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Abstract 

Rice straw is an abundant agricultural waste with annual global quantity of 685 million 

tons. With the increasing need of crop production and much dependence on fossil fuels, more 

and more crop straws are burned or discarded in the field due to lack of cost-effective 

treatment and recycling methods, triggering severe environmental problems. Anaerobic 

digestion is a prospective alternative for sustainable utilization of rice straw. The fermentation 

of rice straw, however, is very difficult in practice due to its lignocellulosic nature and high 

content of lignin. Thus, in order to improve degradability of rice straw for anaerobic digestion, 

pretreatment is prerequisite for a high yield of biogas. Hydrothermal treatment (HTT), an 

environment-friendly process, can be a prospective alternative for the pretreatment of rice 

straw resulting in efficient hydrolysis of the organic matter contained. Still, up to now no 

detailed information could be found with respect to HTT pretreatment for hydrogen 

production and subsequent methane production from rice straw. 

In this study, in order to utilize rice straw effectively for anaerobic digestion, HTT was 

used as pretreatment for enhanced biogasification. The feasibility of biohydrogen production 

from the hydrothermal pretreated rice straw substrate was investigated. Furthermore, the 

feasibility of methane fermentation from hydrogen fermentation effluent was also discussed. 

In the preliminary experiments, the effect of different HTT conditions, including 

temperature (190-290℃), holding time (1.5 min) and solid content (4-20%) on rice straw 

pretreatment were investigated. In addition, batch experiments of mesophilic anaerobic 

digestion were also carried out to verify the enhancement on biogasification when pretreated 

rice straw by HTT was used as feedstock. The results showed that higher temperature was 

effective for reduction of total solids (TS) and volatile solids (VS). However, when 

temperature was above 230℃, soluble chemical oxygen demand (SCOD) did not significantly 

increase with the increase of temperature. Moreover, the released soluble products were also 

detected. Less soluble carbohydrates (0.1-2.9 mg/g-VS) were detected at higher temperatures 
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(＞230℃). When considering high hydrogen production and energy recovery, moderate 

temperature (210℃) and high solid content (20%) in HTT was found to be favorable for 

subsequent biogasification. 

The followed-up experiments tested the effect of determined peak temperature (150℃ 

and 210℃, i.e. HTT150 and HTT210, respectively) and holding time (0-30 min) on the 

solubilization of rice straw at TS of 20% and then subsequent H2 production from the 

resultant substrates. No obvious degradation was detected in lignin content under all tested 

HTT conditions which did open up the surface structure and have efficient solubilization 

effect on rice straw. Soluble carbohydrates produced from straws during HTT210 was found 

to have strongly (r=0.9987) positive correlation with the subsequent H2 yield. The maximum 

soluble carbohydrates, 80 mg/g-VS was achieved at HTT210 for 0 min of holding 

correspondingly to the highest hydrogen yield (28 ml/g-VS), about 93-fold higher than the 

control, suggesting holding time is crucial for HTT pretreatment combined with subsequent 

H2 production. 

   In addition, the effluent from hydrogen fermentation of HTT pretreated rice straw 

substrate was used for methane fermentation. The feasibility of two-stage anaerobic digestion 

(i.e. using the first stage for H2 production and the second stage for CH4 production, 

resepctively) was explored. And conventional single-stage anaerobic digestion was also 

conducted for performance evaluation and comparison between the single- and two-stage 

processes. The two-stage anaerobic digestion showed a higher methane production potential 

than the conventional single-stage digestion. Compared to the single-stage process, the whole 

fermentation period of the two-stage process was shortened from 45 to 31 days. In the 

single-stage process, compared to the control reactors HTT210 pretreatment seems to have 

negative effect on methane production potential with corresponding methane yields varied 

from 31 to 76 ml/g-VS. While the HTT150 pretreated straw showed higher methane 

production potential than HTT210 pretreated straw in both the single- and two-stage 



iii 

processes. In addition, the maximum methane yield, 162 ml/g-VS was obtained from rice 

straw after HTT150 for 20 min in the methane producing stage of the two-stage anaerobic 

digestion. 

The results from this study is believed to provide important information (mainly 

including temperature and holding time which will greatly influence the reactor design and 

energy input) on HTT pretreatment of rice straw for anaerobic biogasification. This work is 

also useful and important for the combined application of HTT pretreatment with fast 

biohydrogen fermentation technique of crop straws. Also, the results imply that it’s feasible to 

use HTT as a pretreatment method of rice straw for subsequent H2/CH4 production in practice. 

In addition, the two-stage digestion process seems to be more promising than the single-stage 

method for further enhancement of biogasification from HTT pretreated rice straw substrate. 

 

Keywords: Rice straw; Hydrothermal treatment; Hydrolysis; Single-stage anaerobic digestion; 

Two-stage anaerobic digestion 
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1. Introduction 

1.1. Lignocellulosic biomass and its utilization for energy production 

The global energy demand was reported to expand 2.4-fold from 1971 to 2010 (about 

11,700 million tons of oil equivalent in 2010), especially the energy demand of Asian region 

which increased rapidly over recent years and accounted for 70% of the increment in global 

energy consumption from 2000 (Matsuo et al., 2013). Nowadays, most of global energy 

demand relies on fossil fuels, including oil, coal and natural gas, which was estimated to share 

78.4% of global energy consumption accounted in 2012 (REN21, 2014). Namely, fossil fuels 

are the major energy resources. However, fossil fuels are non-renewable energy resources, 

which would bring about energy crisis and environmental problems (Lin and Chen, 2006). In 

order to minimize their environmental pollutions and meet the increasing energy demand, an 

urgent need is to seek alternative energy resources for the global sustainable development, 

among which renewable energy resources are the most prospective candidates. Therefore, 

development of technologies for renewable energy conservation is the most challenging 

subject in the 21st century. 

Biogas, one of the most promising renewable energy sources, is regarded as a substitute 

for fossil fuels to reduce greenhouse gases (GHGs) emission. The biogas mainly composed of 

methane (CH4) and carbon dioxide (CO2) is produced generally from biomass by anaerobic 

digestion. Thus, anaerobic digestion, as a cost-effective and environment-friendly waste 

treatment method, will play a vital role in meeting the global ever-increasing energy 

requirements in the future. In addition, anaerobic digestion is applicable to a wide range of 

biomass. 

Biomass can be classified into five categories including virgin wood, energy crops, 

agricultural residues, food waste, industrial waste and their co-products. A wide range of 

biomass has been considered as potential sources for methane production (Nallathambi 

Gunaseelan, 1997). Among them, lignocellulosic biomass is abundant with an annual 
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production of about 200 billion tons worldwide (Ren et al., 2009). Being derived from 

biological origin, lignocellulosic biomass contains relatively high contents of lignin, 

hemicellulose, cellulose, and pectin, forming a molecular matrix with some low contents of 

monosaccharides, starch, protein, or oils (Wu et al., 2010). Due to containing a large amount 

of cellulose and hemicellulose, lignocellulosic biomass can be used for biogas production 

through fermentation. 

Rice straw is an abundant lignocellulosic waste with annual global quantity of 685.24 

million tons (Lim et al., 2012). The annual productions of rice straw in Asia, Americas, Africa, 

Europe and Oceania are estimated to be 618.24, 38.10, 24.51, 4.10 and 0.29 million tons, 

respectively (FAOSTAT, 2009). With the increasing need of crop production and much 

dependence on fossil fuels, more and more crop straws are burned or discarded in the field 

due to lack of cost-effective treatment and recycling methods, triggering severe environmental 

problems. According to the report by UNEP (2009), open field burning carried out after 

harvesting season is perhaps the most common practice of handling rice straw in many 

countries in Asia. Anaerobic digestion is a prospective alternative for the sustainable 

utilization of rice straw. 

 

1.2. Importance of pretreatment for anaerobic digestion of lignocellulosic biomass 

The fermentation of rice straw, however, is very difficult in practice due to its 

lignocellulosic nature and high content of lignin, a major barrier for lignocellulosic biomass 

in the bioconversion process. Thus, in order to improve degradability of lignocellulose for 

anaerobic digestion, pretreatment of rice straw is prerequisite for a high yield of biogas 

(Zheng et al., 2014). 

Pretreatment can improve hydrolysis of lignocellulosic biomass, thus enhance methane 

production in the subsequent anaerobic digestion. Compared to conventional anaerobic 

digestion (without pretreatment) which needs long digestion time and large digester, 
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pretreatment can shorten digestion time and reduce reactor volume due to the enhanced 

hydrolysis. It is meaningful for economic, social and environmental benefits. Several 

technologies have been developed as efficient pretreatments on refractory lignocellulosic 

materials for enhanced biogasification during the last decades (Hendriks and Zeeman, 2009; 

Zheng et al., 2014). Figure 1.1 described the research route of this study. 

 

1.3. Technologies applicable for lignocellulosic biomass pretreatment 

Many methods including mechanical, chemical and biological pretreatment have been 

investigated for the hydrolysis of refractory lignocellulosic substances and then biogas 

production (Hendriks and Zeeman, 2009; Ren et al., 2009; Zheng et al., 2014). Some of these 

pretreatment methods do exhibit high efficiency in the hydrolysis of lignocellulosic biomass. 

Still, the following disadvantages hinder their practical application to some extent: (1) Solely 

mechanical pretreatment is not effective and thus always applied in combination with other 

methods like chemical or biological pretreatment; (2) Biological pretreatment process is 

complex and difficult to maintain its efficiency; (3) Chemicals addition in chemical 

pretreatment usually causes secondary pollution demanding additional wastewater treatment. 

 

1.4. Hydrothermal treatment (HTT) 

Among above-mentioned methods, hydrothermal treatment (HTT) has been received 

considerable attention in recent years. For example, in 1990s Bobleter (1994) got enhanced 

susceptibility of lignocellulosic material to enzymatic hydrolysis by using HTT pretreatment. 

As for HTT, liquid water under high temperature and pressure was firstly applied, thus this 

technology was also called liquid hot water pretreatment, hot compressed water, 

autohydrolysis, hydrothermolysis process, thermal hydrolysis, pressure-cooking in water, 

aqueous pretreatments (López González et al., 2014; Sun et al., 2010; Suryawati et al., 2009; 

Ferreira et al., 2014; Weil et al., 1998a; Overend and Chornet, 1987). Compared with other 



4 

pretreatments, the major advantages of HTT are non-chemicals addition, handleability, and 

effective degradation of lignocellulose at low cost (Garrote et al., 1999; Merali et al., 2013; 

Rogalinski et al., 2008). During HTT process, the lignocellulosic biomass is exposed to high 

temperature and high pressure, achieving enhanced degradation of hemicellulose and lignin in 

addition to increased cellulose hydrolysis.  

As can be seen from previous studies, most of the related HTT works were performed as 

pretreatment of lignocellulosic biomass for ethanol production (Sun and Cheng, 2002; Zhao et 

al., 2014). Only in recent years the number of studies of using HTT for biogas production 

increased significantly, showing a rising interest in this conversion technology to enhance 

biogasification. Figure 1.2 shows the schematic diagram of hydrothermal pretreatment of 

lignocellulosic biomass for anaerobic biogasification. On the other hand, although some 

studies have addressed and compared the difference generally in various pretreatments of 

lignocellulosic biomass for biogas production (Hendriks and Zeeman, 2009; Taherzadeh and 

Karimi, 2008; Zheng et al., 2014), no special report could be found on recent HTT 

pretreatment studies in detail for biogas production from lignocellulosic biomass, especially 

the HTT operation conditions which are crucial for bio-methane production from biomass. 

Therefore, this part is to present recent research progress on hydrothermal processing of 

lignocellulosic biomass for biogas production. And the following two aspects will be 

emphasized and discussed: (1) Effects of HTT on the degradation of cellulose, hemicellulose 

and lignin; (2) Effects of HTT operation conditions on methane production from 

lignocellulosic biomass. 

 

1.4.1. Effect of HTT on the conversion of lignocellulosic biomass 

Lignocellulosic biomass consist three main components, i.e. cellulose, hemicellulose and 

lignin with their contents up to 50-90%. Table 1.1 lists the contents of cellulose, 

hemicellulose, and lignin in various lignocellulosic biomass. For anaerobic digestion, the 
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cellulose crystallinity, accessible surface to enzymes and the structure and distribution of 

lignin will affect the biodegradability of lignocellulosic biomass (Wyman, 1996; Hendriks and 

Zeeman, 2009; Fernandes et al., 2009). Therefore, it is necessary to understand the effects of 

HTT on cellulose, hemicelluloses and lignin, and then the hydrothermal changes of 

lignocelluloses. 

 

(1) Cellulose 

Cellulose is the main component of lignocellulosic biomass, accounting for around 

11%-53% (dry matter) (Table 1.1). It is a linear polymer which consists of glucose units, 

linked by β-(1→4)-glycosidic bonds (Delmer and Amor, 1995; Morohoshi, 1991). Previous 

studies have shown that liquefaction behavior of cellulose occurs at temperature of 200-350℃. 

