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ABSTRACT 

Biomethane being a mixture of gases a possible solution for the energy 

crisis worldwide. The biomethane comes from anaerobic digestion (AD) process 

that can be run with the widely available lignocellulosic biomass like agricultural 

and municipal waste which otherwise would have been wasted in raw. In the past, 

the common usage of manure was to be applied as a fertilizer, which can have an 

adverse environmental impact in terms of terrestrial eutrophication and emission of 

greenhouse gases. These days, a solution applied for wastes and residues is to treat 

them with the simultaneous recovery of energy through anaerobic digestion (AD). 

The present study was designed to increase the methane production by using co-

digestion and photo-catalytic oxidation with aim to increase the methane 

production by synergism/biodegradability and lignin oxidation respectively. In the 

first step, the substrates were separately analyzed for mono-digestion where wheat 

straw (WS) produced 255 mLCH4/gVS, meadow grass (MG) produced 301 

mLCH4/gVS and cattle manure (CM) produced 307 mLCH4/gVS. Furthermore, the 

co-digestion results revealed a maximum of 25 per cent increase in methane 

production which had a significance level of p<0.05 over mono-digestion of cattle 

manure (CM), when 25 per cent of the manure contents were replaced with 

lignocellulosic biomass. The over-all biodegradation of the above mentioned 

combination also reached to 84 per cent in co-digestion from 67 per cent in mono-

digestion. In the second step the wheat straw (WS) which produced least methane 

in mono-digestion experiments was subjected to photo-catalytic oxidation with 

titanium oxide TiO2 and ultraviolet light of 200-400 nm (UV). Specifically, four 

different TiO2 concentrations (0.0, 0.5, 1.0, 1.5, and 2.0 per cent (w/w) were tested 
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at three different irradiation times (0, 1, 2, and 3 hours). Among the products from 

the oxidative degradation of lignin under TiO2/UV catalyst system, vanillic acid 

and ferulic acid were detected at a maximum value of 91.18±2.00 mg/L and 

1.67±0.01 mg/L, using 2.0 per cent (w/w) TiO2 for 3 hours. Moreover, the most 

effective pretreatment strategy (1.5 per cent (w/w) TiO2 and 3 hours) was found to 

increase the biodegradability of wheat straw up to 37 per cent compared to 

untreated biomass. The positive impact of photo-catalytic pretreatment was also 

observed in continuous trials, when methane production was increased by 25 per 

cent. The photo-catalytic oxidation of lignin-rich substrates is a promising method 

to disrupt the non degradable organic fraction under mild conditions.  It is expected 

that thorough study of this process can still increase methane production to many 

folds at industrial scale. Not only high methane yield but also the direct conversion 

of lignocellulosic biomass can be attained e.g vanillic and ferulic acid. Therefore, it 

is also expected that application of this methodology for production of biomethane 

in future will not only help to overcome shortfall of energy but also will provide 

environmental benefits.     

 



1 

Chapter 1 

INTRODUCTION 

1.1 ENERGY CRISES IN PAKISTAN 

 Being rich in natural resources, but due to huge population density and 

mismanagement in planning sector, Pakistan faces a significant energy crisis. The 

impacts of this crisis not only affect on economy but also destroy our industries and 

domestic energy supply. This issue is not only native to Pakistan but the other 

developed countries are also finding it difficult to meet the energy demand for their 

industries.   

 

Energy crisis is now classified as a global issue that is point of interest in 

modern world (Oyedepo, 2012). As the whole world, has scarce natural resources 

that are depleting the availability of natural assets is also decreasing day by day. 

The energy crisis is only related to scarcity of non-renewable energy resources 

(Bint-Faheem, 2016). Unfortunately, the energy sector of Pakistan is categorized as 

under-developed, and also in that category of countries that have major reliance on 

non-renewable sources like coal, gas and petroleum (Hashemy, 2011). 

 

 Some indigenous sources are in progress but are not sufficiently minimizing 

the shortfall of energy. Pakistan is also importing fuel due to decreasing natural 

inland resources. But economy does not allow importing fossil fuel on a large scale 

(Firoz and Ulfat, 2004). To overcome the energy shortfall in Pakistan it is 

necessary to expand native energy resources. Geologically, Pakistan has been 

gifted with many resources from Almighty ALLAH. Pakistan has inclusive 
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capacities to tap energy but due to dearth of any proactive and integrated planning 

for production of energy, Pakistan is producing very fewer amount of energy as 

compared to its demand. The importance of energy supply and demand is 

significant not only for the economic prosperity but also for the current and future 

generations. Energy crisis has badly affected the economical, agricultural and 

industrial sectors of Pakistan (Bint-Faheem, 2016).   

 

Utilization of economical renewable energy source, requires some 

significant efforts. European Union (EU) has made the new rule that being a 

member of EU each country should produce at least 22.1 per cent of their energy 

from best alternative energy sources. Pakistan can also fulfill its need by following 

this rule and can be an environmentally friendly nation (Khalil and Zaidi, 2014). 

