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The goal of this study was to develop an operational steam explosion 
pretreatment for effective modification of rice straw chemical structure in 
order to improve its biodegradability and methane yield. The parameters 
of pressure (5 bar to 15 bar), moisture (0% to 70%), and time (1 min to 15 
min) were studied in steam explosion pretreatment. The steam explosion 
efficiency was investigated according to the changes in crystallinity 
structure and chemical composition on rice straw, as well as the methane 
yield from straw. Steam explosion changed the structure linkages between 
the lignin and carbohydrate, which was indicated by a reduction in the 
peak intensities in the bonds from 1648 cm-1 to 1516 cm-1. After 
pretreatment, the crystallinity index of the rice straw in the 10 bar-10 min 
cycle with no moisture and 15 bar-10 min cycle with 70% moisture 
increased from 22.9% to 28.3% and 28.6%, respectively. Steam explosion 
efficiently decreased the lignin. The highest reduction in the amount of 
lignin was observed with the 10 bar-10 min cycle, which reached from 
18.6% to 13.0%. The methane yield increased with the cycles 10 bar-10 
min and 15 bar-15 min with 35% moisture, and 15 bar-10 min with 70% 
moisture by 113%, 104%, and 147% compared to that of the untreated 
straw, respectively. Moreover, the highest biodegradation percent of the 
rice straw was obtained in these cycles. 
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INTRODUCTION 
 

Biogas is an important renewable fuel that has begun to be used as energy for 

transportation fuel, cooking, and power generation in recent years. Biogas is generated 

from different types of organic waste, agricultural residues, and wastewater treatment 

sludge, as well as energy crops (Teghammar et al. 2012; Kabir et al. 2014). One of the 

most produced agricultural residues around the world is related to rice straw. The estimated 

yearly global rice production in 2017 was approximately 759 million tons, where 1 kg to 

1.5 kg of straw was obtained per 1 kg of rice crop (FAO 2017). Rice straw burning is the 

dominant removal method used by farmers to clean the farm for the next cultivation. Open 

burning of straw poses threats to the global environment because of the release of noxious 

greenhouse gases and short-lived pollutants into the air (Kaur et al. 2017). Additionally, 

rice straw is not suitable as an animal feed because of its low digestibility (Rodríguez et al. 

2010). Straw consists of cellulose, hemicellulose, lignin, and ash. Generally, the cellulose 
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chains in lignocelluloses are bound together by hydrogen bonds, in a mainly crystalline 

form in microfibrils. Microfibrils are covered by a matrix that includes hemicellulose, 

lignin, and other polymers, where lignin limits the accessibility of the carbohydrates to 

hydrolytic bacteria (Chen et al. 2011). 

Another characteristic of rice straw is the presence of silica in the cell wall. This 

straw contains high amounts of silica. The first limiting factor in rice straw anaerobic 

digestion is silica, followed by lignin (Van Soest 2006). Lignin is not an independent 

polymer in the cell wall of rice straw (Abraham et al. 2016). Due to these properties, lignin 

is a hard and sturdy component in rice straw. Therefore, the high lignin content in rice 

straw results in a greater resistance to degradation. 

The polysaccharides of rice straw are an appropriate source for renewable fuel 

production (Dehghani et al. 2015). The cellulose in rice straw is not easily accessible to 

microorganisms because of the complex nature of this substrate. Therefore, pretreatment 

is necessary prior to anaerobic digestion for the destruction of the lignin layer for effective 

digestion of the substrate (Taherzadeh and Karimi 2008). There are different pretreatment 

techniques, such as biological, chemical, and physical. A key step in removing 

hemicellulose, lignin, and silica from rice straw is the selection of economic, efficient, and 

environmentally friendly pretreatment techniques prior to anaerobic digestion (Kabir et al. 

2014). Steam explosion is one of the most useful pretreatment methods for disrupting the 

lignocellulose structure. Rice straw is pretreated with hot steam under a high pressure, 

followed by a sudden pressure drop. The sudden pressure drop causes the degradation of 

the rigid structure of the biomass fibers, which results in better accessibility to the cellulose 

for fermentation by microorganisms and enzymes (Kitani et al. 1989; Zhou et al. 2016). 

 Several studies have reported that steam explosion pretreatment of lignocelluloses 

is an effective method for improving the enzymatic hydrolysis and bioethanol production. 

