat. The reduction in SME
with an increase in the feed moisture can also be brought
about by the reduced friction in the apparatus (Jafari et al.
2017; Gulati et al. 2016; Yoo et al. 2012).A rise in the
screw speed led to higher shear forces, resulting in a higher
SME (Singh and Muthukumarappan 2015).

Color

The proposed statistical model for L *, a *, b * and AE was
the quadratic polynomial model (P < 0.0001). The signif-
icant expressions for all the parameters are shown in
Table 2. The results showed that by reducing the temper-
ature and raising the feed moisture, the lightness of the
samples rose, whereas the color difference and a * (red-
ness) were lowered. This is likely due to the decrease in the
feed residence time in the extruder, leading to a shorter
residence time required for non-enzymatic browning (Ja-
fari et al. 2017). Other researchers have realized that
reduction decreased in the lightness of the extruded rice
flour was because of the various competing effects of the
feed ingredients at low feed moisture contents (Hageni-
mana et al. 2006).

In the case of soy hull, the accessibility of lysine, the
most active amino acid in Millard reactions, decreased at
higher moisture contents. Consequently, browning also
decreased, and the L* of the extruded samples was ele-
vated. In contrast, as the temperature rose and the feed
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moisture was lowered at a constant screw speed (180 rpm),
L* decreased and AE and a * (redness) were raised. Pig-
ments oxidation can influence the color by forming brown
pigments. The development of brown color reduced L*,
while increased a * (redness) and b * (yellowness) (Jafari
et al. 2017).

In this study, decreasing the feed moisture and elevating
the screw speed at a constant temperature of 85 °C,
increased b* (Fig. 1d, e). Therefore, the extruded soy hulls
had a lower lightness and a higher redness and yellowness
as compared with the control. Similar results have been
reported for extruded sorghum and proso millet (Jafari
et al. 2017; Gulati et al. 2016). The results also revealed
that there was a strong correlation between the SME and
color of the extruded soy hulls. An increase in SME caused
a reduction in the L*and an increase in the (a*) of the
extruded samples. Seemingly, the increase in SME posi-
tively affected the Maillard reaction. With a rise in SME, a
larger amount of heat was produced due to friction,
increasing in the Maillard reaction intensity (Jafari et al.
2017).

Condensed tannin

The linear model was the proposed statistical model to
explain the reduction in the anti-nutritional composition of
tannin (P < 0.0001). Significant expressions of the model
included the independent effects of the first-order terms
containing feed moisture and screw speed, but the tem-
perature did not show a significant effect (Table 3).

The amount of tannin in the extruded soy hulls varied
from 0.81 to 0.28(mg GA/g dry matter), while this amount
was equal to 0.976 (mg GA/g dry matter) in the control.
The largest amount of tannin reduction occurred in the
treatment with maximum feed moisture (45%) and maxi-
mum screw speed (200 rpm) at 85 °C. Degradation of
these molecules, as well as the alterations of their chemical
reactivity or the development of insoluble complexes,
could explain the significant reduction in the anti-nutrients
during extrusion (Rathod and Annapure, 2016).

Trypsin inhibitor activity

Trypsin inhibitor activity is similar to that of urease and
can be deactivated at high temperatures and screw speeds.
The urease activity index is between 0-0.2 in well-pro-
cessed soybeans and the values of more than 0.2 can be
problematic in terms of nutritional aspects. The urease
activity index of the control was about 0.21, while it was
equal to zero or maximally 0.002 in all the extruded
samples, indicating that no trypsin inhibitor activity was
present in them. The shear stress and high mechanical
pressure along with the high temperature in the extruder

caused the elimination of the two disulfide bonds in the
structure of the serum protease and consequently disabled
it (Vagadia et al. 2017).

FTIR spectroscopy

Extrusion neither eliminated nor created a new functional
group in the extruded samples. However, due to the change
and dissociation of some of the links, slight changes
occurred in the absorbance regions. All of the spectra had a
broad OH stretch band near 3400 cmfl, whose peak
wavenumber was increased by extrusion. (3408 cm™' in
control, up to 3429 cm™' in the extruded samples).
Hydrogen bonds in the cellulose moiety of the soy hull
were modified by a physical process (extrusion) and the
absorbance of O-H stretching vibration was shifted to
higher wavenumbers. The largest increase was observed
for the samples with the maximum moisture content (45%)
and the minimum screw speed (160 rpm) (Fig. 2). In this
regard, it has been shown that chemical processes with
sodium hydroxide and carbon dioxide on cellulose caused
an increase in the peak of O-H stretching vibration (Oh
et al. 2005). A small peak in the range of 3000-3011 cm ™"
was recorded in all the spectra, which is related to the
stretching  vibrations of wunsaturated hydrocarbons
(HC=CH) or the (C—H) bond in lipid molecules (Tan et al.
2014). This effect may be due to the presence of low levels
of lipid in the soybean hull.

The absorbance bands recorded at 2926 and 2855 cm ™'
indicate the existence of -CH stretching symmetric and
CH, stretching asymmetric bands, respectively, corre-
sponding to methyl and methylene groups. This suggests
the presence of polysaccharide compounds (Yan et al.
2015).