  

To reduce this crisis a better alternative is the utilization of renewable 

energy resources. As the utilization of fossil fuels has a negative impact on our 

environment, the renewable are a better option to reduce environmental risk from 

industry (Awan and Khan, 2014). Our new world is more curious about the green 

and pure environment and on the other hand fossil fuels are carrying huge risk in 

the environmental destruction.  For example, the global average temperature is 

increasing day by day indicating the depletion of ozone layer and accumulation of 

hazardous gases in the atmosphere. This can also heat up the earth in some 

forthcoming years and turn it into a deserted place. Renewable resources have 

potential for generation of energy through renewable energy but till now the actual 

production is not enough to feed all inhabitants of world (Barakata et al., 2014). 
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1.2 ANAEROBIC DIGESTION 

To acquire renewable energy, reduce environmental waste and decrease the 

atmospheric pollution, anaerobic digestion (AD) is a perfect choice. Along with 

this biomass digestion during AD a huge amount of energy can be readily extrated. 

Some other dairy, industry, domestic, slaughter house and agricultural wastes are 

also potential candidates for AD to produce energy during the operation (Chen et 

al., 2008). 

 

1.3 FACTORS AFFECTING ANAEROBIC DIGESTION 

1.3.1 Total and Volatile Solids (VS) 

During the AD a most preliminary factor is to determine how much Total 

and Volatile Solids (TS and VS) are going in to the reactor for anaerobic digestion. 

So, characterization of biomass is basic parameter and the TS and VS 

determination is the first step to the RE evolution. More specifically (chemical 

oxygen demand COD), TS, and VS are the parameters that are determined to 

finally evaluate the energy production per unit of biomass.  

 

Therefore, it is necessary that the substrates characterization should be 

performed prior to anaerobic digestion assays should also be reported along with 

results of AD assays. Furthermore, during TS determination the volatile 

components of substrates are evaporated and never become a part of anaerobic 

digestion process. This can introduce non reproducibility in the results if some is 

measuring the AD results on fresh substrate basis. Therefore, all the results of 

methane production are mostly measured on the basis of TS, VS or COD.  
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1.3.2 Fatty Acid Accumulation 

 During the AD process accumulation of VFAs can lead to halt the whole 

process, but addition of some trace metal ions under mild operation conditions i.e 

mesophilic. During the proximate analysis the increase in total ammonia nitrogen 

(TAN) can also increase VFA accumulation and at 2500 mgNL
-1

 it can become 

inhibitory for the AD process (Yirong et al., 2015). Some domestic and food 

wastes also lead to VFAs accumulation when the reactors are operated for quite a 

long time  but in early stages with this waste, no inhibition due to VFAs is 

provoked both at mesophilic and thermophilic conditions (Banks et al., 2008). 

 

The increase in VFAs and higher ammonia concentration lead to an effect 

called co-accumulation, further develop a neutral and steady pH in the digester and 

decreasing the biogas production rate. This is often referred as steady state 

inhibition. During the previous studies it was found that main trigger of inhibition 

in AD reactors is ammonia generation. On other hand VFAs are crucial 

intermediates of AD but also have a negative effect on the digester operation if 

accumulated in high amount (Shi et al., 2016). 

 

1.3.3 C/N Ratio 

The increase in biodegradability and higher methane production are two 

main advantages that arise with co-digestion of different substrates. The art of co-

digestion changes the carbon nitrogen ratio of samples and leads to high methane 

yield and increase the biodegradability (Nurliyana et al., 2015). The higher carbon 

to nitrogen ratio leads to low ammonia inhibition but at very high ratio the problem 
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of VFAs accumulation comes into play as the carbon source increases. The carbon 

nitrogen ratio and operating temperature of AD reactor are the factors that need 

optimization for a maximum output at industrial and domestic level. For example, 

the higher temperatures provoke ammonia inhibition but that can be overcome by 

raising the carbon nitrogen ratio (Wang et al., 2014).  

 

For solid state AD the optimum C/N ratio and temperature was found 

29.6:1 and 35.6 ºC respectively (Yan et al., 2015). The most favorable settings at 

the same time for augmentation of methane contents from waste activated sludge 

(WAS) and plant biomass were first pH 12 and C/N ratio 17/1 and the highest 

methane augmentation was 74 per centat anaerobic digestion time of 30 days (Dai 

et al., 2016). 

 

1.3.4 Particle Size 

Another very crucial parameter is the size of substrate particles. That 

directly can not affect the AD but the rate of methane augmentation if changed 

with the change of particle size (Couras et al., 2014). So, the reaction kinetics is 

more diverted by the reduction or increase in particle size as the biodegradability is 

increased when the particle size decreases (Dai et al., 2016).  The effects of particle 

size are more obvious in biomethane potential (BMPs) assays as compared to 

CSTRs. As the heterogeneous substrates have variable particle size (from long 

cylindrical shapes to leaves and fruit peels etc) and the results are not reproducible 

every time, therefore it is needed to homogenize the particle size for reproducible 

results that are scientifically and add some worthy contribution 
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1.3.5 pH  

The process of anaerobic digestion is more dependent on the pH of reactor 

than any other factor during the operation. The breakdown of organic matter in an 

AD reactor is done by the enzymes produced from microbial community 

established inside the reactor. Moreover, the enzymes are more sensitive to the pH 

changes (Shi et al., 2016) hence; a slight change in the pH can lead to severe 

disruption in the AD reactor provoking the strong inhibition of the process. 

