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Abstract In this study, electron beam irradiation (EBI) assisted by a dilute acid pretreatment
process was investigated to improve the glucose yield and show high selectivity in the
enzymatic hydrolysis of rice straw. In the first step, EBI of rice straw was performed at various
doses ranging from 50 to 500 kGy. The electron beam-irradiated rice straw was then
autoclaved with 3 % dilute acid at 120 °C for 1 h. The pretreated rice straw was finally
subjected to enzymatic hydrolysis at 50 °C for 24, 48, and 72 h by 70 filter paper units (FPU)/
mL cellulase and 40 cellobiose units (CbU)/mL glucosidase. Glucose was obtained with a very
high selectivity of 92.7 % and a total sugar yield of 80 % from pretreated rice straw after 72 h
of enzymatic hydrolysis.
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Introduction

Lignocellulosic biomass has been widely investigated as a potential sustainable source of
fermentable sugars that can be converted to biofuels and biochemicals [1, 2]. Lignocellulosic
biomass is composed of three polymers: cellulose, hemicellulose, and lignin, which are
chemically bonded to each other. Among these three components, cellulose is the dominant
polymer, with relatively small proportions of hemicellulose and lignin in the lignocellulosic
biomass. However, it is difficult to convert cellulose and hemicellulose to fermentable sugars
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1. A facile two-step method was developed for producing fermentable sugars.
2. The synergic effect of dilute acid pretreatment on the EBI of rice straw was assessed.
3. A 75 % yield and 92.7 % selectivity were obtained for glucose.
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because these components are tightly packed with lignin in the cell wall [3]. The
structure of the cellulose-hemicellulose-lignin complex is responsible for the natural
resistance of cellulose and hemicellulose to enzymatic and microbial attack, which is
known as “biomass recalcitrance.” Thus, pretreatment is required to make these
cellulose and hemicellulose polymers accessible to further enzymatic hydrolysis and
fermentation [4].

Many researchers have developed methods to overcome the problems associated with
biomass recalcitrance to convert lignocellulosic biomass to fermentable sugars such as glucose
and xylose. Acid pretreatment can be a single-stage process in which the biomass is treated
with H2SO4 or HCl at varying concentrations, operating times, and reaction temperatures. Acid
pretreatment solubilizes hemicellulose and increases the accessibility of cellulose in the
presence of lignin to enzymatic or microbial attack [5, 6]. However, acid pretreatment is
limited by the presence of lignin and a tendency toward low sugar yields. To overcome these
drawbacks, combined pretreatment or multi-stage pretreatment processes have been widely
studied [7–9].

Irradiation pretreatment is a physical method that induces molecular chain scission of the
glycosidic bonds of cellulose in the presence of lignin. The technique is also commonly used
to increase the accessible surface area and pore size for enzymatic and microbial attack
because irradiation disorders the crystalline region in the cellulose [10]. The advantages of
irradiation pretreatment include (1) short pretreatment times; (2) high selectivity; (3) no
requirement for toxic chemicals, making it environmentally friendly; and (4) ease of
control [11].

Similar to wheat and corn, rice straw is an abundant and available lignocellulosic material.
Rice straw can be easily hydrolyzed into fermentable sugars due to its high cellulose and
hemicellulose content (32–47 % cellulose, 19–27 % hemicellulose) and low lignin content (5–
24 %) [12]. Thus, rice straw has several advantages that make it a potential candidate for
bioethanol production. In this study, a simple two-step pretreatment process for rice straw was
developed that produced a high yield of glucose for further fermentation. The two-step
pretreatment process involved electron beam irradiation (EBI) at various doses, followed by
autoclaving with dilute sulfuric acid under mild conditions. In the first step, EBI induced the
partial disordering of the crystalline and amorphous regions of the cellulose-hemicellulose-
lignin complex. Electron beam-irradiated rice straw was separated into cellulose, hemicellu-
lose, and lignin components by autoclaving with dilute acid in the second step. Using this two-
step process, the relative content of cellulose in rice straw was determined by controlling the
EBI dose in the first step. Glucose was obtained in high yield and selectivity without loss of
cellulose after enzymatic hydrolysis due to the mild conditions and the controlled two-step
pretreatment process.

