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The effective processing method to produce fermentable sugars and modify the microstructure of black soybean
okara using bio-ionic liquid (bio-IL) pretreatment and ultrasound-promoted enzymatic hydrolysis was investigated. The
morphology and structural characteristics of okara before and after bio-IL pretreatment and enzymatic hydrolysis under
different ultrasonic frequencies were analyzed by field emission scanning electron microscope (FE-SEM), X-ray energy
dispersive spectrometer (EDS), and Fourier transform infrared spectroscopy (FTIR). Without pretreatment, the pro-
duction of total reducing sugar (TRS) under ultrasound (40 kHz/300 W) was 3.4 times of that without ultrasound. Using
the bio-IL choline acetate ([Ch][OAc]) in water for the pretreatment of black soybean okara, the TRS production of
enzymatic hydrolysis was further increased to 5.2 times of that without ultrasound in 4 h of reaction. The analysis by
FTIR and EDS showed that the highly structured matrix of okara was unfolded and broken by the action of combining
ultrasound and choline acetate pretreatment, due to which the surface structures with large pores were presented to
facilitate the reduction of unfavorable hindrance for enzymatic hydrolysis. The simplified kinetic model was proposed to
describe the transport and reaction phenomena of enzymes in a solideliquid system by using two kinetic parameters to
show the impeded behavior of enzyme within the matrix of okara. The combination of bio-IL pretreatment and
ultrasound-promoted enzymatic hydrolysis was able to make the efficient structural changes of black soybean okara to
enhance the digestion of enzymes, and the okara could be valorized for use in foods.
� 2018, The Society for Biotechnology, Japan. All rights reserved.
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Soybean (Glycine max (L.) Merr.) is rich in nutrients, such as
protein, carbohydrates, fiber, vitamins, minerals, with the structure
interlaced by cellulose, protein and lipid. Black soybean is the
soybean rich in anthocyanins with black seed coat, and is often
used for detoxification and anti-inflammatory in traditional Chi-
nese medicine (1,2). Okara is the side-product in the manufacturing
processes of soymilk or tofu from soybean with the production of
about 1.1e1.2 kg from each kilogram of soybean in the tofu pro-
cesses. Each year, the production of okara by the tofu-
manufacturing industry is about 800,000 tons in Japan, 310,000
tons in Korea, and 2,800,000 tons in China (3).

Generally, okara contains about 15.2e33.4 % of protein,
42.4e58.1 % of dietary fiber, 3.8e5.3 % of carbohydrates, and
3.0e4.5 % of ash inweight, and lacks fermentable carbohydrates for
efficient microbial growth in okara (3). Okara can be directly used
in food in some areas (4), but its consumption is far less than its
production. Most of the okara is often mixed in animal feed, dis-
carded directly (5), used as compost (6), or incinerated (4). As a by-
product in soybean processing, okara contains useful ingredients
that are beneficial to human health and is worth reusing. Various
processing procedures on okara can affect the nutrient composi-
tions and the bioactivity. The valorization of okara depends on the
method of processing, and enzymatic hydrolysis to produce
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fermentable sugars is one way to utilize okara with high added-
values (7,8).

Due to the solid type of okara, the enzymatic hydrolysis is
usually affected by the accessibility of enzyme to the insoluble
substrate, leading to the low reaction rate. In such enzymatic re-
actions in a heterogeneous system, the overall reaction rate is
subjected to several factors, including transport resistances of en-
zymes, adsorption of enzymes on inert sites, and product inhibi-
tion, causing the effective enzymes quickly diminished to decline
the reaction rate dramatically (9e11). The accessibility of enzymes
into solid substrates is limited by the obstacles hindering the
diffusion of enzymes to reach the reaction sites of substrates. Ul-
trasonic irradiation as a non-thermal green technology has attrac-
ted increasing attention in food processing, such as extraction,
microbial fermentation, emulsification, filtration, and tenderization
(12,13). Ultrasonic irradiation can generate cavities in liquid phase
by violent collapse of bubbles and local hotspots to promote
chemical reactions (14e16), such that it can be employed to pro-
mote the transport and reaction of enzymes within the network
structure of solid substrate.

