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Abstract

In this study, we proposed a simple and effective sodium perborate (SPB) pretreatment method to enhance the enzymatic
hydrolysis efficiency of rice straw (RS). The lignin removal rate reached 45.76% under the optimum pretreatment conditions
0f 8% SPB and 80 °C for 4 h, and the enzymatic hydrolysis efficiency of pretreated RS was 84% at a cellulase loading of 20 FPU/
g RS. Through simultaneous saccharification and co-fermentation (SScF) of the pretreated RS solid with Saccharomyces
cerevisiae SHY07-1, the maximum ethanol concentration was 15.29 g/L at 72 h, with a fermentation efficiency as high as
91.96%. Scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR)
analyses revealed that the RS structure was destroyed by SPB pretreatment, and lignin was effectively removed. The overall data
of this study indicate that SPB pretreatment is a promising method to improve enzymatic hydrolysis and bioethanol production
from RS by inoculating Saccharomyces cerevisiae SHYO07-1.

Keywords Sodium perborate (SPB) - Ricestraw (RS) - Enzymatic hydrolysis - Simultaneous saccharification and co-fermentation
(SScF) - Ethanol

1 Introduction

Increasing global energy consumption like oil not only leads
to the rapid depletion of non-renewable energy sources but
also global warming, melting polar glaciers, rising sea levels,
and other environmental problems, which are considered the
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main challenges to the sustainable development of human
society [1-3]. To address these challenges, we need to develop
new green renewable energies, such as bioethanol, biodiesel,
and other biomass fuels to replace fossil fuels [4]. The first
generation of bioethanol is produced from corn, wheat, and
other food crops, leading to the consumption of large amount
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of agricultural products and the competition with people for
grain, which has a negative effect on the large-scale produc-
tion of the first-generation bioethanol [5]. Comparatively, lig-
nocellulose biomass is a cheap and abundant renewable green
resource on earth, which, according to the source, can be di-
vided into four categories: forest, agricultural, horticultural,
and food industry residues [6]. Therefore, the utilization of
waste biomass rich in lignocellulose to produce fuel ethanol,
known as the second generation of bioethanol, has become a
research hotspot in the field [7-9].

Rice straw (RS) is one of the most abundant agricultural
lignocellulosic wastes in the world, with a production of about
731-900 million tons every year on the earth [10]. However,
only a small amount of RS is used for animal feed or farm
manure, while most is discarded or burned directly, causing
serious environmental pollution [11-13]. RS is mainly com-
posed of cellulose, hemicellulose, and lignin. Cellulose and
hemicellulose are polysaccharides available in plant cell walls
and can be converted into biofuel through bioconversion [14].
Lignin and hemicellulose form a strong binding layer, which
tightly surrounds the cellulose and hinders the contact be-
tween cellulose and cellulase [15]. Therefore, direct biocon-
version of RS to biofuels is inefficient due to the presence of
lignin, which needs to be removed first through pretreatment
to disrupt its lignocellulosic structure, increase the surface
area, and enhance the enzymatic and microbial attack of cel-
lulose and/or hemicellulose in the hydrolysis process [16, 17].

Sodium perborate (SPB) is widely used in the dental
industry, pulp bleaching, and detergent due to its low
cost and low toxicity as a bleaching agent [18-20]. As
shown in Eq. (1), dissolution of SPB in water releases
sodium metaborate (NaBOj) and hydrogen peroxide
(H,0,). The hydrogen peroxide and hydroxyl radicals
resulted from H,O, can remove lignin and attack almost
all types of organic structures, including those containing
hydroxyl and ether linkages [21-23]. According to pre-
vious studies on the effects of adding SPB and hydrogen
peroxide on delignification in the oxidation stage of pulp
bleaching, at the same active oxygen content of about
0.5%, the degree of delignification increases from 45.56
to 49.42% for hydrogen peroxide and to 52.96% for
SPB, which could be further increased to 57.59% at
1% active oxygen content [24]. Therefore, SPB is more
effective than hydrogen peroxide in lignin delignification
in the oxidation stage. SPB is widely used as a bleaching
agent and also reported to be used for the pretreatment of
lignocellulose to remove lignin [25, 26]. Thus, the feasi-
bility of using SPB for RS pretreatment was assessed in
this study.

