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Abstract 

The over consumption of fossil fuels leads to a series of problems, such as 

increasing of greenhouse gas emission, the deterioration of global climate, the 

depletion of fossil fuels and global economic problems. In response of this issue, the 

exploration of alternative renewable and sustainable energy production becomes a 

research hotspot. Among all of the renewable resources, biomass is the only one which 

contains carbon source to be converted into solid, liquid and gaseous products, and 

further into electricity, heat and transport fuels. Biomass, especially lignocellulose, is 

an important material for manufacturing renewable products. Biomass conversion to 

fuels and chemicals has drawn increasing global interests, which could reduce 

dependence on fossil fuels. The annual production of lignocellulosic biomass on land 

is reported to be approximately 172 billion tons. In recent years, tremendous efforts 

have been attempted on the degradation of lignocellulosic materials in order to release 

the solar energy stored in them. However, as one of the major barriers to the 

bioconversion of lignocellulosic materials, lignin can impede the hydrolysis of 

cellulose due to the fact that lignin always acts as a protective coat to make cellulose 

resistant to enzymatic digestion and thus limit its bioavailability. Most recently, some 

attempts have been tried to find effective methods to degrade lignin for value-added 

biofuels and chemicals production, including enzymatic degradation, alkali pyrolysis, 

hydrothermal conversion, electrochemical degradation, biological degradation, 

photocatalytic degradation, etc. Among them, photocatalysis is considered as an 

environmentally friendly and promising technology due to excellent merits such as 

clean, effective, energy-saving, and low cost. 

In this study, in order to utilize the solar light effectively, a new photocatalyst Ag-
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AgCl/ZnO nanorods was successfully prepared by a microwave assisted chemical 

precipitation and then deposition-precipitation-photoreduction method. The prepared 

photocatalysts, Ag-AgCl/ZnO nanorods were characterized by XRD, SEM, EDS, PL, 

and DRS. XRD results indicated that wurtzite ZnO with cubic AgCl and Ag particles 

existed in the prepared Ag-AgCl/ZnO. SEM result confirmed that the catalysts are 

composed of regular nanorods or rod-like particles. The optimal preparation condition 

was determined at pH 9 in distilled water and 40 min for UV light photoreduction of 

Ag (i.e. Ag40-AgCl/ZnO) by degradation of methyl orange. 91.5% of methyl orange 

can be degraded using Ag40-AgCl/ZnO as photocatalyst under solar light irradiation for 

30 min. This study focused on the feasibility of using Ag40-AgCl/ZnO to degrade lignin 

under natural solar light and then subsequent methane production with influencing 

factors such as solution pH, dosage of catalyst and initial lignin concentration being 

considered. •OH radicals were found to play the most important role in the 

photocatalytic process, and the new prepared catalyst possessed a stable photocatalytic 

activity after 7 cycles’ testing. Bioavailability of degraded lignin was also evaluated 

through batch methane fermentation experiments. The degraded lignin obtained after 

120 min photocatalysis showed positive effect on subsequent biogasification with 

methane and biogas yields of 184 mL/g-TOCremoved and 325 mL/g-TOCremoved, 

respectively, which were increased by 10.9% and 23.1% compared to the control. The 

present study provides a low-cost and environment-friendly pretreatment alternative for 

effective reclamation of lignin as substrate for biogas production. 

Ag40-AgCl/ZnO was used for the pretreatment of rice straw for biogas fermentation 

for the first time. The impact factors such as rice straw particle size, dosage of catalyst, 

rice straw concentration have been studied. Soluble total organic carbon (STOC) and 

soluble carbohydrates were determined and rice straw of 40 mesh size exhibited the 



iii 

best result after 2 hours’ treatment. The optimal conditions for photocatalytic 

pretreatment in this study were 1 g/L photocatalyst and 10 g/L rice straw of 40 mesh 

size, and reaction time of 120 min. Rice straw after photocatalytic pretreatment with 

optimal conditions showed positive effect on anaerobic fermentation with methane 

yield 280 mL/g-VSremoved after 60 days’ biogasification, which was increased by 13.0 % 

compared to the untreated rice straw. The maximum daily methane production of 

pretreated rice straw and untreated rice straw were 12.88 mL/g-VSremoved and 10.44 

mL/g-VSremoved, respectively. However, methane production rate seemed to be delayed 

with photocatalytic pretreated rice straw, most probably due to the present of heavy 

metals such as Zn2+ and Ag+. The present study provides a facile and environment-

friendly pretreatment alternative for effective reclamation of rice straw as substrate for 

methane production.  

In future study, the effort would be focus on improving the photocatalytic 

pretreatment conditions to increase the methane yield and re-design the photocatalytic 

reactor to simplify the separation of photocatalyst and rice straw so as to reduce the 

influence of photocatalyst on anaerobic fermentation process. 

 

 

  



I 

Contents 

Abstract ........................................................................................................................... i 

Contents ......................................................................................................................... I 

List of Tables ................................................................................................................IV 

List of Figures ............................................................................................................... V 

1. Introduction ................................................................................................................ 1 

1.1. Background ..................................................................................................... 1 

1.2. Straw resources and utilization as biomass energy ......................................... 2 

1.2.1. Combustion ...................................................................................... 2 

1.2.2. Straw gasification ............................................................................. 2 

1.2.3. Anaerobic digestion .......................................................................... 3 

1.3. Photocatalytic technology ............................................................................... 5 

1.3.1. Principle of photocatalytic process .................................................. 6 

1.3.2. Limitation of photocatalytic activity and improvement method ...... 7 

1.3.3. Operational parameters of the photocatalytic reaction..................... 8 

1.3.4. Photocatalytic reforming biogas energy from biomass .................... 8 

1.4. Objectives of this research .............................................................................. 9 

2. Synthesis and characterization of Ag-AgCl/ZnO photocatalyst .............................. 16 

2.1. Introduction ................................................................................................... 16 

2.2. Materials and methods .................................................................................. 17 

2.2.1. Chemicals ....................................................................................... 17 

2.2.2. Photocatalyst synthesis .................................................................. 17 

2.2.3. Characterization methods ............................................................... 18 

2.2.4. Photocatalytic activity assessment and determination ................... 19 



II 

2.2.5. Analytical methods and calculations .............................................. 19 

2.3. Results and discussion .................................................................................. 20 

2.3.1. Solvent selection for ZnO preparation ........................................... 20 

2.3.2. Effect of photoreduction duration on prepared Ag-AgCl/ZnO ...... 21 

2.3.3. Characterization of prepared ZnO and Ag40-AgCl/ZnO ................ 22 

2.4. Summary ....................................................................................................... 23 

3. Photocatalytic degradation of lignin on synthesized Ag-AgCl/ZnO nanorods and 

preliminary trials for methane fermentation ........................................................ 34 

3.1. Introduction ................................................................................................... 34 

3.2. Materials and methods .................................................................................. 36 

3.2.1. Chemicals ....................................................................................... 36 

3.2.2. Photodegradation of lignin ............................................................. 36 

3.2.3. Biomethane potential of lignin before and after photocatalysis .... 37 

3.2.4. Analytical methods and calculations .............................................. 37 

3.2.5. Statistic analysis ............................................................................. 38 

3.3. Results and discussion .................................................................................. 39 

3.3.1. Physicochemical changes in lignin solution brought by 

photocatalysis ................................................................................. 39 

3.3.2. Effect of initial pH on lignin degradation ...................................... 40 

3.3.3. Effect of photocatalyst dosage on lignin degradation .................... 40 

3.3.4. Effect of initial lignin concentration on lignin degradation ........... 41 

3.3.5. Mechanisms analysis of lignin photocatalysis in this study .......... 41 

3.3.6. Stability of photocatalysis efficiency ............................................. 42 

3.3.7. Biomethane production from lignin before and after  

photocatalytical treatment............................................................... 43 



III 

3.4. Summary ....................................................................................................... 44 

4. Photocatalytic pretreatment of rice straw and subsequent anaerobic methane 

production ............................................................................................................ 59 

4.1. Introduction ................................................................................................... 59 

4.2. Materials and methods .................................................................................. 60 

4.2.1. Rice straw and seed sludge ............................................................ 60 

4.2.2. Photocatalytic pretreatment of rice straw ....................................... 60 

4.2.3. Preliminary experiment .................................................................. 61 

4.2.4. Anaerobic methane fermentation ................................................... 61 

4.2.5. Analytical methods and calculations .............................................. 62 

4.3. Results and discussion .................................................................................. 63 

4.3.1. Preliminary experiment .................................................................. 63 

4.3.2. Effect of reaction time .................................................................... 64 

4.3.3. Effect of photocatalyst dosage ....................................................... 64 

4.3.4. Effect of rice straw dosage ............................................................. 65 

4.3.5. Effect of rice straw size .................................................................. 65 

4.3.6. Anaerobic fermentation of rice straw for methane production ...... 66 

4.4. Summary ....................................................................................................... 67 

5.Conclusions ............................................................................................................... 81 

5.1. Synthesis of Ag-AgCl/ZnO nanorods ........................................................... 81 

5.2. Photocatalytic degradation of lignin ............................................................. 81 

5.3. Photocatalytic pretreatment of rice straw ..................................................... 81 

5.4. Future work ................................................................................................... 82 

References .................................................................................................................... 83 

Acknowledgements ...................................................................................................... 98  



IV 

List of Tables 

Table 1- 1 Yield of crops and straws in China [5, 6] .................................................... 11 

Table 1- 2 Mechanisms involved in the photocatalytic reaction on illuminated  

TiO2  ......................................................................................................... 12 

Table 2- 1 Photocatalytic reaction conditions of TA and MO .....................................25 

Table 3- 1 Photocatalytic reaction conditions used for degradation of lignin ............45 

Table 3- 2 Main experimental conditions of anaerobic fermentation with  

lignin and degraded lignin. .........................................................................46 

Table 3- 3 Variation of pH before and after fermentation with lignin and  

degraded lignin. ..........................................................................................47 

Table 4- 1 Properties of rice straw with different size ................................................68 

Table 4- 2 Orthogonal experiment design for the preliminary pretreatment  

of rice straw ................................................................................................69 

Table 4- 3 Main experimental conditions of anaerobic fermentation. ........................70 

Table 4- 4 Cellulose, hemicelluloses and lignin content of rice straw after 

photocatalytic pretreatment. .......................................................................71 

Table 4- 5 Analysis of the signal-to-noise ratio (k value) and range for each 

parameter ....................................................................................................72 

Table 4- 6 STOC results in the preliminary pretreatment of rice straw. .....................73 

 

  



V 

List of Figures 

Fig. 1- 1 The most common pretreatment methods used on straw and their 

possible effects . ..........................................................................................13 

Fig. 1- 2 Schematic diagram illustrating the principle of TiO2 photocatalytic 

process  ........................................................................................................ 14 

Fig. 1- 3 The band gap positions for various traditional semiconductors relative  

to the redox potential of water ..................................................................... 15 

Fig. 2- 1 Average solar and UV light intensities during experiments in sunny  

and cloudy days in June – August in Tsukuba, Japan. ................................ 26 

Fig. 2- 2 Photodegradation of methyl orange (MO) with ZnO prepared at pH 9 

and 11 in distilled water or ethylene glycol . . ............................................. 27 

Fig. 2- 3 Photodegradation of methyl orange (MO) under different photoreduction  

time of Ag. ................................................................................................... 28 

Fig. 2- 4 Photoluminescence (PL) spectra of prepared photocatalysts  

(Ag-AgCl/ZnO) and ZnO.. .......................................................................... 29 

Fig. 2- 5 XRD spectra of prepared ZnO and Ag40-AgCl/ZnO ..................................... 30 

Fig. 2- 6 SEM spectra of ZnO (a) and Ag40-AgCl/ZnO (b), the EDS result of the 

selected area of Ag40-AgCl/ZnO (c). ........................................................... 31 

Fig. 2- 7 DRS spectra of ZnO and Ag40-AgCl/ZnO.. ................................................... 32 

Fig. 2- 8 Photodegradation of MO with different photocatalysts. ............................... 33 

Fig. 3- 1 Spectrophotometric determination during the photocatalytic  

degradation of lignin.. .................................................................................. 48 