Moreover, the pretreatment on the substrate using appropriate
compounds can usually improve the accessibility of enzymes at the
reaction site. The ILs are considered to be a green solvent having
been widely applied in separation, catalysis, biotechnology, coat-
ings and nanomaterials (17,18). However, the ILs used in biotech-
nology are somewhat limited by the considerations of toxicological,
ecological and economic constraints (19). The new generation of ILs
All rights reserved.
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that are derived from naturally occurring bases (e.g., choline) and
acids (e.g., amino acids) is regarded as bio-ILs, among which the
choline based ILs are classified as bio-distributed molecules having
many biological functions (20) and present the potential applica-
tion in biotechnology.

The okara contains proteins, dietary fiber and valuable com-
pounds for reuse; however, the high content of fibers in okara and
unsavory texture for eating have made it difficult to be used (21).
Besides, the highly structured fibers also make the digestion of
okara very difficult when using enzymes for a very long reaction
time (21). Thus, the modification of okara structure is advantageous
to valorize the use of okara in foods. An efficient processing method
at mild conditions to modify the microstructure and reduce the
content of fibers accompanying with the production of fermentable
sugars would be beneficial for the utilization of okara. In addition,
the use of IL with good biocompatibility is essential when applied
in the biomaterials relating to the food use. Choline, as an additive
in human nutrition and animal feed, is expected to be biodegrad-
able with non-toxicity, and [Ch][OAc] is a choline-derived IL
showing the property of dissolving some extents of microcrystal-
line cellulose (22,23). Thus, [Ch][OAc] as a bio-IL is suitable to be
used for the pretreatment of biomaterials. In this study, the aimwas
to develop the effective method to produce reducing sugars and
modify the highly structured matrix of black soybean okara by
using bio-IL [Ch][OAc] pretreatment under sonication and
ultrasound-promoted enzymatic hydrolysis with cellulase. The
structure changes and characterization of okara before and after
bio-IL pretreatment as well as enzymatic hydrolysis with or
without ultrasound were analyzed. A simplified kinetic model for
this solideliquid systemwas proposed by considering the impeded
behavior of enzymes within the network structure of okara using
two kinetic parameters to describe the enzymatic hydrolysis
reaction.
MATERIALS AND METHODS

Materials and ultrasonic systems The okara was prepared from the Tainan
No. 3 black soybean, G. max (L.) Merr., which was purchased from Shia Ying Farmers’
Associations in Tainan County, Taiwan. The enzyme used for hydrolysis was the
cellulase from Trichoderma reesei (EC Number 232-734-4,�700 endoglucanase units
(EGU)/g, from SigmaeAldrich), and the bio-IL used for pretreatment of okara was
[Ch][OAc] (�95.0%, from SigmaeAldrich). Other chemicals were purchased from
Sigma (St. Louis, MO, USA), Merck (Darmstadt, Germany), Avantor (Center Valley,
PA, USA), and Honeywell Fluka (Morris Plains, NJ, USA). The pretreatment and
enzymatic hydrolysis of okara powder were performed in thermostatically
ultrasonic bath systems with 40 kHz/300 W or 120 kHz/300 W of ultrasound
frequency/electric power (LEO-3002S, LEO-3002H, LEO Ultrasonic Co., Taiwan).

Preparation of black soybean okara The fresh black soybeans were rinsed
to clean thoroughly, and subsequently soaked in distilledwater at a ratio of soybeans
to water being 1:6 (w/w) for overnight. After that, the black soybeans were sepa-
rated, drained, and homogenized in distilled water at a ratio 1:10 (w/w) of soaked
soybeans towater for 3 min. The black soymilk was filtrated to leave the fresh okara,
which was then dried at 40 �C for 48 h. The dried okara was ground, screened
through 60-mesh sieves and stored at �18 �C for use.

