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Abstract In this study, we carried out sodium hydroxide
and sonication pretreatments of rapeseed straw (Brassica
napus) to obtain monosugar suitable for production of bio-
fuels. To optimize the pretreatment conditions, we applied a
statistical response-surface methodology. The optimal pre-
treatment conditions using sodium hydroxide under sonica-
tion irradiation were determined to be 75.0 °C, 7.0 %
sodium hydroxide, and 6.8 h. For these conditions, we pre-
dicted 97.3 % enzymatic digestibility. In repeated experi-
ments to validate the predicted value, 98.9 + 0.3 %
enzymatic digestibility was obtained, which was well within
the range of the predicted model. Moreover, sonication
irradiation was found to have a good effect on pretreatment in
the lower temperature range and at all concentrations of
sodium hydroxide. According to scanning electron
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microscopy images, the surface area and pore size of the
pretreated rapeseed straw were modified by the sodium
hydroxide pretreatment under sonication irradiation.
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Introduction

The application of lignocellulosic feedstocks, the most
abundant energy sources, offers numerous benefits to bio-
fuels production. Development of these fuels, however,
still faces economic as well as technical obstacles [1].
Biological conversion of lignocellulose into biofuels
requires, prior to fermentation, hydrolysis of polysaccha-
rides into monosugars [2]. Lignocellulose hydrolysis
depends on characteristics such as porosity and crystallin-
ity [1, 3]. Various pretreatment processes can improve
hydrolysis rates and biomass yields by modifying the
physical and chemical structures of the biomass [4]. But
because pretreatment effectiveness differs according to the
biomass composition and characteristics, pretreatment
condition must be optimized for each biomass [I, 2].
Generally, pretreatment disrupts the carbohydrate-lignin
complex that limits the accessibility of cellulose and
hemicellulose to enzymes or chemicals [4, 5].

Classical alkaline pretreatment of lignocellulose,
involving alkaline solutions such as sodium, potassium,
calcium, and ammonium hydroxides, reduces the substitu-
tions of lignin and various uronic acids in lignocellulosic
materials. For alkali, it is recommended that pretreatment
time and temperature be lower than for acids [6]. The main
effect of alkaline pretreatment is delignification by breakage
of the ester bonds in the cross-linking of lignin and xylan.
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This increases biomass porosity by swelling, thereby
effecting an increase of the internal surface area, a separa-
tion of structural linkages between lignin and carbohy-
drates, a decrease of crystallinity, and disruption of the
lignin structure [3, 6-9].

Rapeseed straw (Brassica napus) is an attractive bio-
energy resource. For many years, rapeseed crops around
the world have been cultivated as sources of food as well as
oil and biodiesel [9-13]. Rapeseed straw, which is an
agricultural waste, is an appealing source of biofuel feed-
stock due to its high (more than 60 %) carbohydrate con-
tent [9, 13]. Early pretreatment work on bioethanol
production from rapeseed straw mainly involved hydro-
thermal [10], dilute acid [12], H,SO4-catalyzed hydro-
thermal [11], sodium hydroxide [9] and soaking in aqueous
ammonia (SAA) pretreatments [13].

There have been investigations on the application of
sodium hydroxide to the pretreatment of several biomass
resources such as hardwood, softwood, corn stover, cotton
stalk, rapeseed straw, and wheat straw 3, 6,7, 9, 14-16]. As
for published data, the enzymatic digestibility of hardwood
after dilute-NaOH pretreatment was increased from 14 to
55 %, with a lignin decrease of 24-55 to 20 % [14]. After
2 % NaOH pretreatment of wheat straw, rice straw and
bagasse, hydrolysis rates effectively increased to 33.0, 25.5,
and 35.5 %, respectively [15]. High lignifications of 63.5 %
under the conditions of 2 % NaOH for 90 min at 121 °C/
15 psi and 60.8 % conversion of cellulose were observed
for NaOH pretreatment of cotton stalk [7].