Cellulose begins to decompose at 200℃, and the reaction rate is faster at higher temperature 

(＞240℃) than that at lower temperature (＜240℃) (Minowa et al., 1998; Minowa et al., 

1997). This reaction can be completed around 280℃, and the formation of oil, gas and char 

starts from 240℃ (Minowa et al., 1998; Minowa et al., 1997). Moreover, some similar results 

have also been obtained from other researchers. Sakaki et al. (2002) found that cellulose 

began to decomposed into a water-soluble fraction when temperature >230℃ and the 

reaction can be completed nearly at 295℃. Jin et al. (2004) pointed out that cellulose was 

hydrolyzed into glucose in 120 s at 300℃ under 8.9 MPa, and the latter was further 

decomposed in 30 s. Rogalinski et al. (2008) studied hydrolysis kinetics of different 

biopolymers, and claimed that hydrolysis of cellulose was enhanced with increasing 

temperature from 240 to 310℃ at 25 MPa. 

Gao et al. (2012) examined the products from hydrothermal treatment of cellulose at a 

temperature range of 200-400℃ and residence times of 5 min-2 h, with aldehydes, phenols, 

ketones, acid groups and sugars being detected in the aqueous phase. The D-glucose 

originating from cellulose can be thermally degraded directly during hydrothermal 
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pretreatment: firstly being dehydrated to 5-hydroxymethyl-2-furaldehyde (HMF) which then 

is further degraded to formic acid and levulinic acid (Rasmussen et al., 2014; Yang et al., 

2012). Efficient pre-treatments should avoid loss of carbohydrates, meanwhile minimize the 

accumulation of rate limiting compounds (e.g. furfurals, HMF etc.) which are associated with 

slower kinetics in methane production (Benjamin et al., 1984). 

For instance, the concentration of furfural has been quantified in the HTT of different 

biomass. According to the calculation of López González et al. (2014): when switchgrass was 

pretreated at 200℃ for 10 min, the furfural concentration was 0.72 g/100 g switchgrass 

(Suryawati et al., 2009); In other studies, when the temperature varied from 200 to 220℃ for 

5 - 15 min, the furfural concentration was reported to be 0.2 - 3.1 g/100 g biomass (Nitsos et 

al., 2013; Pérez et al., 2007; Suryawati et al., 2009; Yu et al., 2010a). Correspondingly, López 

González et al. (2014) investigated the effect of HTT treated sugarcane press mud on methane 

production. They obtained the maximum furfural concentration of 1.21 g/L (0.73 g/100 g 

press mud) at 200℃ for 5 min. Meanwhile, very low methane yield was detected after 

pretreated above 200℃, which was probably relating to the inhibited methanogenesis by the 

formation of refractory compounds at high HTT temperature (López González et al., 2014). 

Bougrier et al. (2008) also reported that at high temperature, some colored recalcitrant 

compounds could be produced via Maillard reaction by polymerization between 

carbohydrates and amino compounds. And these colored recalcitrant compounds were found 

to be unfavourable for methanogenesis (Rodríguez-Abalde et al., 2011). 

 

(2) Hemicellulose 

Hemicellulose represents the second main component of lignocellulosic biomass with a 

content of about 3%-56% (dry matter) (Table 1.1). Hemicelluloses are polysaccharides and 

consist of xyloglucans, xylans, mannans and glucomannans, and β-(1→3, 1→4)-glucans 

(Scheller and Ulvskov, 2010). The specific structure of the hemicelluloses and their 
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abundance vary widely between different species and cell types (Scheller and Ulvskov, 2010). 

Because of the monomeric substituents (hexoses and pentoses) contained, hemicelluloses may 

be degraded into HMF, formic acid and levulinic acid. In contrast, furfural is formed 

exclusively from pentoses, that is, mainly from D-xylose and L-arabinose of hemicellulose 

(Rasmussen et al., 2014; Yang et al., 2012). 

Compared with cellulose which has a rigid and crystalline form, hemicellulose has a 

lower molecular weight and shorter lateral chains, and is easily hydrolysable. Hemicellulose 

is reported to be firstly solubilized when temperature > 150℃, and then lignin follows when 

temperature around 180℃  (Bobleter, 1994; Garrote et al., 1999). During the HTT 

pretreatment, water under high pressure can act as an acid to penetrate the biomass, 

accelerating the hydrolysis of cellulose and solubilization of both hemicellulose and lignin  

(Kim et al., 2009; Pérez et al., 2007; Taherzadeh and Karimi, 2008; Yu et al., 2010b). The 

hydrothermal process can generate numerous soluble products, and some of them like furans 

and phenols are known as inhibitors to anaerobic digestion depending on their concentration 

and bioavailability (Yu et al., 2010b). 

Costa et al. (2014) found that soluble sugars were mainly from the hydrolysis of 

hemicellulose during hydrothermal treatment of sugarcane bagasse at 150-200℃ for 10-30 

min. Results showed that hemicellulose remained in the solid fraction when lignocellulosic 

materials were pretreated at 100℃; at temperatures above 150℃, however, hemicellulose 

could be hydrolysed and dissolved into the liquid fraction or hydrolysate (Hendriks and 

Zeeman, 2009; Fernández-Cegrí et al., 2012). The hemicellulose can be solubilised with the 

production of acetic acid during HTT, and the produced acetic acid can act as a catalyst in this 

hydrolysis, which further degrades the polymer resulting in the increase in sugar yield (Hu 

and Ragauskas, 2011; Mosier et al., 2005c). 

Bayr et al. (2013) studied the impact of 12 pretreatments (such as hydrothermal, 

enzymatic, ultrasound and chemical pretreatments alone or in combination) on methane yield 
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of the secondary sludge from pulp and paper mill wastewater treatment. Interestingly, the 

highest methane yield (141 ml/g-VS, 31% higher than control) was achieved by hydrothermal 

pretreatment (10 min at 150℃) alone or in combination with enzymatic and/or ultrasound 

treatment. Meanwhile, their results showed that all pretreatment caused a decrease in 

cellulose content, and specifically a significant decrease in hemicellulose content. The reason 

of enhanced methane yield could be interpreted as the result of efficient solubilization (an 

increase in soluble chemical oxygen demand) of sludge through HTT. The increase in 

biodegradability and methane yield after thermal pretreatment can be attributed to the fact that 

thermal treatment causes disrupting of chemical bonds in cell walls and membranes, and then 

the release of intracellular organic materials benefits the subsequent biological degradation 

(Appels et al., 2010). 

 

(3) Lignin 

The third compound, lignin, which exists in cell wall, is known to be composed of three 

different phenylpropane units (p-coumaryl, coniferyl and sinapyl alcohol) that are held 

together by different kind of linkages (Hendriks and Zeeman, 2009). Lignin, one of the most 

abundant polymers in nature, is a complex and amorphous heteropolymer, which is also 

non-water soluble (Hendriks and Zeeman, 2009). 

Cellulose and hemicellulose are cemented together by lignin which is responsible for 

supporting plant structural and against microbial attack and oxidative stress (Taherzadeh and 

Karimi, 2008). Due to the lignocellulosic nature and high content of recalcitrant lignin, the 

fermentation of lignocellulosic biomass is difficult in practice because of limited enzyme 

accessibility. Moreover, lignin derivatives with aldehyde groups or apolar substituents are 

toxic to methanogens, showing inhibition effect on methanogenesis (Op den Camp et al., 

1988). From the results of Benjamin et al. (1984), eugenol with an apolar side chain is more 

toxic to methanogens than guaiacol which lacks the side chain by using the lignin samples 
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extracted from kraft condensate. 

In general, hydrothermal treatments at temperature of 150℃ or above firstly lead to 

partial solubilization of the hemicellulose of biomass, together with which lignin starts to 

dissolve when temperature increases to around 180℃ (Bobleter, 1994). The solubility of 

lignin in acid, neutral or alkaline environments depends on its precursors including 

p-coumaryl, coniferyl, sinapyl alcohol or combinations of them (Grabber, 2005). After 

hydrothermal pretreatment of lignocelluloses, the dissolved portion of lignin may exert 

inhibition effect on cellulase, xylanase, and glucosidase. More specifically, the activity of 

various cellulases can be inhibited differently by lignin, while xylanases and glucosidase are 

less affected (Berlin et al., 2006). 

According to recent researches, regardless of its possible solubilization, the change in 

lignin content is probably related to solidification and re-deposition on the biomass surface 

due to cooling after severe pretreatment conditions (Liu and Wyman, 2005; Negro et al., 

2003). Thus, no lignin removal but just re-allocation of lignin is possible during the 

pretreatment at high temperatures (Kristensen et al., 2008). This phenomenon has been 

observed during the hydrothermal pretreatments of agricultural residues such as switchgrass 

and paper tube residuals (Kumar et al., 2011; Teghammar et al., 2010). 

In addition, the presence of lignin has been reported to have negative effect on the yields 

of sugars with furans produced from raw corncob. The delignified corncob, however, can 

have significantly improved sugars yields, indicating lignin plays an important role in the 

biomass conversion system via sugar platforms (Daorattanachai et al., 2013). 

 

1.4.2. Operating conditions of HTT for subsequent biogas production 

A significant drawback of hydrothermal method is the formation of phenolic compounds 

as well as furfural and HMF at the applied temperature (Gossett et al., 1982; Hendriks and 

Zeeman, 2009). These byproducts, generally toxic, can inhibit the growth of Bacteria and 
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Archaea (Hernandez and Edyvean, 2008). The HTT outcome largely depends on retention 

time, temperature, particle size and moisture content, etc. (Sun and Cheng, 2002). Therefore, 

in order to reduce the possibility of formation of these inhibitory compounds and obtain the 

maximum methane yield from lignocellulosic biomass, the temperature, retention time, 

pressure, solid content, particle size and pH should be optimized during hydrothermal 

process.  

 

(1) Temperature 

Higher temperature will bring about lower pH in water, enabling the release of O-acetyl, 

acetic and uronic acids from hemicellulose (Pérez et al., 2007). Moreover, the high 

temperatures also result in the formation of phenolic compounds and furan derivatives. These 

undesirable products inhibit the activity of Bacteria and Archaea (Negro et al., 2003; 

Hernandez and Edyvean, 2008). Therefore, the optimum pretreatment temperature should be 

determined for the subsequent anaerobic digestion. 

Budde et al. (2014) carried out a study to evaluate the effect of different pretreatment 

temperatures (140-220℃ for 5 min) on bio-methane production from cattle waste. They 

obtained abundant inhibitors or refractory compounds in the hydrolyte resulting in a low 

methane yield after pretreatment at 220℃, while 58% increase in methane yield was achieved 

at pretreatment temperature of 180℃. It has been revealed that temperatures above 200℃ 

caused the formation of phenolic compounds as well as furfural and HMF, inhibiting the 

growth of anaerobic microorganisms (Hendriks and Zeeman, 2009; Negro et al., 2003; 

Teghammar et al., 2010). Fernández-Cegrí et al. (2012) investigated the effect of a wide range 

of pretreatment temperatures (25-200℃) on methane potential of sunflower oil cake, among 

which 100℃ yielded the highest methane production. However, O-Thong et al. (2012) 

reported that hydrothermal pretreatment (230℃ for 15 min) was effectively to increase the 

methane potential of oil palm empty fruit bunches by 29% (from 161 to 208 ml/g-VS). 
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Ferreira et al. (2014) investigated the methane production from wheat straw by varying HTT 

temperatures from 170-220℃  for holding 1-15 min, and the optimum condition was 

determined at 200℃ for 5 min with methane yield increased by 27%. The difference in the 

above optimum pretreatment temperatures for various biomasses is most probably attributable 

to the different chemical compositions and structural characteristics of the lignocellulosic 

biomass. According to the recent studies on hydrothermal treatment of lignocellulosic 

biomass for biogas production, the final temperature is better to be controlled between 100 

and 230℃. 

 

(2) Retention time 

Table 1.2 lists the HTT operation conditions used in recent studies for methane 

production from lignocellulosic biomass, and Table 1.3 presents the maximum methane yields 

of different lignocellulosic biomass through batch anaerobic digestion tests after being HTT 

pretreated. As it can be seen from Tables 2.2 and 2.3, in general, the optimum HTT time of 

various lignocellulosic biomass for methane production is 10~30 min. Compared with other 

research works, Fernández-Cegrí et al. (2012) used a relatively longer time (4 h) to pretreat 

sunflower oil cake at a lower temperature (100℃) to produce methane. From Table 1.3, the 

pretreatment temperature at 100-150℃  for a longer time (5 min-4 h) is effective for 

sugarcane press mud, yard waste, sorghum, olive husks, and sunflower oil cake. As for other 

lignocellulosic biomass, such as sugar beet pulp, sugarcane bagasse, wheat straw, giant reed, 

rice straw and fruit/vegetable waste, however, a higher pretreatment temperature (160-220℃) 

with shorter time (1-30 min) seems to be more beneficial for methane production. In order to 

achieve an effective subsequent biogasification from the biomass, it is speculated that there is 

some correlation between pretreatment temperature and retention time during HTT process. 

According to Overend and Chornet (1987), the concept of pretreatment severity (R0) can 

be used to interpret the relationship between temperature and retention time during the 
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hydrothermal treatment (Eq. 1-1). 

R0 = t  exp [(T-100)/14.75]                                            (1-1) 

where t is the pre-treatment time (min), T is the temperature (℃), 100 is the base temperature 

(℃), 14.75 is the conventional energy of activation assuming the overall reaction is hydrolytic 

and the overall conversion is first order. As Eq. 1 denotes that the logarithm of R0 (log R0), 

defined as the severity factor (Overend and Chornet, 1987) is mainly dependent on time and 

temperature, theoretically with no consideration of other factors and effects. 

