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Renewable energy has gained more interest in the last two decades as the fossil fuel 
has been depleted and its use contributes to global warming problem. This research aimed to 
investigate the method to produce biogas from broiler manure (BM), a waste with bedding 
material that has been generated in large amounts in Thailand. In The first objective of this work 
was to examine the optimum condition for pretreating BM using the thermal-alkali pretreatment 
process. Lime was chosen as an alkali substance. Full factorial design (FFD) was used to design 
the experiments with three factors, i.e. temperature, lime concentration, and pretreatment 
duration. According to FFD results, the optimum condition for pretreating BM was at 150°C, 3% 

w/v Ca(OH)₂ solution, and 1 h pretreatment duration. The highest lignin removal efficiency from 
BM was 49.9%. 

The second objective was to investigate the effects of C/N ratio on efficiency of biogas 
production by co-digesting BM with stillage. Three different C/N ratios were chosen, i.e. 30, 40, 

and 50. The highest methane yield (247.73±6.10 mlCH₄/gVS) was achieved from stillage as the 
sole substrate. The similar methane yields found from the non-pretreated BM (164.39±6.05 

mlCH₄/gVS) and the pretreated BM (160.70±0.93 mlCH₄/gVS). Same for the co-digestion at C/N 30, 
the methane yield obtained from the pretreated BM co-digested with stillage (141.37±6.99 

mlCH₄/gVS) was not significantly different from the non-pretreated BM co-digested with stillage 

(154.53±5.79 mlCH₄/gVS). From the results, it could conclude that the thermal-alkali 
pretreatment could not achieve to increase the biogas production and the co-digestion between 
BM and stillage had an antagonistic effect in biogas production. Gomperzt model was found to fit 
better to the BMP results than the first-order model for all the experiment results. Within the 
relatively shorter period of time (around 5 or 7 d), Gompertz model could predict more than 
95% of the final methane production. 
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

 Nowadays, renewable energy is essential for replacing fossil fuels in order to 

reduce carbon dioxide emissions that contribute to greenhouse effect. Recently, 

Thailand has renewable energy policy which is supported by the government’s long-

term renewable energy (RE) plans called the 10-Year Alternative Energy Development 

Plan (AEDP 2012-2021). The AEDP is planned by Department of Alternative Energy 

Development and Efficiency, the Ministry of Energy (MoE). This plan aims to extend 

renewable energy usage to 25 percent of the final energy consumption of the 

country (Department of Alternative Energy Development and Efficiency). Anaerobic 

digestion (AD) is a biological process that has gained high interest within the few 

decades due to increasing of renewable energy requirements. Biogas is one form of 

recovering energies produced by biological treatment of wastes and can be utilized 

as fuel to generate heat and energy. There are different kinds of biomass that can be 

utilized to produce biogas such as industrial waste, agriculture biomass, and livestock 

manure. 

 In Thailand, poultry industry is one of the important livestock production 

systems which have more than 1.7 million tons of boiler chicken for consumption 

and export (Office of agricultural economics, 2014). Therefore, high volume of poultry 

litter has been generated. Poultry litter consists of the poultry waste and bedding 

material which is mostly rice husk. This waste can cause serious damage to the 

environment if it is improperly managed. Poultry waste contains many components 

which are suitable for biogas production, though poultry litter is generally reused as 

fertilizers, soil amendment, animal feed and fuel source. In addition to poultry litter 
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reused, another sustainable way for eliminating poultry waste is to be used as 

biomass for biogas production (Reza, 2016) 

 Some of the challenges for using poultry litter as the feedstock are high 

ammonia level and high lignocelluloses (Costa et al., 2012; Sakar et al., 2009). Rice 

husk is lignocellulosic biomass that contains high lignin content preventing 

accessibility of enzymatic hydrolysis. Hence, to expose the cellulose and 

hemicellulose which are embedded within lignin network and to increase 

bioconversion efficiency, the proper pretreatment must be selected for removing 

lignin content (Iiyama et al., 1994). 

 There are several pretreatment methods to enhance the digestibility of ligno 

cellulosic biomass. For thermal pretreatment, the temperature used is around 150-

180°C. Heat will affect and increase hemicellulose and lignin solubilization (Bobleter, 

1994; Garrote et al., 1999). Alkaline pretreatment causes solubilization, redistribution 

of lignin and modification in the crystalline of the cellulose (Gregg & Saddler, 1996). 

Combination of both pretreatment encourages the accessibility of enzymatic 

hydrolysis of lignocellulosic biomass. Gandi et al. (1997) used lime for thermal-

alkaline pretreatment because it is relatively cheap and safe. The temperature 

required for the thermal-alkali pretreatment process is 100-150°C which is less than 

that when the thermal pretreatment is used alone (Chang et al., 2001). 

 Nevertheless, another problem for using poultry litter as the feedstock for 

biogas production is low C/N ratio. Several studies show that to improve anaerobic 

digestion of poultry litter, combining with other wastes is necessary. Abouelenien et 

al. (2014) studied the co-digestion of poultry litter with mixture of agriculture waste; 

Gelegenis et al. (2007) studied poultry litter co-digest with whey; Sharma et al. (2013) 

studied the co-digestion of poultry litter with thin stillage. Co-digestion of manure 

with crop residues can provide better C/N ratio in the feedstock and improve on the 

biogas yield. There are several kinds of waste which has high organic content that 
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can be used for co-digestion with poultry litter such as wastewater from cassava 

factory, palm oil factory, and distillery. 

 Thailand has around 82 distilleries, not including local distilleries 

(Department, 2014), which mostly use molasses for alcohol production. High amount 

of stillage is generated and generally, the waste stream is treated while some kinds 

of stillage (stillage containing high yeast concentration) will be reused as fertilizer 

thanks to its high N, P, and K components. Although stillage could contain high 

concentration of components which are necessary for plant's growth, the waste has 

very high organic content which is difficult to treat. Accordingly, stillage discharged to 

environment has caused many problems to nature, animals, and also human. 

Anaerobic digestion can be used with stillage to produce biogas. However, due to its 

high organic content, nitrogen content is not sufficient for anaerobic biodegradation. 

Therefore, mixing stillage with other wastes is required for high organic content 

dilution and C/N ratio adjustment. 

 To our knowledge, the study of anaerobic co-digestion for biogas production 

using poultry litter and stillage as the feedstock is still lacking. Hence, the aims of this 

study are to find the optimum condition for broiler manure pretreatment using 

thermo-alkali process and to investigate effects of C/N ratio on biogas production 

efficiency when the pretreated broiler manure is co-digested with stillage. 

 

1.2 Objectives 

1. To find the optimum temperature, lime concentration and pretreatment duration 

for pretreating broiler manure using the thermal-alkaline pretreatment process 

2. To investigate effects of C/N ratios on efficiency of biogas production from the co-

digestion of broiler manure and stillage. 
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1.3 Hypothesis 

1. Pretreatment of broiler manure using thermal-alkali process can beneficially 

modify broiler manure characteristics for biogas production. 

2. Enhancement of biogas production by co-digesting pretreated broiler manure with 

stillage can be done by manipulating the C/N ratio. 

 

1.4 Scope of Study 

1. Sources of broiler manure and stillage used in this study are shown in Table 1. 

 Table 1 Broiler manure and stillage sources 

Types of 

feedstock 
Source 

Broiler manure 
Pi-kul farm 

Meawang District, Chiang Mai, Thailand  

Stillage 

Tanapakdee Co., Ltd. (Thai whiskey factory) 

315 Village No.4, Maefag Sub-District, Sansai 

District, Chiang Mai, Thailand 

 

2. Thermal-alkali pretreatment for broiler manure 

 2.1 Alkali substance used in this study is calcium hydroxide (CaOH₂). 

 2.2 Temperature, lime concentration and duration are studied factors.  

Full Factorial Design and Central Composite Design (CCD) theories are used to 

design the experiment. High and low values of each factor are selected and shown in 

Table 2 
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 Table 2 High and low values of each studied factor 

Factor Low value High value 

Temperature 85°C 150 °C 

Lime (CaOH₂) concentration 3% w/v CaOH₂ 10% w/v CaOH₂ 

Time 1 hour 3 hours 

   

 2.3 The ratio of biomass to lime solution is 1:15 (w/v, 10 g broiler manure and 

150 mL solution) (Suhardi et al., 2013). 

 2.4 The optimum condition for pretreating broiler manure is selected by 

considering % lignin removal. 

3. Effect of C/N ratios on efficiency of biogas production from the mixture of broiler 

manure and stillage are conducted using Biochemical Methane Potential (BMP) tests. 

The temperature in laboratory is controlled at 35 (±2) °C. 

4. All experiments are conducted at the Department of Environmental Engineering, 

Faculty of Engineering, and Chiang Mai University. 

The experiment framework of this research is showed in Figure 1; 

 
Figure 1 The experiment framework 

 

Thermal-alkali pretreatment for broiler manure 

- 3 studied factors, i.e. temperature, lime concentration 
and time duration. 

- FFD & CCD are used for experimental design. 

- % lignin removal  is the experimental response. 

 
BMP experiment 

- Maximum methane production  

  -Study effect of C/N ratio 
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CHAPTER 2 
THEORETICAL BACKGROUND AND LITERATURE REVIEW 

2.1 Biogas 

 Biogas generally refers to a mixture of different gas converting from organic 

matter in the absence of oxygen. Biogas can be produced by anaerobic digestion 

with anaerobic bacteria. Biogas consists of methane (50–70%), carbon dioxide (30–

50%), and trace levels of other gases such as hydrogen, carbon monoxide, nitrogen, 

oxygen, and hydrogen sulfide.Biogas is a renewable energy that can be used as a fuel 

for heating, electricity, and many other operations that use a reciprocating internal 

combustion engine. 

2.1.1 Anaerobic digestion 

 Anaerobic treatment is the biological treatment without the use of air or 

elemental oxygen. In anaerobic treatment, organic pollutants are converted by 

anaerobic microorganisms to biogas which are methane (CH4), carbon dioxide (CO2) 

and other products as showed in Equation 2.1 (Metcalf&Eddy, 2004). 

 CHONS  CH4 + CO2 + H2 + NH3 + H2S + Other products  (Eq. 2.1) 

(Organic substances) 

 The overall anaerobic conversion of biodegradable organic materials to final 

end products, methane and carbon dioxide, is occurred from the co - operation of 

two types of bacteria; acid forming or non – methanogenic bacteria and 

methanogenic bacteria. Anaerobic digestion comprises four steps (Figure 2) which 

occurred in order as followed; 
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Figure 2 Anaerobic treatment processes 

 

 Step 1 Hydrolysis 

 Large organic matter molecules, i.e. carbohydrate, protein and fat, are 

hydrolyzed into their simple monomer compounds such as glucose, amino acid and 

some fatty acids. This process is mediated by extracellular enzymes produced by 

microorganisms. 