Fig. 3- 2 Changes of the absorbance at 280 nm (Abs280), TOC and pH in lignin  

solution after photocatalysis. ....................................................................... 49 



VI 

Fig. 3- 3 Linear relationship between TOC and Abs280 of lignin solution.. ................. 50 

Fig. 3- 4 Effect of pH on lignin degradation. ............................................................... 51 

Fig. 3- 5 Effect of Ag40-AgCl/ZnO dosage on lignin degradation. .............................. 52 

Fig. 3- 6 Effect of initial lignin concentration on lignin degradation.. ........................ 53 

Fig. 3- 7 Effect of holes/radicals scavengers on lignin degradation.. .......................... 54 

Fig. 3- 8 FTIR spectra: lignin and degraded lignin after irradiated by UV light  

for 1 h, 2 h, 3 h. ............................................................................................ 55 

Fig. 3- 9 Repeated trials for photocatalytical degradation of lignin for 7  

cycles with Ag40-AgCl/ZnO as photocatalyst.. ............................................ 56 

Fig. 3- 10 SEM spectra of Ag40-AgCl/ZnO after 2 runs (a) and 7 runs (b) for 

photocatalytic degradation of lignin. ........................................................... 57 

Fig. 3- 11 Methane and biogas yields of untreated lignin and degraded lignin after  

30 (Lignin-30), 120 (Lignin-120), and180 min (Lignin-180)  

photocatalytic treatment. .............................................................................. 58 

Fig. 4- 1 Picture of photoreactor for photocatalytic pretreatment of rice straw. .......... 74 

Fig. 4- 2 Effect of reaction time on photocatalytic pretreatment of rice straw. ........... 75 

Fig. 4- 3 Effect of photocatalyst dosage on photocatalytic pretreatment of rice  

straw with 60 mesh size. .............................................................................. 76 

Fig. 4- 4 Effect of rice straw dosage on the photocatalytic pretreatment of rice  

straw with 60 mesh size ............................................................................... 77 

Fig. 4- 5 Effect of rice straw size ................................................................................. 78 

Fig. 4- 6 Daily methane yield based on VSremoved in the anaerobic digestion of rice  

straw and photocatalytic treated rice straw for 60 days fermentation. ........ 79 

Fig. 4- 7 Cumulative methane yield based on VSremoved in the anaerobic digestion  

of rice straw and photocatalytic treated rice straw for 60 days  



VII 

fermentation. ................................................................................................ 80 



1 

1. Introduction 

1.1. Background 

The crude oil, gas and coal are the main resources for world energy consumption. 

The overconsumption of fossil fuels leads to a series of problems, such as increasing of 

greenhouse gas emission, deterioration of global climate, depletion of fossil fuels and 

global economic problems. In response of this issue, the exploration of alternative 

renewable and sustainable energy production becomes a research hotspot. Among all 

of the renewable resources, biomass is the only one which contains carbon source to be 

converted into solid, liquid and gaseous products, and further into electricity, heat and 

transport fuels. Furthermore, biomass can absorb carbon dioxide in its production 

process and become a sink for the greenhouse gases [1].Currently, biomass is the fourth 

largest energy source in the world after coal, petroleum and natural gas [2]. Generally, 

biomass energy resources can be divided into agricultural crop and residues, waste of 

forestry and forest product processing, poultry and livestock manure, and municipal 

waste and organic wastewater. As a large agricultural country, China has an abundant 

biomass resource. The total biomass resource of China which can potentially be 

converted into energy is about 350 million tons currently and be expected to increase 

to 700 million tons in the future with technology development [3, 4]. Among the 

biomass resource, crop straws occupy the main part of the biomass energy resource in 

China, which accounts for 72.2% [1]. The annual yield of straw is more than 620 million 

tons and nearly 300 million tons can be used as energy [1, 5]. Therefore, utilization of 

straw resource effectively is a promising way for renewable energy production and 

environmental protection. 



2 

1.2. Straw resources and utilization as biomass energy 

Straw is considered as the by-product of crops. Table 1-1 shows the main crops and 

straws in China [5] and the coefficients represent the average values of residue 

yield/product for the Chinese agricultural crops [6]. The yields of corn, wheat, and rice 

straw were 411, 162 and 127 million tons, respectively, which were approximately 80% 

of the total crop straw resources. 

Recently, the straw resources have increased at a rate of 1.4% annually in China and 

the main utilizations of straw are papermaking raw material, livestock feed, recycling 

in field, and energy resources, accounting for 2.1%, 28%, 16.2% and 53.6%, 

respectively [7]. Over 50% of straw can be used as energy resource. The utilization of 

straw in biomass energy mainly includes 3 aspects: combustion, straw gasification and 

anaerobic digestion.  

1.2.1. Combustion 

Direct combustion of straw as fuel is the main and traditional way for biomass energy 

utilization in rural area, accounting for 33-45% of energy consumption for livelihood 

[8]. The direct combustion method has very low energy efficiency, which is merely 10% 

for the traditional stoves burning straw [9]. In addition, direct combustion caused a large 

amount of fuel waste and serious air pollution, especially the indoors respiratory 

aerosols, CO and SO2, etc. [10].  

1.2.2. Straw gasification 

Straw gasification is a technology used for extracting gaseous fuel from straw in a 

gasifier through pyrogenatic reaction. Gasification is primarily a thermo-chemical 

conversion of organic materials at elevated temperature with partial oxidation. In 
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gasification, the energy in biomass is converted to combustible gases (mixture of CO, 

CH4 and H2), with char, water, and condensable as minor products [11]. Gasification 

has been considered as a promising method because of the large potential and the option 

of advanced applications [12, 13]. Over the past decade, there has been great progress 

in the development of gasification technology in China. Many kinds of biomass 

gasification processes have been developed treating different raw materials for different 

purposes. By the end of 2000, 388 sets of straw gasification system for central gas 

supply had been built, which provides biogas about 150 million cubic meters, 

consuming 8.7×107 tons of straw [1]. It is an effective way to treat large quantities of 

straw, and increase living standard in rural areas. However, in the gasification process, 

besides the generation of useful products, many by-products such as fly ash, NOx, SO2 

and tar are also formed. The major problem in biomass gasification is to deal with the 

tar and ash formed during the process and pipeline clogging problem [14], due to most 

applications of product gases require a low tar content. Furthermore, the gasification 

process needs to be operated under high temperature and high pressure conditions, 

which increase the cost of gasification process. Gasification process is not useful and 

convenient in rural area. 

1.2.3. Anaerobic digestion 

Anaerobic digestion is a bio-chemical conversion technology widely used in the 

world. Mixed with straw, animal manure and organic wastes in certain ratio, biogas, 

mainly methane, can be produced by a variety of microorganisms to decompose organic 

matter under oxygen-free conditions [15]. There were 7.64 million household methane 

digesters in China by the end of 2000 and will reach to 60 million digesters by the end 

of 2015 [1, 16]. By integrating livestock manures, straws and biogas production can 
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promote agricultural production and improve the ecological environment in rural areas. 

The residues of biogas production can be used as fertilizer in agriculture. Anaerobic 

digestion for biogas production is an applicable eco-agricultural technology. 

Recently, the biological production of methane, hydrogen, ethanol and other biofuels 

from straw has drawn much attention, especially anaerobic digestion for methane 

production [17-20]. Anaerobic digestion generally consists of four stages: hydrolysis, 

acidogenesis, acetogenesis and methanogenesis [21]. Among the four stages, the 

hydrolysis of organic material has been considered to be the rate-limiting step in 

anaerobic digestion [22], which affects the conversion efficiency of straw. Straw 

contains about 34-43% of cellulose, 27-32% of hemicellulose and 12-21% of lignin 

[23]. Cellulose is the main fraction of straw and can be hydrolyzed into glucose. 

However, the presence of hemicelluloses and lignin makes hydrolysis of cellulose 

difficult, so as to impede the anaerobic digestion for biogas production [24].  

Extensive studies focused on improving straw hydrolysis and increasing the biogas 

yield by chemical, physical, biological or physicochemical pretreatment technologies 

[25-29]. Fig. 1-1 illustrates the pretreatment methods for straw [30]. Chemical 

pretreatment with acid, alkali or oxidizing agents such as hydrogen peroxide, is a simple, 

quick, and effective method for changing the chemical compositions of the biomass and 

increasing the surface accessibility for anaerobic microorganisms by decreasing 

cellulose crystallinity [31-34]. The main disadvantage of chemical pretreatment is the 

cost of chemicals and secondary pollution [35]. Moreover, the byproducts such as 

furfural, hydroxymethyl furfural, and levulinic acid are always produced in the 

chemical pretreatment and become potential inhibitors for anaerobic digestion [36]. 

Physical pretreatment can reduce the particle size and increase the surface area and 

pore-size through chopping, milling or grinding. Physical pretreatment also can 
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increase the hemicellulose hydrolysis and further accelerate cellulose hydrolysis [37]. 

However, use of very small particles may not be desirable due to higher energy 

consumption in milling stage as well as imposing negative effect on the subsequent 

pretreatment method [30]. Hence, physical pretreatment like milling is less attractive in 

practical application. Biological pretreatment using microorganisms (white, brown and 

soft rot-fungi) is energy-saving and cost-effective solution in comparison to other 

pretreatments, but it requires a long residence time to degrade the lignin; additionally, 

it is difficult for large-scale applications [35, 37]. Thermal pretreatment affects the 

degradation of hemicellulose and lignin and subsequently increases the hemicellulose 

hydrolysis by the acids formed from the thermal treatment, but harmful byproducts for 

biogas production such as phenolic and heterocyclic compounds are also generated at 

high temperature [38, 39]. Moreover, the thermal pretreatment requires high 

temperature and pressure which increases the process cost. Therefore, development of 

cost-effective pretreatment process of straw accompanied with minimum parasitic 

energy demand becomes more and more important and urgent. 

1.3. Photocatalytic technology 

Since Fujishima and Honda discovered the photocatalytic splitting of water into H2 

and O2 on the TiO2 electrodes in 1972, various metal oxide semiconductor catalysts 

have been widely investigated for its potential in the conversion of solar energy into 

useful chemical energy in the past decades, such as TiO2, ZnO, WO3, In2O3, SnO2, 

Bi2O3 [40-46]. This technology has been widely applied in environmental purification, 

disinfection, sterilization, gas sensor, biomass reforming, and solar energy cell [47-51]. 

Among these photocatalysts, TiO2 has been the most widely studied and used in many 

applications because of its strong oxidizing ability for the decomposition of organics, 
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superhydrophilicity, chemical stability, long durability, nontoxicity, low cost, and 

transparency to visible light [52]. ZnO is another semiconductor which has been studied 

extensively due to it has the similar band gap of 3.2 eV with TiO2 [53] as shown in Fig. 

1-3. Because of the excellent redox properties and mild operation conditions, 

photocatalytic technology may become a promising approach for biomass pretreatment 

and biogas production. However, using photocatalytic technology for pretreatment of 

biomass, especially straw resource, has been rarely studied up to now.  

1.3.1. Principle of photocatalytic process 

Fig. 1-2 shows the schematic diagram illustrating the principle of TiO2 

photocatalytic process [54]. Photocatalysis is generally the catalysis of a photochemical 

reaction at a solid surface, usually a semiconductor. A semiconductor includes valence 

band (VB) filled with low energy electrons and empty higher energy conduction band 

(CB). The energy difference between these two levels is called the band gap. Electrons 

preferentially occupy the low energy valence band [55]. The absorption of photons with 

energy lower than band gap energy or longer wavelengths usually leads to energy 

dissipation in the form of heat. When a semiconductor is excited by photons with energy 

equal or superior to the band gap energy (Eg), electrons can eject from the valence band 

to the conduction band, and then leave holes in the valence band.  The photogenerated 

holes and electrons can either recombine and dissipate the absorbed energy as heat or 

be available for use in the redox reaction. There are three further pathways that can be 

taken by the excited electrons and holes: (1) the photo-generated electron-hole pairs 

recombine or (2) after reaching the surface the photo-generated electrons react with 

electron acceptors adsorbed onto the semiconductor surface; (3) the photo-generated 

holes react with electron donors absorbed on the semiconductor surface after 
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approaching to the surface to produce hydroxyl radicals (•OH). The last two reactions 

are those required for photocatalysis whereas the first path is counterproductive and 

should be inhibited [56, 57]. The main reaction equations are listed in Table 1-2. It is 

found that •OH is the most plentiful radical species in TiO2 aqueous suspension and the 

reaction of •OH with organic pollutants is the most important step that leads to the 

mineralization of organic pollutants [58]. 