2Na* [(HO),B(~0-0-),B(OH),]*” + 2H,0
= 2Na+ + 2[H2BO3T + 2H202 (1)
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The production of fuel ethanol from lignocellulosic biomass
mainly consists of five steps: (i) pretreatment of biomass, (ii)
enzymatic hydrolysis of cellulose and hemicellulose, (iii) fermen-
tation of monomeric sugars to produce ethanol, (iv) final recov-
ery, and (v) purification of ethanol [27]. Simultaneous sacchari-
fication and co-fermentation (SScF) is a promising method for
bioethanol production, which, through inoculation of the genet-
ically engineered Saccharomyces cerevisiae, can simultaneously
use hexose and pentose (mainly glucose and xylose) from the
enzymatically hydrolyzed biomass to produce fuel ethanol, thus
reducing costs and saving energy. Compared with separate hy-
drolysis and fermentation (SHF) and separate hydrolysis and co-
fermentation (SHcF), SScF has many advantages, including re-
ducing the inhibition of cellulase production by the accumulation
of glucose in the end product of hydrolysis and the risk of con-
tamination, higher ethanol concentration, and fermentation effi-
ciency [28-30]. Additionally, SScF is also superior to simulta-
neous saccharification and fermentation (SSF) in that SScF can
not only improve substrate utilization but also can achieve higher
ethanol productivity and yield [31, 32].

The purpose of the present study was to evaluate the feasi-
bility of RS pretreatment with SPB and optimize the corre-
sponding parameters. Furthermore, the pretreatment mecha-
nism of SPB was explored by scanning electron microscopy
(SEM), X-ray diffraction (XRD), and Fourier transform infra-
red spectroscopy (FT-IR). Finally, the pretreatment effect was
further evaluated by comparing the results of simultaneous
saccharification and co-fermentation of RS before and after
pretreatment. This research provides useful information for
the production of fuel ethanol with SPB pretreatment.

2 Materials and methods
2.1 Materials

The rice straw (RS) was obtained from Lianyungang, Jiangsu,
China, crushed and passed through a 20-mesh screen. Sodium
perborate (SPB) was purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). Commercial cellu-
lase Cellic® Ctec2 was purchased from Sigma-Aldrich
(Steinheim, Germany) and the activity of the cellulase was
123.33 FPU/mL.

2.2 Pretreatment

The SPB pretreatment was carried out in a 250-mL triangular
flask with a solid-to-liquid ratio of 5%. Briefly, 1 g RS was
poured into an Erlenmeyer flask under stirring, followed by
the addition of a certain amount of SPB which was well mixed
with 20-mL deionized water, and sealed with sealing film.
Next, the Erlenmeyer flask was quickly put into a digital
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display constant temperature bath pot for a bath at a constant
rotation number. After the pretreatment for a certain period of
time, the pretreated solid was washed to neutral pH with tap
water and filtered through Buchner funnel with a vacuum
pump, followed by drying in an oven at 55 °C overnight and
then sealed storage for further use.

2.3 Enzymatic hydrolysis

The enzymatic hydrolysis of RS was carried out in 10-mL
penicillin bottles with a hydrolysis volume of 5 mL, 0.1 g
RS, a certain amount of 50 mM citric acid buffer (pH 4.8),
and cellulase (20 FPU/g RS). Next, the penicillin bottles were
sealed with a rubber plug and aluminum lids and incubated in
a rotary shaker at 55 °C and 150 rpm for 72 h. The concen-
tration of reducing sugar was measured by the 3, 5-
dinitrosalicylic acid (DNS) method [10, 33].