This pretreatment technique has also been used to pretreat several different biomasses to 

increase the biogas production yield (Ma et al. 2014). Steam explosion has been used to 

increase the methane production yield from wheat straw. The methane yield was improved 

by 20% to 30% compared to that of an untreated sample (Bauer et al. 2009). The conditions 

of steam explosion pretreatment were improved to obtain the highest methane production 

from bulrush. The highest methane production was obtained at 17 bar, 8.14 min, and a 11% 

moisture content, and was 24% higher compared to that of an untreated sample (Wang et 

al. 2010). Steam explosion with NaOH and H2O2 was used for pretreatment of paper tube 

residues and had positive effects on the methane production. Steam explosion pretreatment 

was conducted at 15 bar and 20 bar (190 °C to 220 °C) for 10 min and 30 min.  The best 

result was observed at 220 °C and 10 min, and the production was 107% higher compared 

to that of the untreated sample (Teghammar et al. 2010). Zhou et al. (2016) reported that 

steam explosion pretreatment led to the distribution of special and clear differences in the 

population and earlier presence of bacteria during anaerobic digestion. Pretreatment at the 

conditions of 200 °C and 120 s resulted in the highest biogas production of 328.7 mL/g TS, 

which led to a 51% increase in the methane production compared to that of the unpretreated 

sample. Kobayashi et al. (2004) studied the methane yield from steam-exploded bamboo 

under various steaming times of 1 min, 3 min, 5 min, 10 min, and 20 min at a pressure of 

35 bar. Vivekanand et al. (2012) examined the effect of steam explosion on the methane 

yield from brown seaweed. The thawed seaweed was treated at 130 °C, 160 °C, and 210 

°C for 10 min. 

Usually, the pretreatment pressure is studied within the range of 5 to 40 bar (160  

to 280 °C), and the retention time is from several seconds to a few minutes. Most studies 

have examined a limited range of steam explosion parameters, and the moisture content in 
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the feedstock has also been poorly considered in steam explosion pretreatment.  Therefore, 

there is not a lot of data on using the steam explosion method with wider range of 

parameters to modify the structure of rice straw for methane production. Hence, rice straw 

was pretreated in a steam explosion reactor at pressures of 5 bar to 15 bar. The rice straw 

was kept at different pressures inside of the pressure vessel for 1 min to 15 min; moreover, 

the rice straw was investigated with three moisture contents (0%, 35%, and 70%).  

 The main goal of this investigation was to modify the structure of rice straw with 

steam explosion pretreatment techniques to increase the biodegradability. Finally, the 

impacts of the pretreatment on the composition and structure of the rice straw were 

investigated by performing anaerobic batch digestion. This study aimed to enhance the 

digestibility of rice straw for an optimum methane yield. 

 

 

EXPRIMENTAL 
 

Materials 
Rice straw, acquired from Rice Research Institute of Iran (Amol, Iran), was used as 

the substrate for anaerobic digestion. Rice straw as the blank sample was dried in an oven 

at 105 °C for 24 h to decrease the moisture level to less than 5%. Thereafter, the straw was 

cut into 3-mm sections with a pair of scissors. The inoculum used in this case study was 

obtained from the municipal wastewater treatment plant in Tehran, Iran. The inoculum was 

centrifuged to enhance the total solids (TS) from 9.0 to 19.8% and was then activated at 37 

°C for 4 d prior to use. 

 

Methods 
Steam explosion pretreatment 

The steam explosion reactor was constructed with an operating pressure of up to 40 

bar and a temperature of 280 °C. It consisted of a steam generator, pressure vessel, and 

vacuum tank. A steam generator was used, with a 20-L capacity for pressure and heat 

production. The pressure vessel had a capacity of 3 L. Each treatment cycle used up to 100 

g of rice straw. During pretreatment, the steam penetrated the pores of the rice straw. Using 

a solenoid valve control key on the control panel, steam was directed to the pressure vessel 

until the desired pressure was reached. Pressures from 5 bar to 15 bar, moisture contents 

from 0% to 70%, and times of 1 min to 15 min were studied. This resulted in a total of 36 

pressure/time/moisture combinations. After the high pressure pretreatment, the pressure 

was released through the vacuum tank (200 L) by opening the angle valve, which created 

a sudden pressure drop. After the sudden pressure drop, a pressure difference was created 

between the inside of the fibers and surrounding environment; therefore, the rice straw was 

exploded. 

 

Anaerobic digestion 

Anaerobic digestion conditions were used with mesophilic bacteria (inoculum) at 

37.5 °C in batch reactors. The reactors were glass bottles with a 118-mL total volume that 

were closed with butyl rubber seals and aluminum caps (Hansen et al. 2004). The 

pretreated rice straw was considered to be the substrate for methane production. The 

volatile solids (VS) percentage was 83% and 10.4% in the rice straw and inoculum, 

respectively. Each reactor was based on VSinoculum: VSsubstrate ratio (2:1) contained 

1.64 g VS of inoculum and 0.83 g VS of pretreated rice straw. The total volume of the 

reactor reached 25 mL by adding a certain amount of deionized water. To determine the 
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methane production from the inoculum, a blank sample containing inoculum and deionized 

water was analyzed. The mixture of the pretreated rice straw and inoculum was the control 

sample. To obtain an anaerobic state in the reactor, the headspace was flushed with pure 

nitrogen for 2 min. All of the experimental tests were performed in triplicate. The reactors 

were kept in an incubator at 37.5 °C for 60 d. During incubation, the reactors were shaken 

once a day. Biogas samples were taken from each reactor with a syringe, and the methane 

yield was measured by gas chromatography. 