There have been several pretreatments performed for
conversion of rapeseed straw to biofuel [9-11, 13]. In a
hydrothermal pretreatment, nearly 100 % of enzymatic
hydrolysis was obtained at 210-220 °C for 30-50 min;
however, only 65 % of glucose hydrolysis was obtained at
193 °C for 27 min [10]. Lu etal. [11] reported 63.17 % total
glucan conversion of high-solid-content (20 %) rapeseed
straw for pretreatment with 1 % sulfuric acid at 180 °C for
10 min. Elsewhere, after SAA pretreatment, 60.7 % of
enzymatic digestibility was achieved, specifically under the
conditions of 69.0 °C, 19.8 % aqueous ammonia, and 14.2 h
[13]. Another study, reporting on NaOH pretreatment,
obtained 95.7 % enzymatic digestibility under 68.4 °C,
7.9 % (w/w) sodium hydroxide and 5.5 h conditions [9]. As
the above-noted results indicate, thermal and acid pretreat-
ments require high-severity condition such as high temper-
ature. Alkaline pretreatment, by contrast, requires moderate
temperature and long duration [2, 10-13].

Ultrasound pretreatment of lignocellulosic feedstocks is a
relatively new modality [4, 17, 18]. Ultrasonication has been
widely applied within the food, medicine, and pulp and paper
industries, as well as to biomass fractionation processes [17,
19-22]. In the biomass fractionation field, ultrasonication
seems a promising technology that can be easily introduced
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to the biorefinery processes at the pretreatment, fraction-
ation, extraction, separation and purification stages [17, 23—
25]. Ultrasound can be categorized into three frequency
ranges: power (16-100 kHz), high frequency (100 kHz—
1 MHz) and diagnostic (1-10 MHz) [18]. Low-frequency
ultrasound waves generate cavitations and acoustic stream-
ing in a liquid. The cavitation disintegrates nearby particles,
and improves diffusivity or mass transfer by strong hydro-
mechanical shear forces [17, 18, 26, 27]. Ultrasonication
enhances the extractability of hemicellulose, cellulose, and
lignin in lignocellulosic biomasses. Also, it has fewer
impurities and more selectivity in linkage breaking, which
affects the physicochemical properties of the products [4, 17,
21]. Nevertheless, it does not hydrolyze a biomass to mo-
nosugars. Material pretreated by ultrasound is more easily
hydrolyzed by increasing the accessible surface area and,
thereby, affecting the crystallinity [4, 28].

Pretreatment of rapeseed straw under ultrasound irradi-
ation had not been investigated prior to the present study.
Specifically, we investigated the effect of sonification and
optimization of pretreatment conditions with sodium
hydroxide under ultrasound irradiation. For pretreatment
condition optimization, we utilized the response-surface
methodology, by which the five-level three-factor effects
and their reciprocal interactions on sodium hydroxide
pretreatment under ultrasound irradiation were predicted.

Materials and methods
Materials

Rapeseed straw (B. napus) was obtained from the Bioen-
ergy Crop Research Center of the National Institute of Crop
Science (Muan, Korea). The composition of the rapeseed
straw was 33.93 % cellulose, 18.52 % hemicellulose,
33.32 % lignin and 6.9 % ash [13]. The straw was washed
with distilled water to remove dust, and was then dried at
40 °C for 2 days. The dried straw was ground and frac-
tionated to a particle size of 0.71-1.40 mm using sieves.
Cellulase (Cellulaclast® 1.5 L, 98 FPU/mL, Novo Inc.,
Denmark) and B-glucosidase (Novozyme 188, 430 CBU/
mL, Sigma-Aldrich Co., Ltd., USA) were used for enzy-
matic hydrolysis. Avicel® PH-101 (~97 %, Sigma-Aldrich
Co., Ltd., USA) was used in the enzymatic hydrolysis as a
reference. Sodium hydroxide (Duksan Chemical Co., Ltd.,
Korea) and the other chemicals were of analytical grade.