Component analysis of black soybean and okara The compositions of
black soybeans and black soybean okarawere analyzed for water, ash, crude protein,
crude fat, and dietary fiber (Table S1). The methods used to determine the contents
of water, crude fat, crude protein, and ash were in accordance with Chinese National
Standards with a slight modification (24e27), and the content of dietary fiber was
determined using AOAC Official Methods with a slight modification (28).

Pretreatment of okara with bio-IL choline acetate under
ultrasound Using IL to pretreat biomass can modify the structure of biomass
to get a high efficiency for utilization. For the environmentally friendly concern, the
bio-IL [Ch][OAc] that dissolved in water or acetate buffer solution was employed to
pretreat the okara under ultrasonic irradiation. The acetate buffer solution was
prepared from acetic acid and sodium acetate solutions to make the acetate buffer
solution at pH value of pH 5 � 0.1. The bio-IL solution was prepared by adding 1 g
of [Ch][OAc] into 50 mL of deionized water or acetate buffer solution in a round-
bottom flask, in which 1 g of okara powder was added and treated at 60 �C under
40 kHz/300 W of ultrasound for 3 h. Then, the solid precipitate was obtained by
centrifuging at 3800 rpm for 10 min. After that, the precipitate was washed with
deionized water and centrifuged at 3800 rpm for 10 min, and this step was
repeated at least three times to remove [Ch][OAc] and then freeze-dried to obtain
the bio-IL pretreated okara. The recovery of pretreated okara was estimated using
Eq. 1,

Recovery of pretreated okara ¼ Weight of dried okara after pretreatment
Weight of okara before pretreatment

� 100%

(1)

The results of okara recovery accompanying with the contents of crude protein
and ash were determined for the okara treated at different ultrasonic conditions
(Table S2).

Enzymatic hydrolysis of okara The enzymatic hydrolysis reaction of okara
was conducted at 50 �C using cellulase solution without or with [Ch][OAc] pre-
treatment and ultrasonic irradiation at 40 kHz/300 W or 120 kHz/300 W. The
cellulase solution (1.0 g/mL, � 70 EGU/g) was prepared from 3 g of commercial
cellulase (�700 EGU/g) and 27 g of acetate buffer solution (pH 5 � 0.1). The okara
(100 mg) was mixed with 7-mL of the cellulase solution for enzymatic hydrolysis. At
each sampling time (30, 60, 120, 180, and 240 min), the hydrolysis reaction was
stopped, and the reaction solution was then heated by boiling water for 10 min to
inactivate the enzyme. The reaction solution was centrifuged at 3800 rpm for
10 min to obtain the supernatant for the analysis of total reducing sugar (TRS)
produced. The TRS was determined by using the 3,5-dinitrosalicylic acid (DNS)
method (29) with a spectrophotometer (Hitachi Double-Beam Spectrophotometer
UH5300, Hitachi, Tokyo, Japan). The TRS produced was calculated by Eq. 2:

TRS production ðmg=g� okaraÞ ¼ Weight ðmgÞ of TRS produced
Weight ðgÞ of dry okara

(2)

Analysis of morphological structure and functional groups The
morphological structures of raw and pretreated okara without or with ultrasound
were verified by field emission scanning electron microscope (FE-SEM) (JEOL JSM-
7800F, Japan), and their functional groups were analyzed by Fourier transform
infrared spectroscopy (FTIR) (FT-730, Horiba, Kyoto, Japan) within the wave
number range of 400e4000 cm�1. Elemental analysis of various okara samples
were performed with X-ray energy dispersive spectrometer (EDS). The ash
content of okara sample was analyzed with EDS after carbonizing the sample in a
heating plate at 300 �C for 90 min and then placing it in the ash furnace (PID-96T,
RISEN, Taiwan) at 600 �C for 6 h.

Statistical analysis The experimental data were expressed as mean �
standard deviations from triplicate experiments. Statistical analysis was evaluated
by one-way ANOVA with Duncan’s multiple range test using IBM SPSS Statistics 20,
and the significant difference was determined at p < 0.05.