In order to avoid the production of inhibitory and degradation-resistant compounds from 

hydrothermal treatment under severe conditions, it is necessary to optimize the severity for 

higher methane yield. Moniz et al. (2013) compared the liquors obtained from corn straw at 

different HTT temperatures (150-240℃) with severity factors of 1.63-4.51 which increased 

with the increased concentrations of HMF, furfural and phenolics. The produced 

oligosaccharides dramatically decreased when the severity factors > 4.21. López González et 

al. (2014) used the hydrothermal pretreated sugarcane press mud for methane production. 

They got higher methane production at low HTT temperature (140-150℃) for long retention 

time (12.5 min, 20 min) with severity factor varied between 2.26-2.77 or at higher 

temperature (175℃) for short retention time (2 min) with severity factor of 2.49. And the 

highest methane yield of treated press mud was obtained after pretreated at 150℃ for 20 min 

with mild severity factor (log R0=2.77). However, the most severe condition (at 200℃ for 20 

min and 210℃ for 12.5 min with log R0=4.25-4.35) resulted in low methane yield. Moreover, 

Ferreira et al. (2013) achieved the maximum methane production (273 ml/g-VSadded) from 

HTT pretreated wheat straw at 220℃ for 1 min (log R0=3.5), about 20% increase in methane 

production compared with raw straw. 

All the above research works indicate that for more severe pretreatments with higher 

severity factor, the biodegradability of lignocellulosic materials may be decreased resulting in 

low biogasification, probably due to the formation of inhibitory compounds during HTT 
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process. 

 

(3) Pressure 

Hydrothermal pretreatment refers to using water as liquid or vapor or both, and heat to 

pretreat biomass. During HTT, water under high pressure can penetrate into the biomass, 

make biomass more accessible to hydrolytic enzymes, meanwhile hydrate cellulose and 

remove most of the hemicellulose and a part of lignin (Taherzadeh and Karimi, 2008; Pérez et 

al., 2007). The water above critical point (374℃ and 22.1 MPa) is called supercritical water, 

and usually temperature below 374℃ and pressure of 0.1-10 MPa are adopted in HTT 

pretreatment for biomethane production. An important factor influencing hydrothermal 

process is the formation of hydronium ions from water and from organic acids, since high 

temperatures and pressures will be created during the process, which could accelerate the 

decomposition of biomass into valuable monomers in a shorter reaction time (Ruiz et al., 

2013). 

In recent HTT studies, pressures < 5 MPa are usually applied to pretreat lignocellulosic 

biomass for subsequent bio-methane production. The influence of pressures on the 

pretreatment of lignocellulosic biomass for anaerobic digestion has not been revealed 

extensively. Chandra et al. (2012) conducted the hydrothermal pretreatment of rice straw at 

pressure of 1.55 MPa (200℃ for 10 min), and obtained more than 2 times methane yield 

(132.7 ml/g-VS) of the untreated straw. Teghammar et al. (2010) compared the effect of 

explosion (at pressure of 1.5-2.0 MPa) with nonexplosive hydrothermal pretreatment of paper 

tube residuals for biogas production. The explosive pretreatment at 2.0 MPa and 220℃ for 

10 min with addition of both 2% NaOH and 2% H2O2 gave the best results with methane 

yield increased by 70–107% (from 238 to 403-493 ml/g-VS). High pressure is regarded to 

increase the accessible surface area of biomass to vapor and thus decrease the crystallinity of 

cellulose.  
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(4) Solid content 

Solid content, namely biomass to water ratio, is a key parameter which influences the 

efficiency of hydrothermal treatment. As for the pretreatment for methane production, HTT at 

solids content ≤ 20% is usually adopted. At high biomass to water ratios, the relative 

interactions between molecules of biomass and those of water become less influential, which 

can suppress dissolution of biomass components (Akhtar and Amin, 2011). Laser et al. (2002) 

performed the hydrothermal treatment of sugarcane bagasse in a 25 l reactor at 170-230°C for 

1-46 min with solid content varied from 1% to 8%. The optimal conditions for xylan recovery 

were high temperature (above 220°C), short retention time (＜2 min) and low solid content 

(＜5%). In addition, Allen et al. (2001) obtained 86% of simultaneous saccharification and 

fermentation (SSF) conversion and 82% of xylan recovery at a solid content of 5%, and no 

hydrolyzate inhibition on fermentation yield was detected (the fermentation rate, however, 

was inhibited). From another point of view, Adl et al. (2012) evaluated the energy recovery 

from HTT pretreated cotton stalk through anaerobic digestion. Their results indicate that HTT 

pretreatment is feasible and viable at high solid content (>10%), and >175 ml/g-VS of 

methane could be recovered from pretreated stalk at higher solid contents, which to some 

extent is consistent with the finding of Bruni et al. (2010). After investigating the effect of 

HTT (155-180℃for 15 min) on bio-methane potential of biofibers (a mixture of cow and pig 

manure, maize silage and industrial by-products) under different initial total solid contents 

(7.4-14.5%), Bruni et al. (2010) obtained the highest increase in methane yield (by 67% 

compared to untreated biofibers) at 155℃, 12.4% of total solids (TS), and 2.1% of acid w/w 

with no pre-soaking. They also recommended that pretreatment at higher solids content 

(14.5% of TS) and higher temperature (180℃) without acid addition was the most promising 

condition for full-scale applications. In addition, Ziemiński et al. (2014) used HTT (at 160℃) 

to pretreat sugar beet pulp at high solid content (TS~33%) in a lab-scale thermostatic reactor 
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for subsequent methane production, yielding the highest methane production of 502.5 

ml/g-VS). 

 

(5) Particle size 

Particle size reduction is considered as a factor which can enhance the accessibility of 

lignocellulosic biomass to hydrothermal treatment due to higher specific surface area created, 

thus increase lignocellulose conversion rates for methanogenesis. However, the realization of 

size reduction needs energy input, therefore it is necessary to optimize the particle size of 

biomass for hydrothermal pretreatment. In general, the reported maximal particle size follows 

a descending order among the following pretreatments: Steam explosion > hydrothermal > 

dilute acid and base pretreatments (Vidal Jr. et al., 2011). In addition, the maximal size is also 

dependent on feedstock itself, and herbaceous or grassy biomass has smaller maximal size (< 

3 mm) than woody biomass (>3 mm) (Vidal Jr. et al., 2011). Khullar et al. (2013) investigated 

the effect of particle size on enzymatic hydrolysis of pretreated Miscanthus. They found that 

glucose concentration, glucose release rate, glucose yield and total conversion were increased 

with the decrease in particle size during HTT (at 200℃ for 30 min): The highest glucose 

concentrations and hydrolysis were achieved from the smallest particle (0.08 mm) Miscanthus. 

Lamsal et al. (2010) suggested that particles size <132 μm was favorable for soluble sugar 

release from the hydrolysis of three feedstocks (soybean hulls, wheat straw, and de-starched 

wheat bran). 

On the other hand, some research works also reflect that the effect of particle size on 

sugar yield is not so significant during the HTT pretreatment of lignocellulosic biomass. Ruiz 

et al. (2011) pointed out that the particle size of wheat straw didn’t influence sugar 

degradation, but had a selective effect on the extraction of total sugars. In addition, no 

difference in corn stover glucose conversion (%) was found between two particle sizes (53-75 

µm and 425-710 µm) during HTT at 190℃  for 15 min, and pH 4.3-6.2. The HTT 
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pretreatment brought about the change in plant cell ultrastructure and the formation of 

micron-sized pores, making cellulose more readily hydrolysable (Zeng et al., 2007). 

Excessive fine grinding requires energy in quantity and it is not recommended for 

hydrothermal pretreatment. Ferreira et al. (2014) investigated the impact of particle size on 

bio-methane potential of wheat straw, and their results showed that larger particles (cutting 

30-50 mm) were better than small ones (milling <1 mm). Moreover, seen from economic 

viewpoint, it is absolutely negative by milling biomass before HTT pretreatment, which 

definitely results in the increase of operation cost. For hydrothermal liquefaction, biomass 

particles are recommended to be 4-10 mm, which is suitable to overcome heat and mass 

transfer limitations at a reasonable grinding cost (Akhtar and Amin, 2011). 

 

(6) pH and chemicals’ addition 

In order to avoid the formation of inhibitors during hydrothermal pretreatment and to 

mainly solubilise hemicellulose thus to make cellulose more accessible to hydrolysis, it’s 

necessary to maximize the solubilisation of hemicellulose into soluble oligosaccharides while 

minimize the hydronium ions concentration and, more importantly, the degradation of the 

resultant oligosaccharides and monosaccharides to smaller products (Weil et al., 1998b; 

Mosier et al., 2005a; Mosier et al., 2005b; Hendriks and Zeeman, 2009; Ruiz et al., 2013; Li 

et al., 2014; Zheng et al., 2014). Mosier et al. (2005a) successfully used pilot plant scale 

pH-controlled hydrothermal treatment for ethanol production from corn fiber at 160℃ and 

pH ＞4.0, achieving 50% dissolution of the fiber in 20 min. The carbohydrates they obtained 

were composed of 80% soluble oligosaccharides and 20% monosaccharides. Weil et al. 

(1998a) developed a continuous pH monitoring system for hydrothermal treatment of corn 

fiber: when 2.0 M KOH was added into the system to keep pH 5.0-7.0, the enzymatic 

hydrolysis gave 33-84% conversion of cellulose to glucose in the pretreated fiber compared to 

17% in untreated fiber. Li et al. (2014) applied pH pre-corrected liquid hot water to pretreat 
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corn stover, and obtained high hemicellulose recovery and low inhibitors formation. Their 

results indicated this pretreatment reduced hemicellulose degradation by 35.3-92.3% and 

decreased furfural formation by 90.5-99.8%. Up to now, however, no research has been 

conducted on pH controlled HTT for the pretreatment of lignocellulosic biomass and then 

subsequent anaerobic digestion (Zheng et al., 2014). 

When pH decrease after hydrothermal treatment is taken into consideration, maintaining 

suitable pH in subsequent methane production is necessary. Chandra et al. (2012) found that 

hydrothermal pretreatment of rice straw followed by addition of sodium hydroxide into the 

fermentor resulted in an increase of 225.6% in biogas production and 222.0% in methane 

production compared to untreated rice straw. Similarly, hydrothermal pretreatment of paper 

tube residuals with 2% sodium hydroxide improved the methane yield by 21% from 222 to 

269 ml/g-VS (Teghammar et al., 2010). On the other hand, acid-hydrothermal and 

alkaline-hydrothermal pretreatment were applied to evaluate the methane potential of palm oil 

mesocarp fibre, and the maximum methane yield (199 ml/g-substrate) was achieved by 

acid-hydrothermal pretreatment (1.97 M HCl+34 min at 103℃) (Costa et al., 2013). In 

addition, methanogenic inhibition occurred after hydrothermal giant reed was pre-treated with 

H2SO4 at 2% w/w, which was associated with high SO4
2-

 concentration in the hydrolysate (in 

which furfurals were also detected) (Di Girolamo et al, 2013). 

 

1.4.3. Problems and challenges 

The HTT outcome largely depends on retention time, temperature, particle size and 

moisture content, etc. (Sun and Cheng, 2002). Therefore, in order to reduce the possibility of 

formation of these inhibitory compounds and obtain the maximum biogas production from 

lignocellulosic biomass, operating conditions should be optimized during hydrothermal 

process. 

Among all the operation condtions, temperature is considered as the most important 
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parameter in pretreatment of biomass for enhanced methanogenesis. Temperatures above 

200℃ caused the formation of phenolic compounds, which could inhibit the growth of 

anaerobic microorganisms. The final HTT temperature is better to be controlled between 

100℃ and 230℃ for an enhanced subsequent biogasification. Temperature and retention 

time are found to be co-related during hydrothermal treatment. In order to avoid the 

production of inhibitory and degradation-resistant compounds, long time at low temperature 

or short time at high temperature (with moderate severity) is favorable for hydrothermal 

treatment when taking subsequent biogasification into consideration. 

In addition, pressure, solid content, particle size and pH also influence the hydrothermal 

pretreatment of lignocellulosic biomass. A higher pressure could accelerate the decomposition 

of biomass into monomers in shorter retention time, resulting in an increased accessible 

surface area of biomass to vapor and thus a decrease in the crystallinity of cellulose. 

Regarding to solid content, higher TS content is beneficial for higher methane yields and 

practical viability of the pretreatment operation for anaerobic digestion. As for particle size, 

excessive fine grinding requires energy in quantity and it is not recommended for 

hydrothermal pretreatment. Finally, in order to avoid the formation of inhibitors during 

hydrothermal pretreatment and mainly solubilise the hemicellulose thus to make the cellulose 

more accessible to hydrolysis, maintaining a relatively neutral pH level during HTT is 

necessary and important. 

As reviewed, most of the recent researches focused on the effect of hydrothermal 

pretreatment conditions on biomethane production and the optimization of HTT conditions 

for biomethane production. Due to the complexity of structure and the heterogeneity of 

various biomasses, the following aspects should be considered in future researches in order to 

realize the cost-effective utilization of HTT pretreatment for biomass to energy production. 