Generally, the AD is performed under mild basic or neutral conditions and the 

toxic effects due low pH are attributed to the volatile fatty acids that remain un-

dissociated (Garyfallos et al., 2012). 

 

The lower pH than 6.3 leads to the interruption in microbial growth and 

survival while higher than 7.6 may lead to enzyme dysfunction and eventually 

inhibition of methane production.  Another risk associated with high pH is 

ammonia inhibition (Grady et al., 1999). Previously it was found that decreasing 

the pH from 8 to 7.5 the ammonia inhibition can be reversed and it gives a chance 

to methnogens to tolerate higher accumulation VFAs up to 998 mg/l, without 

halting the methane production (Garyfallos et al., 2012).  

 

Experiments with PM slurry at thermophilic condition were carried out so 

as to alleviate VFA inhibition due to the presence of some buffers i.e zeolite (Lily 

and Ho, 2012). Another way to reach the highest methane yield is to adjust the pH 

at slight basic conditions during the high VFA inhibition. This can be employed 

reach a maximum methane yield (Yenigün and Demirel, 2013). In another study 
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pH values between 7.4-7.7 for ECs and 7.4-7.5 for CBPs whereas, SCOD values 

were only slightly higher than in inoculum, created no significant accumulation of 

soluble organics (Kaparaju et al., 2002). While in another study the SCOD was 

found to be in the range of 5 to 12 gL
-1

. The higher organic loading rate (OLR) 

during this study also provoked increase in ammonia concentrations (Lehtomaki et 

al., 2007). 

 

1.3.6 Temperature 

Temperature is another important factor that can seriously affect the rate of 

methane yield, so it is more into the kinetics of this AD process. AD reactors are 

usually maintained at mesophilic (30 °C to 40 °C) or at reasonable thermophilic 

(50 to 60 °C) temperatures, the optimal ranges vary when there is a change from 

mesophilic to thermophilic conditions due to the change in microbial colony in AD 

reactor (Ahring, 2001). The elevated temperature ranges lead to wavering of 

reactors and effect in flux of the AD process. Usually the thermophilic conditions 

are more preferred compared to mesophilic ranges due to the high rate of methane 

yield. In previous studies carried out with CM and PM resulted in steady state at37 

°C (Panichnumsin et al., 2010). It was also found that methane yield was increased 

as a result of increasing temperature from 25 °C to 35 °C. Ammmonia inhibition is 

more obvious during thermophilic conditions but the mesophilic ranges don not 

differ in reaction kinetics between low and high nitrogen substrates (Garcia and 

Angenent, 2009). The methanogenic Archaea produced some optimum results 

during at a 7.5 pH and 37 °C for methane augmentation when the film were coated 

with MAT-methane (Sossa et al., 2004). 
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1.3.7 Solids Retention Time (SRT)  

The time that a solid spends in AD reactor is called solid retention time or 

SRT, but the period of holding the sludge in AD reactor is called the hydraulic 

retention time (HRT). Usually the SRT and HRT are equal for the digesters 

operated in general because there is no recycling or regeneration of biomass. More 

specifically in CSTR reactors the engineers are more concerned for the design as 

HRT and SRT affect the microbial growth in AD reactor (Grady et al., 1999). 

 

The range for HRT and SRT can vary between 15 to 60 days depending on 

the reactor type. Reported in another study that the increase in VS reduction was 

found associated with increasing SRT to a certain limit but later on it decreased the 

VS reduction (Taricska et al., 2009) 

 

1.3.8 Ammonia Inhibition 

The lighter metal ions, ammonia, cations, heavy metals and some sulfide 

ions can also cause inhibitory effects to the AD process. Sulphides reduce the 

methane production by providing sulphur as an electron acceptor and also 

destabilize the COD of reactor (Grady et al., 1999). Methnogens are also sensitive 

to some other organic acids and compounds as well. The total ammonium nitrogen 

(TAN) is the major concern during the waste water treatment. The free ammonia in 

the substrates for anaerobic digestion is considered very lethal to methanogens. It 

was also found in previous studies that methnogens population shifts during high 

ammonia accumulation at mesophilic conditions (Schnurer and Nordberg, 2008). 

During the batch assays the ammonia levels control the lag phase of reactor and if 
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ammonia increased from 400 mg/L the methanation stops even at the beginning. 

This can be explained on the basis of higher resistance of methanogens biofilm to 

inhibitory compounds. The development of biofilm not only physically stops the 

penetration of inhibitory agents but some changes inside the cells also occur that 

explain the greater resistance of ammonia in adapted communities (Sossa et al., 

2004). 