Materials and Methods

Materials

Rice straw was harvested by the Korea Atomic Energy Research Institute (Jeongeup Province,
Korea) in the fall of 2013. Rice straw was ground with an experimental grinder. The ground
straw was sieved, and powders that passed through a 500-um sieve were collected. The
powder was dried at 40 °C for 1 day in a vacuum oven prior to further pretreatment. The
main composition of the rice straw was 39.5 % cellulose, 26.7 % hemicellulose, 19.5 % lignin,
and 14.3 % ash, respectively.
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Pretreatment Methods

Electron Beam Irradiation

The dried rice straw samples in an ambient condition were irradiated using an ELV-8-
type electron beam accelerator (EB tech Co., Korea) with an acceleration voltage of
2.5 MeV, an electron beam current of 25 mA, and a conveyer speed of 10 m/min,
which provided a dose of 25 kGy of radiation per pass. The absorbed doses used
were 50, 100, 200, 300, and 500 kGy.

Autoclaving with Dilute Acid

Mixtures of electron beam-irradiated rice straw samples and 3 % dilute sulfuric acid at a ratio
of 1:19 (w/w) were placed in 1-L glass bottles. The mixtures were autoclaved at 120 °C for 1 h
under 1 bar pressure. Dark brown slurry was obtained after autoclaving. The slurry was
washed with deionized (DI) water and filtered several times with Whatman No.1 filter paper
to remove the residue. After washing and filtering, the remaining solid materials were dried at
40 °C for 1 day in a vacuum oven prior to enzymatic hydrolysis. The pretreated rice straw
samples were denoted E50A (EBI 50 kGy + autoclaving), E100A, E200A, E300A, and
E500A, respectively.

Enzymatic Hydrolysis

The effects of pretreatment on enzymatic hydrolysis of pretreated rice straw samples were
investigated in accordance with the National Renewable Energy Laboratory (NREL)
standard procedure [13]. Pretreated and untreated rice straw samples were mixed with
0.1-M sodium citrate buffer solution (pH: 4.8) at a ratio of 1:19 (w/v). The average
activities of the enzymes were 70 filter paper units (FPU)/mL of Celluclast 1.5 L
(cellulase, Novo Co., Denmark) and 40 cellobiose units (CBU)/mL of Novozyme-188
(β-glucosidase, Novo Co., Denmark). The enzymatic hydrolysis was performed at
50 °C in an incubator with shaking (150 rpm) for 24, 48, and 72 h. The resulting
rice straw hydrolysates were obtained using three processes (EBI, autoclaving with dilute acid,
and enzymatic hydrolysis).

Analytical Methods

Compositional Analysis

Changes in the composition of carbohydrates and lignin in the enzymatically hydrolyzed rice
straw were determined according to Laboratory Analytical Procedures from NREL [14],
Technical Association of the Pulp and Paper Industry [15]. Briefly, composition of rice straw
before and after pretreatment was determined by dried weight basis. (1) Cellulose and
hemicellulose composition: rice straw (0.5 g) was added into NaClO/glacial acetic acid/DI
water (0.2 g/0.04 mL/30 mL) solution and stirred at 75 °C for 1 h repeatedly. The obtained
cellulose was washed by DI water and then dried. This procedure is similar to the bleaching of
biomass. (2) Lignin composition: rice straw was treated with 72 % (w/w) sulfuric acid at 30 °C
for 1 h. The mixture was diluted by adding DI water to give an acid content of 4 % and then
autoclaved at 120 °C for 1 h. The resulting hydrosate was filtered with Whatman No. 1 filter
paper, and then dried.
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Sugar Analysis

Substrates produced by the enzymatic hydrolysis were collected from the supernatant liquid
through a 0.45-μm syringe filter and placed into a glass vial. The released sugars were
analyzed using a high-performance liquid chromatography (HPLC, Shimazu Co., Japan)
system equipped with a refractive index detector (410 RI detector, Waters, USA). The samples
were separated on an Aminex HPX-87P column (Bio-Rad, USA) at 65 °C with DI water (B&J
HPLC grade, SK chemical, Korea) as the mobile phase at a flow rate of 0.6 mL/min. The sugar
yields were calculated using the following equation:

Sugar yields %ð Þ ¼ Amountof realeasedsugar gð Þ
Amountof loadedrice straw gð Þ � 100

Also, glucose selectivity was defined with the following equation: glucose selectivity
(%)=[glucose yield/total sugar yield]×100.