1.3.2. Limitation of photocatalytic activity and improvement method 

Photocatalytic technology is considered as a promising method for environmental 

purification and solar energy conversion. However, some drawbacks limit its practical 

application. Firstly, due to relatively wide band gap (3.20 eV), TiO2 and ZnO catalyst 

can absorb ultraviolet light only, which occupies only about 4% of the sunlight spectrum. 

Therefore, in order to make the best of the visible light which composes 43% of the 

solar spectrum, it’s necessary to develop highly active photocatalysts under visible-light 

irradiation. Secondly, quick electron and hole recombination in the bulk or on the 

surface of semiconductor particles leads to low efficiency of photocatalytic activity and 

is one of the main drawbacks in the application of photocatalysis [59].  In the absence 

of suitable electron acceptors or donors, the recombination step is predominant and thus 

limits the quantum yield. Hence, it is crucial to prevent electron-hole recombination to 

ensure efficient photocatalysis. A number of efforts have been devoted to overcome 

these limitations and improve the photocatalytic activity of the photocatalysts. At the 

aspect of morphology, various nanostructure photocatalysts with large specific surface 

area have been prepared and studied [60-62]. Because a large specific surface area can 

supply more active sites and higher number of adsorbed substrates [63]. Doping with 

ions , heterojunction coupling and nanosized crystals  have been reported to promote 
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separation of the electron-hole pair, reducing recombination and therefore improve the 

photocatalytic activity [64-66]. To sensitize TiO2 to visible light so as to enlarge the use 

of the solar spectrum and also forming charge traps to keep electron-hole pairs separate 

is by doping pure TiO2 with foreign ions [67]. For instance, TiO2 doped with metals as 

a photocatalyst, such as transition metals, rare earth metals, and noble metals, have been 

widely investigated [68-70]. Generally, metal doped TiO2 could improve the redox 

potential of the photogenerated radicals, enlarge the light absorption range, and enhance 

quantum efficiency via inhibiting the recombination of photogenerated electrons and 

holes as the metal ions act as electron acceptors [71]. 

1.3.3. Operational parameters of the photocatalytic reaction  

The oxidation rates and efficiency of the photocatalytic system are highly dependent 

on a number of operation parameters: photocatalyst loading, pH, temperature, dissolved 

oxygen, contaminants and their loading, light wavelength and light intensity. 

1.3.4. Photocatalytic treatment for biogas energy from biomass 

Biomass, due to its abundant, carbon-neutral, and renewable nature, is considered as 

an important source for sustainable biogas production. Various technologies had been 

applied for biogas production especially for hydrogen production from biomass and 

biomass derivatives, such as fast pyrolysis method [72], steam gasification [73], 

supercritical and subcritical conversion [74], and photocatalytic reforming [75], 

anaerobic fermentation. The thermal chemical technologies need high temperature or 

high pressure etc. drastic conditions and thus costly. Considering the energy 

consumption and cost, photocatalytic reforming process may be a promising method 

for biogas energy production because the process can be carried out at ambient 

temperature under light irradiation. Moreover, photocatalytic reforming of renewable 
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biomass may be more viable than photocatalytic splitting water for hydrogen 

production. Kawai and Sakata firstly reported that photocatalytic treatment of 

carbohydrate by RuO2/TiO2/Pt could generate hydrogen in 1980 [76]. They continued 

to explore the hydrogen production from other biomass, such as cellulose, algae, dead 

insects and excrement [77, 78]. These studies indicate the feasibility of hydrogen 

production from biomass by photocatalytic reforming technology. Photocatalytic 

reforming biomass and biomass derivates for hydrogen production has been widely 

investigated recently, especially from glucose, ethanol, methanol etc. However, most 

researches focus on the model biomass components, real biomass is still rarely studied 

at present. Future research should focus on real and complicate biomass for biogas 

energy production and practical application through photocatalytic technology. On the 

other hand, anaerobic digestion of biomass such as straws and manures, can produce 

hydrogen and methane, but the existence of lignin in biomass impede the anaerobic 

digestion process. Combination of photocatalytic technology and anaerobic digestion 

could be an exploratory research for biogas production.  

1.4. Objectives of this research 

The introduction part has concluded that straw resource is an abundant, sustainable 

and renewable biomass source in rural area of China. Effective convertsion of straw 

resource to energy is still a challenge at present. Photocatalytic technology is a 

promising way for environmental purification and solar energy conversion. Therefore, 

this study aims to use photocatalytic technology for pretreatment of straw and explore 

the biogas generation in anaerobic digestion process. The specific objectives are listed 

as follows: 

 To develop a new photocatalyst with high solar light photocatalytic activity by using 

microware assisted chemical precipitation and deposition-precipitation-photoreduction 
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methods. 

 To degrade lignin, a recalcitrant component of lignocelluloses, with prepared 

photocatalyst under natural solar light irradiation and to test the bioavailability of degraded 

lignin through batch methane fermentation experiments. 

 To test the efficiency of the prepared photocatalyst for pretreatment of rice straw and 

evaluate the methane production through anaerobic digestion of rice straw and 

photocatalytic treated rice straw.  
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Table 1- 1 Yield of crops and straws in China [5, 6] 

Crops Yield of 

Crops 

( 106 ton ) 

Coefficient Yield of 

straw 

( 106 ton ) 

Percent  

 

( % ) 

Rice 204.24 0.623   127.24 14.96 

Wheat 121.02 1.336 161.68 19.01 

Corn 205.61 2 411.22 48.36 

Beans 17.305 1.5 25.96 3.05 

Tubers 32.928 0.5 16.46 1.94 

Oil-bearing crops 34.368 2 68.74 8.08 

Cotton 6.836 3 20.51 2.41 

Hemp 0.261 2.5 0.17 0.02 

Sugar crops 123.11 0.1 12.31 1.45 

Other crops 6.102 1 6.10 0.72 

Total   850.39 100 
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Table 1- 2 Mechanisms involved in the photocatalytic reaction on illuminated TiO2 

[58] 

Process Reactions involved 

(1) Photo-excited TiO2 generates electron-

hole pairs (hν>Eg) 

TiO2 + hν → e- + h+ 

(2) Photogenerated holes, h+ migrate to 

catalyst surface and react with water 

molecules adsorbed on the catalyst surface 

H2O 

h+ + H2O → •OH + H+    

(3) Photogenerated electrons, e− migrate to 

catalyst surface and molecular oxygen acts 

as an acceptor species in the electron-

transfer reaction 

e- + O2 → O2
•-    

(4) Reactions of superoxide anions, O2
•− O2

•- + H+ → HO2
•  

O2
•- + 3 HO2

• → •OH + 3O2 + H2O + e- 

2 HO2
• → O2 + H2O2 

(5) Photoconversion of hydrogen peroxide 

to give more •OH free-radical groups 

H2O2 + e- → •OH + OH- 

(6) Oxidization of organics by •OH radical 

onto the surface of the TiO2 

Overall reaction 

•OH + Organics → Intermediates 

 

Organics TiO2/ hν  Intermediates → 

CO2 + H2O 

 

  



13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1- 1 The most common pretreatment methods used on straw and their possible 

effects (DP, degree of polymerization; WO, wet oxidation) [30] 
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Fig. 1- 2 Schematic diagram illustrating the principle of TiO2 photocatalytic process 

[54]  
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Fig. 1- 3 The band gap positions for various traditional semiconductors relative to the 

redox potential of water [79] 
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2. Synthesis and characterization of Ag-AgCl/ZnO photocatalyst 

2.1. Introduction 

One-dimensional semiconductor nanostructured metal oxides such as NiO, SnO2, 

TiO2 and ZnO, which exhibit interesting optical and electrical properties, have attracted 

much attention due to their potential applications in next generation of electronic and 

photonic devices. Among them, zinc oxide (ZnO) is a n-type semiconductor with a wide 

band gap and large exciton binding energy of 60 meV with good thermal stability [80, 

81]. Moreover, ZnO is bio-safe and biocompatible [81]. ZnO is expected to be an 

alternating material for TiO2, because the precursors used for preparing TiO2, such as 

alkoxide or chloride, are highly reactive with water, making shape control of TiO2 is 

very difficult [82]. Zinc oxide can be easily prepared in the form of one dimensional 

nanostructures like nanocombs, nanorings, nanohelixes/nanosprings, nanobows, 

nanobelts, nanowires, and nanocages of ZnO have been synthesized under specific 

growth conditions [81]. Therefore, ZnO could be one of the most important 

nanomaterials in future research and applications.  

However, the large band gap and high recombination rate of photo-induced electron–

hole pairs limited its practical application in photocatalysis [83, 84]. Thereby, many 

strategies have been employed to overcome these difficulties and disadvantages, such 

as doping with metal and non-metal, coupling with semiconductor, modifying with 

noble metals [85-88]. Noble metals (e.g., Au, Ag, Pt) modification is one of the most 

typical methods [89]. The noble metal on the surface of semiconductor can act as the 

acceptor of photo-induced electrons, thus improbing the the separation of e-/h+ and 

allowing the holes to react with the surface bound H2O molecules or OH− ions to 

produce hydroxyl radicals [90]. Lu et al. reported that Ag nanoparticles modified ZnO 
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extended the light absorption edge to the visible light region and surface plasmon 

resonance (SPR) effect could be observed in Ag nanoparticles [91]. SPR effect of noble 

metals can also boost the semiconductor photocatalytic behavior greatly through 

improving optical absorbance and facilitating the separation of charge carriers [92]. 

In this study, ZnO nanorods were synthesized by microwave assisted chemical 

precipitation method [93]. Then HTAC (hexadecyl trimethyl ammonium chloride) 

mediated deposition-precipitation-photoreduction method was used to prepare Ag-

AgCl/ZnO photocatalyst [94].  

2.2. Materials and methods 

2.2.1. Chemicals 

Zinc nitrate hexahydrate, silver nitrate, hexadecyl trimethyl ammonium chloride 

(HTAC), methyl orange (MO), hydrochloric acid and potassium hydroxide were 

obtained from Wako Pure Chemical Industries, Ltd. All the reagents were of analytical 

grade or higher without further purification. 

2.2.2. Photocatalyst synthesis 

ZnO nanorod was prepared by microwave assisted chemical precipitation method 

[93]. In brief, the synthesis procedure was as follows. After 30.0 g of zinc nitrate 

hexahydrate was dissolved in 200 mL of distilled water (DW), 1 M KOH was added 

dropwise into the above zinc nitrate solution under magnetically stirring till the solution 

pH increased to be 9 and 11, respectively. At the same time, the viscosity of the mixture 

was found to increase during the addition of KOH. After being continuously stirred at 

60 ℃ for 60 min, the mixture was kept overnight at room temperature. Then the 

precipitate was filtered, rinsed thoroughly with distilled water. The precipitates were 
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dried at 60 ℃ for 24 hours and suspended in distilled water again and irradiated with 

microwaves at 170 W for 30 minutes by using a domestic microwave oven. Finally the 

precipitates were filtered and dried at 60 ℃. The prepared ZnO nanorods were labeled 

as DW9 and DW11 when DW was used as solvent and synthesis pH was kept at 9 and 

11, respectively. The similar procedure was followed when using ethylene glycol (EG) 

as solvent with another two ZnO samples, EG9 and EG11 being achieved. 

Ag-AgCl/ZnO was prepared by using the deposition-precipitation-photoreduction 

method [94]. In a typical procedure, 0.40 g of prepared ZnO and 0.24 g of HTAC were 

added into 100 mL of DW and stirred at room temperature for 30 min. 2 mL of 0.2 M 

AgNO3 aqueous solution was added into the mixture drop by drop and stirred for further 

30 min. Then the solution was irradiated with 310 W black lamp (BM-10BLB, Tokyo 

metal, Japan) for 20, 40, and 60 min to reduce Ag+ to Ag0 by photochemical 

decomposition of AgCl. The distance between lamp and the top of stirrer was 21cm. 