 

1.4 BIOGAS UPGRADATION 

The main constituent of biogas is 60–70% flammable methane (CH4) and 

40–30% noncombustible carbon dioxide (CO2) along with fewer amounts of 

additional gases for instance oxygen (0-1%), nitrogen (siloxanes (0–0.02%), 

halogenated hydrocarbons (VOC, <0.6%) carbon monoxide (CO, <0.6%), 

hydrogen sulfide (H2S, 0.005%–2%), and water vapors (H2O, 5–10%)CH4 

combusts very cleanly without any soot particles or other pollutants, making it a 

clean fuel. On average, the calorific value of biogas is 21.5 MJ/m
3
 whereas that of 

natural gas is 35.8 MJ/m
3
 (Basnal et al., 2013). The non-combustible part of 

biogas, mainly CO2, lowers its calorific value. Therefore, by removing CO2 from 

biogas the calorific value can be increased. Besides CO2, biogas contains little 

amounts of hydrogen sulfide (H2S). When water is present, H2S forms sulfuric acid 

(H2SO4), which is extremely corrosive, leaving the biogas unusable.  Removing 

CO2 and H2S from biogas is the also called methane enrichment of biogas. By 

upgrading biogas to natural gas quality, containing more than 90% CH4 

(Ryckebosch et al., 2011), it is suitable for more advanced applications in which 

the heat is not wasted, resulting in a higher efficiency. The process of enhancing 
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biogas generates new possibilities for its use since it can then replace natural gas 

and be applicable for use in the vehicles. There is even greater potential for biogas 

if it can be compressed for using in farm machinery. But all these scopes are 

possible only after removing CO2, H2S and water vapors from crude biogas. As the 

energy content of biogas is in direct proportion to the methane concentration, 

therefore, it is necessary to remove these contaminants from the raw biogas 

generated in the digesters to increase the energy content. 

 

1.5 BIOGAS AS AN ALTERNATE OF FOSSIL FUELS 

The widely available biomass is considered as sustainable and renewable 

energy resource. It is also well established that use of alternate and renewable 

energy resources provide addition environmental and social benefit. As the biomass 

comes from environmentally fixed nitrogen by plants so the energy from biomass 

does not add anything new to the atmosphere (Awan and Khan, 2014). The energy 

produced from biomass can be an excellent substitute to the energy from natural 

non-renewable fuels. Bioethanol is a biofuel that is formed by biomass resources. 

EU has established an objective of increasing the renewable energy up to 50 % of 

energy consumed by 2020 (Garyfallos et al., 2012). 

 

1.6 AGRICULTURAL RESIDUES AND THE PORTIONS OF BIOMASS 

AVAILABILE IN PAKISTAN 

There is a large quantity of the agricultural and industrial by-product which 

have no commercial value are used for land filling and are present in a huge 

amount in case of wheat straw, cereal straw and maize stalk when they are 
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harvested in the fields (Alonso et al., 2016). The agricultural waste or byproduct 

are mainly used for combustion purposes due to their low water content that is 12 

to 14  per cent and it is well suited for burning in the household (Wang et al., 

2005).  

 

Maize is a cereal crop which is cultivated throughout the world. Anaerobic 

digestion of this substrate will not only produce sufficient methane but the left outs 

can also acts as a fertilizer due to their good nutrient quality it. The anaerobic 

digestion process of this substrate not only produces the biomethane gas but also 

reduces the effect of greenhouse emission (Sossa et al., 2004). Improvement is 

achieved in economic level and in the energy production level by using agricultural 

biomasses instead of energy crops for the production of biogas through anaerobic 

digestion (Awan and Khan, 2014). Mechanical shredding and treating the substrate 

with different chemical like acids, bases and enzymes make easy the degradability 

of the substrate by mesophilic bacteria, which results in the enhanced biomethane 

production which is economically and environmentally friendly and attractive 

(Hartmann et al., 2000). An excellent way of waste management is the biomass 

digestion in AD and conversion into biogas. AD of weeds, algae, agricultural 

byproducts and other plant wastes can produce highly rich methane fuels.  

 

1.7 OBJECTIVES AND HYPOTHESIS  

This study was designed to uproot the conventional technique of mono-

digestion and replace it with co-digestion as directed by the literature, co-digestion 

yields more biogas as compared to mono-digestion of lignocellulosic substrates. 
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Specifically, The aim of present study was to examine different co-digestion 

scenarios of wheat straw (WS) and meadow grass (MG) with cattle manure (CM), 

focusing on some macro and micro nutrients and C/N ratios that can promote a 

possible synergism for AD process and increase the rate of methane production to 

attain higher biodegradability values than mono-digestion. Moreover, from mono-

digestion of each substrate the lignocellulosic substrate producing the least amount 

was planned to be subjected under the photo-catalytic pretreatment with UV light 

and Titanium oxide (TiO2). The plan of this pretreatment was to further increase the 

digestion of lignocellulosic waste in anaerobic digester. Furthermore, the energy 

balance was calculated for estimation of economic feasibility of the process. 

Therefore, current study was conducted with following aims and objectives. 