 Step 2 Acidogenesis 

 The simple monomer compounds from the hydrolysis step are degraded 

further to volatile fatty acid such as propionic, butyric, valeric and acetic acid. 

 Step 3 Acetogenesis 

 The volatile fatty acids from the acidogenesis step are transformed by acid 

forming bacteria and hydrogen forming bacteria to acetic acid, hydrogen gas (H2) and 

carbon dioxide (Eq. 2.2 and 2.3). 
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 CH3CH2COOH + H2O                      CH3COOH + CO2 + H2  (Eq. 2.2) 

 (Propionic acid) 

 CH3CH2CH2COOH + 2H2O   2CH3COOH + 2H2O     (Eq. 2.3) 

 (Butyric acid) 

 These reactions are brought about by the facultative bacteria and the 

obligate bacteria both of which known as acid formers or non – methanogenic 

bacteria. During this step the pH of the system decreases because the production of 

acid by these bacteria. 

 Step 4 Methanogenesis 

 Finally, methane producing bacteria, known as methanogenic bacteria, 

convert acetic acid and hydrogen gas produced in the acetogenesis step to final 

products which are mainly CH4 and CO2.  This step is called the methanogenic phase 

or methanogenesis. These reactions (Equation 2.4 and 2.5) are also known as 

methane formation. 

  4H2 + CO2  CH4 + 2H2O      (Eq. 2.4) 

  CH3COOH  CH4 + 2H2O         (Eq. 2.5) 

 The accumulation of acetic acid and hydrogen gas from the previous step can 

affect methane formation, as the methanogenesis bacteria cannot survive in acidic 

conditions (Raja Priya et al., 2009).  

 

2.1.2 Advantages of anaerobic digestion 

 2.1.2.1 Less energy required 

Anaerobic process is the net energy producer instead of energy user, as in the 

case of aerobic process. The anaerobic treatments need no air supply. In contrast 

with the aerobic process that requires energy in aeration step. On the other hand, 

the anaerobic process produces methane which is the source of energy. Aerobic 
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treatment are energy-intensive process for the removal of organic matter, requiring 

0.5-0.75 kWh of aeration energy for 1 kg of COD removed (Adrianus et al., 1994). 

 2.1.2.2 Low production of biomass 

 Anaerobic treatment processes utilize more than 90% of the biological 

degradable organic matter (COD) for methane production, with only 10% or less 

converted to biomass. Because of the relatively lower growth rate of anaerobic 

microorganisms, the sludge was produced small amount. Aerobic treatment process 

generates considerable amounts of sludge. Biological oxidation of every kilogram of 

soluble BOD produces 0.5 kg of sludge. The costs of treatment and disposal of 

sludge account for 30-60% of the total operational costs in a conventional activated 

sludge process. 

 2.1.2.3 Smaller reactor volume required 

 The volumetric organic loading rates normally used for that anaerobic process 

are 5-10 times higher than for aerobic process (Speece, 1996), so smaller reactor 

volumes and less space may be required for treatment. The large volumetric organic 

loading rate can be applied. Moreover, the land requirements for the anaerobic 

treatment unit are reduced. 

 2.1.2.4 Low nutrient requirement 

 Owing to the lower biomass synthesis rate during the anaerobic process, the 

nutrient requirements are considerably lower, with the anaerobic process requiring 

just 20% of the nutrients required for the aerobic process. The cost for nutrient 

addition is much lesser in anaerobic process for anaerobic process because less 

biomass is produced. 

 2.1.2.5 Ability to reduce concentrations of refractory organics 

 With proper acclimation, many of the previously identified refractory organics 

such as carbon tetrachloride, chloroform, trichloroethylene, formaldehyde, and 
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phenol have been successfully transformed to a lower toxic by anaerobic 

microorganisms (LaGrega et al., 2006). 

 

2.1.3 Disadvantages of anaerobic treatment process 

 2.1.3.1 Operation consideration 

 Anaerobic processes require long start-up time, their sensitivity to possible 

toxic compounds, operational stability, the potential for odor production, and 

corrosiveness of the digester gas are considered to be problematic. However, with 

proper wastewater characterization and process design these problems can be 

avoided and/or managed. 

 2.1.3.2 Need for alkalinity addition 

 Alkalinity in wastewater results from the presence of hydroxide (OH-), 

carbonates (CO3
2-) and bicarbonates (HCO3

2-). The alkalinity in wastewater helps to 

resist changes in pH cause by the presence of acid.  Alkalinity concentration of 2000 

to 3000 mg/l as CaCO3 may be needed in anaerobic process to maintain an 

acceptable pH with the high gas phase CO2 concentration (Metcalf&Eddy, 2004). 

2.2 Pretreatment methods for substrates 

 When considering particulate substrates like solid wastes or lignocellulosic 

waste, both accessibility of hydrolytic microorganisms to the solid matter and 

hydrolysis of the complex polymeric components constitute the rate-limiting step 

(Eastman & Ferguson, 1981). Therefore, one way of improving performance of 

digesters treating solid wastes is reduction in the size of the particles: thus, 

pretreatment of the substrate by mechanical disintegration should have positive 

effects on the anaerobic biodegradability of the substrate, through an increase of the 

available specific surface to the medium. The other way of improving performance is 

to promote hydrolysis of organic matter by a pretreatment of the substrate. Such 
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pretreatments, breaking the polymer chains into soluble components, can be mainly 

biological, chemical, or physico-chemical. 

 Whatever the pretreatment may be, the objectives are to obtain an extension 

and an acceleration of the anaerobic process, an increased amount of biogas as well 

as reduction of the amount of anaerobic sludge and of the digestion time (Hartmann, 

2003). 

 There are many types of the pretreatment methods in anaerobic digestion. 

 1. Physical pretreatments: mechanical: ultrasound, mechanical jet, and 

mechanical ball mill, thermal, and ultrasonic pretreatment 

 2. Chemical pretreatments: alkali, green solvents (ionic liquid), wet oxidation, 

and acid hydrolysis 

 3. Physicochemical pretreatments: steam-explosion, liquid hot water (LHW), 

ammonia fiber explosion (AFEX), ammonia recycles percolation (ARP), supercritical 

fluid (SCF) 

 4. Biological pretreatments: microorganisms, and enzymatic 

 5. Combination 

 According to Taherzadeh and Karimi (2008), an effective pretreatment should 

meet the following requirements: 

 - Avoiding formation of the possible inhibitors for hydrolytic enzymes and 

fermenting microorganisms 

 - Minimizing the energy demand 

 - Reducing the cost of size reduction for feedstock 

 - Reducing the cost of material for the construction of pretreatment reactors 

 - Producing less residues 

 - Consumption of little or no chemical and using a cheap chemical 

 When the common pretreatments do not have efficient results, combined 

pretreatment can be used. 
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 Physical pretreatment involves breakdown of particle size and crystalline 

structure mostly by milling and grinding. The energy requirement depends on the 

final particle size and reduction in crystallinity of lignocelluloses biomass which in 

most case, energy consumption is higher than the energy content in biomass 

(Brodeur et al., 2011).  

 Biological pretreatment involves using the microorganisms which focus on 

degrade lignin and hemicelluloses by lignin degrading enzyme in fungi. Although the 

biological pretreatment can work in mild conditions and has low cost, the drawbacks 

are low hydrolysis rate and long pretreatment period (Brodeur et al., 2011). 

 Alkali pretreatment refers to the application of alkaline solutions such as 

NaOH, Ca(OH)2 (lime) or ammonia that causes structural alteration of lignin, cellulose 

swelling, partial decrystallization of cellulose, and partial solvation of hemicellulose 

(Brodeur et al., 2011). The alkali pretreatment can result in a sharp increase in 

saccharification, with manifold yields (Kassim & El-Shahed, 1986). Pretreatment can 

be performed at low temperatures but with a relatively long time and high 

concentration of the base. Sun et al. (1995) studied the effect of various alkali 

solutions to wheat straw by analyzing the delignification and the dissolution of 

hemicellulose. They found that using 1.5% sodium hydroxide at 20°C for 144 hours 

achieved the best results in 60% lignin removal and 80% release of hemicellulose. 

Silverstein et al. (2007) studied the effectiveness of sulfuric acid, sodium hydroxide, 

hydrogen peroxide, and ozone pretreatments for enzymatic conversion of cotton 

stalks. They found that sodium hydroxide pretreatment resulted in the highest level 

of delignification (65% with 2% NaOH in 90 min at 121°C) and cellulose conversion 

(60.8%). With including high temperature, the alkali pretreatment can perform in 

shorter time. Compared with acid or oxidative reagents, alkali treatment appears to 

be the most effective method in breaking the ester bonds between lignin, 

hemicellulose and cellulose, and avoiding fragmentation of the hemicellulose 
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polymers (Gáspár et al., 2007).For using lime pretreatment, A positive effect of lime is 

that it is relatively cheap and safe (Gandi et al., 1997). 

 

 Thermal-chemical pretreatment is a physical-chemical pretreatment. 

Thermal-chemical hydrolysis of particulate COD is commonly carried out with 

alkaline agents. Stuckey and McCarty (1978), working with waste-activated sludge 

(WAS), reported that under thermal-chemical pretreatment, WAS would react in the 

following ways: lipid are hydrolyzed under acid or alkaline conditions to glycerol and 

fatty acids; carbohydrates, and more particularly bacterial polysaccharides, are 

hydrolyzed to simpler polysaccharides or sugars; protein are hydrolyzed by acid 

solutions to amino acid monomers. Amino acids can be further degraded to 

ammonia and organic acids. Under alkaline conditions, proteins can also be 

hydrolyzed; however, the rate and extent are generally less than with acid. High 

temperature and extremes in pH increase the rate of polymerization. Many authors 

have compared the efficiency of thermal, chemical or thermal-chemical 

pretreatment (Prenaud, 1998; Stuckey & McCarty, 1978; Tanaka et al., 1997) and 

observed that the best performances in terms of COD solubilization and anaerobic 

biodegradability were obtained when thermal-chemical pretreatment was used. 

 Hendriks and Zeeman (2009) reviewed the pretreatments to enhance the 

digestibility of lignocellulosic biomass. They reported that for thermal pretreatment, 

if the temperature increases above 150-180°C. Heat will affect and increase 

hemicellulose and lignin solubilization (Bobleter, 1994; Garrote et al., 1999). A 

systematic study of alkali pretreatment conditions suggested that for short 

pretreatment times (1-3 h), high temperatures (85-135°C) were required to achieve 

high sugar yields, whereas for long pretreatment times (e.g., 24 h), low temperatures 

(50-65°C) were effective (Chang et al., 1998). Therefore, the combination of thermal 
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pretreatment with alkali pretreatment was used. This pretreatment is usually carried 

out at temperature of 100-150°C (Chang et al., 2001). 