 

Analyzing the chemical composition of the rice straw 

The chemical components of the rice straw were identified by NREL methods, and 

their values were compared to each other. The TS, VS, and ash contents were measured 

by drying the samples at 105 °C for 24 h in an oven and then heating them in a furnace at 

550 °C for 4 h (Sluiter et al. 2008a,b). The amount of biogas produced in each reactor was 

measured on a daily basis using a syringe. The methane produced from the reactors during 

incubation was measured using a gas chromatograph (Auto System, Perkin Elmer, 

Waltham, U.S.A.). The data analysis was performed as explained by Teghammar et al. 

(2010). 

The theoretical methane yield was determined using the organic composition with 

Eq. 1 (Triolo et al. 2011): 

𝑇𝑀𝑌 (
mL CH4

g VS
)  =  (373𝑉𝐹𝐴 (%) +  496𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (%) +  1014𝐿𝑖𝑝𝑖𝑑𝑠 (%) +

                         415𝐶𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 (%) +  727𝐿𝑖𝑔𝑛𝑖𝑛 (%))           (1) 

The biodegradability (BD%) of the samples was calculated with Eq. 2 (Li et al. 

2013): 

𝐵𝐷% =  
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 𝑦𝑖𝑒𝑙𝑑 (ml CH4 /g VS )

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 𝑦𝑖𝑒𝑙𝑑 (ml CH4 /g VS)
 ×  100%          (2) 

 

Analysis of the structural changes 

Intensity changes and band shifts in the untreated and pretreated rice straw were 

identified using Fourier transform infrared (FTIR) spectroscopy (Impact 410, Nicolet 

Instrument Corp., Madison, WI, USA) by direct transmittance using the KBr pellet 

technique. The peaks were analyzed using the Essential FTIR software (Version 3.2, 

Madison, WI, USA). The FTIR spectra of the rice straw were recorded in the absorption 

range of 600 cm-1 to 4000 cm-1 with a resolution of 4 cm-1 and 32 scans. 

 

X-ray diffraction (XRD) analysis  

The crystalline phase was identified using X-ray diffraction (PW 1710, Philips, 

Amsterdam, Netherlands) with Cu Kα radiation. Radial scans of the intensity were 

recorded at the scattering 2θ angles of 5° to 40° (step size = 0.02°, scanning rate = 2 s/step) 

using radiation (λ = 1.54 A°). The crystallinity index (CrI) of the rice straw was determined 

with the following empirical equation, 

CrI (%) = [(I002 - Iam) / I002] × 100%      (3) 

where I002 is the intensity of the diffraction at 2θ values of 22° to 23° for cellulose I, and 

Iam is the intensity of the diffraction at 2θ values of 18° to 19°, which represent the 

amorphous part of lignocellulose. 
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Statistical analysis 

The values shown were the means of triplicates with the standard deviation. The 

data were statistically analyzed with 95% confidence intervals using the Minitab software 

package (Version 17, Pennsylvania, U.S.A.). The response surface was considered by a 

linear model analysis of variance (ANOVA) to determine the parameters’ effects on the 

methane yield (anaerobic digestion process) after steam explosion. The effect of the 

pressure and moisture variables at three levels and the effect of the time at four levels 

resulted in a total of 36 experimental runs. 

 

 

RESULTS AND DISCUSSION 
 

Steam explosion pretreatment of rice straw with different cycles is a complicated 

physical-chemical reaction that causes changes to the rice straw structure. These structural 

changes lead to increased VS and TS contents after pretreatment. Furthermore, steam 

explosion pretreatment degrades the crystalline structure of rice straw, which causes the 

microorganism accessibility to carbohydrates to increase (Zheng et al. 2014). 

 

Effects of the Pretreatment on the Chemical Composition of the Rice Straw 
The untreated rice straw consisted of cellulose (45.2%), hemicellulose (22.9%), 

lignin (18.6%), and ash (10.2%). The results of the chemical composition analysis of the 

pretreated rice straw are presented in Table 1. According to the results, the cellulose content 

increased in the pretreated rice straw compared to that in the untreated rice straw with an 

increasing pressure and retention time. However, the other components (lignin, 

hemicellulose, and ash) were noticeably reduced. This analysis demonstrated that in the 10 

bar-10 min cycle with a 0% moisture content and the 15 bar-1 min and 15 bar-5 min cycles, 

there was more lignin and ash removal. After the pretreatment, a reduction in the 

hemicellulose amount was observed in the pretreated rice straw. Pretreatment with a 

pressure of 5 bar and a low retention time led to approximately the same lignin, ash, and 

carbohydrate contents as in the untreated sample (Table 1).  

 

Table 1. Chemical Compositions of the Untreated and Pretreated Rice Straw 

Pretreatment Cycle 
Cellulose 

(%) 
Hemicellulose 

(%) 
Total 

Lignin (%) 
Ash (%) Pressure 

(bar) 
Time 
(min) 

T 
(°C) 

5 1 160 47.1 21.80 18.52 9.7 

5 5 160 48.33 20.45 17.11 9.6 

5 10 160 49.01 20.56 17.49 9.4 

5 15 160 48.05 21.05 16.61 9.5 

10 1 185 49.38 20.32 16.2 9.3 

10 5 185 50.07 19.1 15.08 8.8 

10 10 185 53.56 17.43 13.03 8.7 

10 15 185 46.93 21.99 18.04 9.9 

15 1 205 50.98 19.22 15.7 9.2 

15 5 205 52.4 18.87 14.22 8.8 

15 10 205 48.42 22.19 18.11 9.8 

15 15 205 49.56 20.03 16.49 9.9 

Untreated 45.15 22.87 18.61 10.2 
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The results demonstrated that the pretreatment technique is able to remove lignin 

and hemicellulose under high pressure conditions. 