Fourier Transform Infrared Spectroscopic Analysis

Fourier transform infrared (FTIR) spectroscopic analysis was performed to detect changes in
the chemical structure of the untreated and pretreated rice straw samples. FTIR spectra were
recorded at 4 cm−1 spectral resolution with 64 scans and a wavelength range of 500–
4,000 cm−1 using an FTIR spectrometer (Bruker Vertex 70 spectrometer, Germany).

X-ray Diffraction Analysis

X-ray diffraction (XRD) analysis was used to determine the physical properties of the rice
straw. An X’Pert Powder unit (PANalytical, Netherlands) was employed for XRD analysis.
The untreated and pretreated rice straw samples were measured over the range of 2θ=5–50°
with Cu Kα (λ=1.54 Å) radiation at 40 kV and 30 mA and a scan step size of 0.03°. The
crystallinity of each rice straw was determined as the crystallinity index (CrI, %) using the
method of Segal [16]. I002 is the intensity of crystalline portion (cellulose) at 2θ=22°, and Iam
is the intensity of the amorphous portion at 2θ=18°.

Crystallinity Index Crl;%ð Þ ¼ I002 − I am
I002

� 100

Results and Discussion

Rice Straw Composition

The composition of the rice straw before and after pretreatment is shown in Table 1. The
composition of the untreated rice straw was 39.5 % cellulose, 26.7 % hemicellulose, 19.5 %
lignin, and 14.3 % ash. The composition of the rice straw after pretreatment was 68.1 %
cellulose, 8.7 % hemicellulose, 18.1 % lignin, and 5.1 % ash. The change in the composition
of the pretreated rice straw compared to the untreated rice straw demonstrates that the
pretreatment process increased the accessible surface area of the rice straw for enzymatic
hydrolysis due to the removal of or a decrease in other components. Autoclaving with dilute
acid as the first step resulted in a notable decrease in the relative content of hemicellulose from
26.7 to 10.8 %. This result indicates that the hemicellulose fraction in rice straw is easily
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separated from cellulose by autoclaving with dilute acid. The resulting relative content of
hemicellulose in the pretreated E500A rice straw (8.7 %) was significantly lower than that in
the untreated sample (26.7 %). In addition, the relative content of the cellulose-hemicellulose-
lignin complex increased due to the decrease in ash content. Cellulose must not be lost during
pretreatment because it can be directly converted to fermentable sugars. After two-step
pretreatment, the relative content of cellulose was increased in pretreated E500A (68.1 %)
compared with untreated rice straw (39.5 %). Moreover, the relative content of cellulose was
proportional to the EBI dose under the same autoclaving conditions. The relative lignin content
was maintained after combined pretreatment. However, the relative content of lignin (19.5 %)
can be divided into acid-soluble lignin (2.3 %) and acid-insoluble lignin (17.2 %). Acid
pretreatment generally has a greater effect on the removal of hemicellulose than cellulose
and lignin. Acid-insoluble lignin mostly remained after pretreatment, and acid-soluble lignin
was dissolved under acidic conditions after EBI [17]. These results are similar to the surface
area of the rice straw that was increased by EBI, allowing the dilute acid solution to easily
infiltrate the lignocellulose [18]. Finally, the synergic effects of EBI and autoclaving with
dilute acid increased the accessibility of the rice straw to enzymes and reduced the biomass
recalcitrance to enhance the separation of hemicellulose.

Sugar Yields

The sugar yields resulting from the two rice straw pretreatment processes were determined. As
shown in Table 2, reducing sugars such as glucose, xylose, arabinose, mannose, and galactose
were released during enzymatic hydrolysis. The illustration in Fig. 1 shows the sugar yields
resulting from untreated rice straw and from rice straw pretreated by autoclaving in dilute acid,
EBI, of the two-step pretreatment after 72 h of enzymatic hydrolysis. A greater yield of

Table 1 The composition of the
rice straw before and after
pretreatment

Samples Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Ash
(%)

Total
(%)