The enzymolysis efficiency was calculated according to the
following formula [34, 35]:

Enzymolysis efficiency = (2)

Reducing sugar concentration (g/L)

100%
(glucan% x 1.11 + xylan% x 1.14) x Solid loadings (g/L) * ’

where 1.11 is the conversion coefficient between the glucan
and the glucose; 1.14 is the conversion coefficient between the
xylan and the xylose.

2.4 Cell cultivation and fermentation

2.4.1 Microorganism, culture media, and inoculum

The yeast Saccharomyces cerevisiae SHY07-1 was used in
this study, which can simultaneously use glucose and xylose

Ethanol concentration (g/L)

to ferment ethanol. It is preserved in the Fermentation
Engineering Research Office of the School of Bioscience
and Engineering of South China University of Technology
[36]. The seed medium is mainly composed of xylose (20 g/
L), yeast extract (10 g/L), and peptone (20 g/L). The fermen-
tation medium mainly consists of (NH4),SO,4 (2 g/L), yeast
extract (5 g/L), KH,PO, (5 g/L), and MgSO,-7H,0 (0.5 g/L).
The carbon source is derived from the pretreated RS, which
contains glucose and xylose, and the initial fermentation broth
pH is adjusted to 5.45 with 1 mol/L NaOH.

According to our previous report, the yeast seed solution
was prepared and inoculated into the fermentation medium at
10% (v/v) [35].

2.4.2 Simultaneous saccharification co-fermentation

The experiment of simultaneous saccharification and co-
fermentation (SScF) of pretreated RS was carried out in
25-mL penicillin bottles. Briefly, 0.6-g pretreated RS was
weighed into each bottle, followed by adding a 13-mL
fermentation medium to make the RS concentration 4%
(w/v). Then, each bottle was sealed with a rubber plug
and aluminum lids and sterilized at 115 °C for 20 min.
Next, 1.5 mL yeast seed solution was inoculated at an
inoculum size of 10% (v/v) into the fermentation medi-
um with 0.5 mL cellulase diluent (20 FPU/g pretreated
RS, diluted with fermentation medium). Then, the bottles
were transferred to a shaker (30 °C, 180 rpm) for fer-
mentation, with 0.1 mL samples being collected at regu-
lar intervals during this process.

The ethanol fermentation efficiency of the SScF process
was calculated by the following formula:

Fermentation efficiency =

solid loadings x (glucan% x 1.11 x 0.51 + xylan% x 1.14 x 0.46) (g/L)

x 100% (3)

where 1.11 is the conversion factor from cellulose to glucose;
1.14, the conversion factor from xylan to xylose; and 0.51 and
0.46, the conversion rates of ethanol produced from glucose
and xylose, respectively.

2.5 Structural characterization

The changes in the surface characteristics of RS before and
after pretreatment were observed by Merlin field emission
scanning electron microscopy (FE-SEM, Carl Zeiss).
Briefly, a small amount of completely dry RS powder samples
was placed on the loading platform and gold-sputtered. The

magnification of the experiment was x 500 and x 2000 at the
accelerated voltage of 10.0 kV.

The X-ray diffraction (XRD) analysis was carried out by
using the Empyrean sharp X-ray diffraction system
(Panalytical BV, Netherlands). The scanning range was set
as 5°=50°, the scanning step length was 0.03°, and the scan-
ning speed was 0.2 s/step. The crystallinity index (Crl) was
calculated by the following formula:

~ Jooo~lam

Crl x 100% 4)

002

where I, is the intensity of the crystallization peak at 20 = 19°;
Iooo, the intensity of the crystallization peak at 20 =22.5° [37].
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The FT-IR analysis was performed through the scanning
wavelength from 4000 to 400 cm™ ' with a resolution of 2 cm ™
and 32 scanning times for each sample using a Nicolet CCR-1
spectrometer (Thermo Nicolet Corporation, USA).