 

1. Characterization and analysis of substrates and co-substrates to be used 

in the anaerobic digestion for biomethane production 

2. Optimization of parameters like share of VS in feedstock, initial pH and 

temperature for both mesophilic and thermophilic process 

3. Separation of biomethane from the mixture of other gases like CO2 and 

its comparison with other fuel gases 

4. Economic assessment of biomethane produced, after photo-catalytic 

pretreatment of biomass, for fuel grade gas 
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Chapter 2 

REVIEW OF LITERATURE 

2.1 HISTORY OF BIOGAS 

Biogas is known as a mixture of gases that specifically contains methane 

(CH4), carbon dioxide (CO2) and produced as a result of bacterial governed 

anaerobic digestion (AD) process. During this process the organic matter is 

reduced to biomethane and other gases that together form the biogas. The overall 

methane concentration in mixture varies from 50 per cent to 70 per cent and carbon 

dioxide can vary between 30-50 per cent. Some other silicates and trace gases such 

as hydrogen sulphide can also form a share in biogas. The composition of biogas 

depends on the type of organic matter that is taken for digestion. The biogas 

produced is considered as environmentally safe and its burning adds a carbon 

neutral carbon dioxide in to the atmosphere.  

 

History of biogas knowledge belongs to the 17th century when Van 

Helmont presented that decaying organic matter produces combustible gases. Later 

on in 19th century the scientists started looking for the assembly of genuine biogas 

systems and plants (Abbasi et al., 2012). Furthermore, Donald Cameron collected 

the biogas from a tank an used it to lighten up the streets of Exeter, England. Later 

on the waste water treatment plant in Denmark were powered to biogas in 1920.  

 

In Great Britain, France and Germany, the biogas industry flourished after 

the Second World War. The biogas technology in addition steadily created its path 

towards agriculture keeping energy production as a main goal. In 1930s Bombay 
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India, methane generation was experimented and successfully carried out using 

CM.  This was the first effort in India to produce biogas and was fully sponsored 

by KVIC (Khadi and Villages Industries Commission) during early 1960s. The 

Chinese’s government also started a similar program in 1960s. The extensive 

distribution of biogas digesters in developing nations started in 1970s. Until 201, 

there were nearly 27 million plants were recorded in China. In 1973 The Danish 

state took an initiative for biogas research and the main focus of their research was 

on animal based digesters and their design to get a maximum output (Bond and 

Templeton, 2011). 

 

2.1.1 Biogas in Pakistan 

Pakistan’s annual fuel import costs in 2005 was roughly 7 billion US$ and 

it was forecasted by forecast of the National Planning Commission, the reliance on 

imported primary energy will further increase over the next two decades, from 30% 

of the total demand in 2005 to 62% of the demand in 2025 (Heedge and Pandey, 

2008). The daily manure production from farms animals of Pakistan is around 700 

million kg that can easily be reduced to 18 million m3 biogas if half of it is digested 

by AD process (Zuberi and Fahrioğlu, 2015). Domestically, biogas plants were 

established in 1959 and now there are few more into the biogas systems. In 2000, 

Government of Pakistan started the biogas support program named BSP that till 

now has installed 1200 biogas units at local domestic level. These days there is a 

very high demand for solar powered domestic units and biogas plants and their 

number is increasing day by day. The basic charm in this system of solar and 

biogas power is their low operational cost, reproducibility and sustainability. At 
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present many non government agencies like RSPN, PCRET and PDDC are 

operational to publicize this renewable energy expertise (Amjid et al., 2011). 

Roughly 2.5 KWh can be generated with one cubic meter of biogas and the 

livestock sector can serve the best for providing organic matter to the biogas plant 

with annual increase of 4 per cent and cattle heads. Pakistan council for renewable 

energy technology (PCRET) has also established approximately 4000 biogas units 

across Pakistan that save Rs. 37.925 million annually on average. The current 

situation in Pakistan with reference to energy is not good and there is a need to 

fully use the potential of country for renewable energy production to serve the gap 

between demands and supply (Uddin et al., 2016). Not only the cattle manures but 

the human excreta, weeds, kitchen waste and other plant materials can also be 

utilized to produce the bioenergy and serve the national interest (Mushtaq et al., 

2016). 

 

2.2 BIOGAS FROM AGRICULTURAL WASTES 

2.2.1 Grasses 

Grasses can be fed to a batch or a continuous system for AD to produce 

steady state methane. The grass silage liquor has been tested widely for its 

conversion during AD process to bioethanol and biogas, the results have proven the 

good economy of the technology and reproducibility of the results in the 

commercial grass silage based reactors (Abu-Dahrieh et al., 2011). Methane rise 

from grasses on whole has varied as 253 to 394 LCH4/kgVS added to AD reactor. 

Grasses are considered the suitable candidates for AD due to their high 

biodegradability, huge biomass sustainability, yield, re-growth and no competition 
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with arable land. Cocksfoot, tall fescue and timothy are suitable producers of 

biomass some grasses offer very high methane yields due to higher amount of 

organic matter in them for example, tall fescue, timothy and cocksfoot (Seppälä et 

al., 2009). 