The precipitates were collected and rinsed with DW for several times and dried at 60 ℃ 

for 24 hours in dark. The resulted products were calcined in air at 300 ℃ for 3 hours. 

The Ag-AgCl/ZnO catalysts were obtained and named as Ag20-AgCl/ZnO, Ag40-

AgCl/ZnO, and Ag60-AgCl/ZnO in which the number denoted the photoreduction 

duration was 20, 40, and 60 min, respectively. 

2.2.3. Characterization methods 

X-ray diffraction (XRD) patterns of the catalysts (2θ ranged from 20° to 90°) were 

collected by a powder X-ray diffractometer (D8 Advance, Bruker AXS, Germany) with 

graphite monochromatized Cu Kα radiation at 40 kV and 40 mA. The morphological 

features of the catalysts were acquired by using a scanning electron microscope (SEM) 

(JSM-6330F, JEOL, Japan). The surface composition of the catalysts was determined 
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by using energy dispersive X-ray (JSM-7600F, JEOL, Japan). The UV–visible (UV–

vis) absorption spectra of the photocatalysts were measured by a UV–vis 

spectrophotometer (UV-3100PC, Shimadzu, Japan). Active oxidative species (•OH 

radicals) generated on the surface of catalysts illuminated by solar light were detected 

by photoluminescence (PL) technique with terephthalic acid (TA) as a probe molecule 

in this study [95]. The resultant solution was analyzed by using a fluorescence 

spectrophotometer (F-4500, HITACHI, Japan) through measuring the PL intensity at 

425nm induced with 315nm excitation.  

2.2.4. Photocatalytic activity assessment and determination 

The photocatalytic activity of synthesized photocatalysts was evaluated by their 

degradation of methyl orange (MO). Specifically, the photodegradation was carried out 

in Erlenmeyer flasks with a glass cover. Table 2-1 lists the experimental conditions. The 

reaction suspension was firstly kept in dark for 30 min under magnetically stirring in 

order to obtain the adsorption-desorption equilibrium of MO on the catalyst surfaces. 

After that, the suspension was exposed to solar light. During the irradiation period, a 

certain volume of the suspension was sampled at a fixed time interval and the remaining 

MO concentration was determined in the resultant supernatant with catalyst being 

separated by centrifugation at 9,100 × g for 10 min. 

2.2.5. Analytical methods and calculations 

Light intensity used in this study, i.e. the mean value during testing period (recorded 

as Fig. 2-1), was measured with light meter (UV-340, Custom, Japan and LI-250A, LI-

COR, USA). pH was determined with a pH meter (FiveEasyTM, Mettler Toledo, USA). 

MO concentration was measured in a quartz cell, 1 cm path length, at 464 nm by UV–
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vis absorption spectroscopy (UV-1800, Shimadzu, Japan) to evaluate the photocatalytic 

degradation performance. All the determinations were conducted in duplicate with 

mean values being used for discussion. 

 Degradation rate of MO was calculated according to the following equation, 

Degradation rate (%) = 
C0−Ct

C0
100% 

where C0 is the initial concentration of MO and Ct is the concentration of MO at 

different sampling time of t. 

2.3. Results and discussion 

2.3.1. Solvent selection for ZnO preparation 

In this study, ZnO samples were prepared with two different solvents, namely DW 

and EG, and the photocatalytic activity of prepared ZnO was assessed by degradation 

of MO. Fig. 2-2 illustrates that ZnO prepared at pH 9 using distilled water as solvent 

(DW9) has much higher photocatalytic activity than others, almost doubling the MO 

degradation rate compared with other three catalysts (DW11, EG9 and EG11). This 

observation agrees with the findings by Rani et al. [96] and Alias et al. [97] who 

claimed that ZnO synthesized at pH 9 showed the best optical properties. Therefore, 

DW9 was selected as a precursor for the synthesis of Ag-AgCl/ZnO, the target 

photocatalyst in this study. The formation of ZnO can be represented by the following 

chemical reactions [98]: 

Zn(NO3)26H2O + 2KOH → Zn(OH)2 + 2KNO3 +6H2O      (1) 

Zn(OH)2 + 2H2O → Zn(OH)4
2- + 2H+           (2) 

Zn(OH)4
2- → ZnO + H2O + 2OH-             (3) 
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2.3.2. Effect of photoreduction duration on prepared Ag-AgCl/ZnO  

The prepared Ag-AgCl/ZnO catalysts showed higher photocatalytical activity than 

pure ZnO under the same solar light irradiation (39W/m2 for 30 min, Fig. 2-3). More 

specifically, Ag40-AgCl/ZnO exhibited the highest photocatalytic activity achieving 

91.5% of MO degradation within 30 min’s irradiation. That is, 40 min of photoreduction 

could generate the highest photocatalytic activity of Ag-AgCl/ZnO.  

Fig. 2-4 shows the results of OH radicals generated in the photocatalysis process 

measured by PL method, which is in consistence with the results from the above 

photocatalytic activity testing. This observation implies that Ag40-AgCl/ZnO could 

produce more active •OH radicals than other Ag-AgCl/ZnO products, resulting in the 

maximal photocatalytic activity. The results also indicate that the ratio of Ag to AgCl 

affects the photocatalytic activity of Ag-AgCl/ZnO. The metallic Ag content will 

increase when the photoreduction process prolongs. At a photoreduction duration of 20 

min, the amount of metallic Ag was relatively low. Possibly due to the surface plasmon 

resonance of Ag nanoparticles, the number of electron-hole pairs generated in the 

photocatalytic reaction on the metallic Ag decreased [94]. However, when the amount 

of metallic Ag was excessive, Ag nanoparticles might turn into active sites for the 

recombination of electron-hole pairs, therefore depressed the photocatalytic activity. 

This observation is in agreement with the findings of Ma et al. [94] and Guo et al. [99] 

who declared a similar effect of photoreduction duration on the photcatalytic activity 

of Ag-AgCl/WO3 and Ag/AgCl@TiO2, respectively. 

Seen from the above results, the prepared Ag40-AgCl/ZnO possesses excellent 

photocatalytic activity under solar light (Figs. 2-3 and 2-4). Additional experiments 

showed that Ag40-AgCl/ZnO also exhibits the highest photocatalytic activity under UV 

light illumination (Fig. 2-8). As a result, Ag40-AgCl/ZnO was successfully synthesized 
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and selected as photocatalyst for degradation of lignin and rice straw. 

2.3.3. Characterization of prepared ZnO and Ag40-AgCl/ZnO 

Fig. 2-5 shows the XRD patterns of prepared ZnO and Ag40-AgCl/ZnO. All 

diffraction peaks of ZnO match very well with the JCPDS standard data of wurtzite 

ZnO (JCPDS cards nos. 36-1451). The peaks at 2θ = 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 

62.9°, 66.4°, 68.0°, 69.1°, 72.6°, 77.0°, 81.4°, and 89.6° are assigned to the (1 0 0), (0 

0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), (2 0 1), (0 0 4), (2 0 2), (1 0 4), and 

(2 0 3) planes of ZnO, respectively. The XRD pattern of Ag40-AgCl/ZnO indicates that 

it is composed of ZnO, AgCl and Ag phases (JCPDS cards nos. 36-1451, 31-1238, 04-

0783). The peaks at 2θ = 27.8°, 32.2°, 46.2°, 54.8°, 57.5°, 67.5°, 74.5°, 76.7°, and 85.7° 

are assigned to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2 ), (4 0 0), (3 3 1), (4 2 0), and 

(4 2 2 ) planes of cubic AgCl. The lattice parameters of ZnO and Ag40-AgCl/ZnO are a 

= 3.250 Å, b = 3.250 Å, c = 5.207 Å. The same lattice parameters indicate that Ag-AgCl 

loading should be merely placed on the surface of ZnO without being embedded into 

the crystal structure [100, 101]. The inserted small figure in Fig. 2-5 shows the peaks 

at 38.2° and 44.3° which are assigned to the (1 1 1) and (2 0 0) planes of Ag, confirming 

the existence of metallic Ag in the molecular structure of Ag40-AgCl/ZnO. Possibly due 

to very small amount of metallic Ag, the peaks of Ag0 are quite weak. 

Figs. 2-6a and 2-6b show the SEM images of ZnO and Ag40-AgCl/ZnO, and Fig. 2-

6c is the EDS result of selected area of Ag40-AgCl/ZnO. Obviously, seen from Figs. 2-

6a and 2-6b the catalysts are composed of regular nanorods or rod-like particles. 

Although a similar morphology was observed on the surface of ZnO and Ag40-

AgCl/ZnO, the particle size of Ag40-AgCl/ZnO was slightly increased to about 250 nm 

in comparison to 200 nm of ZnO. The EDS result (Fig. 2-6c) indicates that Cl and Ag 
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elements are co-existing in Ag40-AgCl/ZnO, which agrees with the XRD results to a 

great extent. 

Fig. 2-7 shows the spectra of diffused reflectance spectroscopy (DRS) of ZnO and 

Ag40-AgCl/ZnO, in which Ag40-AgCl/ZnO exhibits stronger absorption than ZnO in 

the visible region, in agreement with Xu et al. [101]. This observation could be 

attributable to the Ag particles contained in Ag40-AgCl/ZnO strongly absorb the light. 

The DRS results also indicate that the photocatalytic performance of Ag40-AgCl/ZnO 

should be better than pure ZnO.  

The following formula can be used to estimate the band gap ( Eg ) of the catalysts 

[102], 

αhν = C (hν-Eg)n/2 

where α, ν, Eg, h, and C are absorption coefficient, light frequency, band gap energy, 

Planck constant, and proportionality constant, respectively and n = 1 for direct band 

gap semiconductor, n = 4 for indirect band gap semiconductor. According to Klingshirn 

[103], the value of n for ZnO is 1. The band gap energies of ZnO and Ag40-AgCl/ZnO 

were estimated to be 3.235eV and 3.225eV. Ag40-AgCl/ZnO has a little smaller band 

gap than ZnO, revealing that Ag40-AgCl/ZnO has better photocatalytic activity than 

ZnO. 

2.4. Summary 

New photocatalysts, Ag-AgCl/ZnO nanorods, characterized by XRD, SEM, EDS, 

PL, and DRS, were successfully synthesized in this study by using microwave assisted 

chemical precipitation and deposition-precipitation-photoreduction methods. The 

optimal preparation condition was determined at pH 9 in distilled water and 40 min for 

UV light photoreduction of Ag (i.e. Ag40-AgCl/ZnO) by degradation of methyl orange. 
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Ag40-AgCl/ZnO exhibited excellent photocatalytic activity for methyl orange 

degradation under solar light and UV light irradiation. 
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Table 2- 1 Photocatalytic reaction conditions of TA and MO* 

 

 

 

 

 

 

*All the testing solution pHs were their original values, 9.7 for MO. 

TA, terephthalic acid; MO, methyl orange. 

The solar light intensity was the mean values of the designed experimental duration. 