2.6 Analytical methods and data analysis

According to the method of the national renewable en-
ergy laboratory, the component content of RS was de-
termined by the two-step acid hydrolysis method [38].
Briefly, 0.1 g completely dry RS and 1 mL of sulfuric
acid solution (72% w/w) were mixed in a 50-mL pres-
sure tube, followed by a 30 °C water bath for the first
step of acid hydrolysis for 1 h. Next, 28 mL of deion-
ized water was added to dilute the acidolysis solution to
4%, followed by vortex mixing and treating the pressure
tube in a 121 °C high-pressure steam sterilizer for 1 h
for the second step of acid hydrolysis. After the two-
step acid hydrolysis, the content of soluble sugar (glu-
cose and xylose) in the liquid was determined by HPLC
and the contents of glucan and xylan were calculated.
Lignin content is the sum of acid-soluble lignin content
and acid-insoluble lignin content. The content of acid-
soluble lignin is measured by UV-Visible spectropho-
tometer to measure the absorbance value of OD»yo,
while the acid-insoluble residue was dried in a 105 °C
oven to measure the lignin content.

As previously described [35], metabolites (soluble sugar
and ethanol) in fermentation broth samples were analyzed
using Waters 2414 HPLC (Milford, LA, USA) equipped with
a refractive index detector and Aminex HPX-87H column,
and the mobile phase was 5 mM H,SO, at a flow rate of
0.6 mL/min.

The SPSS version 17.0 statistical software for Windows
(SPSS Inc. Chicago) was used for all statistical analyses and
a value of P < 0.05 was considered statistically significant.

The recovery rate of solid, glucan loss, and xylan loss after
pretreatment was calculated by the following formula:

WtreatedRS

Solid recovery = x 100% (5)

initialRS

Glucan loss = 1—Solid recovery

Glucancongent in pretreated RS

x 100% 6
Glucancongent in raw RS ( )
Xylan loss = 1-Solid recovery
Xylan ;
YlaNgontent in pretreated RS « 100% (7)
Xylancontent in raw RS
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3 Results and discussion

3.1 Effects of SPB concentration on the composition
and enzymatic hydrolysis of RS

Table 1 shows the effects of different SPB concentrations on
the composition and enzyme hydrolysis efficiency of
pretreated RS. The unpretreated RS contained 34.4% cellu-
lose, 14.5% hemicellulose, 25.9% lignin, and 48.9%
holocellulose. After SPB pretreatment, significant changes
can be observed in the content of the related components of
RS. Specifically, with the SPB concentration increased from 2
to 10%, the holocellulose content, lignin removal rate, and
enzymatic hydrolysis efficiency increased from 61.7 to
70.1%, 26.2 to 40.2%, and 45.6 to 83.6%, respectively.
Compared with the unpretreated RS, the enzyme hydrolysis
efficiency of SPB-pretreated RS was about 12 to 50% higher.
However, the 10% SPB pretreatment had a solid recovery of
less than 59.5%, while the 8% SPB pretreatment had a solid
recovery of 63.0% and an enzyme hydrolysis efficiency close
to 80%. Therefore, 8% SPB is defined as the optimal concen-
tration for further experiments.

3.2 Effects of pretreatment temperature
on the composition and enzymatic hydrolysis of RS

Table 2 shows the influence of SPB pretreatment temperatures
on the composition and enzymatic hydrolysis efficiency of
pretreated RS. When the temperature was increased from 40
to 80 °C (8% SPB and 3 h pretreatment), the holocellulose
content, the lignin removal rate, and the enzymolysis efficien-
cy increased from 61.6 to 71.9%, 17.1 to 42.2%, and 34.5 to
83.1%, respectively. Considering that high temperature means
high energy consumption and may cause equipment damage,
there is no further increase in pretreatment temperature [39].
In addition, too high temperature will lead to the production of
inhibitors and degradation of carbohydrates, which may re-
duce the yield of reducing sugar [40, 41]. Therefore, 80 °C
is determined as the optimum temperature for SPB
pretreatment.