Firstly, the optimization of operation conditions of HTT pretreatment is still necessary for 

various lignocellulosic materials. More importantly, how the operation pressure functions and 
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whether pressure-controlled HTT could reduce energy consumption or not is unclear. In 

addition, it’s also important to identify the HTT products and their biodegradability under 

different operation conditions, and to explore the response of microbial community in 

subsequent biogasification in addition to the inhibition mechanisms of the intermediates 

produced during HTT (i.e. furfural, HMF, and phenolic compounds) to anaerobic 

microorganisms. Finally, a full analysis of environmental, economic and energy efficiencies 

of HTT pretreatment should be carried out, which is a prerequisite for its practical application 

in the conversion of biomass to bioenergy. 

 

1.5. Objectives and originality of this study 

The objectives of this study are listed as follows: (1) To investigate the influence of 

temperature and solid content on the soluble products after HTT pretreatment of rice straw 

and examine the feasibility of biohydrogen production from the pretreated rice straw. 

Meanwhile, the optimum pretreatment conditions of rice straw for hydrogen production were 

discussed; (2) To explore the effects of peak temperature and holding time on solubilization of 

rice straw and subsequent H2 production and to investigate the relationship of H2 yield with 

the soluble products from rice straw during HTT pretreatment; (3) The performance from 

HTT with subsequent H2/CH4 productions were analyzed. More importantly, the performance 

of single-stage and two-stage fermentation was also compared. 

The originality of this study lied in the following three points. Firstly, up to now, little 

information could be found on the effect of HTT pretreatment on rice straw for bio-hydrogen 

production. Renewable energy, especially biohydrogen, is a noncarbon based energy resource 

and regarded as a high efficient fuel to replace fossil fuels. This study improved biohydrogen 

production of rice straw via HTT pretreatment. The influence of temperature and solid content 

on the composition of the hydrolysate after HTT pretreatment of rice straw was investigated. 

Secondly, no result about HTT effect on rice straw could be inferred from the literature for 0 
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min of holding at the designed HTT temperature. That is, the necessity of a longer holding 

time for HTT treatment should also be confirmed, which will greatly influence the reactor 

design and energy input. The effects of peak temperature and holding time on solubilization 

of rice straw and subsequent H2 production were explored. And the relationship of H2 yield 

with the soluble products from rice straw during HTT pretreatment was also discussed. 

Finally, although HTT has been proved to be a favorable pretreatment for hydrogen 

production, a large proportion of the total SCOD still hasn’t been utilized for other purposes 

like methane fermentation. The feasibility of effluent from hydrogen fermentation for 

subsequent methane productions was also analyzed in the present study. 

 

1.6. Structure of the thesis 

The main contents of this study were divided into following parts: (1) In Chapter 2, the 

preliminary experiments were conducted for investigating the effect of different HTT 

conditions, including temperature (190-290℃), holding time (1.5 min) and solid content 

(4-20%) on rice straw pretreatment. In addition, batch experiments of mesophilic 

fermentation were also carried out to verify the enhancement on biogasification when HTT 

pretreated rice straw was used as feedstock; (2) In Chapter 3, the followed-up experiments 

were conducted on the effects of HTT pretreatment at two peak temperatures (150℃ and 

210℃) with holding time of 0-30 min on the solubiliztion of rice straw and subsequent 

biohydrogen production. And the relationship of H2 yield with the soluble products from rice 

straw during HTT pretreatment was also discussed; (3) In Chapter 4, the effluent of hydrogen 

fermentation of HTT pretreated rice straw substrate was used for methane fermentation. The 

feasibility of this kind of two-stage anaerobic digestion was discussed. In addition, the 

conventional single-stage along with the single-stage and two-stage fermentation used in this 

study was also evaluated. The structure of the thesis is shown in Figure 1.3. 
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Table 1.1 The contents of cellulose, hemicellulose, and lignin in various lignocellulosic 

biomass. 

Lignocellulosic 

biomass 

Cellulose 

(% TS) 

Hemicellulose  

(% TS) 

Lignin 

(% TS) 

References 

Wheat straw 46.3-49.6 27.1-29.7 6.2-6.6 Triolo et al., 2011 

Rice straw 25.7-30.2 11.9-19.5 17.8-29.6 Sakdaronnarong  

et  al., 2014; 

Monlau et al., 2012 

Maize stalks 41.0 26.0 11.5 Darwish et al., 

2012 

Sugarcane  bagasse 33.3-35.5 14.9-15.9 27.2-31.0 Sakdaronnarong  

et  al., 2014 

Sorghum 12.5-29.4 18.1-26.2 17.6-24.1 Monlau et al., 2012 

Sunflower stalks 28.1-34.3 11.9-15.9 27.5-35.4 Monlau et al., 2012 

Rape straw 37.6 31.4 21.3 Greenhalf et al, 

2012 

Switch grass 36.0 31.6 6.1 Greenhalf et al, 

2012 

Cotton stalk 11.4-28.9 30.5-56.0 20.0-32.0 Adl et al., 2012 

Corn stover 36.6-37.4 30.7-31.9 17.6-18.0 Saha et al., 2013 

Sugar beet pulp 27.4-32.4 24.98-28.62 2.5-5.7 Ziemiński et al., 

2014 

Cattle waste 15.4-17.9 3.0-9.5 6.1-14.3 Triolo et al., 2011 

Grass silage 34.3 29.3 8.6 Xie et al., 2011 

Cassava residues 24.49-25.35 17.56-18.12 12.06-12.5 Zhang et al., 2011 

Paper tube residue 53 10 23 Teghammar et al., 

2010 

Populus tomentosa 43.70 18.72 27.71 Wang et al., 2013 

Bamboo waste 36.3 12.7 18.7 Shen et al., 2014 

Wood chips 39.9-42.5 24.1-26.3 27.6-31 Moniruzzaman and 

Ono, 2013 

TS: Total solid. 
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Table 1.2 Operation conditions of HTT for subsequent methane production from 

lignocellulosic biomass. 

Lignocellulosic 

biomass 

Temp. 

 

(℃) 

Retention 

time 

(min) 

Particle 

size 

(mm) 

Solid content Pressure 

 

(MPa) 

References 

Cotton stalk 100 15 ＜3 10-16% TS --- Adl et al., 

2012 

Rice straw 200 10 ＜1 10% TS 1.55 Chandra et 

al., 2012 

Sugarcane 

bagasse 

150-20

0 

10, 20, 30 --- 10%m/v 

(mass/catalyst 

solution volume) 

--- Costa et al., 

2014 

Giant reed 150,18

0 

10, 20 10 100 gTS with 500 

ml volume 

--- Di Girolamo 

et al., 2013 

Sunflower oil 

cake 

25-200 240 --- 20g/l and 40g/l --- Fernández-C

egrí et al., 

2012 

Wheat straw  170-22

0 

1-15 30-50 or 

＜1 

--- 0.5-2.3 Ferreira et 

al., 2014 

Sugarcane press 

mud 

140-21

0 

2-23 --- 15% TS --- López 

González et 

al., 2014 

Sugar beet pulp 120-22

0 

20 --- 100 gTS with 300 

ml water 

--- Ziemiński et 

al., 2014 

Barley straw 130-19

0 

5-30 ＜10 2 kg straw/6 l water --- Schumacher 

et al., 2014 

Paper tube 

residuals 

190-22

0 

10, 30 1-2 50 g/l --- Teghammar 

et al., 2010 

TS: Total solid. ---No data in the literature 

 

 

 

 



 

Table 1.3 Maximum methane yields of different lignocellulosic biomass by batch anaerobic digestion tests after hydrothermal pretreatment. 

Substrate Inoculum Methane yield 

(ml/g-VS) 

Pretreatment Anaerobic conditions  Reference 

Temp. (℃) HRT(d) Initial pH 

Sugar beet pulp AD sludge  502.50 160℃, 20 min 37 25 7.2 Ziemiński et 

al., 2014 

Sugarcane bagasse AD sludge (based on sewage, brewery 

effluent, glycerol) 

197.5 ml/g-substrate 200℃, 10 min 35 30 --- Costa et al., 

2014 

Palm oil mesocarp fibre AD sludge (based on wastewater, 

brewery effluent, glycerol) 

199 ml/g-substrate 103℃, 34 min, 1.97 M 

HCl 

35 30 --- Costa et al., 

2013 

Wheat straw AD sludge 296 200℃, 5 min+steam 

explosion 

35.1 45 --- Ferreira et al., 

2014 

Barley straw Digestates of agricultural waste and  

municipal sewage sludge 

251 ml/g-VS 190℃, 30 min 38 34 --- Schumacher 

et al., 2014 

Sugarcane press mud Cultivated AD sludge  340.80 150℃, 20 min 37.5 30 7.66 López 

González et 

al., 2014 

Yard waste AD sludge 119 ml/g-TS 121℃, 30 min 37 60 --- Zhang et al., 

2014 

Sweet sorghum AD sludge 288 ml/g-sorghum 121℃, 1 h 35 --- 7.0 Antonopoulo

u et al., 2012 

Secondary sludge from pulp and 

paper mill wastewater treatment  

AD sludge 141 150 ℃, 10 min 55 30 --- Bayr et al., 

2013 



 

Wheat straw AD sludge 273 220℃, 1 min 35 35 --- Ferreira et 

al., 2013 

Giant reed AD sludge (based on animal manure and 

industrial food waste) 

337 180℃, 10 min 53 39 --- Di Girolamo 

et al., 2013. 

Olive husks (mixed with olive mill 

wastewater and dairy wastewater)  

AD sludge 86.4-93.6 134℃, 20 min 37 30 7.5 Gianico et 

al., 2013 

Rice straw  AD sludge 132.7 200℃, 10 min 37 40 --- Chandra et 

al.,2012 

Sunflower oil cake (Solid 

fraction) 

AD sludge  105 ml/g CODadded 100℃, 4 h 35 7 --- Fernández-C

egrí et al., 

2012 

Sunflower oil cake (liquid fraction) AD sludge  310 ml/g CODadded 100℃, 4 h 35 8 --- Fernández-C

egrí et al., 

2012 

Fruit/vegetable waste AD sludge 326.0 170℃, 1 h (0.5 h 

heating +0.5 h holding) 

37 15 --- Qiao et al., 

2011 

Cassava residues AD thermophilic sludge 248 157.84℃, 20.15 min, 

2.99% (w/w H2SO4) 

55 14 7.2 Zhang et al., 

2011 

Wheat straw Digested manure 396  80℃, 6 min+180℃, 15 

min+190℃, 3 min 

55 60 --- Kaparaju et 

al., 2009. 

AD: Anaerobic digested. TS: Total solid. VS: Volatile solids. ---No data in the literature



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Research route of this study 
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Figure 1.2 Schematic diagram of hydrothermal pretreatment of lignocellulosic biomass for anaerobic biogasification 
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Figure 1.3 Structure of the thesis 
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2. Preliminary trails for optimum HTT treatment for biogasification from rice straw 

2.1. Introduction 

Although there are extensive studies on hydrothermal pretreatments of different biomass, 

most of previous researches have focused on the pretreatment for gasification, bio-methane 

or ethanol production and compost stability (Chandra et al., 2012; Nakhshiniev et al., 2014; 

Peterson et al., 2008; Petersen et al., 2009). Few study on HTT pretreatment of rice straw for 

bio-hydrogen production is available up to now. Due to containing a large amount of 

cellulose and hemicellulose, rice straw can be used for biohydrogen production by using 

anaerobic fermentation, a prospective alternative for the sustainable utilization of 

agricultural waste (Guo et al., 2010). On the other hand, at present, related studies on 

hydrothermal pretreatment of rice straw applied longer retention time than 5 min for 

methane production and resulted in higher energy consumption (Chandra et al., 2012; 

Rodríguez et al., 2009). In this study, in consideration of energy recovery, hydrothermal 

treatment (HTT) was conducted at short holding time for effective biohydrogen production. 

The objective of the study is to investigate the feasibility of HTT pretreatment of rice 

straw for biohydrogen production. The influence of different operating factors (temperature 

and solid content) on the composition of the hydrolysate after HTT pretreatment of rice 

straw was investigated. The biohydrogen production from the pretreated rice straw substrate 

was examined. The influence of HTT pretreatment on biohydrogen production was alsp 

discussed. 

 

2.2. Methods 

2.2.1. Rice straw and anaerobic sludge 

Rice straw was collected from a farm field near to Tsukuba (Ibaraki, Japan), then was cut 

into particles manually and air-dried. The air-dried rice straw particles were milled to 

powders and screened by 30-mesh (0.6 mm) and stored at room temperature in dark before 
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hydrogen fermentation experiment. Rice straw was used in this study with TS of 90.1% and 

volatile solid (VS, of TS) of 79.4%. The anaerobic sludge was obtained from Shimodate 

Wastewater Treatment Center (Ibaraki, Japan) with TS of 1.1%, and VS/TS of 77.2%. 

 

2.2.2. HTT procedure 

The HTT experiments were conducted in a 200 ml enclosed stainless steel reactor with an 

outer jacket containing electrical wires (Figure 2.1). The reactor was filled with 100 ml 

distilled water and different weights of rice straw at each time. The TS content of each 

mixture was adjusted to 4%, 10%, 14%, and 20% respectively. Six different peak 

temperatures (i.e. 190℃, 210℃, 230℃, 250℃, 270℃, and 290℃) were carried out at each 

TS level and all the holding time was fixed at 1.5 min. Figure 2.2 describes the schematic 

diagram of HTT heating process. The pressure was read directly from the installed pressure 

meter, which was around 1.0, 1.8, 2.5, 4.0, 5.2, and 7.2 MPa, respectively at operation 

temperature of 190℃, 210℃, 230℃, 250℃, 270℃, and 290℃. After HTT process, the 

sample was cooled to room temperature, and then the mixture was separated into solid and 

liquid fractions by vacuum filtration. 