 

Substrate Test objective Initial concentration 

 

( mg/L ) 

Photocatalysts 

dosage 

( g/L ) 

Solar light 

intensity 

( W/m2 ) 

Irradiation 

time 

( min ) 

TA PL spectra 83 0.4 20 30 

MO Comparison with ZnO 8 0.2 10 180 
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Fig. 2- 1 Average solar and UV light intensities during experiments in sunny and cloudy 

days from June to August in Tsukuba, Japan 
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Fig. 2- 2 Photodegradation of methyl orange (MO) with ZnO prepared at pH 9 and 11 

in distilled water (DW9, DW11) or ethylene glycol (EG9, DW11). MO concentration 

and photocatalyst dosage were 8 mg/L and 0.2 g/L, respectively. The mean solar light 

intensity and reaction time were 10 W/m2 and 180 min. The numbers in DW9 and 

DW11 or EG9 and EG11 denote the pH values of ZnO synthesis. Error bars represent 

standard error 
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Fig. 2- 3 Photodegradation of methyl orange (MO) under different photoreduction time 

of Ag. MO concentration and photocatalyst dosage were 8 mg/L and 0.2 g/L. The mean 

solar light intensity and reaction time was 39 W/m2 and 30 min. Error bars represent 

standard error 
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Fig. 2- 4 Photoluminescence (PL) spectra of prepared photocatalysts (Ag-AgCl/ZnO) 

and ZnO. TA concentration and photocatalyst dosage were 83 mg/L and 0.4 g/L, 

respectively. The mean solar light intensity and reaction time were 20 W/m2 and 30 min  
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Fig. 2- 5 XRD spectra of prepared ZnO and Ag40-AgCl/ZnO: XRD spectra with the 

peaks of Ag in Ag40-AgCl/ZnO shown in the inserted smaller one 
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Fig. 2- 6 SEM spectra of ZnO (a) and Ag40-AgCl/ZnO (b), the EDS result of the selected 

area of Ag40-AgCl/ZnO (c) 
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Fig. 2- 7 DRS spectra of ZnO and Ag40-AgCl/ZnO 
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Fig. 2- 8 Photodegradation of MO with different photocatalysts. MO concentration was 

8 mg/L, and photocatalyst dosage was 0.5 g/L, respectively. UV light intensity was 715 

mW/cm2 
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3. Photocatalytic degradation of lignin on synthesized Ag-AgCl/ZnO 

nanorods and preliminary trials for methane fermentation 

3.1. Introduction 

Biomass, especially lignocellulose, is an important material for manufacturing 

renewable products. Biomass conversion to fuels and chemicals has drawn increasing 

global interests, which could reduce dependence on fossil fuels. The annual production 

of lignocellulosic biomass on land is reported to be approximately 172 billion tons [104]. 

In general, lignocellulosic biomass mainly consists (w/w) of 40-50% of cellulose, 10-

25% of hemicelluloses, and 25-40% of lignin [105]. In recent years, tremendous efforts 

have been attempted on the degradation of lignocellulosic materials in order to release 

the solar energy stored in them. However, as one of the major barriers to the 

bioconversion of lignocellulosic materials, lignin can impede the hydrolysis of cellulose 

due to the fact that lignin always acts as a protective coat to make cellulose resistant to 

enzymatic digestion and thus limit its bioavailability [24]. 

Lignin, the second principal component of lignocellulosic biomass, as much as 40% 

specific energy content, holds an outstanding potential as a sustainable resource [106]. 

It is a three-dimensional cross-linked macromolecular amorphous material primarily 

composed of three phenylpropanoid monomers: p-coumaryl alcohol, guaiacyl, and 

syringyl [107]. However, lignin has received less attention compared to cellulose and 

hemicellulose due to its more complex chemical structure and recalcitrant attribute (i.e. 

extremely low bioavailability). Recently, much attention has been paid to the 

development of effective techniques to degrade lignin, improve its availability, and then 

reclaim its intermediates for various purposes.  

 Most recently, some attempts have been tried to find effective methods to degrade 
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lignin for value-added biofuels and chemicals production, including enzymatic 

degradation [108], alkali pyrolysis [109], hydrothermal conversion [110], 

electrochemical degradation [111], biological degradation [112], photocatalytic 

degradation [113], etc. Among them, photocatalysis is considered as an 

environmentally friendly and promising technology due to excellent merits such as 

clean, effective, energy-saving, and low cost. Photocatalytic degradation of lignin with 

TiO2 was first studied by Kobayakawa et al. [114] who reported that alkali lignin could 

be completely decomposed into carbon dioxide and water. Ohnishi et al. [115] tested 

the performance of lignin degradation by different photocatalysts including ZnO, TiO2, 

CdS, In2O3, WO3 and Fe2O3, in which ZnO possessed the highest photocatalytic activity. 

They also found that the photocatalytic efficiency was further improved by loading 

photocatalyst with noble metals such as Pt, Ag, and Au. Besides, a combined process 

of photocatalytic process with biocatalytic process was found to be more effective than 

each single process in the degradation of high-molecular-weight lignin [116]. Up to now, 

however, most research works were carried out on photocatalytic degradation of lignin 

under UV light irradiation. Few of them conducted the photocatalytic degradation of 

lignin by using solar light, especially the natural solar light as optical source, which is 

more interesting and valuable for practical application.  

In this study, in order to utilize the solar light effectively, a new photocatalyst Ag-

AgCl/ZnO nanorods was successfully prepared by a microwave assisted chemical 

precipitation and then deposition-precipitation-photoreduction method. This 

synthesized catalyst was used to degrade lignin under natural solar light irradiation. The 

effect of solution pH, dosage of catalyst, initial lignin concentration, and the stability 

of prepared photocatalyst were investigated. In addition, the major active species 

produced during the photocatalysis process was determined and analyzed. 
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Bioavailability of degraded lignin was also evaluated through batch methane 

fermentation experiments. 

3.2. Materials and methods 

3.2.1. Chemicals 

Lignin (alkali) was purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, 

Japan). Potassium iodide, sodium azide, ethylene diamine tetraacetic acid (EDTA), 

hydrochloric acid and potassium hydroxide were obtained from Wako Pure Chemical 

Industries, Ltd. All the reagents were of analytical grade or higher without further 

purification. 

3.2.2. Photodegradation of lignin  

The degradation of lignin was conducted in a similar procedure as 2.2.4. The 

photodegradation was carried out in Erlenmeyer flasks with a glass cover. Table 3-1 

lists the experimental conditions. The reaction suspension was firstly kept in dark for 

30 min under magnetically stirring in order to obtain the adsorption-desorption 

equilibrium of lignin on the catalyst surfaces. After that, the suspension was exposed to 

solar light. During the irradiation period, a certain volume of the suspension was 

sampled at a fixed time interval and the remaining lignin concentration was determined 

in the resultant supernatant with catalyst being separated by centrifugation at 9,100 × g 

for 10 min. To make sure all the reactions were carried out under the same conditions, 

each batch of experiments was run simultaneously. The supernatant was used for the 

determination of lignin concentration and total organic carbon (TOC) remained in the 

reacted solution. The photocatalyst recovered from centrifugation was rinsed with DW, 

dried at 60 ℃, and then used for the assessment of photocatalyst stability. 
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3.2.3. Biomethane potential of lignin before and after photocatalysis 

Bioavailability of lignin and degraded lignin solution was assessed by anaerobic 

methane fermentation trials. In order to make the results more meaningful and 

comparable, concentrated lignin or degraded lignin (i.e. after photocatalysis) solution 

samples were used in these trials, which were achieved by firstly filtration through 0.45 

μm filter membrane to remove the photocatalyst and then concentration by rotary 

evaporation (at 60 ℃) to reduce their volume by 80%. The seed sludge, anaerobically 

digested sludge was sampled from the Shimodate Sewage Treatment Center (Ibaraki, 

Japan). After being sampled, the seed sludge was concentrated by centrifugation to 

make its total solids (TS) content around 5% in order to avoid addition of large volume 

of seed sludge during the testing, which may cause large dilution of the tested solutions 

thus adding error to the testing.  

The methane fermentation experiments were carried out in 150 mL fermentation 

bottles with working volume of 125 mL containing 16.7% (v/v) of concentrated seed 

sludge. Table 3-2 lists the main experimental conditions. All the initial pHs of the 

substrates for fermentation trials were adjusted to around 7.0 with 1 mol/L hydrochloric 

acid. DW was used as control to compare with lignin and degraded lignin solutions. 

After sealed with silica gel stoppers and injection of nitrogen into the reactors, the 

reactors were put into a temperature controlled water bath (35±1 ℃). Biogas was 

collected with glass syringe and the volume was read directly by the degree scale on 

the syringe. Biogas composition was analyzed by gas chromatography. All the trials 

were conducted in duplicate, and average values were used for assessment. 

3.2.4. Analytical methods and calculations 

Light intensity used in this study, was measured with light meter (UV-340, Custom, 
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Japan and LI-250A, LI-COR, USA). TS and volatile solids (VS) were determined in 

accordance with standard methods [117]. pH was determined with a pH meter 

(FiveEasyTM, Mettler Toledo, USA). Concentration of lignin was quantified in a quartz 

cell, 1 cm path length, by spectrophotometry at 280 nm (UV-1800, Shimadzu, Japan). 

For FT/IR analyses the suspension containing 50 mg/L Ag40-AgCl/ZnO and 50 mg/L 

alkali lignin was illuminated, and the sample was centrifuged, the supernatant was 

filtered and evaporated to dryness through a rotary evaporator. FT/IR spectra were 

obtained with an FT/IR spectrophotometer (FT/IR-300, JASCO, Japan). TOC was 

measured by a TOC analyzer (TOC-VCSN, Shimadzu, Japan). The biogas composition 

was analyzed by a gas chromatography (GC-8A, Shimadzu, Japan) equipped with a 

thermal conductivity detector (80 ℃) and a Porapak Q column (60 ℃) using N2 as 

carrier gas. All the determinations were conducted in duplicate with mean values being 

used for discussion. 

 Degradation rate of lignin was calculated according to the following equation, 

Degradation rate (%) = 
C0−Ct

C0
100% 

where C0 is the initial concentration of lignin and Ct is the concentration of lignin at 

different sampling time of t. 

3.2.5. Statistic analysis 

In order to make clear whether there was any significant difference among the 

testing groups, especially the recycling test of the photocatalyst, one-way ANOVA 

analysis was performed with significance level set at 0.05. 
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3.3. Results and discussion 

3.3.1. Physicochemical changes in lignin solution brought by photocatalysis 

Photocatalytic degradation of lignin was carried out under solar light irradiation 

(Table 3-1) and the absorbance at 280 nm (Abs280) of samples before and after 

photocatalysis was measured by UV-1800 after being centrifuged. Abs280 can be 

assigned to aromatic ring as shown in Fig. 3-1, and the decrease in Abs280 is closely 

associated with the transformation of aromatic ring [118]. As shown in Fig. 3-1, the 

peak at 280 nm diminished with the increase of photocatalytic reaction time and almost 

disappeared after 180 min’s irradiation, indicating the decomposition of aromatic ring.  

Fig. 3-2 shows the relationship among Abs280, TOC and pH in the tested lignin 

solution along with the irradiation time. After 180 min’s irradiation, Abs280 decreased 

to nearly 0. The solution TOC showed a similar decrease trend as Abs280 did with 

irradiation time, suggesting the decomposition and mineralization of lignin during the 

photocatalysis process. In addition, the solution TOC was found to have a positive 

linear relationship with Abs280 (R
2=0.9488, Fig. 3-3), indicating Abs280 or TOC could 

be used as an index of signaling the decomposition of lignin during the photocatalysis 

process. 

Besides the changes of Abs280 and TOC, pH variation was also recorded during 

the testing. The solution pH was firstly observed to decrease quickly from initial 

slightly alkaline (pH8.1) to the lowest value, slightly acidic (pH6.5, after 90 min’s 

irradiation), and then slightly increased nearly to neutral (pH6.7, after 180 min’s 

irradiation). This observation is probably contributed by the production of acidic 

substances from the decomposition of lignin and their further mineralization (into 

CO2) during the photocatalysis. According to Tanaka et al. [118], formic acid, acetic 

acid, glycolic acid, formaldehyde, and a trace of glyoxylic acids can be produced 
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during the photocatalytical degradation of lignin on TiO2, and CO2 generation from 

acetic and formic acids is possible.  

3.3.2. Effect of initial pH on lignin degradation 

Fig. 3-4 shows the effect of initial solution pH on photodegradation of lignin under 

solar light irradiation for 120 min. The lignin solution without pH adjustment (pH~8) 

was used at control. High degradation rate was obtained under alkaline conditions, 

especially at pH 11 with the highest, 100% photocatalytic degradation of lignin. This 

observation is in agreement with the result from Kansal et al. [119], which is probably 

associated with the acid-base equilibrium of the adsorbed hydroxyl group: higher pH 

favors the generation of hydroxyl radicals. The results reveal that Ag40-AgCl/ZnO is a 

suitable photocatalyst for the degradation of lignin, providing a new feasible way to 

deal with lignin degradation and reclamation. 