Sodium hydroxide pretreatment under ultrasound
irradiation

Ten grams of rapeseed straw were treated with 1-9 % (w/w)
sodium hydroxide in 250 mL screw-capped laboratory
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Pyrex bottles (Duran, Germany) at 30-80 °C for 1-9 h
under sonication irradiation. Ultrasound irradiation was
conducted using a sonicator (JAC-2010, Kodo Technical
Research Co., Ltd, Korea), offering an ultrasonic frequency
of 40 kHz (300 W). The solid-to-liquid ratio was 1:10.
After pretreatment, the remaining solids were separated by
filter paper (porosity: coarse; Fisherbrand®) and washed
with deionized water until the pH [using pH meter, a
PHM210 (MeterLab®, France) of waste water reached
about 7. The pretreated solid residues were maintained in a
plastic container at 4 °C for further use.

Experimental design and statistical analysis

Five-level three-factor central-composite rotatable design
of response-surface methodology was introduced to opti-
mize the pretreatment conditions, requiring 20 runs
including eight factorial points, six axial points, and six
central points [9, 13, 29]. The pretreatment conditions were
pretreatment temperature, sodium hydroxide concentration,
and pretreatment time. Table 1 lists the coded and uncoded
independent conditions (X;), the levels, and the experi-
mental design. The experimented results (Table 1) were
analyzed using Design-Expert 7 (Stat-Ease Inc., USA) for
prediction of the quadratic response-surface model

2 2 12
Y =P+ Z Brixi + Z Braixi + Z Z Brixix;, (1)
i=1 i=1

i=1 j=it+1

where Y is the response factor (biomass recovery, lignin
removal, or enzymatic digestibility), X; is the ith indepen-
dent factor, By is the intercept, B; is the first-order model
coefficient, B is the quadratic coefficient for factor i, and
B; is the linear model coefficient for the interaction
between factors ¢ and j [2, 9, 13, 29].

Enzymatic hydrolysis

The enzymatic hydrolysis of the pretreated rapeseed straw
was performed according to the standard National
Renewable Energy Laboratory (NREL) chemical analysis
and testing procedures [30]. The operating conditions were
50 °C, pH 4.8 (using 0.05 M sodium citrate buffers), and a

Table 1 Central-composite design factors and their levels

Variable Symbol Coded factor levels

-2 -1 0 1 2

Pretreatment temperature (°C) X, 30 425 55 67.5 80
Pretreatment time (h) X5 1 3 5 7 9

Sodium hydroxide conc. (%) X3 1 3 5 7 9

shaking incubator operated at 150 rpm for 72 h. The initial
glucan concentration was 1g [1 % (w/v)], based on
100 mL of total liquid and solid. Enzymes loaded 30 FPU
of cellulase and 30 CBU of B-glucosidase. Hydrolyzed
samples were periodically taken for glucose-concentration
analysis purposes. Avicel® PH-101 and raw rapeseed straw
were employed as the reference and control, respectively
[9, 13, 30].

Analytical methods

To determine the sugar contents in the pretreated biomass
samples and enzymatic hydrolysates, high-performance
liquid chromatography (HPLC) equipped with a refractive
index detector (RID-10A, Shimadzu Corp., Japan) and
SUPELCOGEL™ Pb columns (SUPELCO™ Analytical,
USA) was used. The operation conditions were 85 °C oven
temperature and 0.6 mL/min flow rate (with deionized
water). The enzymatic digestibility was calculated as
follows [9, 13]

Enzymatic digestibility (%) = (g cellulose digested)
/(g cellulose added) x 100.

(2)

Scanning electron microscopy of pretreated rapeseed
straw

To compare the physical surface characteristics of the post-
pretreatment rapeseed straw, scanning electron microscopy
(SEM; JSM-5400, JEOL Ltd., Japan) was used. Prelimi-
narily, the samples were coated with a thin layer of gold
[9, 13].

Results and discussion

The results of lignocellulose biomass pretreatment depend
on the pretreatment conditions [4]. In the present study, the
optimization of pretreatment conditions under ultrasound
irradiation focused on three aspects: biomass recovery,
lignin removal, and enzymatic digestibility.