 

2.2.3. Hydrogen fermentation experiment 

The pretreated rice straw substrate (a mixture of treated rice straw and soluble substances 

hydrolysate) under different conditions R190 (210℃, 14% TS, 1.5 min), R210 (210℃, 14% 

TS, 1.5 min), R230 (230℃, 4% TS, 1.5 min), R290 (290℃, 20% TS, 1.5 min) were 

inoculated with 150 ml of seed sludge with inoculation ratio ranged between 17-20% based 

on TS values of the inoculum and the initial fermentation substrate. All these samples were 

put into 250 ml glass bottle and 2 M sodium hydroxide or hydrochloric acid was used to 

adjust the initial pH of each reactor to be around 7.0. Their final volume was made up to 200 

ml by using deionized water before fermentation. All the fermentation reactors were sealed 



30 

 

with silica gel stoppers, and placed in a thermostat controlled at 35±1℃ after their 

headspace being flushed with nitrogen gas for 5 min. Each stopper was connected with a 50 

ml graduated plastic syringe for biogas collection and quantification.  

 

2.2.4. Analytical methods 

TS and VS of rice straw before and after HTT pretreatment and TS and VS of seeding 

anaerobic sludge were determined in accordance with the Standard Methods (APHA, 2005). 

After HTT process, the resultant substrate was separated into solid and liquid fractions. The 

liquid fraction was centrifuged at 10,000 rpm for 10 min and the supernatant was used for 

the determination of soluble chemical oxygen demand (SCOD) and carbohydrate. SCOD 

was measured in accordance with the Standard Methods (APHA, 2005). Carbohydrate was 

determined using the phenol-sulfuric method with glucose as standard (Herbert et al., 1971). 

Morphology characteristics of the rice straw particles before and after HTT pretreatment 

were observed using a scanning electron microscope (SEM, JSM6330F, Japan). During 

fermentation, the volume of biogas production was daily read directly from the scale on the 

syringe after the bottles being shaken manually for 2 min. Biogas composition analysis was 

carried out by a gas chromatography (GC-8A, SHIMADZU, Japan) with N2 as carrier gas, 

equipped with a thermal conductivity detector (80℃) and a Porapak Q column(60℃).  

 

2.3. Results and discussion 

2.3.1. Effect of different HTT pretreatment conditions on TS and VS of rice straw 

HTT pretreatment is an effective method for degradation of lignocellulosic biomass. 

Figure 2.3 depicts the changes in TS and VS of rice straw after HTT pretreatment under 

peak temperature from 190℃ (HTT190) to 290℃ (HTT290) for holding time of 1.5 min. It 

can be seen that TS and VS contents of rice straw were all reduced at all peak temperatures. 

TS and VS contents were significantly decreased with increasing temperature. Especially, 
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when the temperature was 290℃, the highest TS and VS reduction was obtained, which was 

53% and 22%, respectively.  

 

2.3.2. Soluble products 

Hydrothermal treatment is an effective method for the solubilization of biomass 

(Donoso-Bravo et al., 2011), and the breakdown of macromolecular components is 

temperature dependent (Wilson and Novak, 2009). Figure 2.4 shows the soluble COD 

concentration of rice straw substrate after 1.5 min HTT pretreatment at different TS content 

and peak temperature. From Fig. 2.4 and Fig. 2.5, it can be seen that increasing peak 

temperature is indeed effective for solubilization of rice straw. However, when the 

temperature was higher than 250℃, the SCOD concentration declined. Carbonization and 

gasification of organic matters may contribute to SCOD concentration. Sevilla et al. (2009) 

demonstrated that organic substances, such as carbohydrates, can be carbonized by means of 

hydrothermal treatment at temperatures of 220-250℃. In addition, the carbonization of 

agricultural residues rich in carbohydrates was also observed via thermal treatment, whilst 

biochar was produced from agricultural residues (Oliveira et al., 2013). On the other hand, 

the organic component of rice straw is firstly degraded into soluble organic substances, and 

then a part of these substances are decomposed into gas products further at high temperature. 

The main gas products consisted of CO2, CO, CH4 and H2 during 250-400℃ hydrothermal 

treatment of cellulose (Gao et al., 2012). The similar results were observed by utilization of 

lignocellulosic biomass waste in sub- and super-critical water (Williams and Onwudili, 2006; 

Castello et al., 2013). 

As shown in Fig.2.4, at all test temperatures, the yield of soluble carbohydrates increased 

with increasing temperature firstly, and then declined from 230℃ to 290℃. The highest 

yields of carbohydrates were obtained at 210℃ for all different solid content samples. 

Among the high yields of carbohydrates, the maximum yield is 77 mg/g-VS which was 
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obtained at 210℃ and 14% TS for 1.5 min. The results indicated that peak temperature had 

significant influence on the carbohydrates production. High temperature could cause 

non-enzymatic browning of carbohydrates, either via carbohydrates caramelization 

(pyrolysis) or reaction with N-terminal amines through the Maillard reaction (Martins et al., 

2000). Furthermore, soluble carbohydrates produced by the hydrolysis of cellulose and 

hemicellulose are further decomposed into aldehydes, organic acids and furans in subcritical 

water at high temperature (Saito et al., 2009; Srokol et al., 2004). Efficient pre-treatments 

should avoid loss of carbohydrates, meanwhile minimize the accumulation of rate limiting 

compounds (e.g. furfurals, HMF, etc.) (Benjamin et al., 1984).  

 

2.3.3. Effect of HTT pretreatment on biohydrogen production from rice straw 

Figure 2.6 describes the cumulative biohydrogen production from the substrates obtained 

by HTT pretreatment of rice straw. After 1 day from the start-up, the hydrogen production 

increased quickly and reached to the peak in R210 digester on day 2. And most of the 

hydrogen production was achieved in 3 days with corresponding final hydrogen yield of 19 

ml/g-VS.  

On the other hand, very low biohydrogen production was obtained in R230, R290 and the 

Control. The results indicated that high temperature (＞230℃) is not favorable for 

subsequent biohydrogen production. Meanwhile, compared to 190℃, temperature at 210℃ 

showed higher hydrogen production potential. Bougrier et al. (2008) reported that at high 

temperature, some colored recalcitrant compounds could be produced via Maillard reaction 

by polymerization between carbohydrates and amino compounds. And these colored 

recalcitrant compounds were found to be unfavourable for anaerobic digestion 

(Rodríguez-Abalde et al., 2011). In addition, several studies reported that furan derivatives 

were detected after the hydrothermal liquefaction of carbohydrates at 200-400℃ (Asghari et 

al., 2006; Srokol et al., 2004; Kabyemela et al., 1997). These furan derivatives can 
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negatively affect microbial activity, which have inhibitory influence relative to their 

concentrations (Monlau et al., 2013; Cao et al., 2010). López González et al. (2014) 

investigated the effect of HTT treated sugarcane press mud on anaerobic digestion. Very low 

methane yield was detected after pretreated above 200℃, which was probably relating to the 

inhibited methanogenesis by the formation of refractory compounds at high HTT 

temperature. In this study, the high temperature (＞230℃) had negative effect on subsequent 

biohydrogen production. The results suggest that rice straw treated by HTT at an appropriate 

temperature is very important for biohydrogen production.  

As shown in Fig. 2.4, the maximum yield of carbohydrates was gained at 210℃, and the 

soluble carbohydrates yields decreased significantly when the temperature exceeded 210℃, 

which is similar with the variation trend of hydrogen production. Yuan et al. (2011) reported 

that hydrogen production from wheat straw was well correlated with the degradation of 

cellulose and hemicelluloses into fermentable carbohydrates. Shi et al. (2010) also claimed 

that the increase in hydrogen yield was almost consistent with the increase in soluble 

carbohydrates available from alkali pretreated and raw sweet sorghum stalks. In addition, the 

findings of Monlau et al. (2012) disclosed a strong positive correlation between soluble 

carbohydrates and hydrogen yields. Therefore, results from the preliminary experiments 

suggest that the relationship of soluble carbohydrates and biohydrogen production should be 

further investigated in the followed-up experiments.  

 

2.4. Summary 

In the preliminary experiments, the effect of different HTT conditions, including 

temperature (190-290℃), short holding time (1.5 min) and solid content (4-20%) on rice 

straw pretreatment were investigated. In addition, batch experiments of mesophilic 

anaerobic digestion were also carried out to verify the enhancement on biogasification when 

HTT pretreated rice straw was used as feedstock. The results showed that: (1) higher 
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temperature was effective for reduction of TS and VS. However, when temperature was 

above 230℃, soluble chemical oxygen demand(SCOD) did not have significant increase 

with the increase of temperature; (2) the released soluble products were also detected. Less 

soluble carbohydrates were obtained at higher temperatures (＞ 230℃ ); (3) when 

considering high hydrogen production and energy recovery, moderate temperature (210℃) 

and high solid content (20%) in HTT was found to be favorable for subsequent 

biogasification.  
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Figure 2.1 Schematic of the hydrothermal reactor in this study 
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Figure 2.2 Temperature changes in the HTT reactor when peak temperature is controlled at 

190℃, 210℃, 230℃, 250℃, 270 and 210℃, respectively. 
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Figure 2.3 Changes in total solids (TS) and volatile solids (VS) of rice straw after 

hydrothermal pretreatment under peak temperature of 190℃ (HTT190), 210℃ (HTT210), 

230℃ (HTT230), 250℃ (HTT250), 270℃ (HTT270) and 290℃ (HTT290) for holding 

time of 1.5 min, respectively. 
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Figure 2.4 Profiles of soluble chemical oxygen demand (SCOD). 
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Figure 2.5 Profiles of soluble carbohydrates. 
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Figure 2.6 Cumulative hydrogen production by using the resultant substrates from HTT 

pretreatment of rice straw. 
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3. Enhanced hydrogen production from anaerobic fermentation of rice straw 

pretreated by hydrothermal technology 

 

3.1. Introduction  

Previous studies have been carried out on the HTT treatments of biomass for gasification, 

bio-methane or ethanol production and compost stability (Chandra et al., 2012; Nakhshiniev 

et al., 2014; Petersen et al., 2009; Peterson et al., 2008). Among them, Chandra et al. (2012) 

tried HTT treatment on rice straw biomass at 200℃ for 10 min and achieved enhanced 

methane production. Nakhshiniev et al. (2014) tested HTT on rice straw at 180℃ for 30 

min with improved compost stability. No information about HTT effect on rice straw could 

be inferred from the literature for 0 min of holding at the designed HTT temperature. That is, 

the necessity of a longer holding time for HTT treatment should also be confirmed, which 

will greatly influence the reactor design and energy input.  

In this study, HTT, carried out at two designated peak temperatures (150℃ and 210℃, 

respectively), was holding for 0 min, 10 min, 20 min, and 30 min, respectively. The effects 

of peak temperature and holding time on solubilization of rice straw and subsequent H2 

production were mainly explored. The relationship of H2 yield with the soluble products 

from rice straw during HTT pretreatment was also discussed.   

  

3.2. Methods 

 

3.2.1. Rice straw and seed sludge 

Rice straw in this study was collected from a farm field in Tsukuba (Ibaraki, Japan), 

then air-dried and milled according to Section 2.2.1. The seed sludge was anaerobically 

digested sludge sampled from the Shimodate Sewage Treatment Center (Ibaraki, Japan). The 

physical and chemical characteristics of rice straw and anaerobic sludge are shown in Table 
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3.1. 

 

3.2.2. HTT procedure 

HTT pretreatment was conducted in an enclosed stainless steel reactor with working 

volume of 200 ml. The reactor was loaded with a mixture of 100 ml distilled water and the 

prepared straw with total solids (TS) content being adjusted to around 20% according to the 

preliminary experiments. Two different peak temperatures (150℃ and 210℃, labeled as 

HTT150 and HTT210, respectively with pressure varied between 0.6-1.8 MPa) were applied 

in HTT experiments at different holding times, i.e. 0 min, 10 min, 20 min, and 30 min, 

respectively. Fig. 3.1 illustrates the temperature variation in the HTT reactor under each 

operation condition described in Table 3.2. The temperature in the HTT reactor was 

averagely elevated at 15.4℃/min and 11.0℃/min during the heating process when HTT 

peak temperature was controlled at 150℃ and 210℃, respectively. In addition, when 

conducting holding time of 0 min, the heater was powered off right after the temperature 

reached to the designated peak temperature. 

 

3.2.3. Hydrogen fermentation 

After pretreated under above mentioned conditions (different peak temperature and 

holding time), the resultant substrate, a mixture of treated rice straw and soluble substances 

(hydrolysate) produced during the HTT process, was first mixed homogeneously and 

sampled, and then inoculated with seed sludge. The operation procedure was the same as the 

previous batch hydrogen fermentation experiment in Section 2.2.3. 

 

3.2.4. Analytical methods 

TS and VS of rice straw before and after HTT pretreatment and TS and VS of seeding 

anaerobic sludge were determined in accordance with the Standard Methods (APHA, 2005). 
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After HTT process, the resultant substrate was separated into solid and liquid fractions 

through 1 μm borosilica glass fiber filter (GS-25, Advantec) for the following 

determinations.  