The kinetic model In the past, several models for heterogeneous system
have been proposed to describe the specific reactions, such as empirical models,
models based on the Langmuir adsorption isotherm and the fractal Michaelis ki-
netics model (30e32). Due to the highly structured matrix of okara, the phenomena
of enzymatic hydrolysis of okara are complex including the transport and reaction of
enzymes within the network structure and the product inhibition, and the access as
well as the adsorption of enzymes could influence the activity of enzymes. However,
a simplified kinetic model that can be used to describe the enzymatic hydrolysis
reactions would be advantageous for the design of the bioreactor. In this
solideliquid system, the enzymes should first diffuse from the liquid medium into
the network structure of solid okara to conduct the reactions. During the
transport processes, the mass-transfer resistance through the internal pores of
okara and the adsorption of active enzymes on the inert materials result in the
decrease of active enzymes. Such effects can be represented by the impeded
reaction of the enzymes using the initial rate and deactivation coefficients. The
hydrolysis reaction schemes using okara as the substrate and TRS as the product are

E þ S%
k1

k�1

ES (3)

ES/
k2 E þ P (4)

E/
kdE IE (5)

where S is okara substrate, E is the active enzymes, ES is the enzymeesubstrate
complex, P is the TRS product, and IE is the inactive enzymes, with k1 and k-1 the
forward and reverse reaction rate coefficients for Eq. 3, k2 the rate constant for Eq. 4
and kdE the deactivation coefficient for Eq. 5. The rate expressions for S, ES, E, and P are

d½S�
dt

¼ �k1½S�½E� þ k�1½ES� (6)
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d½ES�
dt

¼ k1½S�½E� � k�1½ES� � k2½ES� (7)

d½E�
dt

¼ �k1½S�½E� þ k�1½ES� þ k2½ES� � kdE ½E� (8)

d½P�
dt

¼ k2½ES� (9)

During the reaction, the concentration of ES can be assumed at quasi-steady-
state, that is,

d½ES�
dt

¼ k1½S�½E� � k�1½ES� � k2½ES�y0 (10)

Eq. 10 is rearranged to give ½ES� ¼ ½S�½E�=kM with kM ¼ ðk�1 þ k2Þ=k1. The
expression of [ES] is then substituted into Eqs. 8 and 9 to give

d½E�
dt

¼ �kdE ½E� (11)

d½P�
dt

¼ k2
kM

½S�½E� (12)

Eq. 11 is solved for [E] ¼[E0] at t ¼ 0 to give

½E� ¼ ½E0�expð � kdEtÞ (13)

From the material balance of S, ES and P, we have

½S0� ¼ ½S� þ ½ES� þ ½P� (14)

where [S0] is the initial concentration of S. Since [ES] is usually greatly less than the
sum of [S] and [P], Eq. 14 can be simplified to give

½S� ¼ ½S0�ð1� ½P�=½S0�Þ (15)

By defining the yield of TRS as Y ¼ ½P�=½S0� and inserting the expression of [E]/
[E0] from Eq. 13, Eq. 12 becomes

dY
dt

¼ k0ð½E�=½E0�Þð1� YÞ ¼ k0 expð� kdEtÞð1� YÞ (16)

for Y ¼ 0 at t ¼ 0 with k0 ¼ k2½E0�=kMbeing the initial observed rate constant.
Eq. 16 can be solved to get

�lnð1� YÞ ¼ ðk0=kdEÞð1� expð� kdEtÞÞ (17)

The initial rate coefficients k0 and the deactivation coefficient kdE can be
correlated from the plot of �lnð1� YÞ versus hydrolysis time by nonlinear regres-
sion method.