 

2.2.2 Wheat Straw 

Wheat straw (WS) based digesters have proven that WS based AD should 

not be restricted to mono-fuel production but producing more than one fuel in step 

by step manner can increase the process efficiency. The WS is usually take as the 

most recalcitrant biomass among crop residues and requires a pretreatment for 

further digestion. The acid pretreated WS has been reported to produce 10 per cent 

more biogas compared to untreated WS in batch reactors. The cellulose reduction 

and temperature was affected during the operation but the methane production 

remained steady during the experiment (Kaparaju et al., 2009). The RFLP analysis 

of the digester showed that there was the change of microbial community due the 

increase in temperature not due to the WS addition. The community cel-45 change 

but cel-48 remained the same. The new DNA sequences suggested the community 

shift, evolution and adaptation of microbes in the AD reactor (Sun et al., 2013). 

 

2.3 TYPES OF REACTORS FOR BIOGAS PRODUCTION 

Biogas digesters after AD produce biogas and massive quantity of digested 

slurry that can serve as a fertilizer in fields. The produced gas can contribute to the 

heat, electricity and power generation. Generally the reactor is domed chamber, 

airtight with an inlet and out let for substrate and a gas collection chamber. The 
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gases generated after organic matter biodegradation come up to the dome and build 

up a pressure that can be noted by attaching a pressure gauge to the gas outlet. 

Depending upon the usage there are many types of reactors, some of them are 

mention here under. 

 

2.3.1 Batch Reactor 

The batch reactor at lab scale is usually referred to a glass bottle with an air 

tight rubber plug/cork at the top. Commercially the reactors come up with huge 

tank and the dome; the tanks may vary depending upon the usage and need of the 

customer (Elaiyaraju and Partha, 2012). If the batches are set up with very less 

initial pH, it was found that overall pH is further lowered and hence results in the 

halting of AD due to increased acidic strength (Yan et al., 2015). During this 

experiment more than 90 per cent of methane yield was obtained at day number 18 

(Carlini et al., 2015). Some further investigations have reported the maximum 

methane yield in grass based digesters at 50 °C showing more biodegradability. In 

a 2 L batch reactor the food was also digested during a study and results have 

shown very high reaction kinetic and less HRT in thermophilic 53 °C condition. 

Reaction kinetics was evaluated using modified Gompertz model to evaluate 

parameters of AD (Deepanraj et al., 2015). 

 

2.3.2 Continuously Stirred Tank Reactor 

Continuous Ideally Stirred-Tank Reactor (CISTR) is the ideal reactor which 

is used to compare the CSTR behavior during the operation and help to standardize 

the effort involved. The calculations are made on the basis of results from CSTRs 
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and approximations are done by using experimental models for CISTRs and perfect 

combinations and set of variables are taken and experimented in CSTRSs (Arreola-

Vargas et al., 2016). The results from CSTR experiments are often used to estimate 

the key operation variables. The mathematical model works for all fluids: liquids, 

gases, and slurries (Braun, 2007). Some experiments using CSTRs have resulted in 

a fact that high OLRs affect the methane production and also percentage methane 

contents are reduces after the reactor gets stable. In an experiment 58 per cent of 

methane contents were resulted in steady state of CSTR using CM (Fantozzi and 

Buratti, 2009). But the decrease in methane contents and yield was found 

associated only in the mesophilic conditions. The kinetic model from this study 

was also used to standardize the CSTRs operational conditions at mesophilic and 

thermophilic range (Adebayo et al., 2015). 

 

2.3.3 Up-flow Anaerobic Sludge Blanket (UASB) 

Based on a single tank is the up flow anaerobic sludge blanket reactor 

(UASB) containing granules/particles (fig. 2.3). Due the flow of waste water from 

bottom to top these reactors are named up flow. The microbes form a blanket of 

sponge like mass that traps the sludge particles and later on digests it (Ekstrand et 

al., 2016). The digestion results in the production of carbon dioxide and mainly 

methane. Walls having a slope rebound the substrate and the up-rising bubbles mix 

up the sludge without any assistance require by mechanical parts (Nkemka and 

Murto, 2010). Once few days are gone the larger particles of sludge act as a filter 

for smaller particles in the reactor. This helps to retain the microbes in the reactors 

which otherwise would have been washed out. 

https://en.wikipedia.org/wiki/Slurry
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Figure 2.1. Gereralized figure of reactor that can be operated in batch 

mode (schematic notation)  

Batch mode is an operational procedure when feedstocks and 

inoculum are mixed in a reactor, intial pH etc is adjusted and the 

reactors are closed to let the AD process beging. During the 

operation the reactor is not fed with feed stock etc. 
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Figure 2.2. Generalized diagram of CSTR 
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      Figure 2.3. Generalized USAB reactor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 

 

A draw back associated with USAB is that it cannot be used at domestic or 

smaller scale as it requires continuous water supply or electrical power. This factor 

reduces its efficacy in rural areas of operation but at industrial level it can 

overcome the extra power put in as electricity.  

 

Art of making USAB is easy but granule formation can be achieve after 

several months (Mace and Mata-Alvarez, 2002). Some experiments were 

conducted for the methane augmentation both USAB and batch reactors from pilot-

scale ezymatically digested WS and steam acid pretreated WS. After some nutrient 

addition to the USAB at OLR of 10.4 kgCOD/m3/d, the methane production rate 

was obtained as high 2.70 m3/m3/d with 94 per cent COD reduction in the reactor. 