The solid fraction was dried at 105℃  to constant weight, and used for the 

measurement of lignin, cellulose, and hemicellulose. Lignin was first quantified by 

gravimetric method after hydrolysis with 72% H2SO4 (w/w). The liquor resulted from the 

hydrolysis process was utilized for the analysis of glucose and reducing sugars which were 

further used for the estimation of cellulose and hemicellulose contents (Vereris et al., 2007). 

Glucose and reducing sugars in the liquor were determined with a colorimetric 

micro-method (Mendel et al., 1954) and a dinitrosalicylic acid (DNS) colorimetric method 

(Miller, 1959), respectively.  

The liquid fraction was centrifuged at 10,000 rpm for 10 min and the supernatant was 

used for the determination of soluble chemical oxygen demand (SCOD), carbohydrate, and 

volatile fatty acids (VFAs) after being filtrated through 0.45µm membrane. SCOD and 

carbohydrates were measured according to the methods in Section 2.2.4. VFAs content was 

measured using a gas chromatograph (Shimadzu GC-14B) equipped with a flame ionization 

detector and a Unisole F-200 30/60 column (3.0 mm in diameter and 2.0 m in length). 1 µl 

of sample was injected with the carrier gas N2. The injector, detector and column 

temperatures were kept at 200℃, 200℃ and 160℃, respectively. 

Before and after fermentation, the pH values of the substrate were determined using 

FE20-Kit FiveEasy
TM

 pH meter (METTLER TOLEDO, USA). Morphology characteristics 

of the rice straw particles before and after HTT pretreatment were observed using a scanning 

electron microscope (SEM, JSM6330F, Japan). During fermentation, the biogas volume and 

composition were measured according to the methods mentioned in Section 2.2.4 
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3.2.5. Statistics 

One-way analysis of variance (ANOVA) was applied to determine whether there was 

significant difference in HTT performance (TS or VS reduction, SCOD or other soluble 

substances production, etc) among different HTT pretreatment conditions (peak temperature 

and holding time) or in H2 yield from the subsequent fermentation of resultant substrate after 

HTT under the above mentioned conditions. Significance was assumed if the p < 0.05. 

 

3.3. Results and discussion 

3.3.1. Performance of HTT pretreatment on rice straw 

(1) TS and VS reduction 

Figure 3.2 depicts the TS and VS reductions of rice straw after HTT pretreatment. The 

TS and VS contents of rice straw decreased under all tested conditions. More reductions in 

TS and VS of rice straw were achieved at higher HTT temperature (HTT210), about 10-21% 

and 3-7%, respectively. Based on ANOVA results, the peak temperature significantly 

influenced both TS and VS reduction of rice straw during HTT treatment due to p = 0.0022 

< 0.05. 

Clearly seen from Fig. 3.2, the holding time influenced the TS and VS reduction to 

some extent, especially at higher peak temperature, i.e. 210℃ in this study. After HTT210 

pretreatment for 10-30 min, the reductions in TS and VS of rice straw varied between 

19-21% and 6-7%, respectively with no significant difference detected among them (p = 

0.4629 > 0.05). On the other hand, only about 9-10% and 3-4% of TS and VS reductions, 

respectively were detected in rice straw at the same peak temperature for holding time of 0 

min. Results from TS and VS reductions indicated that peak temperature at 210℃ seemed 

to be more favorable for the hydrolysis of rice straw. 
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(2)Lignin degradation 

In this study attention was also paid to the effect of HTT on the degradation of lignin, 

one of the major organic components of the rice straw (Table 3.1). Lignin is regarded as a 

major barrier to the utilization of lignocellulosic biomass in bioconversion process (Zheng et 

al. 2014). Fig. 3.6 illustrates the change of lignin content induced by the HTT pretreatment. 

Lignin was about 13-17% of the rice straw before HTT treatment (Table 3.1). After the 

different tested holding times (0-30 min) at peak temperature of 150℃, no significant 

change in lignin content was found (p = 0.0732 > 0.05), ranging between 13-14% of the 

treated rice straw. When HTT was conducted at 210℃, however, the holding time had 

significant influence on lignin content (p = 3.07E-6 << 0.05). The increase trend of lignin 

content (from 18% to 29%) in rice straw could be mainly attributed to the following fact: 

much less TS amount was left in the treated rice straw (Fig. 3.2) while little change in real 

lignin content. In addition, heterogeneous reaction occurred in the HTT reactor added some 

difficulty in accurately determining the change in lignin content of rice straw before and 

after HTT treatment. Being similar with HTT150 treatment, HTT pretreatment at peak 

temperature of 210℃ had no remarkable contribution to lignin degradation based on the 

changes in TS and lignin. However, HTT pretreatment did change the morphology of rice 

straw (Fig. 3.7): the surface of treated straw particles was opened up, which became much 

rougher, and exhibited obvious porous structures, possibly resulting in much more 

contacting of water molecules with the carbohydrates inside during HTT process. This 

observation would contribute not only to the enhanced hydrolysis of hemicellulose and 

cellulose but also to the increase in microbial accessibility to the carbohydrates contained in 

rice straw during subsequent biohydrogen fermentation. 

 

(3) Soluble products from rice straw during HTT treatment 

In this study the effect of HTT pretreatment on rice straw could be reflected by the 
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changes of SCOD, soluble carbohydrates, and VFAs concentrations in the hydrolysate shown 

in Fig. 3.3. Obviously, the soluble components in the hydrolysate exhibited a different 

variance trend with the increase of holding time from 0 to 30 min at the two peak 

temperatures. Compared to the results from HTT150, more effective solubilization of rice 

straw was achieved after HTT210 because of their much higher SCOD and VFAs produced 

(Figs. 4.3a and 4.3b). Interestingly, HTT210 pretreatment with 0 min of holding achieved the 

highest SCOD and soluble carbohydrates from rice straw, about 420 and 80 mg/g-VS, 

respectively. No significant difference was observed among the SCOD values from rice straw 

under HTT210 among the tested holding times (0-30 min) (p = 0.1801 > 0.05). However, 

when rice straw was treated under HTT150, the highest SCOD and soluble carbohydrates 

were obtained at holding times of 20 min and 30 min, about 250 and 50 mg/g-VS, 

respectively, which almost reflected an increase trend with the increase of holding time.  

An ideal pretreatment process should achieve high amount of fermentable reducing 

sugars, avoiding degradation of yielded sugars and less inhibitors for the subsequent 

fermentation (Hamelinck et al., 2005; Ren et al., 2009). Restated, the soluble carbohydrates 

was determined to be dramatically decreased under HTT210 from holding time of 0 min to 

10-30 min, possibly due to that the produced soluble carbohydrates (such as glucose, sucrose, 

etc) were further decomposed into smaller molecules at a higher HTT temperature (210℃ in 

this study). The produced soluble carbohydrates may be originated from the hydrolysis of 

hemicellulose and then the cellulose of rice straw (Sevilla and Fuertes, 2009) considering the 

opened-up surface (porous) structure of the treated rice straw (Fig. 3.7) and change in lignin 

content (Fig. 3.6).  

On the other hand, VFAs are important intermediate products during fermentation, which 

can also be used as substrates for biogas production (Guo et al., 2010). It was found that 

HTT210 had much more effect on VFAs production from rice straw during HTT treatment 

(Fig. 3.3b), in which 10-20 min of holding achieved the highest total VFAs of 80-82 mg 
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COD/g-VS, about ten times of the highest amount of total VFAs under HTT150 conditions 

(8-9 mg COD/g-VS for 0 min of holding). Among the tested HTT210 conditions, much higher 

amount of VFAs was detected in the hydrolysate after holding for 10-30 min, especially 

holding for 10-20 min (Fig. 3.3b). The increase in VFAs production could be contributed by a 

further decomposition of the produced carbohydrates (Fig. 3.3a). Among the VFAs detected, 

acetate and propionate were the main VFAs produced from rice straw under all tested HTT 

conditions, accounting for 83-92% and 96-100% of the total VFAs at peak temperatures of 

150℃ and 210℃, respectively. It is worth noting that more propionate rather than acetate 

was produced under HTT210, while more acetate produced under HTT150. In addition, 

butyrate was at relatively low levels under all tested conditions, about 0-2 and 0-3 

mgCOD/g-VS under HTT150 and HTT210, respectively. 

The above results imply that HTT has an effective solubilization effect on lignocellosic 

materials like rice straw in this study. Different HTT pretreatment conditions achieved 

different amount of carbohydrates and other by-products from rice straw, which may 

influence biohydrogen production potentials of rice straw during subsequent hydrogen 

fermentation. Meanwhile, it also remains unknown whether the simultaneously produced 

VFAs, especially acetate exhibited inhibition on biohydrogen production or not (Guo et al., 

2010; Pampulha and Lourero-Dias, 1989). Thus it is worth conducting the following batch 

experiments for biohydrogen trials by using the substrate resulted from HTT pretreatment of 

rice straw (hydrolysate and treated rice straw), further confirming the optimal pretreatment 

condition. 

  

3.3.2. Batch H2 fermentation tests by using the resultant substrate from rice straw after 

HTT pretreatment 

Figs.4.4a and 4.4b show the evolution of cumulative H2 production and H2 content in 

the produced biogas from the substrates obtained by HTT pretreatment of rice straw during 6 
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days’ trial. Among these reactors, R210-0 achieved the highest H2 yield, about 28 ml 

H2/g-VS. Namely, HTT pretreatment at peak temperature of 210℃ with holding time of 0 

min was the best pretreatment condition for rice straw when taking H2 production potential 

into consideration. This observation could be most probably attributed to its highest amount 

of soluble carbohydrates produced from rice straw (Fig. 3.3a). In addition, after rice straw 

being HTT pretreated, the biohydrogen production process could be initialed quickly and 

reached its maximum H2 yield within 3 days. In contrast, only 0.3 ml/g-VS of H2 was 

obtained in the 6 days’ test in the control reactor (no HTT pretreatment of rice straw), most 

probably due to very little soluble substances in the substrate available to H2 producing 

bacteria.  

Table 3.3 lists the correlation coefficient (r) between the H2 yield and VS reduction and 

the content of each soluble product produced from rice straw during the HTT process at the 

two peak temperature, respectively. Although no obvious relationship was found between 

the H2 yield and VS reduction, SCOD and VFAs concentrations, the amount of soluble 

carbohydrates seemed to have moderately (r = 0.6232) and strongly (r = 0.9987) positive 

correlation with H2 yield from the subsequent hydrogen fermentation tests after rice straw 

being HTT pretreated at peak temperature of 150℃ and 210℃, respectively. Previous 

studies reported that hydrogen production was well correlated with soluble carbohydrates 

(Monlau et al., 2012; Shi et al., 2010; Yuan et al., 2011). This work is in agreement with the 

above-mentioned studies.  

In order to confirm whether HTT210 (with holding time of 0 min) did achieve the 

maximum amount of soluble carbohydrates from rice straw, additional experiments were 

carried out when HTT peak temperature varied from 150-250℃ with 0 min of holding. As 

shown in Fig. 3.5, increased amount of soluble carbohydrates was obtained when HTT peak 

temperature was increased from 150℃ to 210℃, which was decreased remarkably when the 

peak temperature was further elevated. This observation indicated that cellulose and 
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hemicellulose could be hydrolyzed into soluble carbohydrates under hydrothermal 

conditions, and the latter can be easily degraded at higher temperature (Figs. 4.3a and Fig. 

3.5). The results showed that HTT210 for holding 0 min was the optimal HTT pretreatment 

condition for subsequent H2 fermentation in this study. 

On the other hand, much less H2 was produced from other resultant substrates (Fig. 3.4), 

even though there was a certain amount of SCOD and VFAs (Fig. 3.3) available to the 

microbes in the reactors. The reason could be interpreted as follows: besides VFAs, some 

other soluble by-products than carbohydrates were co-existing in the reactor, which amounted 

to 60-80% of the total SCOD produced from rice straw during HTT pretreatment assuming a 

COD conversion ratio of 1.191 for carbohydrates (Donoso-Bravo et al., 2011). These 

co-existing by-products such as furan derivatives might have inhibition effect on biohydrogen 

production (Asghari et al., 2006; Cao et al., 2010; Kabyemela et al., 1997; Srokol et al., 2004). 

Thus how to characterize and quantify them, and later utilize them for other purposes like 

methane production are prerequisite before HTT210 pretreatment being applied in practice. 

Table 3.4 lists the maximum H2 yields from crop straws (rice straw and wheat straw) 

and their operation conditions. Compared with other effective pretreatments (mainly enzyme 

addition and acid hydrolysis), HTT pretreatment (at 210℃ with 0 min of holding in this 

study) possesses the advantages like no chemicals addition, much shorter reaction time and 

smaller volume of reactor thus lower investment, and relatively lower energy input. The 

energy balance analysis will be conducted in the near future after combination the economic, 

social and environmental benefits from HTT pretreatment and subsequent H2 and methane 

yields from rice straw.  

 

3.4. Summary 

This study investigated the effects of HTT pretreatment at two peak temperatures 



50 

 

(150℃ and 210℃) with holding time of 0-30 min on the solubiliztion of rice straw and 

subsequent biohydrogen production. The results showed (1) HTT pretreatment at peak 

temperature of 210℃ could achieve the maximum amount of soluble carbohydrates (80 

mg/g-VS) and biohydrogen yield (28 mg/g-VS) when the holding time was 0 min; (2) 

holding time is crucial for HTT pretreatment combined with subsequent H2 production; (3) 

Soluble carbohydrates produced from straws during HTT210 was found to have strongly 

(r=0.9987) positive correlation with the subsequent H2 yield. 
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Table 3.1 Physical and chemical characteristics of rice straw and anaerobic digested sludge 

used in the experiments. 