Table 4 Advantages and disadventages of different pretreatment of lignocellulose 
biomass 

Pretreatment 
process 

Advantages Limitation and  disadvantages 

Acid 
hydrolysis 

Hydrolyzes hemicellulose to 
xylose and other sugars: alters 
lignin structure 

High cost; equipment corrosion; 
formation of toxic substances 

Increase in porosity/increased 
enzymatic hydrolysis 

Generation of furfural/ 
hydroxymethyl furfural;  need for 
recycling; costly 

Alkaline 
hydrolysis 

Removes hemicelluloses and 
lignin; increase accessible 
surface area 

Long residence times required; 
irrecoverable salts formed and 
incorporated into biomass 

Formation of salts of calcium 
and magnesium 

Organosolv 

Hydrolyzes lignin and 
hemicellulose; pure lignin 
obtained and used as value 
added product 

Solvents need to be drained 
from the reactor, evaporated, 
condensed, and recycled; high 
cost; solvents inhibit enzymatic 
hydrolysis 

AFEX 

Increases accessible surface 
area, removes lignin and 
hemicellulose to an extent; 
does not produce inhibitors 
for downstream processes; 
decrystallization of cellulose 
 

Not efficient for biomass with 
high lignin content; costly 
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Pretreatment 
process 

Advantages Limitation and  disadvantages 

Ammonia 
treatment 

Removal of lignin/ 
decrystallizing cellulose 

Removal of ammonia; costly 

Mechanical 
comminution 

Reduces cellulose crystallinity Power consumption usually 
higher than inherent biomass 
energy 

Stream 
explosion 

Causes hemicellulose 
degradation and lignin 
transformation; cost-effective  

Destruction of a portion of the 
xylan fraction; incomplete 
disruption of the lignin-
carbohydrate matrix; generation 
of compounds inhibitory to 
microorganisms 

CO2 explosion Increases accessible surface 
area; cost-effective; does not 
cause formation of inhibitory 
compounds 

Does not modify lignin or 
hemicelluloses 

Pyrolysis Produces gas and liquid 
products 

High temperature; ash 
production 

Ozonolysis Reduces lignin content; does 
not produce toxic residues 

Large amount of ozone required; 
expensive 

Lignin is damaged; cellulose/ 
hemicellulose unaltered 

Biological Degrades lignin and 
hemicelluloses; low energy 
requirements 

Rate of hydrolysis is very low; a 
part of fermentable sugars are 
utilized as carbon source 

Wet oxidation Treatment of wastes Costly 

Microwave 
treatment 

Cheap; generates less 
pollution 

Degradation of cellulose/ 
hemicellulose 

(Adapted from Chaturvedi and Verma (2013); Kumar et al. (2009)) 
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Table 5 Alkaline pretreatment of lignocellulosic feedstock for biogas production 

Feedstock 
Pretreatment 

conditions 
Results References 

- Agricultural residuals: 

Wheat straw, rice straw, 

corn stover, sugar beet 

leaves, maize, ensiled hay, 

sugarcane bagasse, 

rapeseed, sunflower stalks, 

grape pomace, and OPEFB  

- Forest residuals: fallen 

leaves  

- Hardwood: birch  

- Softwood: spruce and 

pine  

- Grass: switch grass, 

smooth cord grass and 

Jose tall wheatgrass  

- MSW: OFMSW and paper 

pulp/ sludge  

- Chemicals:  

NaOH, Ca(OH)2, 

CaO, KOH, and 

NH3H2O  

- Chemical 

loading: 

1-10% (g/g) 

- Temperature:  

15-170ºC  

- Time:  

1 h to 10 days  

- Positive effect in 

most cases with 

3.2% to 2.3 folds 

increase of 

methane yield.  

- Negative effects 

also occurred in 

very few cases. 

- In general, it is 

more effective on 

biomass 

containing more 

lignin 

(Azzam & 

Nasr, 1993; 

Chandra et 

al., 2012; 

Himmelsbac

h et al., 

2010; Liew 

et al., 2011; 

Mirahmadi 

et al., 2010; 

Zhu et al., 

2010) 

 

2.3 Co-digestion 

 Co-digestion is defined as anaerobic treatment of a mixture of at least two 

different waste types. The mixing of several waste types has positive effects both on 

the anaerobic digestion process and on the treatment economy. 

 The profit of co-digestion in the anaerobic degradation process is mainly 
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within the following areas: 

 - Increasing the methane yield 

 - Improving the process stability 

 - Achieving a better handling of the waste 

 Generally, the key for co-digestion lies in balancing several parameters in the 

co-substrate mixture. Some qualities of each co-substrate can be advantageous for 

use in the biogas process whereas other qualities can hinder the degradation solely 

of each waste type (Hartmann, 2003), these qualities are; 

 - Macro- and micronutrients 

 - C/N ratio 

 - pH 

 - Inhibitors/toxic compounds 

 - Biodegradable organic matter 

 - Dry matter 

 The balance of nutrients, an appropriate C/N ratio and a stable pH are 

prerequisites for a stable process performance with low C/N ratio. The optimal range 

of C/N ratio is 20:1-30:1 (Hawkes, 1980). Nutrient deficiency of a given waste can be 

adjusted by co-digestion together with a nutrient-rich waste type. The problem 

associated with ammonia toxicity can be corrected by dilution of the ammonia 

concentration in the liquid phase, or by adjusting the C/N ratio of the feedstock 

(Kayhanian & Tchobanoglous, 1992). The pH can be balanced by addition of waste 

with a high buffer capacity, which protects the process against failure due to pH drop 

when the VFA concentration increases. Referring to the effect on the degradation of 

toxic substances by co-digestion, it is not only the dilution by addition of other waste 

that serves as a benefit (Hamzawi et al., 1998). Furthermore, detoxification of toxic 

compounds can be achieved in the co-substrate mixture by, for example, co-
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metabolic mechanisms, where a compound is transformed along with the general 

metabolism of microbes using a primary substrate. For example, it has been shown 

that waste containing tetrachloroethene (PCE) in concentration up to 100 ppm can 

be degraded in co-digestion with manure (Ahring et al., 1996). 

 In the treatment of organic waste with a high content of recalcitrant organic 

matter (i.e. lignocellulose), the co-digestion with waste rich in easily biodegradable 

organic matter will be advantageous for obtaining a higher biogas yield. Besides 

achieving a better economic feasibility of the treatment, the addition of easily 

degradable material has been shown to stabilize the anaerobic digestion process if 

added in a controlled fashion (Mathrani et al., 1994). This effect could partly be due 

to a higher active biomass concentration in the reactor, which will be more resistant 

to inhibitory compounds. Furthermore, the inorganic parts of some organic wastes, 

such as clays and iron compounds, have been shown to counteract the inhibitory 

effect of ammonia and sulphide, respectively (Ahring et al., 1992b). Finally, the 

dilution of waste with high TS such as the organic fraction of municipal solid wastes 

(OFMSW) by co-digestion with waste with a lower TS concentration such as manure 

resolves problems of pumping and mechanical treatment of solid waste (Angelidaki, 

1997). 

Abouelenien et al. (2014) studied the co-digestion of chicken manure (CM) 

with mixture of agriculture wastes (AWS). Two types of anaerobic digestion process 

were used, process 1 (P1) using fresh CM (FCM) and process 2 (P2) using treated CM 

(TCM), ammonia stirpped CM, were conducted. The results showed that methane 

production in P1 was increased by 93% and 50% compared to control ( without 

AWS) with the maximum methane production of 502 and 506 ml/gVS obtained at 

55°C and 35°C, respectively. Additionally, 42% increase in methane production was 
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observed with maximum volume of 695 506 ml/gVS comparing P2 test with P2 

control under 55°C.  

 Sharma et al. (2013) studied the Improving biogas production by the co-

digestion of poultry litter and thin stillage. The experiment was conducted at 4 

different poultry litter: thin stillage ratios: 80% poultry litter: 20% thin stillage, 

followed by successive ratios of 60:40, 40:60, and 20:80. The control of this 

experiment was 100% poultry litter. They found that after a period of adaptation to 

20% and 40% stillage, digester performance showed increases in biogas, percent 

methane and COD removal. Peak performance occurred with 60% thin stillage. 

However, 80% thin stillage caused significant reduction of performance, including 

declines of methanogenic activity and COD removal. In conclusion, co-digestion of 

poultry litter with thin stillage improved biogas production, but thin stillage became 

inhibitory at high concentration. 

 

2.4 Biochemical Methane Potential (BMP) Test 

 The BMP assay was developed as a standardized method to determine the 

ultimate biodegradability and associated methane yield during the anaerobic 

digestion of organic substrates (Chynoweth et al., 1993). 

 In the past, the cause of anaerobic system failures has been difficult to assess 

because of the complex mixture being treated. Other difficulties include analysis for 

the great variety of potential inhibitors, and the lack of understanding of the 

interactions between inhibitors, other constituents in the digesting mixture, and the 

methanogenic bacteria. Bioassay techniques for measuring the presence or absence 

of inhibitory substances offer the most promise for resolving anaerobic treatment 

problems because they are relatively simple and inexpensive, and do not require 

knowledge of specific inhibitory substances. Also, bioassay techniques are essential 
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for determining biodegradability since no chemical procedure is available which 

distinguishes between biodegradable and non-biodegradable organics (Owen et al., 

1979). 

 The BMP tests are conducted in batch conditions and in bench scale, 

measuring the maximum amount of biogas or bio-methane produced per gram of 

volatile solid (VS) contained in the organics used as substrates in the anaerobic 

digestion process. Also, the BMP are available to assist with site specific design 

criteria. Through stoichiometric conversion, CH₄ production is directly related to 

organic degradation; 395 mL CH₄ equals 1 g COD reduction at 35 °C (Speece, 1996). 

 Nielfa et al. (2015) studied methane production from the co-digestion of 

organic fraction municipal solid waste and biological sludge. Biochemical Methane 

Potential (BMP) test was used to determining the optimum co-digestion ratio. Several 

equations were used to study not only methane production, but also COD removal, 

element composition analysis, and biodegradability. Two different models first-order 

model (FO) and Gompertz model (GM) were applied to the experiment BMP results 

to determine the optimum equation that fit with these kinds of wastes and evaluate 

the parameter that had influence on the anaerobic digestion process. Predictions of 

maximum methane production by both models were compared to the final 

methane production achieved by the experiment. The results indicated that all the 

co-digestion mixtures increased the methane production from sole substrates. Co-

digestion of 80% OFMSW and 20% biological sludge obtained the highest increase. 