Effect of pretreatment condition on biomass recovery

The effects of the sonication irradiation pretreatment con-
ditions on the biomass recovery of rapeseed straw were
investigated using the response-surface methodology. The
biomass recovery yield, as based on the initial biomass
weight, ranged between 54.24 and 87.11 %. The following
quadratic equation (Eq. 3) was calculated from a regression
analysis using Design-Expert 7. This model presents 0.88
of R? and 0.78 of Adj. R%. The coefficients of the predicted

@ Springer



1022

Bioprocess Biosyst Eng (2013) 36:1019-1029

Table 2 Central-composite rotatable second-order design, predicted and actual data for five-level three-factor response-surface analysis in

sonication-assisted sodium hydroxide pretreatment

Std. Run Pretreatment Pretreatment Sodium hydroxide Biomass Lignin Enzymatic digestibility
temperature (°C) time (h) conc. (%, wiw) recovery (%) removal (%) (% glucose)
1 7 -1 -1 -1 78.7 52.7 43.8
2 16 1 -1 -1 75.4 55.2 50.2
3 8 -1 1 -1 75.2 55.5 48.7
4 1 1 1 -1 72.1 53.0 58.8
5 18 -1 -1 1 69.2 55.7 66.2
6 9 1 -1 1 62.9 56.6 75.6
7 17 -1 1 1 69.6 58.0 64.4
8 11 1 1 1 58.6 58.3 91.7
9 3 -2 0 0 76.2 54.1 52.6
10 10 2 0 0 54.2 59.0 84.7
11 5 0 -2 0 72.1 55.3 55.2
12 15 0 2 0 87.1 38.7 62.4
13 12 0 0 -2 82.3 50.4 39.7
14 19 0 0 2 59.6 57.7 80.9
15 14 0 0 0 64.5 56.5 60.8
16 2 0 0 0 68.4 56.6 62.5
17 6 0 0 0 62.6 60.9 66.0
18 20 0 0 0 65.1 56.2 62.3
19 13 0 0 0 65.5 57.0 63.4
20 4 0 0 0 64.8 56.8 63.3

model, based on the coded condition level and probability
values (p values), are listed in Table 3.

Biomass recovery (%) = 65.148 —4.231X, + 1.206X,
—5.406X3 — 0.566X, X,
—1.363X, X3 +0.363X,X3
+0.011X7 +3.611X3 + 1.449X;

(3)

where X;, X, and X5 represent the pretreatment tempera-
ture, pretreatment time and sodium hydroxide concentra-
tion, respectively, and Y is the biomass recovery. Table 3
indicates the analysis of variance (ANOVA) results for the
response-surface quadratic model. The p values of most of
the coefficients (X;, X3, and X%) were less than 0.05. It is
presenting that predicted model was adequate to compare
the actual relationship among the selected conditions.
p values greater than 0.1 meant that the model terms were
not significant.

In the relationship between the actual values of biomass
recovery and the predicted values, the predicted values
relative to the actual values were within the model’s
designed ranges (data not shown). Figure 1 shows the
effects of the pretreatment conditions on the biomass
recovery. As indicated in Fig. la, the biomass recovery
sharply decreased relative to the increase of the
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Table 3 Analysis of Variance (ANOVA) for response-surface qua-
dratic model in sodium hydroxide pretreatment under sonication
irradiation (biomass recovery)

Source Sum of df Mean F value p value
squares square prob. > F

Model 1,156.87 9 128.54 8.50 0.0012
X 286.46 1 286.46 18.95 0.0014
X 23.28 1 23.28 1.54 0.2429
X3 467.64 1 467.64 30.93 0.0002
X1 X 2.53 1 2.53 0.17 0.6910
X1 X5 14.85 1 14.85 0.98 0.3450
XoX5 1.05 1 1.05 0.07 0.7974
X? 0.00 1 0.00 0.00 0.9886
X3 32791 1 32791 21.69 0.0009
X2 52.78 1 52.78 3.49 0.0912
Residual 151.18 10 15.12