Untreated 39.5 26.7 19.5 14.3 85.7

3 % Dilute acid 55.7 10.8 19.4 14.1 85.9

E50A 57.1 10.6 19.3 13.3 86.7

E100A 60.1 9.3 19.1 11 89

E200A 66.4 8.8 18.4 6.4 93.6

E300A 67.5 8.8 18.2 5.5 94.5

E500A 68.1 8.7 18.1 5.1 94.9

Table 2 Sugar yields of untreated and pretreated rice straw samples after 72 h of enzymatic hydrolysis

Samples Glucose (%) Xylose (%) Mannose (%) Galactose (%) Arabinose (%) Total (%)

Untreated 32.5 – 15.6 0.3 0.8 49.4

3 % Dilute acid 41.3 2.1 7.3 0.3 0.7 52.0

E50A 56.7 1.1 6.0 0.2 1.0 65.2

E100A 68.9 0.5 5.9 0.2 0.3 76.0

E200A 74.3 – 5.6 0.2 0.3 80.6

E300A 75.0 – 5.4 0.2 0.3 81.1

E500A 75.0 – 5.2 0.2 0.3 80.9
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released sugars was obtained from the electron beam-irradiated rice straw than the rice straw
autoclaved with dilute acid. However, a sugar yield of 80 % was obtained from the rice straw
subjected to the two-step pretreatment process and the same enzymatic hydrolysis time. This
enhanced hydrolysis demonstrates the synergetic effects of the two-step pretreatment on the
disordering of the crystalline and amorphous cellulose-hemicellulose-lignin complex, depoly-
merization of lignin, and degradation of hemicellulose. Interestingly, EBI was strongly
selective for the hemicellulose of rice straw and could affect the degree of polymerization,
which could enhance the subsequent degradation of hemicellulose by autoclaving with acid
[19, 20]. The total amount of released sugars after enzymatic hydrolysis is shown in Fig. 2.
The total sugar yields gradually increased with increasing electron beam dose ranges of 50–
300 kGy when coupled with autoclaving with dilute acid under identical conditions. The
resulting sugar yields were 75 % for glucose, 5.2 % for mannose, and 0.3 % for arabinose in
the case of the E500A rice straw. However, xylose was not released with more hemicellulose
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Fig. 1 Sugar yields obtained using different pretreatment methods after 72 h of enzymatic hydrolysis
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Fig. 2 Sugar yields obtained using different pretreatment methods after 24, 48, and 72 h of enzymatic hydrolysis
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removal at electron beam dosages higher than 200 kGy. This result confirmed that EBI
pretreatment selectively increased the removal of hemicellulose prior to the subsequent
autoclaving with dilute acid pretreatment. The selectivity of the glucose yields compared to
the total sugar yields is described in Fig. 3. Maximums of 41.3 % for the glucose yield and
79 % for glucose selectivity were obtained from rice straw autoclaved with dilute acid. By
comparison, the maximum yield of glucose was 75 % with a selectivity of 92.7 % from E500A
rice straw. The glucose selectivity from untreated rice straw after 24, 48, and 72 h of enzymatic
hydrolysis was only 68.7, 67.5, and 65.9 %, respectively. The glucose selectivity after 24, 48,
and 72 h of enzymatic hydrolysis of rice straw pretreated only by autoclaving with dilute acid
decreased slightly, in the range of 80.6–79.5 %. For the two-step pretreated rice straw, the
glucose selectivity was proportional to the EBI dose, which ranged from 50 to 200 kGy.
However, EBI pretreatment at lower doses of 10–40 kGy was insufficient to induce significant
changes in the glucose yield, and the yields plateaued at 92 % in the range of 200–500 kGy.
These results suggest that the EBI pretreatment is an effective and easily controllable method
to obtain high glucose yields and selectivity.