RESULTS AND DISCUSSION

Pretreatment of okara using choline acetate under
ultrasound The components of Tainan No. 3 black soybean and
raw okara were analyzed and compared for the contents of water,
ash, crude protein, crude fat, and dietary fiber (Table S1). The raw
okara (denoted as RBO) had the lower contents of crude protein
(22.58 � 0.08 %) and ash (3.57 � 0.10 %) and higher contents of
soluble fiber (3.57 � 0.39 %) and non-soluble fiber (59.75 � 1.68 %)
than those black soybeans had, indicating that the okara could be a
favorable source of dietary fiber supplement in food. For unfolding
the highly structured fibers, the RBO powder was pretreated using
[Ch][OAc], which was dissolved in water or acetate buffer solution,
under ultrasound (40 kHz/300 W or 120 kHz/300 W) at 60 �C for
180 min. After pretreatment, the pretreated okara was recovered as
precipitate and denoted as CABO40 and CABO120 for cases of RBO
treated with [Ch][OAc] in acetate buffer solution under 40 kHz and
120 kHz of ultrasound, and CWBO40 and CWBO120 for cases of
RBO treated with [Ch][OAc] in water under 40 kHz and 120 kHz of
ultrasound, respectively.

The ratios of recovered okara and their crude protein and ash
contents were measured for the okara after various pretreatment
conditions (Table S2). The ratios of the recovered okara were 67 %
for CWBO40, 78 % for CWBO120, 79 % for CABO40, and 79 % for
CABO120, and the order of crude protein content was RBO (22.58 %)
> CABO40 (20.73 %) z CABO120 (20.52 %) > CWBO120 (18.89 %) >
CWBO40 (17.10 %). This indicated that the most efficient pretreat-
ment was CWBO40 with the significant reduction of crude protein
to eliminate the interference for hydrolysis, but still retained a
favorable protein content for use. Comparing the results of
CWBO40 and CABO40, it also showed that the type of solvent used
to prepare the [Ch][OAc] solution much affected the efficiency of
pretreatment. This effect could be attributed to common-ion effect
in the solution with the same acetate ion for [Ch][OAc] and acetate
buffer solution. Concerning the effect of ultrasound in [Ch][OAc]
pretreatment, the ultrasonic frequency had a significant effect for
CWBO40 and CWBO120, but with insignificant effect for CABO40
and CABO120, displaying that the frequency 40 kHz was more
intense than 120 kHz when the effective [Ch][OAc] aqueous solu-
tion was employed.

Effects of pretreatment and hydrolysis on the structure of
okara Fig. 1 is the FE-SEM images showing the surface
morphology of okara before and after pretreatment and
hydrolysis with or without ultrasound. As shown in Fig. 1A, the
morphology of RBO was the irregular block structure with rugged
wave-like surface, making it difficult for enzymes to access and
utilize the inner components of okara. After [Ch][OAc]
pretreatment, the morphology of CWBO40 (Fig. 1B) showed that
the original structure was unfolded and cracked into small pieces
with many larger pores, facilitating the transport of enzymes into
the network structure to reach the reaction sites more easily. The
surface structure of RBO in 4 h of enzymatic hydrolysis using
shaking at 120 rpm displayed that the original rugged wave-like
surface of RBO was disappeared to become smooth outer surface
after hydrolysis, as shown in Fig. 1C. This indicated that the
enzymatic digestion mainly occurred around the outer region of
RBO so as to smooth the reacted zone. Furthermore, the internal
microstructure seemed not to be destroyed, and the transport of
enzymes into the inner surface would be hindered. Fig. 1D shows
the image of RBO in 4 h of enzymatic hydrolysis with ultrasound
at 120 kHz. The microstructure of okara was crumbled and
cracked with a relatively rough surface, when using 120 kHz of
ultrasound to assist the hydrolysis reaction. With a much intense
ultrasonic frequency 40 kHz for the hydrolysis of RBO, the
seriously crumbled, cracked, and punched surface structure was
observed, as shown in Fig. 1E. This exhibited that the contact area
and space between enzymes and okara substrate was increased
by ultrasonic irradiation. As shown in Fig. 1F, the network
structure of okara had been greatly destroyed and eroded when
using CWBO40 as the substrate after 4 h of hydrolysis reaction
under 40 kHz of ultrasound, making internal surface area of okara
largely exposed to reduce the mass-transfer resistance and
enhance the hydrolysis efficiency.