Gompertz model was fit better than first-order model in these two substrates and 

could predict the final production in just 7 days after startup the experiment, saving 

time and costs for the experiment, with high reliability. 
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CHAPTER 3 
METHODOLOGY 

3.1 MATERIALS 

3.1.1 Chemical reagents 
1. Analytical reagent grade calcium hydroxide (CaOH2)  RCI Labscan 

2. Cetyltrimethylammonium bromide (CTAB)   MERCK  

3. Sulfuric acid (H2SO4) 98%      RCI Labscan 

3.1.2 Analytical Instruments 
1. 29 L oil bath (Oil bath one 29, Memmert) 

2. Foil  

3. Palm oil 

4. Deionized water 

5. wire screen  

6. sintered glass filter crucible 30 ml 

7. Vacuum filtration apparatus  

8. Vacuum pump  

9. COD reflux condenser 

10. Hot plate 

11. Oven 

12. Furnace 

13. pH meter 

14. Desiccator  

15. Normal saline glass bottle 1000 ml 

16. Septum 

17. Hypodermic needle (27Gx1”, 23Gx1”, NIPRO) 



 
 

 

23 

18. Portable gas pressure meter 

19. Portable biogas analyzer (BIOGAS 5000, Geotech) 

3.1.3 Materials 

1. Broiler manure 

 Broiler manure was collected from Pi-kul farm, Meawang District, Chiang Mai, 

Thailand. In this research, broiler manure comprised both manure and bedding 

materials which was rice husk. The collected broiler manure was manually 

disintegrated and completely mixed before using in the experiment. 

 2. Stillage  

 Stillage was collected from Tanapakdee Co., Ltd. (Thai whiskey factory) which 

is located in Sansai District, Chiang Mai, Thailand. This factory produces whiskey from 

fermented molasses. The collecting point was the effluent storage pond of Distillery 

section. The collected stillage was stored in 4°C room prior use. The characteristics of 

the collected stillage are shown in Table 6. 

 Table 6 Characteristics of stillage  
Characteristic Stillage 

Flow rate (m³/d) 420 

pH 5.10 

Temperature (°C) 54 

Color Very black and turbid 

BOD 57,810 

COD 194,850 
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3. The inoculums  

The inoculums (seed) was collected from an Up flow Anaerobic Sludge 

Blanket Reactor of Tanapakdee Co., Ltd. (Thai whiskey factory). The collected seed 

was stored in 4°C room prior use.  

The characteristic of broiler manure, stillage, and inoculums are represented 

in Table 7. 

Table 7 Characteristics of broiler manure, stillage, and inoculums  

Characteristic Broiler manure Pretreated broiler manure Stillage Inoculum 

Moisture,% 9.18 3.74 86.28 91.04 

TS,% 90.82 96.26 13.72 8.96 

VS,%TS 78.16 73.33 74.19 52.10 

VS, g/g 0.7098 0.7059 0.1018 0.0467 

MLSS, mg/l 
 

 
 

593312* 

MLVSS, mg/l 
 

 
 

24750* 

Density, g/ml 0.73 0.69 1.06 1.02 

C/N ratio 26.77  112.05 
 

* Ratio of MLVSS to MLSS of the inoculum was rather low. This was the result 

of the UASB reactor used at Tanapakdee Co., Ltd. Was not fed regularly. Considering 

only its MLVSS concentration, this inoculum could still be used as the seed for the 

BMP test 

4. Calcium hydroxide 

 Analytical reagent grade calcium hydroxide (RCI Labscan, Thailand) was used 

in the experiment. The properties of CaOH₂ were summarized in Table 8. 
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Table 8 Chemical properties of Calcium hydroxide used in this study  

Properties Calcium hydroxide 

Molecular formula Ca(OH)₂ 

Molecular weight 74.09 g/mol 

Purity >95% 

Density 2.24 g/cm³ 

Melting point 550°C 

(RCI Labscan, Thailand) 

3.2 METHODS  

In order to determine the optimum condition for broiler manure 

pretreatment using the thermo-alkali process and investigate effect of C/N ratios on 

biogas production potential from the co-digestion of pretreated broiler manure and 

stillage, the methodology of this research can be explained as following; 

 

3.2.1 Broiler manure pretreatment using thermal-alkali process 

3.2.1.1 Details of experiments 

 Thermo-alkaline process was used for pretreating broiler manure 

contaminating by considerable amounts of rice husk. Ca(OH)₂ was chosen as it has 

been found to be effective for pretreating the lignocellulosic biomass (Table 3 and 4) 

and had low cost compared to other alkalis. 

1. The experimental designs 

  To obtain the pretreatment optimum condition, experiments were 

designed using the 2-level Full Factorial and Central Composite Design of 

experiment. For the Full Factorial Design, numbers of experiment would equal to  . 

k is a number of factors in the experiments and the levels of each factor are defined 
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as high and low. MINITAB17 program calculated all states by using considered factors 

in the experiment which were temperature, alkaline concentration, and pretreatment 

duration. In total,   or 8 experiments were conducted. High and low levels of each 

studied factor are shown in Table 9. Each experiment was replicated 2 times.  

 Table 9 Levels of each studied factor 

Factor 
Level 

High Center Low 

Temperature, °C 150 117.5 85 

Ca(OH)₂ concentration, %w/v 10 6.5 3 

Duration, h 3 2 1 

 Level of each studied factor was set using the appropriate range reported in 

previous studies (Hendriks & Zeeman, 2009; Silverstein et al., 2007; Sun et al., 1995a; 

and table 5). 

  In addition, to analyze the possible curvature of the experiment 

response, 3 experiments were also done at the center point value of each studied 

factor. The response for result analysis was lignin removal efficiency. Results from the 

full factorial experiment showed the curvature relationship between the studied 

factors and lignin removal efficiency. Therefore additional experiments designed 

based on the Central Composite Design of experiments were also conducted. These 

additional six experiments were conducted at the axial point and also replicated. 

Details of each experiment are shown in Table 10.  

2. Experiment method 

  All 31 experiments shown in Table 10 were carried out in 250 ml 

flasks. Each flask contained 10 g of broiler manure mixed with 150 ml CaOH₂ 

solution (Suhardi et al., 2013). Temperature of the flask content was controlled by 
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submerged in the 29 L oil bath (Oil bath one 29, Memmert) filled with palm oil. After 

completion of experiment, the mixture was filtered through a wire screen to separate 

the solid residue. The residue was washed with distilled water until neutral pH was 

achieved. The sample was air dried and used for lignin measurement (Appendix A). 

Table 10 Studied conditions of experiments for determining pretreatment optimum 
condition 

No. 

Coded value Actual value 
Experiment 

portion 
Temp. 

(°C) 

Ca(OH)₂ 

conc. (%) 

Time 

(h) 

Temp. 

(°C) 

Ca(OH)₂ 

conc. (%) 

Time 

(h) 

F1 -1 -1 -1 85 3 1 

Factorial 

Portion 

F2  1 -1 -1 150 3 1 

F3 -1  1 -1 85 10 1 

F4  1  1 -1 150 10 1 

F5 -1 -1  1 85 3 3 

F6  1 -1  1 150 3 3 

F7 -1  1  1 85 10 3 

F8  1  1  1 150 10 3 

F9* -1 -1 -1 85 3 1 

Replicated 

Factorial 

Portion 

F10*  1 -1 -1 150 3 1 

F11* -1  1 -1 85 10 1 

F12*  1  1 -1 150 10 1 

F13* -1 -1  1 85 3 3 

F14*  1 -1  1 150 3 3 

F15* -1  1  1 85 10 3 

F16*  1  1  1 150 10 3 
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No. 

Coded value Actual value 
Experiment 

portion 
Temp. 

(°C) 

Ca(OH)₂ 

conc. (%) 

Time 

(h) 

Temp. 

(°C) 

Ca(OH)₂ 

conc. (%) 

Time 

(h) 

C1 0 0 0 117.5 6.5 2 
Center 

points 
C2 0 0 0 117.5 6.5 2 

C3 0 0 0 117.5 6.5 2 

A1 -1.633 0 0 64.4 6.5 2 

Axial points 

A2  1.633 0 0 170.6 6.5 2 

A3 0 -1.633 0 117.5 0.8 2 

A4 0  1.633 0 117.5 12.2 2 

A5 0 0 -1.633 117.5 6.5 0.37 

A6 0 0 1.633 117.5 6.5 3.63 

A7* -1.633 0 0 64.4 6.5 2 

Replicated 

Axial points 

A8*  1.633 0 0 170.6 6.5 2 

A9* 0 -1.633 0 117.5 0.8 2 

A10* 0  1.633 0 117.5 12.2 2 

A11* 0 0 -1.633 117.5 6.5 0.37 

A12* 0 0 1.633 117.5 6.5 3.63 

* Replicated experiment 

3.2.2 Effects of C/N ratios on biogas production potential from the co-digestion 
of pretreated broiler manure and stillage 

3.2.2.1 Details of experiments 

1. Experiment method 

  The Biochemical Methane Potential (BMP) test was performed in this 

part of the study in 1000 ml glass bottles. Firstly, seed was added into the bottle. 
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Then substrate or mixture of substrates was added. The substrate/Inoculum ratio (S/I 

ratio) was kept constant at 1:2gVS/gVS. S/I ratio can be represented as the amount of 

VS in the substrate per the amount of VS originating from inoculum. Chynoweth et 

al. (1993) reported that maximal methane yields were obtained with S/I ratios of 0.5 

to 1.0. If the volume of seed and substrate was less than working volume of each 

bottle (500 ml), deionized water was added. The bottle was purged with N₂ gas for 3 

minutes to get rid of O₂ and then sealed with a septum. Volume of biogas produced 

daily was calculated from the measured pressure inside the bottle. The bottle was 

shaken completely daily before pressure measurement. When the pressure of biogas 

reached 400 mbar, biogas composition was measured using the portable biogas 

analyzer (BIOGAS5000, Geotech) (Appendix A). The reaction was completed when the 

daily biogas production of less than 1% of the whole production was detected for at 

least 3 days (Nielfa et al., 2015). Details of substrate or mixture of substrate used in 

each experiment and BMP test design are shown in Table 11 and 12. Each 

experiment was replicated 3 times. 