Lack of Fit 133.44 5 26.69 7.52 0.0225
Pure error 17.74 5 3.55

Cor. total 1,308.05 19

pretreatment temperature with 3 or 7 % NaOH at 5 h. The
biomass recovery with 7 % NaOH showed a higher slope
than that with 3 % NaOH. The biomass recovery mani-
fested as a concave curve for the increase of pretreatment
time at 55 °C (Fig. 1b). Pretreatment with 3 % NaOH
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Fig. 1 Effects of reaction temperature, reaction time and sodium
hydroxide concentration on biomass recovery of pretreated rapeseed
straw. a Reaction temperature, b reaction time, ¢ sodium hydroxide
concentration. Other conditions are fixed at zero levels

showed a higher biomass recovery than that with 7 %
NaOH. Figure lc shows that the biomass recovery was
sharply decreased by the increase of temperature over 3 or

7 h at 5 % NaOH. The effect of time on biomass recovery
was reduced by higher temperature.

Figure 2 provides response-surface plots representing
the effects (and reciprocal interactions) of pretreatment
temperature, pretreatment time and sodium hydroxide
concentration on the biomass recovery when all other
conditions were constant at the zero level. As shown in
Fig. 2a, the biomass recovery was increased linearly by the
increase of pretreatment temperature over all of the time
ranges. By contrast, at 5 h for all of the temperature ranges,
the biomass recovery was sharply curtailed. Figure 2b
shows the effects and reciprocal interaction of the pre-
treatment temperature and sodium hydroxide concentration
at 5 h. At low temperatures, biomass recovery was slightly
decreased in the range of 7 % NaOH and below. At high
temperatures, the biomass recovery was sharply decreased
by the increase of the NaOH concentration. Also, the lin-
ear-increase slope of biomass recovery, due to the decrease
of pretreatment temperature, was steeper than that of the
low NaOH concentration. Figure 2c represents the effects
and reciprocal interaction of pretreatment time and sodium
hydroxide concentration at the zero level (55 °C). The
biomass recovery manifested as a concave curve in all
ranges of sodium hydroxide concentration and pretreat-
ment time. From Figs. 1 and 2, it is evident that in NaOH
pretreatment under ultrasound irradiation, pretreatment
time is a less important condition than pretreatment tem-
perature or sodium hydroxide concentration.

Effect of pretreatment condition by RSM on lignin
removal

As the Table 2 data indicate, the amount of lignin removal
ranged from 38.72 to 60.86 % of the initial lignin in the
untreated rapeseed straw. The highest lignin removal
(60.86 %) was obtained under the 80 °C, 5 % (w/w)
sodium hydroxide for 5 h pretreatment conditions, which
also resulted in low biomass recovery yields (Run 6). The
effects of pretreatment temperature, pretreatment time and
sodium hydroxide concentration (under sonication irradia-
tion) on the lignin removal of rapeseed straw were
investigated by response-surface methodology using
Design-Expert 7. In the result of the predicted model, the
regression analysis had 0.67 of R* and 0.38 of Adj. R*. R?
and Adj. R? values were t00 low, and so the analysis of
lignin removal data is not suitable for model prediction.
Figure 3 plots the relationship between lignin removal and
biomass recovery/enzymatic digestibility under NaOH pre-
treatment with ultrasound irradiation. The increase of lignin
removal caused a decrease of biomass recovery (R*> = 0.762).
However, the lignin removal increased the enzymatic
digestibility (R* = 0.673). These results reflect the fact that
NaOH pretreatment of rapeseed straw diminishes the lignin
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Fig. 2 Response-surface plots representing effects of reaction tem-
perature, reaction time and sodium hydroxide concentration on
biomass recovery of pretreated rapeseed straw. a Sodium hydroxide
concentration was fixed at 21 % (w/w), b reaction time was fixed at
5 h, ¢ reaction temperature was fixed at 55 °C

content in biomass by enhancing the accessibility of cellulose
to enzymes. Similarly, the most significant effect of NaOH
pretreatment was on delignification, the concentration of
NaOH being the significant factor for cotton stalk. Lignin
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Fig. 3 Relationship between lignin removal and biomass recovery/
enzymatic digestibility in NaOH pretreatment with ultrasound
irradiation. The data on the low lignin removal were not calculated
in the linear regression

reduction linearly increased with the increase of NaOH pre-
treatment severity [7].