The results of elemental analysis using EDS are shown in Table 1.
It displayed that the pretreatment of okara by [Ch][OAc] was able to
reduce the C/O mass ratio from 1.23 for RBO to 0.91 for CWBO40,
0.98 for CABO40, 0.98 for hydrolysis of CWBO40, and 0.98 for hy-
drolysis of CABO40. The approaching of C/Omass ratio to 0.9, which
was the C/O mass ratio of cellulose, implied that the ratio of cel-
lulose in the structure after pretreatment was enhanced. The EDS
analysis demonstrated the effectiveness of bio-IL pretreatment on
the modification of okara structure.

The FTIR analysis The functional groups before and after
different pretreatment conditions for RBO, CWBO40, CWBO120,
CABO40, and CABO120 were analyzed by FTIR. The results are
shown in Fig. 2A. The spectral profiles of these materials at bands of
897, 1400, 1641, 1745, 2855, 2926, and 3436 cm�1 were rather
similar but with various intensities, indicating that the
pretreatment of okara with [Ch][OAc] either in acetate buffer
solution or in water under ultrasound at 40 kHz or 120 kHz



FIG. 1. FE-SEM images for okara before and after pretreatment and hydrolysis with or without ultrasound: (A) RBO; (B) CWBO40; (C) RBO after 4-h hydrolysis with shaking at
120 rpm; (D) RBO after 4-h hydrolysis with ultrasound at 120 kHz; (E) RBO after 4-h hydrolysis with ultrasound at 40 kHz; (F) CWBO40 after 4-h hydrolysis with ultrasound at
40 kHz. Scale bar: (A) 10 mm; (B) 10 mm; (C) 10 mm; (D) 10 mm; (E) 10 mm; (F) 10 mm.
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TABLE 1. Elemental analysis of untreated and pretreated okara using EDS before
and after 4 h of hydrolysis with or without ultrasound.

Sample Hydrolysis conditions C/O mass ratio Element (%)a

C O

RBO e 1.23 55.15 44.85
CWBO40 e 0.91 47.76 52.24
CABO40 e 0.98 49.51 50.49
CWBO120 e 1.11 52.68 47.32
CABO120 e 1.21 54.40 44.97
RBO Shaking, 120 rpm 1.31 56.80 43.20
RBO Ultrasound, 40 kHz 1.17 47.22 40.28
RBO Ultrasound, 120 kHz 1.42 53.35 37.70
CWBO40 Ultrasound, 40 kHz 0.98 46.14 47.27
CABO40 Ultrasound, 40 kHz 0.98 47.11 47.99

a Elements weight percentages were analyzed in selected sample area.
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resulted in different degrees of structural changes but still having
the similar functional groups. The broad bands of
3000e3650 cm�1 are O-H stretching of hydrogen attached to
hydroxyl group (33). The band around 3436 cm�1 for CWBO40
was the most intensified among the tested samples, showing the
largest ratio of O-H linkages enriched and exposed in the
FIG. 2. FTIR spectra of okara: (A) with or without choline acetate pretreatment under
different ultrasonic frequencies: a, RBO; b, CABO40; c, CABO120; d, CWBO40; e,
CWBO120; (B) after 4 h of enzymatic hydrolysis: a, RBO with shaking at 120 rpm; b,
RBO with ultrasound at 40 kHz; c, RBO with ultrasound at 120 kHz; d, CWBO40 with
ultrasound at 40 kHz; e, CABO40 with ultrasound at 40 kHz.
structure. The bands 2926 cm�1 and 2855 cm�1 were C-H
stretching vibrations (34,35), and had the similar intensity for
CWBO40, CWBO120, CABO40, and CABO120. The bands around
1745 cm�1 are the C]O stretching vibrations, including
carboxylic acid or its ester (35). The intensities of bands around
1745 cm�1 for the pretreated okara were all slightly stronger than
that for RBO, indicating the increase of carboxyl, ester and non-
conjugated keto groups for pretreated okara. The bands around
1641 cm�1, which were considered as peaks produced by
conjugated carbonyl groups with double bonds, were similarly
intensified for the tested samples. The bands around 1400 cm�1

are C-H stretching (34). The weak 1400 cm�1 band for CWBO40
was slightly stronger than that for others. The bands around
896 cm�1, which were assigned to b-glycosides linkages between
glucose in cellulose (33,36), were more intensified for CWBO40,
CWBO120, CABO40, and CABO120 than that for RBO, showing the
increase of available surface exposed.