Table 11 Substrates for BMP and ratio of mixture 

Experiment  Substrate 

Blank Only inoculum 

nonPret.BM Non-pretreated broiler manure  

Pret.BM Pretreated broiler manure 

Stillage Stillage 

Co-digestion 1 Non-pretreated broiler manure + stillage at C/N ratio = 30 

Co-digestion 2 Pretreated broiler manure+ stillage, C/N ratio = 30 

Co-digestion 3 Pretreated broiler manure+ stillage, C/N ratio = 40 

Co-digestion 4 Pretreated broiler manure+ stillage, C/N ratio = 50 
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Table 12 BMP test design 

Experiment 
Substrate 

Inoculum, ml Broiler manure, g Stillage, ml 

Blank 209.93 - - 

nonPret.BM 209.93 7.04 - 

Pret.BM 209.93 7.04 - 

Stillage 209.93 - 46.34 

Co-digestion 1 209.93 6.17 5.77 

Co-digestion 2 209.93 6.17 5.77 

Co-digestion 3 209.93 4.28 18.21 

Co-digestion 4 209.93 3.06 26.23 

   (Appendix B) 

2. BMP mathematical models 

Anaerobic digestion process could be described by different kinetics 

depending on various parameters e.g. the experiment condition and types of organic 

matter. Biodegradable kinetics and methane production could be used to predict 

methane potential of specific substrates. In this work, some kinetic parameters were 

derived by fitting the results from the BMP tests to two mathematical models using 

Excel program analyzed for the specific methane yield (mlCH4/gVS). 

- First-order model (FO) 

Generally, anaerobic digestion is described as a first-order reaction 

which is the simplified model. The hydrolysis rate of particular organic matter and 

the cumulative methane yield are kinetics that can be derived from this equation 

(Eq. 3.1).  

  𝛾  (  𝑒𝑥𝑝(   ))    (Eq. 3.1) 
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Where P is the specific methane yield at given time (mlCH4/gVS): 𝛾 is the 

maximum methane potential at an infinite time (t) (mlCH4/gVSadded): k is the 

hydrolysis rate constant (d-1). 

- Modified Gomperzt model (GM) 

For this model, biogas production is assumed to be proportional to 

microbial activity. This model is originally used for describing the growth of bacteria 

in batch mode and is used to predict the methane production (Nielfa et al., 2015) 

(Eq. 3.2) 

  𝛾𝑒𝑥𝑝 ( 𝑒𝑥𝑝 (
𝐾(  𝑡)𝑒 

𝛾
  ))  (Eq 3.2) 

Three parameters are needed for the prediction of methane 

production (P):  

- The maximum volume accumulated at an infinite digestion time (t); 

𝛾(mlCH4/gVSadded) 

- The specific rate constant; Rm(mlCH4/gVS/d) 

  - The lag phase time constant;   (d) 

However, as the model could not completely predict the 

experimental results, a relative error should also be calculated according to (Eq. 3.3). 

𝑒     ( )   (
𝛾    𝛾  

𝛾   
)         (Eq. 3.3) 

Where 𝛾𝑒   is the maximum methane yield from the experiment 

(mlCH4/gVS): 𝛾𝑡 is the maximum methane yield from the mathematical model 

(mlCH4/gVS). 
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3. Synergistic effects 

Synergistic effects are from the inner reactions created by the co-

digestion of substrates that influence biogas production. According to the proportions 

of each substrate in the mixture and the individual methane potential, the synergistic 

effect could calculate according to this equation (Eq. 3.4) 

𝛾𝑡  (𝛾   𝑒    𝑡  𝑡𝑒    )  (𝛾   𝑒    𝑡  𝑡𝑒    ) (Eq. 3.4) 

  Where 𝛾𝑡  is the maximum methane yield from the co-digestion 

(mlCH4/gVS): 𝛾   𝑒    𝑡  𝑡𝑒  is the maximum methane yield from the substrate 

alone (mlCH4/gVS): X1 and X2 are the percentages of each sole substrate in the co-

digestion mixture. 

3.3 Physical and chemical analysis 

 Samples were taken for measurement during each experiment. Details of 

parameter, sampling, frequency, and analytical method used are tabulated in Table 

13. 

Table 13 Details of parameter and analysis 

Parameter 
Frequency 

Analytical Method 
Pretreatment BMP 

pH - Startup - final pH meter  

TS - Startup - final Gravimetric Method 

VS - Startup - final Gravimetric Method 

% lignin  Startup - final - Acid detergent fiber and lignin 

Biogas pressure - Everyday Portable gas pressure meter 

Biogas 

component 
- 

When pressure 

reach 400 psi 
Portable biogas analyzer 

(APHA, 2006) 
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CHAPTER 4 
RESULTS AND DISCUSSION 

In order to determine the optimum condition for broiler manure 

pretreatment using the thermo-alkali process, the experiments were designed by Full 

Factorial design (FFD). Results obtained from all experiments can be presented as 

following 

4.1 Results of thermal-alkali pretreatment 

4.1.1 Full Factorial Design (FFD) 

4.1.1.1 Factorial analysis  

Values of 3 studied factors, i.e. temperature, lime concentration, and 

pretreatment duration, at each condition (F1-F16) along with three experiments 

conducted at center point (C1-C3) are shown in Table 9. Response of each 

experiment used for result analysis was % lignin removal. Results of the experiments 

are shown in Table 14. 

Table 14 Lignin removal efficiency obtained from experiments 

No. Temperature (°C) Ca(OH)₂conc.(%) Time (hr) % lignin removal 

F1 85 3 1 26.6 

F2 150 3 1 54.0 

F3 85 10 1 2.9 

F4 150 10 1 17.0 

F5 85 3 3 4.9 

F6 150 3 3 33.5 

F7 85 10 3 19.2 

F8 150 10 3 51.2 
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No. Temperature (°C) Ca(OH)₂conc.(%) Time (hr) % lignin removal 

F9* 85 3 1 11.0 

F10* 150 3 1 43.7 

F11* 85 10 1 -3.7 

F12* 150 10 1 52.4 

F13* 85 3 3 -2.1 

F14* 150 3 3 49.9 

F15* 85 10 3 21.4 

F16* 150 10 3 35.3 

C1 117.5 6.5 2 43.4 

C2 117.5 6.5 2 38.0 

C3 117.5 6.5 2 38.2 

* Replicated experiments 

 From factorial analysis of experiments obtained from MINITAB 17, results of 

analysis of variance (ANOVA) and linear regression analysis to determine the effects 

of studied factors on lignin removal are shown in Table 15 and Table 16, 

respectively.  

Table 15 ANOVA of lignin removal 
Source DF Adj SS Adj MS F P 

Model 5 5378.34 1075.67 10.80 0.000 

Linear 3 4172.42 1390.81 13.96 0.000 

Temperature 1 4124.85 4124.85 41.42 0.000 

Lime Concentration 1 41.93 41.93 0.42 0.528 

Duration 1 5.64 5.64 0.06 0.816 

2-Way Interactions 1 724.96 724.96 7.28 0.018 



 
 

 

35 

Source DF Adj SS Adj MS F P 

Conc.*Duration 1 724.96 724.96 7.28 0.018 

Curvature 1 480.97 480.97 4.83 0.047 

Error 13 1294.77 99.60 
  

Lack of fit 3 164.47 54.82 0.49 0.700 

Pure Error 10 1130.30 113.03 
  

Total 18 6673.11 
   

 

Table 16 Linear regression analysis 

Term Effect Coef. SE Coef. T P 

Constant 
 

26.07 2.49 10.45 0.000 

Temperature 32.11 16.06 2.49 6.44 0.000 

Lime Concentration -3.24 -1.62 2.49 -0.65 0.528 

Duration 1.19 0.59 2.49 0.24 0.816 

Conc.*Duration 13.46 6.73 2.49 2.70 0.018 

Ct Pt 
 

13.80 6.28 2.20 0.047 

S=9.97986 R2 = 80.60% R2 adjusted = 73.13% 
 

 

 Results showed significant interaction effect (P=0.018) between lime 

concentration and pretreatment duration (Table 14). However, when the main effect 

was considered, only temperature affected lignin removal efficiency significantly 

(P=0.000). These results were reflected by levels of effect shown in Table 16, in 

which effect level of temperature was the highest at 32.11 while interaction effect 

level between lime concentration and pretreatment duration was the second highest 

at 13.46. The plus or minus impact value indicates a positive or negative effect of 

each studied factor on % lignin removal. For instance, high plus effect (32.11) of 
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temperature on lignin removal percentage meant that increasing temperature 

resulted in higher lignin removal percentage being obtained. Though samples of 

broiler manure were highly nonhomogeneous and experimental errors were 

expected to be high, accuracy of the model obtained from linear regression analysis 

(Eq. 4.1) was still considerably high (adjusted coefficient of determination = 73.13%). 

Equation 4.1 was constructed using all factors having significant effects on % lignin 

removal. Terms of duration and lime concentration, though their main effects were 

found to be not significant, were needed to be included in the equation as significant 

interaction effects of both factors were found. 

Lignin Removal Efficiency =26.07 + (16.06×Temperature) - (1.62×Lime Conc.)  

+ (0.59×Duration)+(6.73×(Conc.*Duration))  (Eq. 4.1) 

 This equation can be used to predict lignin removal efficiency from broiler 

manure by thermal-alkali pretreatment. This equation was most eligible for 

temperature 85-150°C, 3-10% w/v Ca(OH)2 concentration and 1-3 h treatment 

duration, respectively. 

 

4.1.1.2 Interaction effect on lignin removal efficiency 

  Interaction effect is the effect of one factor which is influenced by 

levels of the other factor. Thus, interaction effect is essential for estimating the effect 

of a particular factor on the interested response. Figure 3 shows the interaction 

effect of three studied factors on lignin removal efficiency. 
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Figure 3 Interaction effects of three studied factors 

 Significant interaction effect was found between lime concentration and 

pretreatment duration at the confidence level of 95% (P=0.018; Fig 3). Higher lignin 

removal was achieved at 10% Ca(OH)2 when the treatment duration is 3 h, while at 1 

h treatment duration the higher lignin removal was gained at lower lime 

concentration (3% Ca(OH)2). These results might be partly contributed by the 

evaporation of water of lime solution in the flask. At higher lime concentration, the 

volume of water in the flask was lesser compared to that at lower lime 

concentration. When the temperature higher than 100°C was utilized, the solution 

was boiled and evaporated. Lower volume of water used for higher lime 

concentration resulted in the content of experimented flask being dried quicker. As 

dry lime had less pH adjusting effect compared to that in the solution form, 

experiments with higher lime concentration required longer pretreatment duration to 

have similar effect compared to those conducted at lower concentration. This 

assumption is supported by Song et al. (2013) who found that below water boiling 

point temperature (25 2°C), the highest lime concentration (12% Ca(OH)2) was found 
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to render the highest lignin removal efficiency when used to pretreat rice straw 

regardless of the pretreatment duration (3, 7 and 11 day). 