Pressure is the most important parameter in steam explosion pretreatment, other 

than the moisture and time (Xiao et al. 2014). During steam explosion pretreatment, 

hemicellulose is first damaged, followed by lignin when the temperature is greater than 

150 °C (Ma et al. 2014). In addition to removing hemicellulose, steam explosion causes 

major modifications to the lignin structure. Lignin degrades in the temperature range of 

120 °C to 200 °C. It divides into smaller particles and is separated from the cellulose (Fan 

et al. 2016). Steam explosion damaged the cell walls of the rice straw by disrupting the 

lignin structure. 

 

Table 2. TS and VS Contents of the Pretreated and Untreated Rice Straw 

Pretreatment Cycle Moisture Level 

Pressure 
(bar) 

Time 
(min) 

T (°C) 
0% 35% 70% 

TS (%) VS (%) TS (%) VS (%) TS (%) VS (%) 

5 1 160 92.2 83.2 92.8 83.5 93.3 84.1 

5 5 160 92.5 83.5 93.2 84.4 93.1 84.5 

5 10 160 92.4 83.7 94 84.9 93 84.3 

5 15 160 92.2 83.4 93.8 84.2 92.9 84.2 

10 1 185 92.6 83.9 93.3 84.4 93.5 84.5 

10 5 185 92.9 84.7 93.7 84.3 93.8 84.5 

10 10 185 94.2 85.9 93 84.2 94.1 85.1 

10 15 185 92.4 83.2 93.8 84.6 94 84.9 

15 1 205 93.5 84.9 93.5 84.5 93.6 84.5 

15 5 205 93.7 85.4 93.9 84.8 94.2 85.8 

15 10 205 92.1 82.9 94.1 85.7 94.4 86.2 

15 15 205 92.8 83.6 94.2 85.6 94 84.8 

Untreated 91.8 83 91.8 83 91.8 83 

 

The analysis showed that the pretreated rice straw contained 91.8% TS and 83% 

VS on a wet weight basis, which increased with different pretreatment cycles. Table 2 

shows the VS and TS contents in the pretreated rice straw. According to the results, an 

increase in the pressure increased the VS content. This was an indication of a higher 

carbohydrate content in the pretreated rice straw (Dehghani et al. 2015). 

 

Effects of the Pretreatment on the Rice Straw Structure 
Absorption bands in the rice straw were found in the range from 450 cm-1 to 3600 

cm-1 (Table 3). The results for the changes in the functional groups and structure of the rice 

straw are shown in Table 4. The band between 3600 cm-1 and 3100 cm-1 was related to OH 

stretching vibration present in cellulose, hemicellulose, and lignin (Rahnama et al. 2013). 

The intensity of the band at 3415 cm-1 decreased as a result of the high-pressure steam 

explosion pretreatment, namely at 10 bar for 5 min and 10 min and 15 bar for 1 min and 5 

min with a 0% moisture content, 15 bar for 10 min and 15 min and 10 bar for 10 min with 

a 35% moisture content, and 15 bar for 5 min and 10 min with a 70% moisture content 

(Table 4) (Figs. 1 to 3). Therefore, it was indicated that hydrogen bonds were degraded. 

This is a key step for increasing the accessibility of enzymes and microorganisms to 

cellulose (He et al. 2008). 
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Table 3. Group Frequency of the Absorption Bands for the Pretreated Rice Straw 

Wavenumber 
(cm−1) 

Assignment Source 

Band Intensity 

Untreated Rice 
Straw 

664 
C-O out-of-plane bending 

mode 
Cellulose 96.4 

707 
Rocking vibration CH2 in 
cellulose Iβ; COH out-of-

plane bending 
Cellulose; Cellulose Iβ 98.7 

794 Pyran vibration  96.5 

900 
C(1)-H deformation, ring 
valence vibration C-O-C 

R-glycosidic linkages 
of cellulose 

95.6 

1064 
C-O valence vibration, 
mainly from C3-03H 

C-O vibration 
stretching of cellulose 

and lignin 
72.6 

1325 
OH bending of alcohol 

groups; phenolic OH, S ring, 
and G ring condensed 

Carbohydrate 96.6 

1376 CH deformation vibration Cellulose 96.1 

1430 
O-H in-plane bending of 

alcohol groups 
Carbohydrate 95.4 

1456 

Asymmetric C-H bending 
from methoxyl groups; 
scissoring, OH plane 
deformation vibration 

aromatic skeletal 

Cellulose 95.4 

1516 
Aromatic skeletal vibration; 

G ˃ S C=C-C 
Lignin 72.6 

1649 
C-O stretching in conjugated 

P-substituted aryl ketones 
Lignin 86.6 

1874 - 2750 

Unconjugated (xylan); C=O 
valence vibration of acetyl or 
COOH groups; asymmetric 