3.3 Effects of pretreatment time on the composition
and enzymatic hydrolysis of RS

Table 3 shows the effects of SPB pretreatment time on the
composition and enzymatic hydrolysis efficiency of RS.
With the pretreatment time increased from 1 to 4 h, significant
changes can be observed in the total cellulose content, lignin
removal rate, and enzymatic hydrolysis efficiency, with an
increase from 66.5 to 75.4%, 30.5 to 45.8%, and 71.7 to
84.0%, respectively. With the pretreatment time further in-
creased to 5 h, no obvious increase is observed in the values
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Table 3  Effects of pretreatment time on the composition and enzymatic hydrolysis efficiency of RS

Time Solid Cellulose Hemicellulose Lignin Holocellulose Cellulose Hemicellulose Lignin Enzymolysis  Reducing
(h) recovery (%) (%) (%) (%) loss (%)  loss (%) removal efficiency (%) sugar yield
(%) (%) (gkg)

Raw - 344+03 145=+1.1 259+0.5 489 +04 - - - 322+03 1744 £ 1.6
1 61.9+04 457+09 22014 180+02 665+ 1.4 16+1 6+1 30.5+0.8° 71.7 £2.7° 543.2 + 8.5°
2 59.6+£0.5 483 +0.8 21.3+09 173 +03 705+02 161 121 33.1+1.0° 80.9 +£2.6° 627.6 = 6.3°
3 582+03 50.6+02 21.7+0.7 150+ 0.6 719+ 1.0 14+1 141 422+2.2% 83.1 £0.8" 6782 £ 6.1%
4 573+02 53.2+0.8 219+14 14.1+0.6 754+02 12+1 16+3 458+2.4" 84.0+ 14" 7024 + 89"
5 55.8+£0.5 53.6+03 21.9+04 14.1+0.1 756 £0.6 131 161 45.0+0.9" 83.9 +0.9° 704.8 + 8.8

Values with different letters (a-d) of lignin removal, enzymolysis efficiency and reducing sugar yield after SPB pretreatment are significantly different
(P < 0.05). In each column, the same letter means there is no significant difference between data and the different letters mean there is significant
difference between data.

ofthe above three indices. Therefore, the optimal pretreatment ~ 702.4 g/kg was achieved in the present study under the opti-
time is determined as 4 h. mum conditions (8% SPB, 80 °C, and 4 h). Li et al. reported

The reducing sugar yield was significantly higher in the  the highest yield of reducing sugar was 0.42 g/g Ulva prolifera
pretreated RS than that in the hydrogen peroxide pretreatment ~ under the optimum pretreatment conditions (hydrogen perox-
reported in the previous literature. Reducing sugar yield of  ide 0.2%, 50 °C, pH 4.0, and 12 h) [42]. In addition, Sarita

Date :11 Jul 2019 Date :11 Jul 2019
WD = 89mm Mag = 500 X Time :17:17:45 | WO = 8.9 mm Mag= 200KX Time :17:16:24

X . - ¥ s > R - e - -
2pm Date :11 Jul 2018 ZEISS
WD= 92mm Mag= 500X Time :17:27:38 | AS. WD = 92mm Mag= 200KX Time :17:2708 _}

Signal A = SE2 Date :11 Jul 2018

Fig. 1 Scanning electron microscopy (SEM) images of RS samples: a raw (x 500); b raw (x 2000); ¢ SPB pretreatment (8% SPB and 80 °C for 4 h, x
500); d SPB pretreatment (8% SPB and 80 °C for 4 h, x 2000)

@ Springer
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Fig. 2 X-ray diffraction spectra of raw and pretreated RS samples

et al. reported 416.7 kg glucose/ton bagasse was obtained
under optimum pretreatment conditions (7.36%, 25 °C, and
1 h) [43]. Therefore, SPB pretreatment is a simple and effec-
tive method to enhance the reducing sugar yield of RS.