 

4.1.13 Main effect on lignin removal efficiency 

  Main effect is the effect of one factor on the response when level of 

that factor has changed. Figure 4 showed the main effect of three studied factors to 

lignin removal efficiency. 

 
Figure 4 Main effects of three studied factors 

From Fig.4, the result showed clearly that only temperature affected lignin 

removal significantly at confidence level of 95% (P=0.000). According to Li et al. 

(2014) for lignocellulosic biomass, usually, hemicellulose was thermal decomposed 

at temperature of 200-320°C, cellulose was decomposed at temperature of 280-

380°C, and lignin was found to be decomposed at 200-600°C. This implies that 

elimination of lignin composition is more effective at higher temperature. Surprisingly, 

lime concentration and treatment duration were found not to significantly affect % 

lignin removal. Chang et al. (1997); (1998) found that 0.1 g Ca(OH2)/g raw biomass 

was critical value of lime loading. As lime solubility in the water is low, the excess 
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amount of lime beyond the saturation point in solution did not bring about any 

more effect. Also, high lime concentration resulted in more amount of water for 

rinsing the pretreated products being increased (Xu et al., 2010), which was not 

practically desirable. In addition, the results from the same study by Xu et al. (2010) 

showed that at a wide range of  temperatures (21°C-121°C), the significant lime 

loading for maximizing total reducing sugar yield was 0.1 g Ca(OH2)/g raw biomass 

(Switchgrass) regardless of the temperature used. For the duration of pretreatment, 

they found that at lower temperature, the pretreatment process required longer 

duration to achieve the similar value of the maximum total reducing sugar yield (At 

121°C, 0.5h; 50°C, 24h; 21°C, 96h). At the same temperature and duration, they 

found that increasing the amount of lime concentration lowered the level of lignin 

reduction. 

 

4.1.1.4 Cube plot for lignin removal efficiency 

  Figure 5 shows all the results of experiments conducted at each 

condition to determine effects of temperature, lime concentration and treatment 

duration on % lignin removal. 

 

Figure 5 Cube plot 
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 From Fig.5, the highest efficiency (49.9%) for lignin removal from broiler manure 

was detected at temperature 150°C, 3% w/v Ca(OH)₂ solution, and 1 h pretreatment 

duration. As temperature was found to be the only significant factor affecting lignin 

removal, higher lignin removal was obtained at higher temperature regardless of the 

levels of lime concentration and pretreatment duration. Nevertheless, the result 

from factorial analysis also revealed the significant curvature (P=0.047) between 

studied factors and lignin removal (Table 14), indicating that the Central Composite 

Design of Experiment (CCD) was needed in order to find the optimum pretreatment 

condition in the next step. 

 

4.1.2 The Central Composite Design (CCD)  

 From Factorial analysis, the significant curvature was found (P=0.047) and % 

lignin removal at center point in Table 13 showed higher values than most values 

gained from the FFD experiments. Thus, to find the optimum pretreatment condition 

for the highest lignin elimination, CCD experiments (A1-A12 in Table 9) were carried 

out. Table 17 shows % lignin removal obtained from those experiments. 

Table 17 % Lignin removal obtained from experiments conducted at axial points 

No. Temperature (°C) Ca(OH)₂conc.(%) Time (hr) % lignin removal 

A1 64.4 6.5 2 61.0 

A2 170.6 6.5 2 31.9 

A3 117.5 0.8 2 46.7 

A4 117.5 12.2 2 61.0 

A5 117.5 6.5 0.37 66.4 

A6* 117.5 6.5 3.63 32.6 

A7* 64.4 6.5 2 42.1 
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No. Temperature (°C) Ca(OH)₂conc.(%) Time (hr) % lignin removal 

A8* 170.6 6.5 2 44.5 

A9* 117.5 0.8 2 43.4 

A10* 117.5 12.2 2 12.0 

A11* 117.5 6.5 0.37 30.2 

A12* 117.5 6.5 3.63 6.7 

* Replicated experiments 

 From response surface analysis, results of analysis of variance (ANOVA) and 

linear regression analysis to determine the effects of studied factors on lignin 

removal are shown in Table 18 and Table 19, respectively.  

Table 18 ANOVA of lignin removal obtained from experiments conducted at axial 
points 

Source DF Adj SS Adj MS F P 

Model 5 3806.1 761.2 2.79 0.035 

Blocks 3 1001.3 1001.3 3.67 0.065 

Linear 1 2079.8 693.3 2.54 0.076 

Temperature 1 1706.1 1706.1 6.26 0.018 

Lime Concentration 1 108.6 108.6 0.40 0.533 

Duration 1 265.0 265.0 0.97 0.332 

2-Way Interactions 1 725.0 725.0 2.66 0.114 

Conc.*Duration 1 725.0 725.0 2.66 0.114 

Error 29 7908.4 272.7 
  

Lack of fit 10 4299.6 430.0 2.66 0.060 

Pure Error 19 3608.6 189.9 
  

Total 34 11714.4 
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Table 19 Linear regression analysis  

Term Effect Coef. SE Coef. T P 

Constant 
 

34.49 2.82 12.23 0.000 

Blocks 
 

-5.40 2.82 -1.92 0.065 

Temperature 16.00 8.00 3.20 2.50 0.018 

Lime Concentration -4.04 -2.02 3.20 -0.63 0.533 

Duration -6.31 -3.15 3.20 -0.99 0.332 

Conc.*Duration 13.46 6.73 4.13 1.63 0.114 

S=16.5137 R2 = 32.49% R2 adjusted = 20.85% 
 

 

 From Table 18, only temperature affected lignin removal efficiency 

significantly (P=0.018). These results were supported by levels of effect shown in 

Table 18, in which effect level of temperature was the highest at 16.00. The 

interaction effect level between lime concentration and pretreatment duration was 

the second highest at 13.46 but this effect was not significant (P=0.114). However, the 

adjusted coefficient of determination (R2 adjusted) of the linear regression analysis 

was found to be relatively low (20.85%). Highly nonhomogeneous characteristic of 

broiler manure was assumed to be the main reason of this low R2 adjusted level. 

Several additional experiments had been conducted in order to increase R2 adjusted 

level, however the results obtained did not significantly improve the reliability of the 

model. 

 Owing to the less reliability of the CCD model (R2 adjusted=20.85%), the 

optimum condition for broiler manure pretreatment was selected from the FFD 

model. From Fig.5 which shows all the results from pretreatment experiments, at 

150°C, 1h with 3% w/v Ca(OH)₂, the highest efficiency of lignin removal (49.9%) was 

obtained.  
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Accordingly, the pretreated broiler manure used in the BMP test to investigate 

efficiency of the co-digestion between broiler manure and stillage was pretreated at 

the aforementioned conditions. 

 

4.2 Biochemical Methane Potential (BMP) test 

 BMP tests were conducted in order to investigate the efficiency of co-

digestion between the pretreated BM and stillage and to determine effects of C/N 

ratios on efficiency of biogas production from the mixture of both substrates. The 

non-pretreated BM (nonPret.BM), pretreated BM (Pret.BM) and stillage were used as 

the sole substrate. To investigate effects of C/N ratios, BMP tests were done at 

different C/N ratios, i.e. 30 (Co-digestion 2), 40 (Co-digestion 3) and 50 (Co-digestion 

4), of the mixture of pretreated BM and stillage. For comparison, mixture of non-

pretreated BM and stillage at the C/N ratio of 30 (Co-digestion 1) was also tested. 

Methane potential of seed was determined as the control (Blank). Details of all 

conditions used in this study are tabulated in Table 12. 

 

4.2.1 Results from the BMP tests 

 The final cumulative methane yields were obtained after 86-92 d of 

experiment when the dairy methane production of less than 1 % of the whole 

production was detected at least 3 d consecutively. 
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(a) 

 
(b) 

Figure 6 BMP results from all experiments 
(a) the inoculum (blank) and sole substrates (Non pretreated broiler manure, 

pretreated broiler manure and stillage) 

(b) the co-digestions (Co-d 1 = NonPret.BM + stillage at C/N ratio 30, Co-d 2 = 

Pret.BM + stillage at C/N ratio 30, Co-d 3 = Pret.BM + stillage at C/N ratio 40, 

Co-d 4 = Pret.BM + stillage at C/N ratio 50) 

 

The cumulative methane yields achieved from all experiments are shown in 

Fig. 6. For the inoculum and the sole substrates (BM and stillage) (Fig. 6a), only 
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29.53±1.49mlCH4/gVS of methane yield occurred from the inoculum itself. The 

highest methane yield (247.73±6.10 mlCH4/gVS) was gained when stillage was used as 

the sole substrate. This was possibly due to its high organic matter. Similar methane 

yields were found from the non-pretreated BM (nonPret.BM) and the pretreated BM 

(Pret.BM) which was 164.39±6.05 mlCH4/gVS and 160.70±0.93 mlCH4/gVS, respectively. 

It had been expected that the methane yield of the pretreated BM would be higher 

than that of the non-pretreated BM as the pretreatment process could transform 

nearly half of the lignin content in the original BM. This unexpected finding was the 

result of the solid residue separation method used after pretreatment process. As 

the solid residue was separated from the alkaline solution by filtering through a wire 

screen, some amounts of cellulose or hemicellulose extracted from the BM during 

the pretreatment process and existed in the solution forms could be lost with the 

separated liquid. Solubilization, redistribution and condensation of lignin and 

modifications in the crystalline state of the cellulose from the pretreatment of the 

lignocellulosic biomass were reported by Gregg and Saddler (1996). Another 

assumption of this low methane yield for the pretreated BM could be that lime was 

still attached on solid residue. During the solid residue separation method, hot water 

was used to wash off lime from BM. it was possible that some amounts of lime was 

still left on the residue and was the one that restrained the accessibility of enzymes. 

However, considering that considerable amounts of easily degraded organic 

substances could be lost with the separated liquid, similar methane yields obtained 

from the pretreated BM compared to that of the non-pretreated BM, in which all 

organic substances was still intact, tentatively suggested that the pretreatment 

method facilitated and improved the accessibility of enzyme used for 

biodegradation..   
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 Co-digestion of pretreated BM with stillage at C/N ratio of 50 rendered the 

highest methane yield (206±4.56mlCH4/gVS) followed by co-digestion of both 

substrates at the C/N ratio of 40 (183.76±4.30mlCH4/gVS). The lowest methane yield 

(141.37±6.99mlCH4/gVS) was obtained when the pretreated BM was co-digested with 

stillage at the C/N ratio of 30 which was not significantly different from the value 

obtained (154.53±5.79mlCH4/gVS) when the non-pretreated BM was co-digested with 

stillage at the same C/N ratio. Results achieved from different BMP tests suggested 

that methane yield had the positive relationship with amount of stillage added into 

the flask. It also indicated that methane yield was mainly influenced by stillage. 