CH2 valence vibration 

Polysaccharides 99.3 

2861 
Symmetric CH2 valence 

vibration hydrogen bonded 
O-H valence 

C-H stretching in 
cellulose and 
hemicellulose 

95.2 

2920 
CH2, CH2OH in cellulose 

from C6 
Cellulose 92.6 

3415 

O (2) H O (6) intramolecular 
in cellulose; O-H valence 

vibration of C (6) H2 O (6)-H 
primary alcohol (main 

conformation) 

Hydrogen-bonded O-
H stretching 

84.1 

 

The peaks at 2920 cm-1 and 2861 cm-1 were related to the C-H stretching vibration. 

The intensity of the peaks indicated that they were hemicellulose and cellulose (methyl and 

methylene). The intensity of the bands was reduced after the pressure increased (Kazeem 

et al. 2017). The loss of aromatic units and changes in the lignin were identified by changes 

in the intensity of the band at 1649 cm-1. The aromatic ring changes in the lignin were 

revealed by the intensity of the band at 1516 cm-1 (Isroi et al. 2012). The intensity of both 

bands was reduced with an increased pretreatment pressure, including 10 bar for 5 min and 

10 min and 15 bar for 1 min and 5 min with a 0% moisture content, 10 bar for 10 min and 

15 bar for 10 min and 15 min with a 35% moisture content, and 10 bar for 5 min and 10 
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min and 15 bar for 5 min and 10 min with a 70% moisture content (Table 4) (Figs. 1 to 3). 

This was an indication of lignin structural changes. 

 

 

 
Fig. 1. FTIR spectra of the unpretreated rice straw and pretreated with 0% moisture,  
(a) wavenumbers between 800 and 1800 cm-1; (b) wavenumbers between 2800 and 3800 cm-1 

 

The band at 1064 cm-1 is usually attributed to structural specifications of cellulose 

and hemicelluloses (Rahnama et al. 2013). It was clear that the band at 1064 cm-1 had lower 

intensity compared to that in the untreated rice straw. The decrease in this band intensity 

was related to the decreased hemicellulose content after the steam explosion pretreatment 

cycles with 10 bar for 5 min and 10 min and 15 bar for 1 min and 5 min with a 0% moisture 

content, 10 bar for 10 min and 15 min and 15 bar for 10 min and 15 min with a 35% 

moisture content, and 10 bar for 10 min and 15 min and 15 bar for 1 min, 5 min, and 10 

min with a 70% moisture content (Table 4) (Figs. 1 to 3). The increase in the intensity of 

this band might have been because of the dissolution of non-cellulose components, which 

caused an increase in the cellulose content in the rice straw (Ang et al. 2012). The 

absorption band at 1430 cm-1 was related to amorphous cellulose (Kazeem et al. 2017). 

The intensity of the band at 1430 cm-1 was reduced after the steam explosion pretreatment, 

which meant the amorphous part of the structure was degraded, especially after lignin 

structural changes occurred.  
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Table 4. Intensity Changes of the Absorption Bands for the Structural Changes in the Pretreated Rice Straw 

Pretreatment Cycle 
Intensity 

Moisture Level 

Pressure 
(bar) 

Time 
(min) 

T 
(°C) 

0% 35% 70% 

1064 
cm-1 

3415 
cm-1 

1516 
cm-1 

1649 
cm-1 

1064 
cm-1 

3415 
cm-1 

1516 
cm-1 

1649 
cm-1 

1064 
cm-1 

3415 
cm-1 

1516 
cm-1 

1649 
cm-1 

5 1 160 71.6 84.2 98.4 89.5 68.5 82.3 97.3 87.4 76.6 85.8 97.6 88.7 

5 5 160 72.7 85.4 98.4 88.8 73.2 84.1 98.5 89.9 73.3 84 96.9 88 

5 10 160 71.6 83.1 97.2 86.7 78.4 88.2 98.8 92.6 78.7 75.6 98 83.4 

5 15 160 66.4 82.1 97.4 86.7 73.7 86.1 98.4 89.8 68.4 84.6 98.5 88.7 

10 1 185 73 83.8 96.7 86.8 63.5 82.9 97.6 87.5 76.4 84.5 98.5 91.9 

10 5 185 78 86.2 98.3 91.2 75.1 84.2 98 88.1 81.1 88.9 98.7 92.1 

10 10 185 78.8 86.7 98.8 91 79.4 88.7 98.6 92.8 85.8 92.4 98.8 93.9 

10 15 185 60.3 79.4 96.7 83.6 79.9 87.8 97.9 90.8 77.8 86.6 98.4 90.9 

15 1 205 84.3 86.5 98.9 89.7 76.3 86.8 98.6 91.1 80.1 88.2 97.9 91.8 

15 5 205 79.3 87.2 98.1 91.1 78.7 87.7 98.5 90.9 83.6 90.4 98.9 94.5 

15 10 205 61.2 79.5 97.9 84.3 81 89.4 98.4 91.9 89.9 94.2 99.2 96.4 

15 15 205 76.1 84.9 98.1 86.8 81.9 90 98.7 92.2 78.3 87.5 97.8 92.6 

Untreated 72.6 84.1 72.6 86.6 72.6 84.1 72.6 86.6 72.6 84.1 72.6 86.6 
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Fig. 2. FTIR spectra of the unpretreated rice straw and pretreated with 35% moisture content:  
(a) wavenumbers between 800 and 1900 cm-1; (b) wavenumbers between 2800 and 3800 cm-1 