The region of 1736-1744 cm™" in the extruded samples
and 1744 cm™" in control can be associated with the
esterified or free carboxyl groups of pectin in the soybean
hull (Sessa 2003).

The absorbance bands recorded at 1640 cm™ in the
control and 1637-1649 cm™' in the extruded samples
represent the amide I (majorly C=0 vibrations). In some of
the spectra, two bands of 1540 and 1544 cm™! are related
to amide II bands (mainly NH bending vibrations) (Jafari
et al. 2017). The absorbance bands of 1443 cm~ ! in the
control and 1437-1431 cm™" in the extruded samples are
attributed to the (C—H) bending vibration evoked by —CH,—
bonds (Yan et al. 2015). The peaks at 1248—-1380 cm™ ! are
due to H-C-O stretching vibrations (Oh et al. 2005). The
region between 1059-1151 cm™' in all of the spectra
represents the C—O stretch of aliphatic ether groups (C—O—
C) and the acid functional groups in the C—O—C ring (Yan
et al. 2015).

1
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Fig. 2 FTIR spectra of some of the extruded soy hulls and the control

Absorbance at 902 cm™" in the spectrum of the control,
which was shifted in most of the extruded samples to
898-894 cm™', suggests the absorbing B (1-4) glycoside
linkage in the structure of the dietary fiber present in soy
hull (Oh et al. 2005). The absorbance band at 800 cm™' in
the range of 602-619 cm™' can be attributed to the C—-O-C
stretch of the pyranose ring in the cellulose units, other
carbohydrate compounds, and to the presence of aromatic
rings in the soybean hulls (Yan et al. 2015).

Components of the control and extruded soy hull
with the maximum SDF content

There was no significant difference between the amounts of
protein, ash, and total dietary fiber between the extruded
samples and the control (P < 0.05). Nonetheless, the
amount of the soluble and insoluble dietary fiber in the
extruded samples, compared with the control, significantly
increased and decreased respectively (Table 4). Since the
total dietary fiber content did not change in both types of
the hull, the increase in the amount of the soluble fiber was
exactly equivalent to decreasing the amount of the insol-
uble fiber. A small, but significant decrease in the lipid
content of the extruded samples compared with the control,
can be due to the loss of a part of the lipid during extrusion
at the die site. (Especially in the case of soybean and its
products) (Riaz 2000).

@ Springer

Table 4 Components of soybean hull

Ingredients Extruded soy hull with maximum SDF  Control
Protein 14.01 + 0.17 14.25 + 0.23
Lipid 5.58 & 0.03° 5.97 £ 0.03*
Ash 4.16 £ 0.1* 420 £+ 0.1
ISD 55.35 + 0.17° 61.89 + 0.24
SDF 11.66 + 0.23° 4.84 £ 0.01°
TDF 67.01 + 0.23° 66.73 + 0.25

For each row, values followed by different letters indicate significant
differences (P < 0.05)

“The extrusion variables were set at 85 °C, 180 rpm and 40% feed
moisture. Values are expressed as mean =+ standard deviation (n = 3)

Optimization of extrusion conditions

In this research, the aim of optimization was to improve the
functional and nutritional properties of the extruded soy
hull and to improve the energy consumption of the extru-
sion process for use in various food industries.

The settings applied to optimization, including the pro-
cess variables (screw speed, process temperature, and feed
moisture), were considered in the test range.

Nutritional and functional characteristics, including the
amount of the soluble dietary fiber and WAI, were con-
sidered maximum, whereas the amount of tannin anti-nu-
tritional composition and SME were considered minimum.

The optimum conditions included the feed moisture of
42.58%, screw speed of 182.46 rpm and temperature of
87.43 °C. In these conditions, the SDF content was
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11.53%, WAI was 7.77 g/g, the tannin content was 0.428
(mg/g of GA acid per g of dry matter) and the SME was
246.65 w/h/kg.

Conclusion

In this study, optimization of the extrusion process and the
effects of its variables [Feed moisture (35-45%), screw
speed (160-200 rpm), and temperature (75-95 °C)] were
investigated on the structural, nutritional, and functional
properties of soybean hull by response surface methodol-
ogy and Box- Behenken design. Based on optimization
analysis, the maximum soluble dietary fiber content
(11.53%) and water absorption index (7.77 g/g) in addition
to the minimum specific mechanical energy (246.65 w/h/
kg) and anti-nutritional composition of tannin (0.428 mg/g
of GA acid per g of dry matter) were obtained at a feed
moisture content of 42.58%, screw speed of 182.46 rpm,
and temperature of 87.43 °C. Also, there was a maximum
increase in the swelling (7.8 mL/g vs. 5.12 mL/g) and
solubility (10.79 g/g vs. 5.5 g/g) indices through the
extrusion process compared to the control. It should be
mentioned although, the oil absorption index and lightness
were reduced in comparison with the control, optimization
of the extrusion variables generally improved the nutri-
tional and functional properties of the soybean hull as a
rich source of dietary fiber and soy hull was potentially
promoted for being used in various food industries.
Moreover, reducing the anti-nutritional factors of tannin
and trypsin inhibitor can enhance its health effects as a
fiber supplement in various foods.
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