In another study the heavy metal removal experiment from leachate of seaweed 

resulted in lower methane production after the heavy metal removal. The reactor 

could only reach a maximal OLR of 20.6 gCOD/L/d. specifically the methane 

production was found as lower as 17 per cent of the control in batch and 15 per 

cent in USAB (Nkemka and Murto, 2010). 

 

 2.4 CO-DIGESTION 

The process co-digestion refers to the technology when two or more 

dissimilar substrates are mixed in a certain ration and digested in AD reactor for 

methane production. It is a similar way as that of mono-digestion but is having plus 

point of increased methane yield due to synergy. The main aim of the co-digestion 

process is to increase methane production, uplift the economics of the process and 

increase the biodegradability of organic matter (Mata-Alvarez et al., 2000). In a 
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study the food waste (FW) and fruit and vegetable waste (FVW) AD was 

conducted at OLR of 3 kgVS/m3/d. The results have shown a biogas production 

rate 0.49 m3CH4/kgVS and the VS removal was estimated to be nearly 75 per cent 

(Lin et al., 2011). 

 

Co-digestion of fluid mass sludge waste (FMSW) with sheep blood as co-

substrates was reported to be promising at lesser OLRs but at higher OLRs the 

process was found inhibited. This was explained on the basis of VFA accumulation 

in the AD reactor after FMSW digestion, ammonia production and lower pH. 

Although the process remained unstopped at higher OLRs but the major benefit of 

methane enhancement was not achieved. Yet another advantage of co-digested 

slurry was still there to be use in soil reclamation, land fertilizing and forestry, due 

to promising nutritional balance in the slurry (Zhang and Banks, 2012).  

 

Co-digestion experiments have also been done with agriculture waste and 

energy crops to adjust the C/N ratio and analyze effects of supplementation on the 

AD of biomass from local crops (Fu et al., 2008). Furthermore, effects of the 

different pretreatments before the co-digestion have been reported promising 

especially with plant biomass and manure. The main achievement of co-digestion 

process is to reduce the OLR and HRTs of AD reactors that otherwise would have 

been too naive. Plant biomass treated with ruminant cellulase also increase the 

methane yield after co-digestion with cattle manure in batch and CSTR reactors up 

to 20 per cent and 15 per cent respectively (Ward et al., 2008). Within such a 

scenario VS, can be underrated because of volatile fatty acids (VFA) reduction at 
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some stage in the investigation TS. So, the solution for acidic wastes is that TS is 

determined after decreasing the pH to reduce the uncertainty in final results.  

During the pig manure (PM) analysis the observed synergism of VFA with TS VS 

and COD was not observed (Dennehy et al., 2016). Furthermore, the reaction 

kinetics also reached at a maximum level when 1/4 ratio of pig manure and fish 

waste (FW) was taken.  

 

The CM and sludge waste (SW)  co-digestion also produced optimum 

results at 3/7 initial pH of 9.0 to improve VFA production and methane generation 

from co-digestion (Dai et al., 2016).For the sample of high volatility that the TS 

determination should be performed at, maximum temperature of 90 ºC as a 

replacement for 105 ºC. The COD and VS should also be determined at slightly 

lower temperatures to reduce the risk of false results (Motte et al., 2013). 

 

2.4.1 Advantages of Co-digestion 

The co-digestion has several befits reported over the mono-digestion of 

wastes such as inhibition of toxic compounds, higher organic contents per unit 

volume for digestion, improved stability of digestate, increased moisture contents 

due to blending of substrates, reduction in green house gases emission and more 

economic value (Ward et al., 2008). 

 

Pretreatment of biomass to increase the methane yield is a much more time 

consuming, energy dependent and economically less effective when compared with 

co-digestion. It can advance on any of the chemical, biological, enzymatic and 
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mechanical pretreatment technology that worth an extra input added to the system 

(Sosnowski et al., 2003). But more specifically the co-digestion offers a real C/N 

ratio adjustment, improved nutrient balance, lower OLRs and high 

biodegradability. pH, toxic waste dilution, increased buffer capacity and reduction 

in NH4 inhibition are added advantages associated with co-digestion (Alvarez et 

al., 2010; Borowski et al., 2014; Esposito et al., 2012; Nielfa et al., 2015; Wang et 

al., 2012). It can advance on any of the chemical, biological, enzymatic and 

mechanical pretreatment that worth an extra input added to the system. 

 

2.5 PRETREATMENT OF BIOMASS 

The waste streams produced in a bio-refinery can be reduced by 

pretreatment technology applied on biomass and obtain a ready conversion of 

biomass into useful products (Thomsen, 2005). Production of numerous biofuels 

using plant biomass has now been found as an option to diminish GHG release into 

the atmosphere (Sheehan et al., 2003). But due to the complex architecture of 

lignocellulosic biomass it is quite difficult to completely digest the biomass during 

AD. Therefore it is needed that a pretreatment methodology should be followed to 

somehow loosen the complex of cellulose, hemicellulose and lignin.  