Optimization of pretreatment conditions by RSM
on enzymatic digestibility

The effects of sonication-irradition pretreatment on the
enzymatic digestibility of rapeseed straw were investi-
gated. The values obtained ranged from 39.7 (Run 12) to
91.7 % (Run 11) (Table 2). As the result of a regression
analysis using Design-Expert 7, the following quadratic
equation (Eq. 4), which had 0.97 of R and 0.95 of Adj. R,
was obtained as

Y = 63.01 +7.35X, +2.63X, + 11.18X; + 2.72X,X,
+2.54X,X; + 0.10X,X; + 1.37X 2 — 1.10X?
—0.72x} (4)

where X|, X;, X; represent the pretreatment temperature,
pretreatment time and sodium hydroxide concentration,
respectively, and Y is the enzymatic digestibility of the
pretreated rapeseed straw.

The predicted model was evaluated using the coeffi-
cients of determination and ANOVA [2, 9, 13, 29]. The
coefficients of the predicted model, as based on the coded
factor level and probability values, are shown in Table 4.
Table 4 also lists the ANOVA results for the response-
surface quadratic model with sodium hydroxide pretreat-
ment under sonication irradiation. The p values of most of
the coefficients (X}, X, X3, X;X,, X,X; and X2) were less
than 0.05, which indicates that the predicted model prop-
erly showed the actual relationship among the selected
conditions. All of the linear coefficients were more sig-
nificant than their quadratic and cross-product terms.
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Table 4 ANOVA for response-surface reduced quadratic model in
sodium hydroxide pretreatment under sonication irradiation (enzy-
matic digestibility)

Source Sum of df  Mean F value  p value
squares square prob. > F
Model 3,197.76 9 355.31 49.59 <0.0001
X 863.20 1 863.20 120.48 <0.0001
X5 110.77 1 110.77 15.46 0.0028
X3 1,998.37 1 1,998.37  278.92 <0.0001
XX, 59.06 1 59.06 8.24 0.0166
X X3 51.70 1 51.70 7.22 0.0229
X>X3 0.09 1 0.09 0.01 0.9149
X3 47.29 1 47.29 6.60 0.0279
X? 30.51 1 30.51 4.26 0.0660
X? 12.98 1 12.98 1.81 0.2081
Residual 71.65 10 7.16
Lack of fit 56.95 5 11.39 3.87 0.0817
Pure error 14.70 5 2.94
Cor. total 3,269.40 19

However, to minimize prediction error, all of the coeffi-
cients were considered in this designed model.

Figure 4 plots the effect of pretreatment conditions on the
enzymatic digestibility. As shown in Fig. 4a, the enzymatic
digestibility of the pretreated rapeseed straw linearly
increased according to the increase of pretreatment tem-
perature under the 5 % NaOH and 5 h conditions. That is,
high pretreatment temperature (80 °C) improved the enzy-
matic digestibility. In a comparable study on NaOH pre-
treatment of rapeseed straw [9], the enzymatic digestibility
was sharply increased relative to pretreatment under ultra-
sound irradiation. Relative to NaOH pretreatment without
ultrasound irradiation, the enzymatic digestibility was
increased about 27 % at low temperature (30 °C) [9].
However, at high temperature (80 °C), the difference in
enzymatic digestibility was diminished. These results indi-
cate that ultrasound irradiation has a significant effect on
enzymatic digestibility at low temperature.

Figure 4b shows the effects of pretreatment time on the
enzymatic digestibility at 55 °C and 5 % NaOH. For a
short pretreatment time, below 5 h, the enzymatic digest-
ibility showed a slight linear increase. However, over 5 h,
it was not affected. Compared with NaOH pretreatment of
rapeseed straw [9], pretreatment under ultrasound irradia-
tion showed an increasing enzymatic digestibility pattern.
Specifically, ultrasound irradiation enhanced enzymatic
digestibility by about 11 % over NaOH pretreatment.
Nevertheless, the pretreatment time did not show a sig-
nificant effect on the enzymatic digestibility increase [9].