 

The lignin structure was degraded in the cycles with 10 bar for 5 min and 10 min 

and 15 bar for 1 min and 5 min with a 0% moisture content, 15 bar for 10 min and 15 min 

with a 35% moisture content, and 15 bar for 5 min and 10 min with a 70% moisture content. 

Lignocelluloses contain amorphous and crystalline regions. The amorphous part 

consists of hemicelluloses and lignin, while the crystalline part consists of cellulose 

(Sakdaronnarong and Jonglertjunya 2012). The cellulose crystallinity, generally between 

30 and 80%, refers to the percentage of all the cellulose occupied in the crystalline region 

(Chen 2014). The crystallinity index of both the untreated and pretreated rice straws is 

shown in Table 5. Two peaks were observed at 2θ values of 18° to 19° and 22° to 23°, 

which were related to the amorphous and crystalline regions in the rice straw, respectively. 

According to the results, the crystallinity index increased in all of the pretreated rice straw 

samples compared to the untreated sample. The highest crystallinities of the pretreated rice 

straw were 28.8%, 28.6%, and 29.3% in the cycles 10 bar-10 min with a 0% moisture 

content, 15 bar-15 min with a 35% moisture content, and 15 bar-10 min with a 70% 

moisture content, respectively, which were higher than for the untreated rice straw (22.9%). 

In all of the pretreated samples, the crystalline cellulose region was higher compared to the 

amorphous region (Table 5). During the steam explosion pretreatment, hemicellulose and 
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lignin were hydrolyzed by the increased pressure, which mainly constitutes the amorphous 

part. This led to an increase in the crystallinity index after pretreatment. 

 

Table 5. Crystallinity Index of the Untreated and Pretreated Rice Straw 

Pretreatment Cycle Moisture Level 

Pressure 
(bar) 

Time 
(min) 

T 
(°C) 

0% 35% 70% 

CrI (%) CrI (%) CrI (%) 

5 1 160 23.4 25.3 25.6 

5 5 160 23.1 26.3 25.7 

5 10 160 24.3 24.5 25.7 

5 15 160 25.4 27.3 24.6 

10 1 185 24.9 26.5 26.3 

10 5 185 26.2 25.2 26.8 

10 10 185 28.8 26.1 26.2 

10 15 185 27.1 27.5 27.6 

15 1 205 27.2 27.3 27.3 

15 5 205 25.6 27. 9 28.1 

15 10 205 24.9 28.2 29.3 

15 15 205 25,2 28.5 26.8 

Untreated 22.9 22.9 22.9 

 

Previous research has also suggested that the crystallinity index of rice straw could 

be enhanced by other thermal pretreatments, while not negatively affecting fermentation 

(Kshirsagar et al. 2015). The increase in the crystallinity index was because of the 

increased effect of steam explosion in the amorphous part than in the crystalline part. 

Rahnama et al. (2013) reported an enhancement in the crystallinity index from 50.8% to 

61.4% in alkali-pretreated rice straw. The crystallinity index in the rice straw pretreated 

with microwaves and acid increased to 61.4% from 52.2% for pretreated rice straw (Singh 

et al. 2014). 
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Fig. 3. FTIR spectra of the unpretreated rice straw and pretreated with 70% moisture content:  
(a) wavenumbers between 800 and 1900 cm-1; (b) wavenumbers between 2800 and 3800 cm-1 
 

 
Fig. 4. X-ray diffraction of (a) unpretreated rice straw, (b) pretreated 10 bar, 10 min, 0% moisture, 
(c) pretreated 10 bar, 15 min, 0% moisture, (d) pretreated 15 bar, 10 min, 35% moisture,  
(e) pretreated 15 bar, 15 min, 35% moisture, (f) pretreated 15 bar, 5 min, 70% moisture, and  
(g) pretreated 15 bar, 15 min, 70% moisture 

 
Effect of the Steam Explosion Pretreatment on the Biogas Production 
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The total methane produced from the pretreated rice straw after 60 d of incubation 

is presented in Table 6. The time, pressure, and moisture levels were investigated as 

variable pretreatment parameters, and the impacts of the pretreatment were evaluated with 

the methane yield as the response variable. The average amount of methane produced per 

day was measured during the first 10 d of the anaerobic digestion process as the initial 

production rates. The results are shown in Table 6. The theoretical methane yield was 

calculated using Eq. 1 and was 503 mL/g VS for the untreated rice straw. The 

biodegradability was determined for pretreated rice straw. The results are shown in Fig. 6. 