The functional groups for RBO, CWBO40 and CABO40 in 4 h of
enzymatic hydrolysis were analyzed, as shown in Fig. 2B. It was
found that the intensities of bands around 3436 cm�1, 1765 cm�1,
1641 cm�1, 1400 cm�1, and 896 cm�1 for hydrolysis of RBO using
shaking at 120 rpm (denoted as RBO-120R) were all significantly
weaker than those for other samples, showing that the surface
structure of RBO-120R was not opened up after hydrolysis. The
result was consistent with the observation from FE-SEM image
shown in Fig.1C. The bands around 1745 cm�1 and 896 cm�1, which
were C]O stretching vibrations and b-glycosides linkages, showed
more intensified for hydrolysis of CWBO40 with ultrasound at
40 kHz and CABO40 with ultrasound at 40 kHz than those for RBO
with ultrasound at 40 kHz and 120 kHz. This implied that the
valuable compounds having the functional groups of C]O or b-
glycosides linkages from CWBO40 and CABO40 were enriched and
exposed for use after enzymatic hydrolysis.

TRS production by enzymatic hydrolysis The enzymatic
hydrolysis of okara (100 mg) to produce TRS with or without ul-
trasound and [Ch][OAc] pretreatment was performed using RBO,
CABO40 and CWBO40 as the substrate at 50 �C for different reaction
periods. Fig. 3A shows the comparison of TRS production of RBO
hydrolysis using shaking at 120 rpm (denoted as RBO-120R) or
ultrasound at 40 kHz (denoted as RBO-40KH) and 120 kHz
(denoted as RBO-120KH). In 30 min of hydrolysis time, the
difference in TRS productions between RBO-120R, RBO-40KH and
RBO-120KH was insignificant. As the reactions proceeded over
60 min, the TRS production for RBO-40KH was significantly
higher than those for RBO-120R and RBO-120KH. In 4 h of
hydrolysis, the TRS production for RBO-40KH reached to 110.27 �
5.44 mg/g-okara, which was 3.4 times of that for RBO-120R
(32.18 � 0.91 mg/g-okara) and greatly higher than 46.19 �
2.51 mg/g-okara for RBO-120KH. The results confirmed the
higher intensity of ultrasound at 40 kHz promoting the transport
of enzyme into the network structure of RBO with greater
efficiency, and consisted with the observation from FE-SEM
images, EDS and FTIR analysis.

Fig. 3B displays the TRS productions for enzymatic hydrolysis
under ultrasound at 40 kHz using the substrates RBO, CABO40, and
CWBO40, and the substrates with the hydrolysis condition were
denoted as RBO-40KH, CABO40-40KH, and CWBO40-40KH,
respectively. In 30 min of reaction period, the TRS production for
CWBO40-40KH was much higher than those for RBO-40KH and
CABO40-40KH. However, in 4 h of hydrolysis time, the difference in
TRS production for CABO40-40KH and CWBO40-40KH was statis-
tically insignificant with TRS production of 162.38 � 7.55 mg/g-
okara for CABO40-40KH and 169.31 � 14.99 mg/g-okara for
CWBO40-40KH. These results were also consistent with the FTIR
analysis in Fig. 2B. By the combination of [Ch][OAc] pretreatment



FIG. 3. Dependence of TRS production on hydrolysis time: (A) effect of ultrasonic fre-
quency and shaking; (B) effect of choline acetate pretreatment. Data were expressed as
mean � standard deviations from triplicate experiments. Different superscript letters
at the same group were significantly different (p < 0.05) by Duncan’s test.