Figure 4c plots the effects of sodium hydroxide con-
centration on enzymatic digestibility at 55 °C and 5 h.
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Fig. 4 Effects of reaction temperature, reaction time and sodium
hydroxide concentration on enzymatic digestibility of pretreated
rapeseed straw. a Reaction temperature, b reaction time, ¢ sodium
hydroxide concentration. Other conditions are fixed at zero levels

As is apparent, the enzymatic digestibility was sharply lin-
early increased by the increase of NaOH concentration.
Relative to Kang et al.’s [9] results, the present study showed
a similar enzymatic digestibility pattern. The enzymatic
digestibility was increased by about 7.2—11 % by ultrasound
irradiation in the experimental range of the NaOH concen-
tration compared with the NaOH pretreatment [9].
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From the experimental data, we can conclude that the
most significant conditions for enzymatic digestibility in
NaOH pretreatment under ultrasound irradiation were
pretreatment temperature and NaOH concentration. More-
over, we can conclude that ultrasound irradiation has a
good effect on pretreatment in the lower temperature range
and for all concentrations of sodium hydroxide.

Figure 5a provides a response-surface plot of the effects
of pretreatment temperature and pretreatment time, along
with their reciprocal interaction effects on the enzymatic
digestibility of rapeseed straw under ultrasound irradiation
when the level of sodium hydroxide concentration was
fixed at 5 % (w/w). A positive interaction between pre-
treatment temperature and time was observed. At a low
pretreatment temperature (30 °C), the pretreatment time
showed a negative effect on the enzymatic digestibility.
But at a high pretreatment temperature (over 55 °C), the
enzymatic digestibility sharply increased with time dura-
tion. Also, with a short pretreatment time (1 h), the enzy-
matic digestibility did not significantly increase with the
rise of pretreatment temperature. However, with a long
pretreatment time, the increase of pretreatment temperature
had a strong effect on the improvement of enzymatic
digestibility. A high enzymatic digestibility was obtained
under the conditions of high pretreatment temperature and
long treatment time.

Similarly, Kang et al. [9] reported that high temperature
and long treatment time resulted in high enzymatic
digestibility under the 5 % (w/w) NaOH pretreatment
condition. Under the SAA with 15 % (w/w) condition, the
enzymatic digestibility was increased by temperature rises
above 90 °C over the entire pretreatment period [13].

Figure 5b is a response-surface plot representing the
effects of pretreatment temperature and sodium hydroxide
concentration, along with their reciprocal interaction
effects on the enzymatic digestibility at 5 h under ultra-
sound irradiation. Under the low sodium hydroxide con-
centration condition, the increase of temperature (over
60 °C) slightly enhanced the enzymatic digestibility.
However, for 5-9 % (w/w) sodium hydroxide, the enzy-
matic digestibility dramatically increased in the 55-80 °C
range. The increase of sodium hydroxide concentration
also effected a linear increase of enzymatic digestibility at
low pretreatment temperatures. Over the entire temperature
range, the enzymatic digestibility was enhanced by the
increase of sodium hydroxide concentration. As a similar
result, the pretreatment of rapeseed straw with 5-9 %
NaOH resulted in a dramatic increase in enzymatic
digestibility when the temperature ranged from 55 to 80 °C
at 5 h. Under this condition, the temperature and NaOH
concentration had a more significant effect on enzymatic
digestibility than time [9]. Moreover, for all of the
ammonia concentrations, the rising of temperature showed
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Fig. 5 Response-surface plots representing effects of reaction tem-
perature, reaction time and sodium hydroxide concentration on
enzymatic digestibility of pretreated rapeseed straw. a Sodium
hydroxide concentration was fixed at 21 % (w/w), b reaction time
was fixed at 5 h, ¢ reaction temperature was fixed at 55 °C

a drastic increase in enzymatic digestibility under the SAA
pretreatment condition [13].