From the results of measured gas components, only biogas generated from stillage, 

used as the sole substrate, contained methane more than 60% after 17 d of BMP 

test, while less than 60% methane was detected in the biogas for the whole 

experimental period of other tests (Appendix C). Mixing stillage with BM in order to 

manipulate the C/N ratios did not improve the biodegradation but, instead, it was 

detrimental to the methane yield. Even though the C/N ratio of stillage (112.05) was 

found to be very high, this ratio could be much lesser if only the biodegradable 

carbon content of stillage was used in the calculation instead of the total carbon. 

This assumption is supported by a report that only some amounts of carbon 

contained in any substances are suitable for biodegradation, while almost all 

nitrogen will be available (Kayhanian & Tchobanoglous, 1992). The fact that stillage 

contains considerable amounts of the protein-rich yeast cell (Krzywonos et al., 2009) 

means that nitrogen concentration of stillage could be quite high. Results from the 

BMP test of this current study and the aforementioned assumptions implied that 

stillage (though, having high C/N ratio) might not as much be nutrient-deficient 

substrate as previously expected. This could be the main reason why co-digesting 

stillage with the low C/N ratio BM did not bring about the improved effect. It also 
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tentatively revealed that the co-metabolism effect could not be enhanced by mixing 

these substrates together. Suitability of co-digestion can be verified by analyzing the 

synergistic effects as described in the next topic. Table 20 summarized results 

obtained from the BMP test.   

Table 20 Methane yields obtained from the BMP tests 

Experiment Methane yield (mlCH4/gVSadded)* 

Blank 29.53±1.49 

Non Pret.BM 164.39±6.05 

Pret.BM 160.70±0.93 

Stillage 247.73±6.10 

Co-digestion 1 154.53±5.79 

Co-digestion 2 141.37±6.99 

Co-digestion 3 183.76±4.30 

Co-digestion 4 206±4.56 

 * Milliliter methane occur/gram of volatile solid of substance added 

    

4.2.2 Synergistic effects 

 Generally, the synergistic or antagonistic effects are produced during the co-

digestion of substrates. The synergistic impact would be noticed as an enhancing of 

methane production by co-digestion over the weight average of the sole substrates. 

On the other hand, lower productivity compared to the theoretical production of the 

sole substrates would call the antagonistic effect. The synergistic effect of BM and 

Stillage was analyzed and showed in Table 21 

 As explained in the previous topic, all co-digestion experiments indicated an 

antagonism between BM and stillage which meant the mixture had a competitive 
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effect in the final production. Interestingly, the highest synergistic effect was found 

from the co-digestion 4-sample (non-pretreated manure and stillage). This finding 

suggested that the thermal-alkaline pretreatment process used might not be as 

effective as expected. Pettersen (1984) found that change of the cellulose structure 

to a form that was denser and thermodynamically more stable than the native 

cellulose could be caused by alkaline pretreatment. As rice husk presenting in the 

broiler manure was a high-lignin containing biomass, thermal-alkaline pretreatment 

might not be sufficient to increase the digestibility compared to the low-lignin 

containing biomass as reported by Kaar and Holtzapple (2000) 

Table 21 Results of the synergistic or antagonistic effects produced by the co-
digestion 

 

4.2.3 BMP mathematical models 

 To determine the optimum model that could simulate patterns of methane 

production from the studied substrates and evaluate some kinetic coefficients 

influencing the anaerobic digestion process, two different models, i.e. first-order 

Sample Experimental production Theoretical production α 

Blank 29.53±1.49 29.53 - 

NonPret.BM 164.39±6.05 164.39 - 

Pret.BM 160.70±0.93 160.70 - 

Stillage 247.73±6.10 247.73 - 

Co-digestion 1 154.53±5.79 204.25 0.76 

Co-digestion 2 141.37±6.99 202.23 0.70 

Co-digestion 3 183.76±4.30 231.24 0.79 

Co-digestion 4 206±4.56 238.76 0.86 
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model (FO) and Gompertz model (GM), were applied to the BMP experimental 

results.  

1. Suitability of the model 

2. Comparison of model predictability for BMP experimental results 

The maximum methane productions (P) were predicted in various days of the 

experiment (5, 7, 18, 32, 51, 53, 86, and 92 d) and then compared to the final 

methane production of BMP results (Table 21). 

 Generally, the Gomperzt model was found to fit better than the first-order 

model for all the experiment results (in conditions that % error < 5% and R-square > 

0.95; Table 21). Even, the Blank experiment that both models could not predict in 

each day, as there was less food for the microorganism to consume, GM model 

could still predict the maximum methane yield by using the kinetic parameters from 

the last day of the experiment. These models can explain 95% of the BMP results. 

 From the comparison between nonPret.BM and Pret.BM, GM could predict 

the methane yield for Pret.BM in 7 d with a relative error < 5%and the r² > 

0.95(relative error =4.09%and r² = 0.98) while it took until 32 d for nonPret.BM 

(relative error = 0.38%and r² = 0.95). Possible reason to describe the difference in 

prediction day could be that nonPret.BM had lesser accessibility for enzyme to 

attack the organic matter than the Pret.BM led to unstable digestibility. Moreover, as 

GM has the assumption that biogas production is assumed to be proportional to 

microbial activity, the nonPret.BM would require longer contact time for 

microorganisms to access and digest the degradable portions. 

 For the stillage and the co-digestion 3 and 4, GM was able to predict the 

maximum methane production within 5 d with a relative error < 5% and the r² > 

0.99. Also the kinetic parameters k and Rm were higher for stillage when used as the 
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sole substrate compared to other experiments. This suggested that organic 

substances of stillage were more easily biodegradable. In addition, the lag phase ( ) 

parameter for stillage was relatively lesser compared to those of other substrates 

referring to rapid biodegradability or short biodegradability periods. This result could, 

to some extent, explain the negative effect of co-digesting the mixture of stillage and 

the broiler manure. Even though, broiler manure contained high nitrogen contents, 

the biodegradability of its carbon contents was significantly lower than those of the 

stillage. Mixing these wastes together, though the C/N ratio was improved, created 

the more recalcitrant matrix of organic carbons. Even when the pretreated broiler 

manure was used, the biodegradability of its remained organic contents might not be 

considerably improved as parts of the easily biodegradable cellulose and 

hemicelluloses were dissolved and separated from the pretreated solids. This more 

complex organic content could overpower the positive effect of improved C/N ratio 

of the mixture.         

 The first-order model could predict the BMP experiment results mostly on 

day 32 (a relative error <3% and the r² > 0.95) except for the co-digestion 2 and 3 

that FO could predict the productivity just from day 18 which both had a relative 

error less than 3% and the r² more than 0.95. 

 Nielfa et al. (2015) studied the BMP experiments using biological sludge and 

organic fractions of municipal solid waste (OFMSW). They also applied GM model and 

FO model to their experiment BMP results to determine the optimum equation that 

fit with these kinds of wastes. They found that Gompertz model could fit better than 

first-order model for these two substrates and could predict the final production in 

just 7 days after startup the experiment. The prediction from model could explain 

around 99% of the methane production achieved by the experiment. The kinetics 

from model also showed that biological sludge was easily biodegradable and had 
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less biodegradability periods than OFMSW. The increase in proportion of biological 

sludge in the co-digestion resulted in a growth of k and Rm (rate of anaerobic 

digestion process). In contrast, the decrease of lag phase occurred with the increase 

of biological sludge. 

 The result found from this current study showed that GM model was more 

suitable for predicting the BMP results for broiler manure and stillage compared to 

the FO model. Within the relatively shorter period of time (around 5 or 7 d), 

Gompertz model could predict more than 95% of the final methane production from 

the kinetic parameters. 
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As seen in Fig. 7, it is obvious that Gomperzt model fitted the BMP results 

better and could predict the result at the shorter time duration onwards until the 

completion of the experiment. On the other hand, the first-order model failed to 

simulate the results especially at the early stage of the experiment (e.g. as can be 

seen in Fig 7 (b) to (e)). Superiority of GM over FO model could be explained by the 

model assumptions. Related the biodegradable efficiency to the microbial activity, 

GM was more reliable when the mixture contained stillage (Fig 7 (d) to (h)). In 

contrary, as FO model assumes that anaerobic digestion efficiency is governed by the 

hydrolysis rate, it could not simulate well when the waste mixture contained the 

more readily biodegradable stillage. When broiler manure was the main ingredient 

(as shown in Fig 6 (b) and (c)), FO was found to fit to the BMP results better as 

hydrolysis became an important rate limiting step. 
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CHAPTER 5 
CONCLUSION 

5.1 Conclusion 

For thermal-alkali pretreatment process, the experiments were designed by 

Full Factorial design (FFD) to determine the optimum condition for broiler manure 

pretreatment using the thermal-alkali pretreatment method. From the experiments, 

only temperature was found to significantly affect lignin removal efficiency (P=0.000). 

However, significant interaction effect was detected between lime concentration and 

pretreatment duration (P=0.018). By the Full Factorial Analysis, an equation that can 

be used to predict the extent of lignin removal is; 

Lignin Removal Efficiency = 26.07+ (16.06×Temperature) - (1.62×Lime Conc.) + 

    (0.59×Duration) + (6.73× (Conc.*Duration)) 

However, The ranges of conditions that the equation can predict are at 

temperature 85-150°C, 3-10% w/v Ca(OH)2 concentration and 1-3 h treatment 

duration. The optimum conditions for pretreating broiler manure using the thermal-

alkaline pretreatment process were at temperature 150°C, 3% w/v Ca(OH)₂ solution, 

and 1 h pretreatment duration, which achieved the highest lignin removal efficiency 

from broiler manure at 49.9%. Accordingly, the pretreated broiler manure used in the 

BMP test was pretreated at these conditions.  

 Stillage rendered the highest methane yield (247.73±6.10 mlCH₄/gVS) when 

used as the sole substrate while similar methane yields were found from the non-

pretreated broiler manure (164.39±6.05mlCH₄/gVS) and the pretreated broiler 

manure (160.70±0.93mlCH₄/gVS). Co-digestion of pretreated BM with stillage at C/N 

ratio of 50 rendered the highest methane yield (206±4.56mlCH₄/gVS) followed by co-
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digestion of both substrates at the C/N ratio of 40 (183.76±4.30mlCH₄/gVS). The 

lowest methane yield (141.37±6.99mlCH₄/gVS) was obtained when the pretreated 

BM was co-digested with stillage at the C/N ratio of 30 which was not significantly 

different from the value obtained (154.53±5.79mlCH₄/gVS) when the non-pretreated 

BM was co-digested with stillage at the same C/N ratio. Therefore, in this research, 

the results show that the thermal-alkali pretreatment could not achieve to increase 

the biogas production.  