3.4 Mechanisms for SPB pretreatment
3.4.1 Scanning electronic microscopy analysis

The mechanism for SPB pretreatment of RS was explored by
scanning electron microscopy (SEM) analysis of the RS be-
fore and after the pretreatment as well as the related changes
on the surface (Fig. 1). Previous studies have shown that the
unpretreated RS has a dense surface structure and a plurality
of'silica particles [42]. However, the SPB pretreatment signif-
icantly changed the RS surface from a dense structure to a
rough and porous structure, leading to damage in the density
of RS lignin barrier and exposure of the cellulose [43, 44]. As
a result, the rough and porous structure increased the accessi-
bility of the cellulose to the cellulase, contributing to the SSCF
of the cellulase and the Saccharomyces cerevisiae in the cel-
lulose and hemicellulose attack [10, 43].

3.4.2 X-ray diffraction analysis

The crystallinity index (Crl) of cellulose is another important
factor affecting the enzymatic hydrolysis of RS, and crystal-
linity can show the recalcitrance of the cellulose content in RS
[45, 46]. Figure 2 shows the X-ray diffraction (XRD) patterns

Table 4 Crystallinity
index (Crl) of raw and
pretreated RS samples

Materials Crystallinity Index (Crl %)

Raw 34.2
Pretreated 50.9

of RS before and after pretreatment, with the calculated crys-
tallinity index shown in Table 4. It has been reported that
hemicellulose and lignin are amorphous, and the Crl value is
inversely proportional to the content of hemicellulose and
lignin [35]. The crystallinity index of unpretreated RS was
34.2%, in contrast to 50.9% for RS after pretreatment. The
increase in the crystallinity index of pretreated RS can be
attributed to the removal of a large amount of lignin and part
of hemicellulose by SPB pretreatment, which caused a de-
crease in the non-crystalline component in RS and an increase
in the content of the crystalline component, hence an increase
in the crystallinity index, which is consistent with several pre-
vious reports [47-50]. In addition, the increase of crystallinity
in this study resulted in a higher sugar yield of the pretreated
RS. The reason is that the SPB pretreatment removes lignin
and part of hemicellulose and increases the availability of
cellulose to cellulase, thus improving the enzymatic sacchar-
ification [45, 51].

3.4.3 Fourier transform infrared analysis

Figure 3 shows the FT-IR results of the RS samples before and
after pretreatment. A significant reduction was observed in the
spectral bands at 1248 cm ™' and 1730 cm ™' of pretreated RS
compared with that of the untreated RS, indicating that some
acetyl groups may be broken by SPB pretreatment [52, 53].
Meanwhile, the decrease in the spectral bands at 1510 cm ™’
and 1322 cm ™' of pretreated RS was also observed, which is
attributed to the general lignin and the guaiacyl lignin, indi-
cating that lignin was significantly removed by SPB pretreat-
ment [10, 54]. Furthermore, the spectral bands at 900 cm ™'
which corresponded to (3-glycosidic linkages in cellulose and
hemicellulose were observed to increase after SPB pretreat-
ment, indicating the removal of amorphous components in the
pretreatment process, which was in accordance with the pre-
vious studies [55, 56].

3.5 Simultaneous saccharification
and co-fermentation

Figure 4 shows the effects of SPB pretreatment on the fermen-
tation performance of RS by SScF inoculated with
Saccharomyces cerevisiae SHYO07-1. In a certain period of
time, the ethanol concentration of the RS before and after
pretreatment was increased with the extension of fermentation
time. The ethanol concentration of unpretreated RS sharply
increased in the first 9 h, slowly increased to the maximum
from 9 h to the 15 h, and then maintained until the end of
fermentation. The maximum ethanol concentration of the
unpretreated RS was 4.8 g/L, the fermentation efficiency
was 40.3%, and the ethanol yield was 0.06 g/g RS (Table 5).
The ethanol concentration of SPB pretreatment was shown to
increase rapidly with the prolongation of fermentation time in
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Fig. 3 Fourier transform infrared (FT-IR) spectroscopic fingerprints of raw and pretreated RS (pretreatment condition of 8% SPB and 80 °C for 4 h)
samples: in the scan range of 4000400 cm ! (a) and 2000400 cm ! (b)