The methane produced by the inoculum was deducted from the total methane 

produced from each sample. The highest initial production rate was obtained for the 0% 

moisture content after pretreatment of the rice straw with the 10 bar-10 min cycle, with an 

increase of 59% from 92 mL/g VS for the untreated straw to 146 mL/g VS and then 144 

mL/g VS (Fig. 5). The pretreated rice straw in the cycles with a low pressure and time led 

to almost similar initial production rates compared to that of the untreated rice straw (Fig. 

5 and Table 6). The highest initial production rate was obtained for the 35% moisture 

content in the pretreated rice straw with the 15 bar-10 min cycle, with an increase of 166% 

from 92 mL/g VS to 245 mL/g VS and then 244 N mL/g VS (Fig. 6). The maximum initial 

production rate was obtained for the 70% moisture content after pretreatment with the 10 

bar-15 min cycle. It increased by 141% from 92 mL/g VS to 222 mL/g VS and then 221 

mL/g VS (Fig. 6). 

 

 

 
 

Fig. 5. Total methane produced from the pretreated rice straw with a 0% moisture content 
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The highest methane yield for the 0% moisture content was observed for the 

pretreated rice straw with the 10 bar-10 min and 15 bar-5 min cycles, with values of 418 

mL/g VS and 370 mL/g VS, respectively (untreated = 196 mL/g VS) (Table 6, Fig. 5). This 

was a 114% increase in the methane yield. The rice straw pretreated with the 15 bar for 15 

min and 10 min cycles resulted in the highest methane production yields for the 35% 

moisture content, with values of 399 mL/g VS and 387 mL/g VS, respectively (Fig. 6). The 

methane production yield increasing from 196 mL/g VS to 399 mL/g VS was an increase 

of 104% (Table 6). The highest methane production yields for the 70% moisture content 

were obtained with the rice straw after pretreatment with the 15 bar for 10 min and 5 min 

cycles, with values of 486 mL/g VS and 450 mL/g VS, respectively (Fig. 6). 

The methane production yield increasing from 196 mL/g VS to 486 N mL/g VS 

was an increase of 147% (Table 6). The highest increase in the biodegradability was 

observed with the cycles 10 bar-10 min and 15 bar-10 min with a 35% moisture content 

and 10 bar-15 min with a 70% moisture content (Fig. 7). According to the increase in the 

methane production yield, the structure of the rice straw was changed by the steam 

explosion pretreatment; therefore, the methane production increased during the first days 

of the anaerobic digestion process. According to the initial production rate of the pretreated 

rice straw, the cycles 10 bar-10 min and 15 bar-15 min with a 35% moisture content, and 

15 bar-10 min with a 70% moisture content had methane production yields of 

approximately 35%, 57%, and 37%, which occurred in the first 10 d of incubation, 

respectively. 
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Table 6. Total Methane Produced and Initial Rate of Methane Production from the Pretreated Rice Straw With Different Moisture 
Contents 

Pretreatment Cycle 
Methane Production 

Moisture Level 

Pressure 
(bar) 

Time 
(min) 

T 
(°C) 

0% 35% 70% 

Production 
Rate 

(mL CH4/d) 

Yield 
(mL CH4/g VS) 

St. 
Dev. 

Production 
Rate 

(mL CH4/d) 

Yield 
(mL CH4/g VS) 

St. 
Dev. 

Production 
Rate 

(mL CH4/d) 

Yield 
(mL CH4/g VS) 

St. 
Dev. 

5 1 160 145 334 14 214 384 20 237 411 14 

5 5 160 168 363 18 229 433 49 231 389 13 

5 10 160 148 355 10 251 475 30 239 418 64 

5 15 160 139 322 18 247 455 40 234 400 17 

10 1 185 166 369 23 234 415 31 268 446 43 

10 5 185 173 388 12 272 443 11 258 453 23 

10 10 185 194 535 67 235 412 30 269 485 68 

10 15 185 149 295 15 282 456 21 270 482 42 

15 1 205 187 395 41 251 436 23 236 439 16 

15 5 205 192 487 49 292 464 23 238 567 50 

15 10 205 165 311 20 293 504 30 228 603 42 

15 15 205 182 370 16 276 516 49 238 459 17 

Untreated 140 313 12 140 313 12 140 313 12 

Inoculum 48 117 8 48 117 8 48 117 8 
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Fig. 6. Total methane produced from the pretreated rice straw with 35% and 70% moisture 
contents 

The lowest initial production rate for the 0% moisture content was observed with 

the 5 bar-15 min cycle, which led to a methane yield of 91 mL/g VS. This was similar to 

that of the untreated rice straw (92 mL/g VS) (Fig. 5). The lowest methane production for 

the 0% moisture content was with the 10 bar-15 min cycle, which led to a methane 

production yield of 178 mL/g VS. This was less than that of the untreated rice straw (196 

mL/g VS) (Fig. 5).  
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Fig. 7. Biodegradability (BD%) and methane production yields (EMY) 

 

The lowest initial production rate and methane production yield for the 35% 

moisture content were observed with the rice straw pretreated with the 5 bar-1 min cycle, 

which led to a methane production rate and yield of 166 mL/g VS and 267 mL/g VS that 

were higher than that of the untreated sample at 92 mL/g VS and 196 mL/g VS, respectively 

(Fig. 6). The rice straw pretreated with the 15 bar-10 min cycle resulted in the initial 

production rate of 180 mL/g VS, which was the lowest for the 70% moisture content (Fig. 
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6). The lowest methane production yield for the 70% moisture content was with the 5 bar-

5 min cycle, which led to a methane production of 272 mL/g VS (Table 6). 