3.3.3. Effect of photocatalyst dosage on lignin degradation 

The effect of photocatalyst concentration on the degradation of lignin was 

investigated by changing the Ag40-AgCl/ZnO dosage from 0.5 to 8 g/L for 60 min 

irradiation of solar light. Fig. 3-5 shows the degradation efficiency of lignin was 

increased with the increase in catalyst dosage from 0.5 g/L to 4 g/L, and the highest 

lignin degradation, 99% was achieved in 60 min irradiation at dosage 4 g/L of Ag40-

AgCl/ZnO. Further increase in the dosage of Ag40-AgCl/ZnO ( > 4 g/L), however, led 

to some decrease in lignin degradation, possibly contributed by the aggregation of Ag40-

AgCl/ZnO particles at high concentrations resulting in not only less photons arriving at 

the surface of catalysts but also the decrease in the passage of irradiation through the 

lignin solution. 
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3.3.4. Effect of initial lignin concentration on lignin degradation 

The effect of initial lignin concentration on lignin degradation was evaluated when 

lignin concentration varied from 25 to 200 mg/L. As shown in Fig. 3-6, the 

photocatalytic degradation of lignin by Ag40-AgCl/ZnO was found to decrease with the 

increase in lignin concentration, especially when lignin concentration > 50 mg/L. The 

decreased efficiency under higher initial lignin concentration conditions can be 

interpreted as follows. On the one hand, with the increase in lignin concentration, more 

lignin molecules can be adsorbed on the surface of the photocatalyst, resulting in large 

decrease in the number of active sites on the catalyst surface and thus less generation 

of active species. On the other hand, the increase in lignin concentration can also bring 

about the decrease in the number of photons reaching to the surface of catalysts, 

resulting from less solar light available for the exciton of photocatalyst particles because 

of more possible absorption by lignin molecules. Anyhow, 100% of lignin degradation 

was achieved in 60 min and 150 min under the tested solar light intensity (27 W/m2) 

when initial lignin concentration was 25 and 50 mg/L, respectively. 

3.3.5. Mechanisms analysis of lignin photocatalysis in this study 

3.3.5.1. Effect of holes/radicals scavengers on lignin degradation 

The oxidation of organics by photocatalysis is associated with the formation of free 

radicals, such as superoxide (O2
-), hydroxyl (OH), or oxidized by photogenerated 

holes [120]. In order to further clarify the existence of possible reactive species in the 

photocatalytic degradation process of lignin on Ag40-AgCl/ZnO, three corresponding 

effective scavengers, i.e. EDTA for h+ [121], KI for OH, and NaN3 for O2
- [122] were 

added individually during the degradation process. The results are shown in Fig. 3-7. 

About 100% of lignin degradation was obtained after 180 min photocatalysis when no 
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scavenger was added into the reaction solution. The lignin degradation rate, however, 

decreased when any of the three radical scavengers was added into the reaction solution, 

especially KI which can effectively scavenge OH radicals. Under the addition of 5 

mM KI, lignin degradation decreased to the lowest, 8.5% among the tested scenarios. 

The results suggest that KI, EDTA or NaN3 can affect the photocatalytic degradation of 

lignin, and OH plays the most important role in the photocatalytic degradation of 

lignin. 

3.3.5.2 FT/IR analysis of degraded lignin 

Lignin samples with illumination time at 0, 1, 2, 3 h were collected for FT/IR 

measurement. The degradation rate of the samples was 0, 37, 86, and 99%, respectively. 

Fig. 3-8 shows the FT/IR spectra of the samples. Bands at 1594, 1510, 1458, 1419 cm-

1 before illumination are assigned to aromatic ring [123]. They disappeared by 

illumination, while two new bands appeared around 1730 and 1316 cm-1. 1730 cm-1 is 

assigned to C = O stretch in unconjugated ketones, carbonyls and in ester groups, and 

1316 cm-1 is assigned to C – O. This observation suggests the formation of carboxylate 

or aldehyde. These FT/IR results indicate that aromatic ring is transformed and 

oxygenated compounds can be formed thereby. 

3.3.6. Stability of photocatalysis efficiency 

The stability of photocatalyst is crucial for the catalyst performance and highly 

important for practical application. Fig. 3-9 shows the re-utilization results for 7 times 

of using Ag40-AgCl/ZnO to photocatalitically degrade lignin. No statistically 

significant difference was found among the seven cycles as determined by one-way 

ANOVA (F（6,42）= 2.3240, p = 0.9996), indicating that Ag40-AgCl/ZnO not only 

possesses stable and excellent photocatalytic activity but also can be reused and 
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recycled. Fig. 3-10 shows the SEM images of Ag40-AgCl/ZnO used for lignin 

degradation after 2 runs and 7 runs. The morphology of Ag40-AgCl/ZnO had no 

significant difference. 

3.3.7. Biomethane production from lignin before and after photocatalytical 

treatment 

Fig. 3-11 shows the preliminary results of observed methane and biogas yields from 

untreated lignin and degraded lignins after photocatalytic treatment by Ag40-AgCl/ZnO 

for 30, 120, and 180 min, respectively. As lower TOCs (or intermediates) were achieved 

in the degraded lignin solution after photocatalysis, preconcentration of the degraded 

lignin solution was carried out before fermentation trials. Although the final TOC 

values in the fermentors were not greatly increased, some meaningful and interesting 

implication could be derived from the biogasification results (Fig. 3-11). Lignin-120, 

namely the lignin solution after photocatalysis for 120 min, produced the highest 

methane and biogas yields, about 184 mL/g-TOCremoved and 325 mL/g-TOCremoved, 

respectively. These yields were increased by 10.9% and 23.1% with comparison to the 

Control. In contrast, the Lignin (untreated), Lignin-30 (photocatalysis for 30 min), and 

Lignin-180 (photocatalysis for 180 min) solutions seem to inhibit the anaerobic 

microorganisms and yielded less biogas and methane than the Control. Moreover, this 

inhibition effect on microorganisms was much remarkable by Lignin-180 solution, 

most probably due to the different intermediate products generated from lignin 

degradation during the photocatalytic process. The pH value of the fermentors after 

fermentation was listed in Table 3-3. After 120 min’s photocatalytic treatment the 

intermediate products had higher pH value after fermentation compared with others. 

After 120 min’s photocatalytic treatment the intermediate products seemed to favor the 

methane fermentation process. Actually, the Lignin-120 solution had a relatively lower 
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pH, about 6.6 (Fig. 3-2 and Table 3-2), which was adjusted to 7.0 (Table 3-2) before 

methane fermentation, probably resulted from some acidic and fermentable 

intermediates generated in the proper photocatalytic degradation of lignin. As reported 

by Barakat et al. [124], a possible product from lignin degradation, vanillin showed 

inhibitory effect while another product, syringaldehyde promoted methane production. 

Therefore, further research should be focused on the identification and characterization 

of intermediates produced during the photocatalytic degradation of lignin. In addition, 

it’s also prerequisite for practical application on how to develop a proper photocatalytic 

system to realize continuously effective degradation of high concentration of lignin on 

Ag40-AgCl/ZnO so as to achieve the maximal biogasification of lignin. 

3.4. Summary 

Ag40-AgCl/ZnO exhibited excellent photocatalytic activity for lignin degradation, 

which was very stable after repeated utilization for seven times. The degraded lignin 

solution after 120 min’s photocatalytic treatment showed positive effect on methane 

and biogas production, achieving 184 mL/g-TOCremoved and 325 mL/g-TOCremoved, 

respectively, which were increased by 10.9% and 23.1% compared to the control. The 

present study provides a low-cost and environment-friendly pretreatment alternative for 

effective reclamation of lignin as substrate for biogas production in the future. 
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Table 3- 1 Photocatalytic reaction conditions used for degradation of lignin* 

Test objective Initial 

concentration 

( mg/L ) 

Photocatalysts 

dosage 

( g/L ) 

Solar light 

intensity 

( W/m2 ) 

Irradiation 

time 

( min ) 

TOC variation 

Effect of initial pH 

Effect of catalyst dosage 

Effect of lignin initial concentration 

Effect of holes/radicals scavengers 

Stability of photocatalyst 

Preparation for biomethane potential test 

50 

50 

50 

25 - 200 

50 

50 

50 

0.5 

0.5 

0.5 - 8 

0.5 

0.5 

0.5 

0.5 

35 

37 

36 

27 

34 

41 

35 

180 

120 

60 

180 

180 

180 

30, 120, 180 

*All the testing solution pHs were their original values, 8.1 for lignin solutions, except the experiments on the effect of initial pH which 

was varied from 1 to 13.  

The solar light intensity was the mean values of the designed experimental duration. 
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Table 3- 2 Main experimental conditions of anaerobic fermentation with lignin and degraded lignin* 

Items Unit Control Lignin Lignin-30 Lignin-120 Lignin-180 

Initial pH before adjustment** -- 7.8 8.1 6.9 6.6 6.7 

Total solid (TS) % 0.68 0.72 0.72 0.73 0.80 

Volatile solid (VS, of TS) % 81.73 77.06 73.99 71.43 83.15 

Initial total organic carbon (TOC) mg/L 55.45 113.17 73.01 64.75 53.79 

*For the substrate and seed sludge: (1)Control, distilled water + digested sludge; (2)Lignin, lignin + digested sludge; (3)Lignin-30, 

lignin after photocatalysis for 30 min + digested sludge; (4)Lignin-120, lignin after photocatalysis for 120 min + digested sludge; and 

(5)Lignin-180, lignin after photocatalysis for 120 min + digested sludge. 

**Before fermentation, the pH values of all the fermentors were adjusted to around 7.0 with 1 mol/L HCl and KOH. 
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Table 3- 3 Variation of pH before and after fermentation with lignin and degraded 

lignin 

pH Control Lignin Lignin-30 Lignin-120 Lignin-180 

Initial  7.77 7.82 7.47 7.11 7.33 

After adjustment 7.01 7.01 7.01 7.01 7.01 

Final 7.11 7.10 7.15 7.21 7.07 
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Fig. 3- 1 Spectrophotometric determination during the photocatalytic degradation of 

lignin. Lignin concentration and photocatalyst dosage were 50 mg/L and 0.5 g/L, 

respectively under mean solar light intensity of 35 W/m2 
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Fig. 3- 2 Changes of the absorbance at 280 nm (Abs280), TOC and pH in lignin solution 

after photocatalysis. Lignin concentration and photocatalyst dosage were 50 mg/L and 

0.5 g/L, respectively under mean solar light intensity of 35 W/m2 
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Fig. 3- 3 Linear relationship between TOC and Abs280 of lignin solution. Lignin 

concentration and photocatalyst dosage were 50 mg/L and 0.5 g/L, respectively under 

mean solar light intensity of 35 W/m2 
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Fig. 3- 4 Effect of pH on lignin degradation. Lignin concentration and photocatalyst 

dosage were 50 mg/L and 0.5 g/L, respectively. The solar light condition was 37 W/m2 

for 180 min  
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Fig. 3- 5 Effect of Ag40-AgCl/ZnO dosage on lignin degradation. Lignin concentration 

was 50 mg/L. The solar light condition was 36 W/m2 for 60 min  
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Fig. 3- 6 Effect of initial lignin concentration on lignin degradation. Photocatalyst 

dosage was 0.5 g/L. The solar light condition was 27 W/m2 for 180 min  
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Fig. 3- 7 Effect of holes/radicals scavengers on lignin degradation. Lignin concentration 

and photocatalyst dosage were 50 mg/L and 0.5 g/L, respectively. The solar light 

condition was 34 W/m2 for180 min. Error bars represent standard error  
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Fig. 3- 8 FTIR spectra: lignin and degraded lignin after irradiated by UV light for 1 

h, 2 h, and 3 h, respectively 
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Fig. 3- 9 Repeated trials for photocatalytical degradation of lignin for 7 cycles with 

Ag40-AgCl/ZnO as photocatalyst. Lignin concentration and photocatalyst concentration 

were 50 mg/L and 0.5 g/L, respectively under mean solar light intensity of 39 W/m2 
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Fig. 3- 10 SEM spectra of Ag40-AgCl/ZnO after 2 runs (a) and 7 runs (b) for 

photocatalytic degradation of lignin 
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Fig. 3- 11 Methane and biogas yields of untreated lignin and degraded lignin after 30 

(Lignin-30), 120 (Lignin-120), and180 min (Lignin-180) photocatalytic treatment 
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4. Photocatalytic pretreatment of rice straw and subsequent 

anaerobic methane production 

4.1.  Introduction 

Anaerobic digestion is a bio-chemical conversion technology widely used in the 

world. Recently, the biological production of methane, hydrogen, ethanol and other 

biofuels from straw has drawn much attention, especially anaerobic digestion for 

methane production [17-20]. Anaerobic digestion generally consists four stages: 

hydrolysis, acidogenesis, acetogenesis and methanogenesis [21]. Among the four stages, 

the hydrolysis of organic material has been considered the rate-limiting step in 

anaerobic digestion [22], which affecting the conversion efficiency of straw. Straw 

contains about 34-43% of cellulose, 27-32% of hemicellulose and 12-21% of lignin 

[23]. Cellulose is the main fraction of straw and can be hydrolyzed into glucose. 