The synergistic effect revealed an antagonism between BM and stillage which 

meant the mixture had a competitive effect in the final production. Gomperzt model 

was found to fit better to the BMP results than the first-order model for all the 

experiment results (at conditions that % error < 5% and R-square > 0.95). In addition, 

Gomperzt model was more suitable for predicting the BMP results for broiler manure 

and stillage compared to the first-order model. Within the relatively shorter period of 

time (around 5 or 7 d), Gompertz model could predict more than 95% of the final 

methane production from the kinetic parameters. 

 

5.2 Recommendations 

1. To investigate the potential of the pretreated BM, continuous experiment 

using the appropriate anaerobic reactor, e.g. CSTR, should be conducted. 

2. Some other pretreatment methods, e.g. enzyme pretreatment, ultrasonic, can 

be tested to find the best method for preparing BM as the feedstock for 

biogas production. 

3. Economic analysis should be conducted to evaluate the feasibility of 

pretreatment method.  
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4. As it was presumed that significant amounts of easily biodegradable products 

might be dissolved in the solution, liquid portion of pretreatment BM should 

be used in the BMP experiments.  

5. Liquid portion of pretreatment BM should be reused in the pretreatment 

process or calcium could be recovered by neutralizing it with carbon dioxide 

(CO2) and using lime kiln technology. 

6. Other nutrient deficient co-substrates, e.g. starch producing wastewater, could 

be used in the co-digestion process with the pretreated BM to investigate the 

advantages of the co-digestion process. 
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APPENDIX A 

THERMAL-ALKALI PRETREATMENT METHOD 

ACID DETERGENT FIBER AND LIGNIN ANALYSIS 

THE BIOCHEMICAL METHANE POTENTIAL (BMP) TEST 
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1. Pretreatment of broiler manure with thermal-alkali pretreatment 

 1.1 The collected broiler manure was manually disintegrated and completely 

mixed before using in the experiment 

 

 
 1.2 Separating broiler manure into 31 experiments, each experiment had 20g 

of manure (10g for pretreatment:  10g for control) 
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 1.3 Pretreating in oil bath at each condition (w/v, 10 g broiler manure and 150 

mL Ca(OH)₂ solution) 

 

 
 1.4 After pretreated, manure and lime solution were separated using a wire 

screen for lignin measurement.  

  

 

2. Acid detergent fiber and lignin analysis 

 2.1 Elimination moisture from manure  by putting in oven 100 °C for 24h. 
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 2.2 Dry 30 ml sintered glass filter crucible at 100 °C for 24h, cool in desicator 

and weight (W1) 

 
 2.3 Boiling 1 g manure (W2) together with 100 ml acid detergent solution 

(sulfuric acid 27 ml with CTAB 20 g in volumetic flask 1000 ml) for 60 min.  

 

 
 2.4 Filtering sample through a weighted glass filter crucible, using vacuum 

filtration apparatus, and rinsed it with some amount of hot water  
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 2.5 Dry the crucible at 100 °C for 24h, cool in desicator and weight (W3) 

 
 2.6 Sulfuric acid 72% (cool to 15°C) was added to the crucible every 1h until 

3h and then sucked the acid out with vacuum filtration apparatus, rinsed with hot 

water about 3 -5 times 

  
 2.7 Dry the crucible at 100 °C for 24h, cool in desicator and weight (W4) 

 
 2.8 Heating the crucible in furnace at 550°C for 3h, cool in desicator and 

weight (W5) 
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  %ADF = ((W3-W1)/W2)×100 

  %lignin = ((W4-W5)/W2)×100 

%cellulose = %ADF - %lignin 

W1 = Crucible weight, g 

W2 = Broiler manure weight (determined as 1 g) 

W3 = Crucible and fiber weight, g 

W4 = Crucible and lignin weight, g 

W5 = Crucible and ash weight, g 

%ADF is determined gravimetrically as the residue remaining after extracting 

cell solubles, hemicellulose, and soluble minerals. The residues remaining are 

cellulose, lignin, heat damaged protein, a portion of cell wall protein, and mineral 

(ash) 

3. The Biochemical Methane Potential (BMP) test 

3.1 Adding seed and broiler manure and stillage into the 1 L glass bottle (The 

ratio of VSseed : Vssubstrate is kept constant at 2:1). The working volume of the 

bottle was 500 ml ( deionized water was added to complete the working volume) 
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3.2 the bottle was purged with N₂ gas for 3 min and then sealed with the 

septum. Measuring the pressure of biogas occurred in the bottle daily (volume of 

biogas was calculated from the pressure inside the bottle) 

  
3.3 when the pressure of biogas reached 400 mbar, biogas composition was 

measured using the portable gas analyzer (BIOGAS 5000, Geoteach) 
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APPENDIX B 

INOCULUMS, BROILER MANURE, PRETREATED BROILER MANURE AND 

STILLAGE CHARACTERISTICS 

CALCULATION OF BMP TEST DESIGN 
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1. Characteristics of broiler manure, stillage, and Inoculums 

Characteristic Broiler manure 
Pretreated  

broiler manure 
Stillage Inoculum 

Moisture,% 9.18 3.74 86.28 91.04 

TS,% 90.82 96.26 13.72 8.96 

VS,%TS 78.16 73.33 74.19 52.10 

VS, g/g 0.7098 0.7059 0.1018 0.0467 

MLSS, mg/l 
 

 
 

593312* 

MLVSS, mg/l 
 

 
 

24750* 

Density, g/ml 0.73 0.69 1.06 1.02 

C/N ratio 26.77  112.05 
 

C, % 28.38  112.05  

N, % 1.06 (%dry weight)  4.482  

 

VS gVS/gsample = g_sample × ((%TS)/100)×((%VS)/100) 

 The fermentation batch should contain 1.5-2% by weight of organic mass 

from the seeding sludge in order to ensure a comparable biomass concentration. For 

example, a fermentation batch of 500 ml requires 7.5-10 gVS from the seeding sludge. 

(VDI 4630, Fermentation of Organic Materials (Characterization of the Substrates, 

Sampling, Collection of Material Data, Fermentation Tests. VDI-Handbuch 

Energietechnik (2006)). 
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2. Calculation of BMP test design 

Experiment 
Substrate 

Inoculum, ml Broiler manure, g Stillage, ml 

Blank 209.93 - - 

nonPret.BM 209.93 7.04 - 

Pret.BM 209.93 7.04 - 

Stillage 209.93 - 46.34 

Co-digestion 1 209.93 6.17 5.77 

Co-digestion 2 209.93 6.17 5.77 

Co-digestion 3 209.93 4.28 18.21 

Co-digestion 4 209.93 3.06 26.23 

 

 10 gVS of the seeding sludge (gVSseed) was chosen for 500 ml working volume of 

the BMP test.  

 Thus, 10 gVSseed had to use the inoculums = 10/0.0467 = 214.13 g, Volume = 

Mass/Density = 214.13/1.02 = 209.93 ml 

 Chynoweth et al. (1993) reported that maximum methane yields were 

obtained with S/I ratios of 0.5 to 1.0. In this experiment, the S/I ratio was chosen at 

0.5.  

 Thus, gVSsubstrate/10gVSseed = 0.5, gVSsubstrate = 10*0.5 = 5 g 

- For stillage, 5 gVSstillage had to use stillage 5/0.1018 = 49.12 g, V = M/D = 

49.12g/1.06 = 46.34 ml 

- For broiler manure, 5 gVSmanure had to use broiler manure = 5/0.7098 = 

7.04 g       

For C/N ratio,  
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1. Substrate 1 g, Water   = 1 g*(%moisture/100)  , g 

    Dry matter  = 1-Water    , g 

    N  = Dry matter*(N, %dry weight/100) , g 

    C   = (C/N ratio)*N    , g 

2. Substrate 1 g, N  = 1 g*(N, %wet weight/100)  , g 

    C   = (C/N ratio)*N    , g 

Therefore, Broiler manure 1 g had N = 0.0097 g and C = 0.2584 g. Stillage 1 g had N = 

0.0004 g and C = 0.04482 g 

C/N = 30, 30 = 
          ( )        

          ( )        
 

   30 = 
         ( )      

       ( )      
 

   Y = 1.007 g broiler/ g stillage   

C/N = 40, Y = 0.222 g broiler/ g stillage 

C/N = 50, Y = 0.11 g broiler/ g stillage 

 

VS of the mixture = 
 (       𝑒 )    𝑡     𝑒

   
  

 

- For Co-digestion 1 and 2 (C/N = 30), 

VS of mixture were 0.407 g/g, 5 gVSCo-d1 had to use the mixture = 5/0.407 = 

12.29 g.  

g of the mixture 2.007 g had broiler manure 1.007 g. Thus, the mixture 

had Broiler manure = 12.29*1.007/2.007 = 6.17 g and had stillage = 12.29 

– 6.17 = 6.12 g = 5.77 ml 

- For Co-digestion 3 (C/N = 40), 

VS of mixture were 0.212 g/g, 5 gVSCo-d1 had to use the mixture = 5/0.212 = 

23.58 g.  
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g of the mixture 1.222 g had broiler manure 0.222 g. Thus, the mixture 

had Broiler manure = 23.58*0.222/1.222 = 4.28 g and had stillage = 23.58 

– 4.28 = 19.30 g = 18.21 ml 

- For Co-digestion 4 (C/N = 50), 

VS of mixture were 0.162 g/g, 5 gVSCo-d1 had to use the mixture = 5/0.162 = 

30.86 g.  

g of the mixture 1.11 g had broiler manure 0.11 g. Thus, the mixture had 

Broiler manure = 30.86*0.11/1.11 = 3.06 g and had stillage = 30.86 - 3.06 

= 27.80 g, = 26.23 ml  
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APPENDIX C 

PRETREATMENT RESULTS 

BMP EXPERIMENTAL RESULTS 
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%ADF = ((W3-W1)/W2)×100 

%lignin = ((W4-W5)/W2)×100 

%cellulose = %ADF - %lignin 

%lignin removal =
(           𝑡              𝑒𝑡 𝑒 𝑡𝑒       𝑒)

           𝑡   
×100 

W1 = Crucible weight, g  

W2 = Broiler manure weight (determined as 1 g) 

W3 = Crucible and fiber weight, g 

W4 = Crucible and lignin weight, g 

W5 = Crucible and ash weight, g 
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