According to the positive effects of steam explosion, the lignin removal and 

structural changes in the rice straw increased the methane yield. The best results were 

obtained with the cycles 10 bar-10 min with a 0% moisture content, 15 bar-15 min with a 

35% moisture content, and 15 bar-10 min with a 70% moisture content, which increased 

the methane yield by 104% to 147% compared to that of the untreated straw. Also, these 

pretreatment cycles led to a noticeable increase in the biodegradability of the rice straw. 

The most important parameter was the pressure, followed by the moisture content 

and time for steam explosion pretreatment. The results of the methane produced from the 

pretreated rice straw showed that increasing the pressure from 5 bar to 10 bar and 15 bar 

imcreased the methane yield. The effect of the retention time was dependent upon the 

pressure and moisture content. When the moisture level was 0% with the high pressure 

cycle, the high retention time (15 min) caused a complete destruction of the rice straw 

structure and had a negative effect on the methane production (Table 6). However, with a 

similar cycle condition and an increased moisture content, the rice straw resistance was 

enhanced against heating and burning, which prevented the complete destruction of the 

rice straw structure. The increase in the moisture content had a positive impact on the 

methane yield (Table 6). 

 

Table 7. General Linear Model ANOVA to Determine the Parameter Effect of 
Steam Explosion with the Methane Yield as the Variable Response 

Term Coef. SE Coefa. T-value P-value VIFb 

Constant 319.6 25.4 12.57 0.000  

Pressure 6.80 2.14 3.18 0.003 1.00 

Moisture 1.221 0.305 4.00 0.000 1.00 

Time (min)  

1 -25.7 15.1 -1.70 0.100 1.50 

5 12.7 15.1 0.84 0.408 1.50 

10 26.0 15.1 1.72 0.095 1.50 

15 -13.0 15.1 -0.86 0.395 * 

ANOVA 

Source DF Adj. SS Adj. MS F-value P-value 

Pressure 1 27710 27710 10.12 0.003 

Moisture 1 43819 43819 16.00 0.000 

Time 3 14991 4997 1.82 0.164 

Error 30 82164 2739   

Total 35 168684    

S = 52.3335; R2 = 51.29%; R2 (adjusted) = 43.17%; and R2 (predicted) = 28.68% 
aStandard Error of the Coefficient 
bVariance Inflation Factor  

 

For the effects of the parameters, the confidence intervals of the steam explosion 

were calculated for the anaerobic digestion experiments. The response surface following 

the steam explosion pretreatment had two levels for each parameter. The parameters were 

used as covariates to determine the impacts of the pretreatment. The investigated 

parameters were significant when the probability (p-value) was less than 0.05. The 

ANOVA analysis (Table 7) showed that the pressure and moisture were the significant 

factors that increased the methane yield, and the time was not statistically significant (Fig. 

8). 
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Fig. 8. Interaction plots for the methane yield 
 

According to the results of the fits and diagnostics for the unusual observations, the 

10 bar-10 min and 15 bar-10 min cycles with a 0% moisture content were the best and 

worst pretreatment conditions, considering the standard residuals of 2.50 and -2.91 and fits 

of 413.6 and 447.5, respectively. 

 

 

CONCLUSIONS 
 

1. The steam explosion pretreatment was effective in removing lignin and hemicellulose, 

and also changed the crystalline structure of the rice straw before the anaerobic 

digestion process. The steam explosion pretreatment was effective in modifying the 

structure of the rice straw 

2. According to the results, the most important parameter was the pressure, followed by 

the moisture content and time in steam explosion pretreatment. 

3. Steam explosion with the cycles of high pressure (10 bar and 15 bar) and a long 

retention time was more effective in modifying the rice straw structure. 

4. Steam explosion is a suitable technique to improve the biogas production yield as a 

pretreatment for rice straw. The pretreatments with 10 bar-10 min and 15 bar-10 min 

were the best and worst cycles, respectively. 

5. The biodegradability of the rice straw was noticeably increased using steam explosion. 

The initial production rates were increased by factors of 1.59, 2.66, and 2.41 compared 

to that of the untreated rice straw. 

6. Steam explosion is a suitable pretreatment method for improving biogas production. 

The methane gas yields obtained after 60 d were 535 mL/g VS, 516 mL/g VS, and 613 

mL/g VS, which were increases by factors of 2.14, 2.04, and 2.47 compared to that of 
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the untreated rice straw, respectively. This demonstrated the ability of the steam 

explosion pretreatment to modify the rice straw structure. 
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