Fourier Transform Infrared Spectroscopic Analysis

We investigated the changes in the chemical structure and composition of the two-step
pretreated rice straw using FTIR spectrum analysis as shown in Table 3. The broad peak in
the 3,338 cm−1 region was due to O–H stretching, and the two sharp peaks at 1,101 and
898 cm−1 were due to C–O–C stretching in the β-1,4-glycosidic linkages of cellulose [21]. The
peak in the 3,338 cm−1 region for the untreated rice straw was similar to that in the spectrum of
pretreated rice straw. In addition, the peaks associated with O–H stretching shifted to a higher
wave number (from 3,338 to 3,342 cm−1) due to the increase in the content of free hydroxyl
groups. These results demonstrated that most of the cellulose in the rice straw remained during
the two-step pretreatment. The peaks in the 2,918 cm−1 region were associated with C–H
stretching within cellulose and were stronger after the two-step pretreatment [22]. The peaks
between 1,200 and 900 cm−1 were typically associated with the structures of cellulose and
hemicellulose (C–O–H stretching of primary and secondary alcohols at 1,033 cm−1, C–O–C
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Fig. 3 Variations in the glucose selectivity based on the enzymatic hydrolysis time (24, 48, and 72 h) in
untreated and pretreated rice straw samples exposed to 0–500 kGy of EBI
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stretching at 1,153 cm−1). Moreover, the peak at 898 cm−1 was due to the β-1,4-glycosidic
bond (C–O–C), which was not easily cleaved during the two-step pretreatment [23]. After the
two-step pretreatment, the peaks in this region were stronger than those in the spectrum of
untreated rice straw. These results indicated that the cellulose content in pretreated rice straw
increased because the hemicellulose in the untreated rice straw was removed by the two-step
pretreatment.

X-ray Diffraction Analysis

Table 4 shows the X-ray diffractograms of untreated and rice straw subjected to the two-step
pretreatment. Spectral changes are apparent in the range of 5°<2θ<30°. The intensities of the
amorphous and crystalline regions were measured at 2θ=18° and 2θ=22°, respectively. The
intensity of the crystalline region peaks at 22° was increased, while the intensity of the
amorphous region peaks at 18° was decreased. The overall crystallinity index of the pretreated
rice straw was calculated to have increased to 54.5 from 41.1 % for untreated rice straw. This
increase in the crystallinity index occurred because the high-energy EBI strongly attacked the
cellulose-hemicellulose-lignin complex, while autoclaving with dilute acid significantly en-
hanced the separation of the hemicellulose from the electron beam-irradiated rice straw. In the
present study, the crystallinity index of the rice straw autoclaved with dilute acid was 50.1 %.
However, this value increased slightly to 54.5 % after the two-step pretreatment process due to
the exposure of the crystalline and amorphous regions of the rice straw in response to EBI
dose. These results indicate that the removal of hemicellulose may be responsible for the
increase in the crystallinity index during the two-step pretreatment. The amorphous region was
more depolymerized than the crystalline region due to the effects of EBI. This increase in the
degree of crystallinity indicates that the effect of EBI was greater in the amorphous region than
in the crystalline zone [8, 24]. Cellulose is protectively surrounded by hemicellulose and

Table 4 Relationship between the
crystallinity index and the
glucose yield for the different
pretreatment methods

Samples Crystallinity Index (%)

Untreated 41.1

3 % Dilute acid 50.1

E50A 51.1

E100A 51.3

E200A 51.8

E300A 53.9

E500A 54.5

Table 3 Assignment of the
absorption bands in the FTIR
spectra of pretreated rice straw

Absorbance band Functional group Assignment

3,338 O–H stretching Cellulose

2,918 C–H stretching Cellulose

1,732 C=O ester linkage Hemicellulose

1,240 C=O ester linkage Hemicellulose

1,153 C–O–C, glucosidic bond Cellulose

1,033 C–O–H, stretching of alcohols Cellulose

898 C–O–C, β-1,4-glucosidic bond Cellulose
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lignin. Hence, EBI might have primarily disordered the structure of hemicellulose and lignin,
resulting in the exposure of cellulose. The sugar yields were proportional to the crystallinity
index. If the pretreatment was highly effective (without loss of cellulose), hemicellulose were
removed in the amorphous region, thereby increasing the crystallinity of the lignocellulose. In
this study, the two-step pretreated rice straw gave the highest crystallinity index, indicating that
the combined pretreatment process is highly effective.

Conclusion

Glucose yields were easily controlled by adjusting the EBI dose. With the synergetic two-step
pretreatment, the yield and selectivity of glucose were 75 and 92.7 %, respectively. This
method could be used to improve bioethanol production from lignocellulosic waste materials.
The addition of EBI as the first step compared to dilute acid pretreatment only increased the
removal of hemicellulose from the rice straw, thereby increasing the accessibility of the
cellulose for enzymatic hydrolysis. The two-step pretreatment thus represents a strategy for
overcoming the biomass recalcitrance of lignocellulosic biomass.
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