However, the presence of hemicelluloses and lignin makes hydrolysis of cellulose 

difficult, so as to impede the anaerobic digestion for biogas production [24].  

Extensive studies focused on improving straw hydrolysis and increasing the biogas 

yield by chemical, physical, biological or physicochemical pretreatment technologies 

[25-29] as mentioned in section 1.2.3. However, these methods have some demerits for 

practical application, such as consumption of chemicals, energy demanded, long period, 

etc. Therefore, development of cost-effective pretreatment process of straw 

accompanied with minimum additional energy demand becomes more and more 

important and urgent. Photocatalytic technology is a promising method for 

environmental purification and energy conversion. However, there is little report on 

photocatalytic pretreatment of straw for bioenergy production. In Chapter 3, it has been 

found that alkali lignin could be decomposed and photocatalytic pretreatment exhibited 
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positive effect on methane fermentation from pretreated lignin after 120 min 

photocatalysis. Therefore, in this study, photocatalytic pretreatment of rice straw was 

carried out and the resultant rice straw and supernatant were used for methane 

fermentation. The parameters, such as size of rice straw, photocatalyst dosage, reaction 

time and rice straw dosage, were determined. 

4.2. Materials and methods 

4.2.1. Rice straw and seed sludge 

Rice straw (RS) used in this study was collected from a farm in Tsukuba City (Ibaraki, 

Japan), and cut into short pieces manually and dried at 60 ℃. Then the dried rice straw 

was milled and sieved through 30 mesh (0.6 mm), 40 mesh (0.45 mm), 50 mesh (0.355 

mm), 60 mesh (0.3 mm) sieve, respectively, and these straw particles were classified 

and named as 30M (0.45-0.6 mm), 40M (0.355-0.45 mm), 50M (0.3-0.355 mm), 60M 

(< 0.3 mm)-RS. The property of rice straw with different size is shown in Table 4-1. 

The seed sludge (SS), anaerobically digested sludge was sampled from the 

Shimodate Sewage Treatment Center (Ibaraki, Japan). After being sampled, the seed 

sludge was concentrated by centrifugation to make its total solids (TS) content around 

5% in order to avoid addition of large volume of seed sludge during the testing, which 

may cause large dilution of the tested solutions thus adding error to the testing. 

4.2.2. Photocatalytic pretreatment of rice straw 

Photocatalytic pretreatment of rice straw was carried out in a 500 mL photocatalytic 

reactor equipped with a water-cooling quartz jacket as shown in Fig. 4- 1. High pressure 

Hg lamp with wavelength 254-365 nm (HL100CH-4, Japan) was used as light source. 

The reaction suspension was firstly kept in dark for 30 min under magnetically stirring 
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in order to obtain the adsorption-desorption equilibrium on the Ag40-AgCl/ZnO 

surfaces. After that, the suspension was exposed to high pressure Hg lamp irradiation. 

During the irradiation period, a certain volume of the suspension was sampled at a fixed 

time interval and the remaining concentration was determined in the resultant 

supernatant with catalyst being separated by centrifugation at 9,100 × g for 10 min. 

Rice straw after photocatalytic pretreatment was washed with distilled water and dried 

at 60 ℃, labeled as PRS. The supernatant from photocatalytic pretreatment of rice 

straw was filtered through 0.45 μm filter and collected for anaerobic fermentation and 

labeled as RSL. 

4.2.3. Preliminary experiment 

This is the first trial for pretreatment of rice straw with photocatalytic method. In 

order to determine the range of parameters, such as size of rice straw, photocatalyst 

dosage, rice straw dosage and reaction time, a preliminary orthogonal experiment with 

3 levels and 4 parameters was carried out. The experimental design was summarized in 

Table 4-2. The distilled water used in each reaction was 100 mL. 

4.2.4. Anaerobic methane fermentation 

The methane fermentation experiments were carried out in 100 mL fermentation 

bottles with working volume of 80 mL containing 17.5% (v/v) of concentrated seed 

sludge. Table 4-3 lists the main experimental conditions. All the initial pHs of the 

substrates for fermentation trials were adjusted to around 7.0 with 1 mol/L hydrochloric 

acid and potassium hydroxide. DW was used as control to compare with photocatalytic 

pretreatment of rice straw solutions. After sealed with silica gel stoppers and injection 

of nitrogen into the reactors, the reactors were put into a temperature controlled water 
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bath (35±1 ℃). Biogas was collected with glass syringe and the volume was read 

directly by the degree scale on the syringe. Biogas composition was analyzed by gas 

chromatography. All the trials were conducted in triplicate, and average values were 

used for assessment. 

4.2.5. Analytical methods and calculations 

TS and volatile solids (VS) were determined in accordance with standard methods 

[117]. pH was determined with a pH meter (FiveEasyTM, Mettler Toledo, USA). 

Soluble total organic carbon (STOC) was measured by a TOC analyzer (TOC-VCSN, 

Shimadzu, Japan). The biogas composition was analyzed by a gas chromatography 

(GC-8A, Shimadzu, Japan) equipped with a thermal conductivity detector (80 ℃) and 

a Porapak Q column (60 ℃) using N2 as carrier gas.  

Carbohydrate was determined using the phenol-sulfuric method with glucose as 

standard [125]. Volatile fatty acids (VFAs) content was measured using a gas 

chromatograph (GC-14B, Shimadzu, Japan) 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. 

The contents of cellulose, hemicellulose and lignin were measured by using a 

modified method [126, 127]. To be briefly, weighed 1 g sample into a 300 mL iodine 

flask, and then added 100 mL neutral detergent. The iodine flask was placed into an 

autoclave sterilizer to heat insulated for 1 h, and then filtrated. The residue 1 was 

obtained after being washed by distilled water and acetone. The weight of residue 1 

(W1) was obtained after dried at 60 °C for 72 h. Put the residue 1 into a 300 mL iodine 

flask, and then added 100 mL 2 M HCl. The sample was put into an autoclave sterilizer 
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and heat insulated for 50 min at 100 °C. Residue 2 was obtained after filtrated, thereafter 

washed by distilled water to adjust the pH to 6.5-7.0. The weight of residue 2 (W2) was 

obtained after dried at 72 °C for 72 h. Residue 2 was washed twice by acetone, dried at 

60 °C, and added into a 300 mL iodine flask. After added 10 mL 72% H2SO4, residue 

2 was hydrolyzed for 1 h at 30 °C and then 90 mL by tap water was applied to keep in 

room temperature overnight. Residue 3 was obtained after being filtrated and washed 

with distilled water till the pH to 6.5. The weight of residue 3 (W3) was obtained after 

dried at 60 °C for 72 h. The W4 was obtained after ashing the residue 3 at 550 °C. The 

calculation formula were as follows:  

hemicellulose (%) = (W1 − W2)/sample weight × 100% 

cellulose (%) = (W2 − W3)/sample weight × 100% 

lignin (%) = (W3 − W4)/sample weight × 100%. 

4.3.  Results and discussion 

4.3.1. Preliminary experiment 

In order to determine the range of parameters, such as size of rice straw, 

photocatalyst dosage, rice straw dosage and reaction time, an exploratory experiment 

was carried out. Cellulose, hemicelluloses and lignin contents of rice straw after 

pretreatment are listed in Table 4-4. According to the ANOVA analysis results, p value 

of cellulose and hemicellulose were 0.004 and 9.44E-05(< 0.05), respectively, which 

indicated that the contents of cellulose and hemicellulose changed by photocatalytic 

pretreatment. However, the p value for lignin was 0.065 (> 0.05), meaning no 

significant difference existed among the lignin contents of orthogonal experiments. 

This result is mainly due to the structure of rice straw and recalcitrant nature of lignin. 

The photocatalytic pretreatment of rice straw can degrade cellulose and hemicellulose, 
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but difficult for lignin. The k value and range for each parameter is listed in Table 4-5, 

and size of rice straw shows a significant effect on hemicelluloses, cellulose and lignin 

content. In contrast, reaction time or rice straw dosage has a minor effect on the content 

of hemicelluloses, cellulose, and lignin. STOC results (in Table 4-6) for the preliminary 

experiment illustrated that size of rice straw also has important influence considering 

the quality of rice straw in the experiment. Base on the results of preliminary 

experiment, the parameters were determined in order to find the optimal condition. 

4.3.2. Effect of reaction time 

The effect of reaction time has been investigated with 60 mesh rice straw using 1 

g/L Ag40-AgCl/ZnO as photocatalyst. The result of soluble carbohydrate and STOC 

concentration is shown in Fig. 4-2. The STOC and soluble carbohydrate concentration 

increased rapidly in the first 120 min, and then tending towards stability around 300 

min. This result agreed with the preliminary experiment. Prolonging the reaction time 

did not show important influence on STOC and soluble carbohydrate concentration. 

Considering the energy consumption and cost, 120 min was used for photocatalytic 

pretreatment of rice straw.   

4.3.3. Effect of photocatalyst dosage 

Effect of photocatalyst dosage has been studied and Fig. 4-3 shows the results.  In 

the case of 0.5 g/L photocatalyst dosage, both STOC and soluble carbohydrate 

concentration were lower than 1 g/L and 2 g/L photocatalyst. 2 g/L photocatalyst dosage 

showed higher STOC value than 0.5 g/L and 1 g/L, which was also higher than the 

reaction without photocatalyst. The concentration of soluble carbohydrate increased 

with photocatalyst dosage increasing from 0.5 to 1 g/L, and then decreased when 

photocatalyst dosage raised to 2 g/L. Also, 1 g/L photocatalyst resulted in much higher 
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concentration of soluble carbohydrate than that without photocatalyst. It indicates that 

photocatalytic pretreatment of rice straw could enhance soluble carbohydrate 

concentration production in the aqueous solution. Thus, the optimal photocatalyst 

dosage was 1 g/L in this study. Lower photocatalyst dosage has inadequate active sites 

for photocatalytic reaction so as to affect the photocatalytic efficiency. On the contrary, 

excess photocatalyst in the solution would impede the light transmission and decrease 

the photocatalytic efficiency. 

4.3.4. Effect of rice straw dosage 

Fig. 4-4 shows the effect of rice straw dosage. The STOC and soluble carbohydrate 

was calculated at the basis of 1 g rice straw. Both STOC and soluble carbohydrate 

obtained high value with 10 g/L rice straw dosage. 10 g/L rice straw is the optimal 

dosage for present study. Excess rice straw in the solution would inhibit the 

photocatalysis of rice straw due to the property of photocatalytic reaction. 

4.3.5. Effect of rice straw size 

Rice straw with 40 mesh size shows the excellent STOC and soluble carbohydrate 

results comparison with other sizes as shown in Fig. 4-5. 40 mesh size is the optimal 

rice straw size in this study. Smaller size of rice straw may become a block material for 

light transmission, but larger size of rice straw is not benefitical for reaction with 

photocatalyst, which decreases the possibility of contacting with active sites on the 

photocatalyst surface. 