the first 18 h, followed by a gradual increase to the maximum
value of 15.3 g/L, with a fermentation efficiency of 92.0% and
an ethanol yield of 0.38 g/g pretreated RS. Obviously, the
ethanol concentration obtained by SScF of pretreated RS
was three times that of unpretreated RS, which indicated that
the pretreatment with SPB enhanced the accessibility of cel-
lulase hydrolysis and Saccharomyces cerevisiae SHY07-1 at-
tack in the process of SScF and improved the fermentation
performance of RS [16, 17].

In the first 3 h, the glucose concentration of the RS before
and after pretreatment rapidly increased and reached a maxi-
mum value of 2.7 g/L and 7.1 g/L, respectively, followed by a
rapid consumption, with a negligible glucose content in the
fermentation broth after 6 h, indicating that the sugar produced
by the enzymatic hydrolysis was quickly fermented by the
Saccharomyces cerevisiae to produce ethanol. In the first
3 h, xylose of the unpretreated RS also reached the maximum
value of 1.4 g/LL and then rapidly consumed to the lowest

—®— SPB ethanol

—®— Raw ethanol

—A— spB glucose
—V¥— Raw glucose
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Fig. 4 Time courses of products in the SScF fermentation broth for SPB-
pretreated RS
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point. However, although xylose of the pretreated RS was also
rapidly accumulated and reached a maximum value of 2.3 g/L,
it was rapidly consumed after 6 h and drop to the lowest value
at the 9th hour until the end of the fermentation. The reason for
this phenomenon may be that the concentration of glucose and
xylose released by the enzyme hydrolysis of unpretreated RS
was low due to the low hydrolysis efficiency in the process of
SScF. In addition, Saccharomyces cerevisiae SHY07-1 quick-
ly consumed glucose and turned to the utilization of xylose,
resulting in the phenomenon that the concentration of glucose
and xylose of RS without pretreatment reached the maximum
at 3 h and consumed rapidly in the same period time.
However, enough glucose was released from pretreated rice
straw by enzyme hydrolysis in the process of SScF.
Saccharomyces cerevisiae SHY07-1 fermented ethanol with
glucose and began to use xylose until glucose was exhausted,
resulting in rapid consumption of glucose and xylose at dif-
ferent time points.

The fermentation efficiency was significantly higher in the
pretreated RS than that reported in the previous literature. The
fermentation efficiency was 66.9% for the bagasse pretreated
with steam explosion and 69.9% for the bagasse pretreated
with [Cho][OAc]/DMSO [54, 57]. The fermentation efficien-
cy 0f 91.96 in the present study was similar to that (91.0%) of
RS pretreated with the combined alkaline peroxide (AHP) and
[Bmim]Cl-water mixtures reported in a previous study [10].
The SScF experimental results indicate that SPB pretreatment
is an effective method to improve the fermentation efficiency
of ethanol production.

4 Conclusion

In this study, a simple RS pretreatment process using SPB was
successfully developed. The SPB pretreatment can destroy the
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Table 5 The ethanol

concentration, fermentation Samples Ethanol concentration Fermentation Ethanol yield Production
efficiency, ethanol yield, and (gL) efficiency (%) (g/g RS) efficiency (g/L/h)
ethanol productivity of raw and

SPB_pretreated RS saInples after Raw 48 £0.2 403 +19 0.06 = 0.00 0.068 + 0.003
fermentation Pretreated RS 153 +0.3 920+ 1.6 0.38 + 0.01 0.212 = 0.004

surface structure of the RS, effectively remove the lignin, and
improve the enzymolysis efficiency. The pretreated RS and
achieve the ethanol production with high fermentation effi-
ciency and yield through SScF. This study provides a new
strategy for efficient pretreatment of RS for a high level of
bioethanol production through SScF.
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