Items Unit Rice straw Sludge 

pH -- N.D. 7.20±0.1 

Total solid (TS) % 90.1±0.3 1.2± 0.0 

Volatile solid, VS (of TS) % 79.4±1.1 76.6± 0.3 

Chemical oxygen demand (COD) mg/l N.D. 7206.9±374.1 

Soluble chemical oxygen demand 

(SCOD) 
mg/l N.D. 3637.9±126.4 

Soluble carbohydrates mg/l N.D. 22.0±1.0 

Soluble proteins mg/l N.D. 705.3±21.2 

Lignin g/100 g-DM 14.6±1.9 19.7±0.6 

Cellulose g/100 g-DM 28.2±0.3 5.1±1.7 

Hemicellulose g/100 g-DM 17.5±3.1 26.1±4.0 

DM, dry matter; N.D., no determination. 
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Table 3.2 Hydrothermal treatment (HTT) and subsequent biohydrogen fermentation 

conditions applied in this study. 

Reactors 

HTT pretreatment conditions  Initial solid contents for H2 fermentation 

Peak temperature 

(℃) 

Holding time 

(min) 

 TS  

(%) 

VS (of TS)  

(%) 

Control - -  5.1±0.1 77.2±1.0 

R150-0 150 0  5.2±0.1 78.3±0.8 

R150-10 150 10  5.4±0.3 78.6±2.5 

R150-20 150 20  4.1±0.3 77.2±0.2 

R150-30 150 30  4.6±0.2 77.6±2.0 

R210-0 210 0  5.0±0.2 75.6±1.6 

R210-10 210 10  5.3±0.1 73.6±0.5 

R210-20 210 20  5.2±0.3 73.3±0.7 

R210-30 210 30  4.7±0.2 74.5±1.2 

Control: no pretreatment by HTT. Initial pH of each fermentation reactor was adjusted to be 

around 7.0.  
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Table 3.3 Correlation coefficients (r) between hydrogen yield (ml/g-VS) and VS reduction 

and soluble products from rice straw during HTT pretreatment. 

Temperature 
VS 

reduction  

Soluble COD 

production 

Carbohydrates 

production 

VFAs 

production  

150℃ 0.9271 0.9560 0.6232 0.0520 

210℃ -0.9842 -0.3767 0.9987 -0.9211 
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Table 3.4 Maximum H2 yields from crop straws after different pretreatment by batch anaerobic fermentation tests. 

Straw Inoculum Hydrogen 

yield 

(ml/g-VS) 

Pretreatment method  H2 Fermentation conditions Reference 

 Temperature 

(℃) 

HRT 

(d) 

Initial pH 

Rice straw AD sludge (no further treatment) 28 HTT at 210℃ for holding 0 

min  

 35 3 7.0 This work 

Rice straw AD sludge (no further treatment) 0.3 No HTT pretreatment  35 3 7.0 This work 

Wheat straw AD sludge after heat-shock 

treatment at 90℃ for 10 min 

19.63 Enzyme addition at 

5mg-protein/g-wheat straw 

 35 6 5.5 Quéméneur et 

al., 2012 

Wheat straw H2 producing microflora from 

cow dung compost 

68.1 Acid hydrolysis (2.0% HCl)+ 

microwave (8 min) 

 36 5.3 7.0 Fan et al., 2006 

Wheat straw H2 producing microflora from 

CSTR 

6.4 No pretreatment  36 2 5.2-5.4 Nasirian et al., 

2011 

Wheat straw H2 producing microflora from 

CSTR 

41.9 2% H2SO4＋120℃  for 90 

min 

 36 5 5.2-5.4 Nasirian et al., 

2011 

Wheat straw Pure culture (C. saccharolyticus) 44.7 130℃, 30 min  70 8 ---* Ivanova et al., 

2009 

AD, anaerobic digested. CSTR, continuously stirring tank reactor which was producing H2 by fermenting waste sugar. * No data in the literature. 
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Figure 3.1 Temperature changes in the HTT reactor when peak temperature is controlled at 

150℃ and 210℃, respectively. 
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Figure 3.2 Changes in total solids (TS) and volatile solids (VS) of rice straw after 

hydrothermal pretreatment under peak temperature of 150℃  (HTT150) and 210℃ 

(HTT210) for holding time of 0-30 min, respectively. 
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Figure 3.3 Profiles of soluble chemical oxygen demand (SCOD) and soluble carbohydrates 

(a); Volatile fatty acids (VFAs, b) produced from rice straw during hydrothermal 

pretreatment under peak temperature of 150℃ (HTT150) and 210℃ (HTT210) for holding 

time of 0-30 min, respectively. 
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Figure 3.4 Biohydrogen production by using the resultant substrates from HTT pretreatment 

of rice straw: Cumulative H2 production (a) and H2 content in the produced biogas (b). 
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Figure 3.5 Soluble carbohydrates production from rice straw under different peak 

temperatures (150-250℃) of the HTT reactor with holding time of 0 min. 
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Figure 3.6 Variation of lignin content in rice straw after hydrothermal pretreatment under 

peak temperature of 150℃ (HTT150) and 210℃ (HTT210) for holding time of 0-30 min. 
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Figure 3.7 Morphological changes of rice straw particles before and after HTT pretreatment: 

raw rice straw (a), HTT150 for holding 0 min (b) and 30 min (c), and HTT210 for holding 0 

min (d) and 30 min (e), respectively. 

 

 

(c) 

(a) 

(d) 

(b) 

(e) 
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4. Comparative study of biogas production from rice straw pretreated by HTT: 

single-stage methane fermentation or two-stage hydrogen/methane fermentation 

 

4.1. Introduction 

In Chapter 3, the effect of determined peak temperature (150℃ and 210℃) and holding 

time (0-30 min) on the solubilization of rice straw at TS of 20% and then subsequent H2 

production from the resultant substrates was investigated. Although the HTT was proved to 

be a favorable pretreatment for hydrogen production, a large proportion of the total SCOD 

still hasn’t been utilized for other purposes like methane fermentation. Therefore, it’s not 

appropriate to compare and evaluate the energy input and output. And this evaluation was 

conducted in this chapter. The economic, social and environmental benefits from HTT with 

subsequent H2/CH4 productions were analyzed. More importantly, the performance of 

single-stage and two-stage fermentation was also evaluated. 

 

4.2. Methods  

4.2.1. Rice straw and seed sludge 

Rice straw in this study was collected from a farm field in Tsukuba (Ibaraki, Japan), then 

air-dried and milled according to Section 2.2.1. The seed sludge for hydrogen fermentation 

was anaerobically digested sludge sampled from the Shimodate Sewage Treatment Center 

(Ibaraki, Japan). The seed sludge for methane fermentation was obtained from our 

preliminary acclimation experiments, which has been adapted to rice straw digestion under 

anaerobic condition. The physical and chemical characteristics of rice straw and seed sludge 

are shown in Table 4.1. 

 

4.2.2. HTT procedure 

HTT pretreatment was conducted in an enclosed stainless steel reactor with working 
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volume of 200 ml. The reactor was loaded with a mixture of 100 ml distilled water and the 

prepared straw with total solid (TS) content being adjusted to around 20%. Two different 

peak temperatures (150℃ and 210℃, labeled as HTT150 and HTT210) were applied in 

HTT experiments at different holding time, i.e. 0min, 10min, 20min, and 30min, respectively. 

The temperature variation in the HTT reactor under each operation condition was described 

in Chapter 3. 

 

4.2.3. Single-stage methane fermentation 

Batch single-stage methane fermentation experiments were carried out in 100 ml glass 

bottles. After pretreated under above mentioned conditions (different peak temperature and 

holding time), the resultant substrate, a mixture of treated rice straw and soluble substances 

(hydrolysate) produced during the HTT process, was first mixed homogeneously and 

sampled, and then inoculated with seed sludge (inoculation ratio around 30% based on TS 

values of the inoculum and the initial fermentation substrate). The initial pH of each reactor 

was adjusted around 7.0. Their final volume was made up to 80 ml by using deionized water 

before fermentation. All the fermentation bottles (Table 4.2) were sealed with silica gel 

stoppers, and placed in a thermostat controlled at 35±1℃ after their headspace being 

flushed with nitrogen gas. 

 

4.2.4. Two-stage hydrogen/methane fermentation 

The first stage (for H2 production) was carried out in 250 ml glass bottles. The operation 

process was the same as the previous batch hydrogen fermentation experiment in Section 

2.2.3. After 6 days hydrogen fermentation, the hydrolysate from hydrogen fermentation was 

inoculated with seed sludge (inoculation ratio around 30% based on TS values of the 

inoculum and the initial fermentation substrate) and were further used to produce methane in 

100 ml glass bottles (the second stage). The initial pH of each reactor was adjusted around 
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7.0. Their final volume was made up to 80 ml by using deionized water before fermentation. 

All the fermentation bottles (Table 4.2) were sealed with silica gel stoppers, and placed in a 

thermostat controlled at 35±1℃ after their headspace being flushed with nitrogen gas. 

 

4.2.5. Analytical methods 

Total organic carbon (TOC) and total organic nitrogen (TON) for solid sample was 

measured by means of Perkin-Elmer 2400 CHN Elemental Analyzer (Perkin-Elmer, Japan). 

Soluble TOC analysis was conducted with a TOC-V analyzer (Shimadzu, Japan). TS, VS, 

soluble carbohydrates, volatile fatty acids (VFAs), pH values, biogas analysis were 

determined according to the methods used in Sections 2.2.4 and 3.2.4. 

 

4.3. Results and discussion 

4.3.1. Biogas and methane production 

(1) Single-stage anaerobic digestion 

Figs. 4.1a and 4.1b described cumulative biogas and daily methane production by using 

the resultant substrates from HTT of rice straw for single-stage anaerobic digestion during 

45 days` trials. The HTT150 treated substrate showed higher methane potential than 

HTT210. HTT150 for 20 min is optimum condition for subsequent methane production, 

with the highest methane yield of 149 ml/g-VS being obtained. Compared to the control, the 

highest increase in methane yield (up to 23%) was found under this condition. It was 

observed that 80% of total biogas was completed under HTT150 conditions during the first 

30 days, however little biogas was detected from HTT210 pretreated rice straw during the 

first 20 days and the corresponding methane yields varied from 31 to 76 ml/g-VS. In 

addition, compared with the control, HTT210 seems to have negative influence on methane 

production and fermentation period. The reason probably attributes to the formation of 

phenolic compounds and furan derivatives under high HTT temperatures. The undesirable 
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substances produced not only represent a loss of fermentable sugars, but also inhibit the 

activity of Bacteria and Archaea (Hernandez et al., 2008; Negro et al., 2003). Generally, the 

temperature above 200℃  is considered as the threshold which could limit methane 

production from the resultant hydrolyte (Hendriks and Zeeman, 2009; Neyens and Baeyens, 

2003; Teghammar et al., 2010). On the other hand, Chandra et al. (2012) suggested addition 

of sodium hydroxide into the fermentor is important for enhanced methane yield (132.7 

ml/g-VS) from hydrothermal pretreated rice straw at high temperature (200℃ for 10min).  

Table 4.4 lists the maximum methane yields from crop residues and their operation 

conditions. Compared with other HTT conditions (mainly including temperature and 

reaction time), HTT pretreatment (at 150℃  for 20 min in this study) possesses the 

advantages like no sodium hydroxide addition, no steam explosion pretreatment and 

relatively lower energy input.  

 

(2) Two-stage anaerobic digestion 

Figs. 5.2a and 5.2b illustrate the cumulative biogas and daily methane production by using 

the resultant substrates from HTT pretreated rice straw for two-stage anaerobic digestion in 

the 25 days` methane producing stage. Compared with single-stage anaerobic digestion, the 

whole digestion period was shortened from 45 days to 31days (6 days hydrogen 

fermentation and 25 days methane fermentation). The methane production peaked around 

day 6 in R150-0, R150-10, R150-20, R150-30. However, the peak occurred around day 14 in 

R210-0, R210-10, R210-20, R210-30. Similarly, the maximum methane yield 162 ml/g-VS 

was also obtained at HTT150 for 20 min, which is 8% higher than R150-20 in the 

single-stage anaerobic digestion. 

In this study, the methane content in the methane producing stage of the two-stage 

anaerobic digestion was found to be higher than that in the single stage (Table 4.3). 

Compared to the optimum conditions (HTT150 for 20 min) in the two types of anaerobic 
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digestion, the methane content was enhanced from 46.3% in the single stage to 53% in the 

methane producing stage of two-stage anaerobic digestion. When compared to the control 

(163 ml/g-VS of biogas yield), HTT 210 for 0-30 min achieved 7-52% increase in biogas 

yields (175-248 ml/g-VS). 

Compared to the single-stage fermentation, the two-stage process has been proved as a 

possible solution to improve the energy recovery and efficiency (Demirel and Yenigün, 

2002). The result from this study also indicated that the two-stage fermentation had a higher 

methane production potential than the conventional single-stage anaerobic digestion (Table 

4.3). 