A response-surface plot representing the effects of pre-
treatment time and sodium hydroxide concentration, along
with their reciprocal interaction effects on the enzymatic
digestibility of rapeseed straw under the zero level (55 °C)
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Fig. 6 Comparison of enzymatic digestibility of raw and pretreated
rapeseed straw

ultrasound-irradiation condition is provided in Fig. Sc.
Over the entire sodium hydroxide concentration range, the
increase of pretreatment time did not significantly affect
the enzymatic digestibility. However, the pretreatment time
had a strongly enhancing effect on the enzymatic

. Baa

l; B m
|

Baag v

J
Fig. 7 SEM images of NaOH-pretreated rapeseed straw under
sonication irradiation. a Inside of raw rapeseed straw, b outside of

raw rapeseed straw, ¢ inside of pretreated rapeseed straw, d outside of
pretreated rapeseed straw. Pretreated rapeseed straws (c, d) are

digestibility. It was evident that reaction time is a less
important factor than reaction temperature or sodium
hydroxide concentration. Similarly, in a previous study, at
55 °C the enzymatic digestibility was strongly increased at
high NaOH concentrations as time passed. However, the
increase of NaOH with a short reaction time only slightly
increased the enzymatic digestibility [9]. In another study,
the pretreatment of rapeseed straw with SAA and a high
ammonia concentration only slightly increased the enzy-
matic digestibility with time at 50 °C [13].

To optimize the NaOH pretreatment conditions for
rapeseed straw under sonication irradiation, we focused on
economic alternatives in the forms of low pretreatment
temperature, time and sodium hydroxide concentration
ranges. The optimal conditions of NaOH pretreatment
under sonication irradiation were selected by a regression
analysis using Design-Expert 7 software. They were
75.0 °C pretreatment temperature, 6.5 h pretreatment time,
and 7.0 % (w/w) sodium hydroxide with a solid:liquid ratio
of 1:10 under sonication irradiation. At these optimal
points, a 97.3 % enzymatic digestibility was obtained. To
determine the validity of the model’s predicted value,
repeated experiments were carried out under the predicted

pretreated in the condition of 75 °C pretreatment temperature, 7.0 %
(w/w) sodium hydroxide and 6.5 h pretreatment time with a solid-
to-liquid ratio of 1:10 under sonication irradiation (40 kHz, 300 W)
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conditions. In the result, a 989 + 0.3 % enzymatic
digestibility was obtained. This well represented the opti-
mized condition ranges of the model.

Figure 6 shows the results of a comparison of the
enzymatic digestibilities of the cellulose and the raw and
pretreated rapeseed straw. The raw rapeseed straw did not
properly hydrolyze below 20 %. Cellulose (Avicel) was
hydrolyzed at about 91 %. The pretreated rapeseed straw
under the optimal conditions was about 98 % hydrolyzed.
The obtained results indicated that NaOH pretreatment of
rapeseed straw under ultrasound irradiation is effective for
biofuel production purposes.

SEM photo of sodium hydroxide-pretreated rapeseed
straw

The various pretreatment techniques change the physical
and chemical structures of lignocellulosic biomass [4].
Figure 7 shows the morphology change of rapeseed straw
after pretreatment as observed by SEM. Figure 7a, b
(unpretreated rapeseed straw) provides the views of the
small-pore, compact and rigid structure of raw rapeseed
straw. Figure 7c, d (pretreated rapeseed straw) shows that
the pretreated straws were well broken and that the pore
size was enlarged. It was speculated that the partial
removal of hemicellulose and lignin broke the crystallized
structure of cellulose-hemicellulose-lignin. Available
surface area, as related to the accessibility of cellulose to
enzymes, is one of the major limiting factors for enzymatic
hydrolysis in industrial processes [13].

Conclusions

In this study, sodium hydroxide pretreatment of rapeseed
straw by response-surface methodology under ultrasound
irradiation was carried out. Sonication had a good effect on
pretreatment at the lower temperature range and at all
sodium hydroxide concentration ranges. Also, pretreatment
time was a less important factor than other parameters. For
the optimum pretreatment conditions of 75 °C, 7.9 %
sodium hydroxide, and 5.5 h under sonication irradiation,
97.3 % enzymatic digestibility was predicted. After sodium
hydroxide pretreatment of rapeseed straw under sonication
irradiation, physical surface characteristics such as the
surface area and pore size were enhanced, thereby accel-
erating the enzymatic hydrolysis.
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