FIG. 4. Plot of eln (1-Y) vs. hydrolysis time for the correlation of rate coefficients using
100-mg substrate. Symbols, experimental data; lines, model results.

TABLE 2. Correlated initial rate coefficient k0 and deactivation coefficient kdE for
enzymatic hydrolysis using 100-mg untreated or pretreated okara as the substrate.

Substrate with hydrolysis
conditions

103k0
(min�1)a

102kdE
(min�1)a

R-square of
correlation

RBO-120R 0.561 1.77 0.9648
RBO-120KH 0.380 0.59 0.9796
RBO-40KH 0.854 0.47 0.9797
CABO40-40KH 2.324 1.30 0.9821
CWBO40-40KH 3.688 1.93 0.9729

a The values of k0 and kdE were correlated from experimental data using Eq. 17.
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and ultrasound, the TRS production for CWBO40-40KH was about
5.2 times of that for RBO-120R.

Kinetic model for the enzymatic hydrolysis The kinetics for
enzymatic hydrolysis under different hydrolysis conditions were
analyzed using 100-mg untreated (RBO) or pretreated (CABO,
CWBO) okara as the substrate. The TRS yields (Y, g-TRS/g-okara)
were estimated from the TRS production at the reaction periods
for each hydrolysis condition (Table S3). The initial rate
coefficient k0 and deactivation coefficient kdE were correlated
from experimental data using Eq. 17. The plots of �lnð1� YÞ
versus hydrolysis time for cases of RBO-120R, RBO-120KH, RBO-
40KH, CABO40-40KH, and CWBO40-40KH are shown in Fig. 4. It
was found that the satisfactory result was obtained for each case
with the R-square of correlation greater than 0.96 (Table 2),
demonstrating that the proposed kinetic model was successfully
used to describe the enzymatic hydrolysis of this black soybean
okara system.

The correlated initial rate coefficient k0 and deactivation coef-
ficient kdE are displayed in Table 2. The order of k0 (min�1) were
CWBO40-40KH> CABO40-40KH> RBO-40KH> RBO-120R> RBO-
120KH. It showed that the initial rate coefficient of CWBO40-40KH
was 6.56 times of that of RBO-120R, revealing the great enhance-
ment of enzyme transport by bio-IL pretreatment. Besides, the
largest impeded effect of enzyme was also presented for CWBO40-
40KH with kdE being 0.0193 min�1. This implied that the impeded
effect of enzyme from product inhibition was significant for the
larger reaction rate. However, the high impeded effect for RBO-
120R with 0.0177 min�1 of kdE value was resulted from the limi-
tation of enzyme transport that was obstructed by the highly
structured network in the untreated okara.
Conclusion An effective method using bio-ionic
pretreatment and ultrasound to promote the hydrolysis
reaction of black soybean okara with cellulase was developed.
The structure and the functional groups of untreated and
pretreated okara were analyzed to verify the effect of
pretreatment using choline acetate and ultrasound. The
simplified kinetic model based on impeded reaction of enzymes
was successfully applied to correlate the experimental data, and
good fits of experimental data with the simulated values were
obtained. The initial rate of reaction with ultrasound was higher
than that without ultrasound. The kinetic model has the
features of using limited kinetic parameters to describe the
complex phenomena of deactivation behaviors of enzymes in a
heterogeneous system. In summary, the utilization of black
soybean okara can be effectively valorized by choline acetate
pretreatment and enzymatic hydrolysis under ultrasound to
produce fermentable sugars and modify the microstructural
texture, so that the nutrients and digestion of okara can be
enhanced for use in foods. The promising methodology
developed in this study using the combination of non-toxic and
biodegradable compound (choline acetate) and green
technology (ultrasound) is not only friendly to the environment,
but also advantageous to the simplification of the subsequent
processing for the valorization of black soybean okara.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2018.12.007.
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