 

4.3.2. Efficiency in organic matter degradation 

As seen from Table 4.3, the maximum methane yield 149 ml/g-VS and biogas yield 321 

ml/g-VS were achieved in R150-20 in the single-stage anaerobic digestion, accompanied by 

TS and VS removals of 53% and 62.2%, respectively. Compared to the single-stage 

anaerobic digestion, R150-20 showed higher methane yield (162 ml/g-VS) with 41.1% of 

VS removal in the second stage (CH4) of two-stage anaerobic digestion. 

Figure 4.3 describes the initial and final conditions for methane production from HTT 

pretreated rice straw in the reactors. In the single-stage anaerobic digestion, correspondingly 

to high methane yields at HTT150, the concentration of acetic acid decreased dramatically 

after anaerobic digestion. On the contrary, a great amount of acetic acid was still remained in 

the reactor after fermentation with correspondingly low methane yield for HTT210, and its 

final VFAs concentration was much higher than the initial value. However, in the two-stage 

anaerobic digestion, after hydrogen producing stage, little VFAs accumulation was detected 

in the reactors for HTT210. This phenomenon indicated that the methane producing phase in 

the two-stage process had better buffer capacity and thus better VFAs utilization of 

methanogens than the conventional single-stage anaerobic digestion. 
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Figure 4.5 depicts the variation of soluble TOC during methane producing stage of the 

two-stage anaerobic digestion. Although the initial TOC concentration of HTT150 was 

lower than that of HTT210, the soluble TOC concentrations decreased dramatically from 

Day 5 for HTT150. While after 5 days’ hydrolysis a lag phase of several days appeared for 

soluble TOC of HTT210. It was probably due to the low pH occurred after 5 days’ 

hydrolysis, which is not appropriate for methane fermentation (Figure 4.4). It has been 

reported that pH has a significant effect on the growth of microorganisms in anaerobic 

digestion. Low pH affects the activity of methanogens as well as metabolic pathways. In 

order to maintain the stability of the anaerobic digestion, keeping the pH at the optimum 

conditions is important. The pHs in almost all the reactors of HTT150 were determined to be 

above 6.5 during anaerobic digestion. And their methane yields were higher than those of 

HTT210. 

 

4.4. Summary 

In this chapter, the effluent of hydrogen fermentation of HTT pretreated rice straw 

substrate was used for methane fermentation. The feasibility of the two-stage anaerobic 

digestion was discussed. In addition, the conventional single-stage anaerobic digestion was 

also conducted for evaluation and comparison of the performance of the single-stage and 

two-stage fermentation. The results can be summarized as: (1) The two-stage fermentation 

showed a higher methane production potential than the conventional single-stage anaerobic 

digestion. Compared with the single-stage anaerobic digestion, the whole fermentation 

period of two-stage anaerobic digestion was shortened from 45 days to 31 days; (2) HTT210 

had a negative influence on the methane production and fermentation period in the 

single-stage anaerobic digestion. HTT150 showed higher methane production potential than 

HTT210 in both single-stage and two-stage anaerobic digestion; (3) The maximum methane 

yield 162 ml/g-VS was obtained from HTT150 for 20min in the methane producing stage of  
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two-stage anaerobic digestion.  
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Table 4.1 Physical and chemical characteristics of rice straw and seed sludge used in the 

experiments.  

Items Unit Rice straw 

Sludge for 

hydrogen 

fermentation  

Sludge for 

methane 

fermentation 

pH 

 

- N.D. 7.31 7.52 

Total solid (TS) 

 

% 90.11 1.14 1.16 

Volatile solid/Total solid 

(VS/TS) 

 

% 79.37 68.47 69.02 

Total organic carbon 

(TOC) 

 

% TS 35.18 32.62 33.07 

Total organic nitrogen 

(TON)  

 

% TS  0.66 4.82 5.53 

Soluble total organic 

carbon (STOC) 

mg/l N.D. 173 190 

N.D., no determination. 
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Table 4.2 Hydrothermal treatment (HTT) and subsequent anaerobic digestion (AD) 

conditions applied in this study. 

 

 Single-stage 

AD 

 Two-stage 

AD 

Reactors 

HTT pretreatment 

conditions 

 Initial solid 

contents for 

CH4 

fermentation 

 Initial solid 

contents for H2 

fermentation 

Initial solid 

contents for 

CH4 

fermentation 

Peak 

temperature 

(℃) 

Holding 

time 

(min) 

 TS 

(%) 

VS/TS 

(%) 

 TS 

(%) 

VS/TS 

(%) 

TS 

(%) 

VS/TS 

(%) 

Control - -  4.52 77.65  5.84 78.40 3.00 72.33 

R150-0 150 0  5.25 78.36  5.75 78.08  2.91 72.00 

R150-10 150 10  5.80 78.34  5.71 78.56  2.98 72.81 

R150-20 150 20  4.69 78.00  5.75 78.25  3.02 71.51 

R150-30 150 30  5.46 77.92  5.74 77.99  2.99 71.18 

R210-0 210 0  4.38 75.79  5.45 76.86  3.09 69.70 

R210-10 210 10  5.13 73.29  4.98 74.70  2.88 70.14 

R210-20 210 20  6.31 73.75  4.96 74.67  2.97 71.01 

R210-30 210 30  4.08 73.28  4.86 74.27  2.82 69.50 

AD: anaerobic digestion. Control: no pretreatment by HTT.  

Initial pH of each fermentation reactor was adjusted to be around 7.0.  
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Table 4.3 Average performance for methane production of HTT pretreated rice straw in the reactors 

Reactors 

Performance for single-stage AD   Performance for methane producing stage of two-stage AD 

TS 

removal 

(%) 

VS 

removal 

(%) 

Methane 

yield 

(ml/g-VS) 

Biogas 

yield 

(ml/g-VS) 

Methane 

content 

(%) 
 

TS 

removal 

(%) 

VS 

removal 

(%) 

Methane 

yield 

(ml/g-VS) 

Biogas 

yield 

(ml/g-VS) 

Methane 

content 

(%) 

Control 49.6 59.4 121 286 42.3  
 

29.8 39.2 83 163 50.9  

R150-0 56.9 64.9 134 300 44.7  
 

28.7 40.0 140 269 52.0  

R150-10 42.3 52.8 119 266 44.7  
 

30.7 43.4 134 253 53.0  

R150-20 53.0 62.2 149 321 46.4  
 

29.7 41.1 162 293 55.3  

R150-30 28.6 37.3 137 319 42.9  
 

31.7 43.1 148 272 54.4  

R210-0 42.6 50.0 41 135 30.4  
 

31.3 41.6 131 248 52.8  

R210-10 55.5 61.2 76 172 44.2  
 

22.6 31.4 101 200 50.5  

R210-20 26.4 35.2 31 96 32.3  
 

22.8 32.0 71 175 40.6  

R210-30 34.9 44.9 61 162 37.7  
 

20.0 28.8 94 205 45.9  

 

 

 

 

 

 

 



72 

 

Table 4.4 Maximum methane yields from crop residues after HTT pretreatment by batch anaerobic digestion tests. 

Crop residues Inoculum Methane yield 

(ml/g-VS) 

Biogas yield 

(ml/g-VS) 

Pretreatment method  Methane Fermentation 

conditions 

Reference 

 Temperature 

(℃) 

HRT 

(d) 

Initial 

pH 

Rice straw AD sludge 149 321 HTT at 150℃ for holding 

20 min  

 35 45 7.0 This work 

Rice straw AD sludge 121 286 No HTT pretreatment  35 45 7.0 This work 

Rice straw AD sludge 133 316 200℃ for 10 min  37 40 ---* Chandra et 

al., 2012 

Wheat straw AD sludge 296 ---* 200℃ for 5 min+steam 

explosion 

 35.1 45 ---* Ferreira et 

al., 2014 

Wheat straw Digested 

manure 

396 ---* 80℃ for 6 min+180℃ for 

15 min+190℃ for 3min 

 55 60 ---* Kaparaju et 

al., 2009. 

Olive husks(mixed with 

olive mill wastewater and 

dairy wastewater) 

AD sludge ---* 144 134℃ for 20 min  37 30 7.5 Gianico et 

al., 2013 

Barley straw Digestates of 

agricultural waste 

and municipal 

sewage sludge 

251 ---* 190℃for 30 min  38 34 ---* Schumacher 

et al.,2014 

AD, anaerobic digested. * No data in the literature.
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Figure 4.1 Biogas production by using the resultant substrates from HTT pretreatment of rice 

straw for single-stage anaerobic digestion: cumulative biogas production (a) and daily 

methane production (b).  
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Figure 4.2 Biogas production from the effluent of hydrogen fermentation of HTT pretreated 

rice straw during the second stage (CH4 production) of two-stage anaerobic digestion: 

cumulative biogas production (a) and daily methane production (b).   
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Figure 4.3 Initial and final conditions for methane production of HTT pretreated rice straw in 

the reactors: the single-stage anaerobic digestion (a) and CH4 stage in the two-stage anaerobic 

digestion (b). HAc: acetic acid; HPr: propionic acid; HBu: butyric acid. 
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Figure 4.4 Variation of pH during the methane producing stage of two-stage anaerobic 

digestion. 
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Figure 4.5 Variation of soluble TOC during the methane producing stage of two-stage 

anaerobic digestion 
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5. Conclusions and future research 

5.1. Conclusions  

Hydrothermal pretreatment of lignocellulosic biomass is promising for enhanced 

biogasification and re-utilization of lignocellosic materials. This study paid much attention to 

the major operational parameters of HTT which affect the hydrogen and methane yields in 

subsequent anaerobic digestion. Temperature is considered as the most important parameter in 

HTT pretreatment of biomass when enhanced hydrogen production and methanogenesis are 

taken into consideration. Fig. 5.1 shows the overview of this study. 

In the preliminary experiments, the effect of different HTT conditions including 

temperature (190-290℃), holding time (1.5 min) and solid content (4-20%) on rice straw 

pretreatment were investigated. In addition, batch experiments of mesophilic anaerobic 

digestion were also carried out to verify the enhancement on biogasification when hydrolyzed 

rice straw by HTT was used as feedstock. The results showed that higher temperature was 

effective for reduction of solid content. However, when temperature was above 230℃, SCOD 

did not increase significantly with the increase in temperature. Moreover, less soluble 

carbohydrates were obtained at higher temperatures (＞230℃). When considering high 

hydrogen production and energy recovery, moderate temperature (210℃) and high solid 

content (20%) was found to be favorable for biogasification. 

In the followed-up study, the experiments on the effects of HTT pretreatment at two peak 

temperatures (150℃ and 210℃) with holding time of 0 - 30 min were designed and 

performed to investigate the solubiliztion of rice straw and subsequent biohydrogen 

production. HTT pretreatment at peak temperature of 210℃ could achieve the maximum 

amount of soluble carbohydrates (80 mg/g-VS) and biohydrogen yield (28 mg/g-VS) when 

the holding time was 0 min. The amount of soluble carbohydrates produced from rice straw 

during HTT treatment was found to have strongly positive correlation with the H2 yield from 

subsequent H2 fermentation.  
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In addition, the effluent from hydrogen fermentation of HTT pretreated rice straw substrate 

was used for methane fermentation. The feasibility of the two-stage anaerobic digestion (i.e. 

the first stage for H2 production and the second stage for CH4 production) was explored with 

the conventional single-stage anaerobic digestion as control in order to evaluate and compare 

the performance of the single-stage and two-stage fermentation. The two-stage process 

showed a higher methane production potential than the conventional single-stage. Compared 

to the single-stage process, the two-stage process achieved a shortened fermentation period 

from 45 to 31 days. When compared to the control, HTT210 seemed to have negative effect 

on the methane production potential in the single-stage process with methane yields varied 

from 31 to 76 ml/g-VS. HTT150 pretreated straw had a higher methane production potential 

than HTT210 in the single-stage and the two-stage processes. In addition, the maximum 

methane yield of 162ml/g-VS was obtained from HTT150 pretreated rice straw (for 20 min) 

in the methane producing stage of the two-stage process. 

 

5.2. Future prospects and works 

Although much effort has been tried to enhance the biogasificarion from rice straw, up to 

now, future research works are still demanding in order to realize its practical application. In 

this study, rice straw was utilized for biogasification after hydrothermal pretreatment. The 

results of this work can provide useful information for the combined application of HTT 

pretreatment with fast biohydrogen fermentation technique of crop straws. The present results 

show that it’s feasible to use HTT pretreated rice straw for subsequent H2/CH4 production in 

practice. In addition, the two-stage process may be a possible applicable method for further 

enhancing biogasification from HTT pretreated rice straw substrate. 

  Based on the results from this study, still, some aspects are pending for the utilization of 

HTT pretreatment in practice: (1) The mechanisms of enhanced methane production in the 

two-stage process remain unknown. (2) The economic, social and environmental benefits 
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from HTT with subsequent H2/CH4 productions should be systematically assessed. (3) How to 

reclaim solid residue of rice straw after HTT pretreatment is also necessary and important. 

 



81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Overview of this study

Enhanced Anaerobic Biogasification from Rice Straw Pretreated by HTT 

Methane fermentation 

 Optimum HTT conditions: at HTT150 for 20 min 

 HTT 150 showed higher methane production potential 

than HTT210 in both single-stage and two-stage 

anaerobic digestion. 

Hydrogen fermentation 

 Optimum conditions: at HTT210 for 0 min. 

 Soluble carbohydrates produced at HTT210 have 

strongly positive correlation with the biohydrogen 

yield. 

 Holding time is crucial for subsequent hydrogen 

production. 
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