The optimal condition for photocatalytic pretreatment in this study is 1 g/L 

photocatalyst, 10 g/L rice straw of 40 mesh size, and the reaction time is 120 min. 
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4.3.6. Anaerobic fermentation of rice straw for methane production 

Anaerobic fermentation of rice straw before and after pretreatment was carried out 

in this study and the operation conditions were listed in Table 4-3. There was only a 

little hydrogen generated at the beginning of the fermentation. The main product in the 

fermentation was methane. Fig. 4-6 and Fig 4-7 show the daily yield and accumulative 

yield of methane. Rice straw after photocatalytic pretreatment with optimal condition 

showed positive effect on anaerobic fermentation for 60 days with methane yields 

achieving 280 mL/g-VSremoved, which was increased by 13.0 % compared to untreated 

rice straw. Their maximum daily methane production of pretreated rice straw and 

untreated rice straw were 12.88 mL/g-VSremoved and 10.44 mL/g-VSremoved respectively. 

The accumulative methane yield of SS + DW and SS + RSL were 22.11 and 44.36 

mL/g-VSremoved. With addition of RSL, the methane yield was 2 times compared with 

distilled water. It can be supposed that the photocatalytic pretreatment of rice straw 

could increase the bioavailable substrates dissolving into the aqueous solution for 

methane fermentation. The pH of SS + DW, SS + RSL, RS + DW, PRS + DW, PRS + 

RSL after 60 days fermentation were 7.05, 7.16, 6.68, 6.13, 6.37, respectively. The pH 

of RS + DW, PRS + DW, PRS + RSL after 60 days fermentation slightly decreased 

and there was little VFAs detected in the fermentation liquor, which is likely due to the 

generated carbon dioxide dissolution in the aqueous solution. However, methane 

production rate of rice straw after photocatalytic pretreatment was slowed down. It took 

46, 45 days for PRS + DW, PRS + RSL to reach 80% of the maximal methane 

production, respectively. For SS + DW, SS + RSL and SS + RS + DW, only 31, 31, and 

34 days were needed, respectively. The delay of methane production for photocatlaytic 

pretreatment rice straw could be ascribed to the effect of photocatalyst which didn’t 

completely separated from rice straw after pretreatment.  
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4.4.  Summary 

The optimal condition for photocatalytic pretreatment in this study is 1 g/L 

photocatalyst, 10 g/L rice straw of 40 mesh size, and the reaction time is 120 min with 

consideration of energy consumption and cost. Rice straw after photocatalytic 

pretreatment with optimal condition showed positive effect on anaerobic fermentation 

for 60 days with methane yields achieving 280 mL/g-VSremoved, which was increased by 

13.0 % compared to untreated rice straw. The maximum daily methane production of 

pretreated rice straw and untreated rice straw were 12.88 mL/g-VSremoved and 10.44 

mL/g-VSremoved respectively. However, methane production rate was slowed down 

when photocatalytic pretreated rice straw was used.
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Table 4- 1 Properties of rice straw with different size 

 30M* 40M 50M 60M 

Size(mm) 0.45-0.6 0.355-0.45 0.3-0.355 < 0.3 

TS % 92.1 ± 0.31 92.2 ± 0.36 92.2 ± 0.23 92.4 ± 0.31 

VS %( of TS) 17.12 ± 0.12 19.19 ± 0.18 19.35 ± 0.16 21.99 ± 0.23 

Cellulose % 38.02 ± 2.03 35.52 ± 0.54 35.63 ± 0.85 30.48 ± 0.70 

Hemicelluloses % 31.90 ± 1.03 34.28 ± 6.51 32.18 ± 2.65 31.97 ± 1.40 

Lignin % 9.92 ± 0.40 7.30 ± 0.24 7.73 ± 1.14 6.53 ± 0.31 

*M: Mesh size 
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Table 4- 2 Orthogonal experiment design for the preliminary pretreatment of rice straw* 

No. Size of RS 

( Mesh ) 

Photocatalyst dosage 

( mg ) 

RS dosage 

( g ) 

Reaction time 

( h ) 

A 40 100 1 1 

B 40 400 3 3 

C 40 700 5 5 

D 50 100 3 5 

E 50 400 5 1 

F 50 700 1 3 

G 60 100 5 3 

H 60 400 1 5 

I 60 700 3 1 

*The distilled water for each reaction was 100 mL. 
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Table 4- 3 Main experimental conditions of anaerobic fermentation* 

Items Unit SS+DW 

(1) 

SS+RSL 

(2) 

SS+RS+DW 

(3) 

SS+PRS+DW 

(4) 

SS+PRS+RSL 

(5) 

Initial pH before adjustment** -- 7.89 7.73 7.46 7.52 7.55 

Total solid (TS) % 1.14 1.11 6.34 6.26 6.15 

Volatile solid (VS, of TS) % 70.92 73.43 81.26 82.32 82.33 

Initial soluble total organic carbon 

(STOC) 

mg/L 36.6 190.2 1250 257.4 393 

Soluble carbohydrates mg/L 15.29 119.40 1029.78 106.13 237.08 

*SS: seed sludge; DW: distilled water; RS: rice straw; PRS: rice straw after photocatalytic pretreatment; RSL: liquid supernatant from 

photocatalytic pretreatment of rice straw. 

**Before fermentation, the pH values of all the fermentors were adjusted to around 7.0 with 1 mol/L HCl and KOH. 

  



 

 

7
1
 

 

 

 

Table 4- 4 Cellulose, hemicelluloses and lignin content of rice straw after photocatalytic pretreatment 

 

Experiment No. Hemicellulose 

( % ) 

Cellulose 

( % )  

Lignin 

( % ) 

A 35.82 ± 2.15 40.53 ± 0.96 7.09 ± 0.24 

B 35.28 ± 1.31 39.09 ± 0.85 8.31 ± 0.70 

C 37.56 ± 0.29 38.61 ± 0.16 8.11 ± 0.69 

D 33.86 ± 1.20 38.93 ± 0.79 8.35 ±0.31 

E 35.65 ± 1.46 36.64 2.16 7.62 ± 0.14 

F 35.23 ± 0.53 37.29 ± 1.10 7.84 ± 0.48 

G 34.84 ± 1.38 34.80 ± 1.61 7.39 ± 0.74 

H 35.19 ± 1.57 35.36 ± 1.75 7.58 ± 0.46 

I 39.31 ± 1.19 33.43 ± 1.86 7.22 ± 0.57 

P value                0.004                       9.44E-05                   0.065 
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Table 4- 5 Analysis of the signal-to-noise ratio (k value) and range for each parameter 

 

  

 Size of RS Photocatalyst dosage Reaction time RS dosage  

k1 32.73 30.62 31.72 32.61  

k2 32.08 31.5 31.61 31.24  

k3 30.63 33.33 32.12 31.6  

Range 2.1 2.71 0.51 1.37 Hemicellulose 

k1 35.61 33.53 33.81 32.66  

k2 34.54 32.98 32.61 33  

k3 28.99 32.63 32.72 33.48  

Range 6.62 0.9 1.2 0.82 Cellulose 

k1 7.08 6.69 6.72 6.46  

k2 7.28 6.98 6.98 6.99  

k3 6.21 6.91 6.87 7.12  

Range 1.07 0.29 0.26 0.66 Lignin 
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Table 4- 6 STOC results in the preliminary pretreatment of rice straw 

 Size of RS 

( Mesh ) 

Photocatalyst dosage 

( mg ) 

Reaction time 

( h ) 

RS dosage 

( g ) 

STOC 

( mg/L )  

A 40 100 1 1 294.77 

B 40 400 3 3 768.64 

C 40 700 5 5 1171.17 

D 50 100 3 5 1107.11 

E 50 400 5 1 212.29 

F 50 700 1 3 619.31 

G 60 100 5 3 727.37 

H 60 400 1 5 1120.81 

I 60 700 3 1 232.77 

k1 744.86 629.44 590.47 166.30  

k2 646.24 612.75 622.53 624.79  

k3 693.65 594.10 623.30 1045.20  

Range 98.62 35.34 32.83 878.90  
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Fig. 4- 1 Picture of photoreactor for photocatalytic pretreatment of rice straw 
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Fig. 4- 2 Effect of reaction time on photocatalytic pretreatment of rice straw 

3 g 60 mesh rice straw and 300 mg photocatalyst were add into the photocatalytic 

reactor with 300 mL distilled water 
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Fig. 4- 3 Effect of photocatalyst dosage on photocatalytic pretreatment of rice straw 

with 60 mesh size: (a) STOC, (b) soluble carbohydrate. Rice straw dosage was 10 g/L 
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Fig. 4- 4 Effect of rice straw dosage on the photocatalytic pretreatment of rice straw 

with 60 mesh size: (a) STOC, (b) soluble carbohydrate. Photocatalyst dosage was 1 g/L 
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Fig. 4- 5 Effect of rice straw size: (a) STOC, (b) soluble carbohydrate. The dosage of 

photocatalyst and rice straw was 1 g/L, 10 g/L respectively 
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Fig. 4- 6 Daily methane yield based on VSremoved in the anaerobic digestion of rice straw 

and photocatalytic treated rice straw for 60 days fermentation 

SS: seed sludge; DW: distilled water; RS: rice straw; PRS: rice straw after 

photocatalytic pretreatment; RSL: liquid supernatant from photocatalytic pretreatment 

of rice straw 
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Fig. 4- 7 Cumulative methane yield based on VSremoved in the anaerobic digestion of 

rice straw and photocatalytic treated rice straw for 60 days fermentation 

SS: seed sludge; DW: distilled water; RS: rice straw; PRS: rice straw after 

photocatalytic pretreatment; RSL: liquid supernatant from photocatalytic 

pretreatment of rice straw. Error bars represent standard deviation 

. 
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5. Conclusions 

5.1.  Synthesis of Ag-AgCl/ZnO nanorods 

New photocatalysts, Ag-AgCl/ZnO nanorods, characterized by XRD, SEM, EDS, 

PL, and DRS, were successfully synthesized in this study by using microwave assisted 

chemical precipitation and deposition-precipitation-photoreduction methods. The 

optimal preparation condition was determined at pH 9 in distilled water and 40 min for 

UV light photoreduction of Ag (i.e. Ag40-AgCl/ZnO) by degradation of methyl orange. 

Ag40-AgCl/ZnO exhibited excellent photocatalytic activity for methyl orange 

degradation under solar light and UV light irradiation. 

5.2.  Photocatalytic degradation of lignin 

Ag40-AgCl/ZnO was used to degrade lignin and exhibited excellent photocatalytic 

activity for lignin degradation, which was very stable after repeated utilization for seven 

times. The degraded lignin solution after 120 min’s photocatalytic treatment showed 

positive effect on methane and biogas production, achieving 184 mL/g-TOCremoved and 

325 mL/g-TOCremoved, respectively, which were increased by 10.9% and 23.1% 

compared to the control. The present study provides a low-cost and environment-

friendly pretreatment alternative for effective reclamation of lignin as substrate for 

biogas production in future. 

5.3. Photocatalytic pretreatment of rice straw 

This study also carried out the preliminary experiment for photocatalytic 

pretreatment of rice straw using Ag40-AgCl/ZnO as photocatalyst. The optimal 

condition for photocatalytic pretreatment in this study is 1 g/L photocatalyst, 10 g/L 
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rice straw of 40 mesh size, and the reaction time is 120 min. Rice straw after 

photocatalytic pretreatment with optimal condition showed positive effect on anaerobic 

fermentation for 60 days with methane yields achieving 280 mL/g-VSremoved, which was 

increased by 13.0 % compared to untreated rice straw. The maximum daily methane 

production of pretreated rice straw and untreated rice straw were 12.88 mL/g-VSremoved 

and 10.44 mL/g-VSremoved respectively. Photocatalytic technology is an effective and 

simple method for pretreatment of straw. However, methane production rate was slowed 

down when photocatalytic pretreated rice straw was used. The separation technology 

should be further developed. The present study provides a facile and environment-

friendly pretreatment alternative for effective reclamation of rice straw as substrate for 

methane production. 

5.4.  Future work 

The present study has developed the photocatalytic pretreatment method of rice 

straw for biogas fermentation. The photocatalytic efficiency is still as high as 

expected. The separation of photocatalyst and rice straw will be an important step for 

photocatalytic pretreatment of rice straw. In future study, the effort could be focused 

on improving the photocatalytic pretreatment condition in order to increase the 

methane yield and reforming the photocatalytic reactor to simplify the separation of 

photocatalyst and rice straw so as to reduce the influence of photocatalyst in 

anaerobic fermentation. 
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