 

2.5.1 Chemical Treatment 

Most common pretreatment in the chemical category is the acid 

pretreatment which can be dilute and concentrated. Acid bas chemical pretreatment 

gives a better degree of lignin solubility while sunflower waste treatment with 

NaOH resulted in greater lignin degradation compared with acid pretreatment. 
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Further studies have also confirmed the release of more phenolics from plat 

biomass with increasing degree of acid strength during the pretreatment 

(Nguyenaet al., 2010). After the chemical acid based treatment the results were 

also noticeable under scanning electron microscope (SEM) (Antonopoulou et al., 

2015). 

 

Previously, many other chemical treatment for biomass pretreatment were 

offered including CaCO3, H2S explosion, NH3 fiber explosion, steam explosion and 

ionic liquid. More than 90 per cent of sugar yield was reported by using the above 

mentioned techniques from biomass. The choice of pretreatment applied to a 

biomass type only depends on what is taken as a substrate. So, it is very difficult to 

establish which pretreatment methodology is the best with respect to effect, 

economy and yield (Behera et al., 2014). 

 

2.5.2 Mechanical Treatment 

Mechanical pretreatment is more as a mean of size reduction parameter for 

better handling the lignocellulosic wastes. Acoustic cavitation is a process of 

mechanical pretreatment using pressure changes by ultrasonic waves that pass 

through a fluid and result is the formation of gas bubbles that later on burst to pose 

some mechanical effects like particle erosion. Acoustic cavitation was reported to 

effectively uplift the cellulose digestibility up to 37 per cent compared to untreated 

samples of microcrystalline cellulose (Madison et al., 2017). NaOH and NaOH 

coulped with H2O2 based dry chemo-mechanical pretreatment method was reported 

to have a significant effect on particle size reduction to mechanical pretreatment 
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alone. It has also been established that the chemo-mechanical pretreatment 

technique using alkalis is more efficient with respect to eco-friendly, economical 

aspect and ease of operation (Antonopoulou et al., 2015). Another way of 

pretreating agricultural biomass is the thermo-mechanical pulping of 

lignocellulosic waste that is well established in paper industries. Using this 

pretreatment methodology corn stover and wheat straw were pretreated at 160 ºC 

and 170 ºC respectively with mechanical operation in play. The result depicted that 

overall carbohydrate released from WS were increased from 25 per cent to 40 per 

cent using this methodology (Gonzalez et al., 2011). 

 

2.5.3 Biological Treatment 

Biological pretreatment of biomass refers to the process co-culturing 

lignocellulose degrading microorganism and biomass for some time. This process 

allows the sugars to come out and increase the surface area for further digestion in 

AD process. Previously, it was also found that bacterial enzymes were three fold 

slower in kinetics as compared to the fungal enzymes. But when the bacterial and 

fungal isolates were mixed the saccharification increased seven folds compared 

with untreated WS biomass (Raya et al., 2010). Blending two or more biomass 

pretreating enzymes has always been reported more economically feasible 

compared to single isolate for biomass pretreatment. Purified enzymes are also 

more expensive than that of mixtures obtained. Microalgae and seaweed has also 

been experimented with naturally occurring ruminal fluid containing natural 

cellulases which are potentially more suitable for biological pretreatment (Carrillo-

Reyes et al., 2016). 
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The process of biological pretreatment is a nearly a natural way of 

pretreating the biomass in an eco-friendly way as there is no inhibition during this 

treatment. But still there are few drawbacks associated and needed to be tackled 

before launching it on the industrial scale (Sindhu et al., 2016). 

 

2.5.4 Photo-catalytic Treatment 

Photo-catalytic (PC) pretreatment is the advanced way of biomass oxidation 

that uses the light energy to oxidize the biomass under the photo-catalyst. This 

process is way of pretreatment under mild conditions of pH and temperature. Being 

a new technology it has been used for variety of substrates including cattle manure 

and coffee pulp to increase the methane yield during AD (Corro et al., 2014). This 

process also offers lignin degradation following a cascade of reactions in periodic 

manner usually ending in organic acids. It is very difficult till now to determine 

that which intermediates are formed during the lignin oxidation cascade due to 

huge complexity involved. Photo-catalysis and ozonation both are very extensively 

used techniques for lignin degradation (Lekelefac et al., 2015). 
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Chapter 3 

MATERIALS AND METHODS 

 

3.1 COLLECTION OF SUBSTRATES 

The present study was conducted with lignocellulosic biomass and cattle 

manure. The substrates were selected due to their abundance and availability in 

local areas of Islamabad. Lignocellulosic biomass i.e wheat straw (WS) and 

meadow grass (MG) were collected from local fields of Islamabad and Rawalpindi. 

The cattle manure (CM) was collected from the local farms and inoculum was 

taken from the university biogas plant. Before further usage the inoculum was 

degassed to an extent when it was not producing significant biogas (Angelidaki et 

al., 2009). 

 

3.2 PROXIMATE ANALYSIS OF SUBSTRATES 

3.2.1 Solid Contents 

 

Total solids (TS) and volatile solids (VS) were determined according to the 

Standard Methods for the Examination of Water and Wastewater (APHA, 1998). 

Total solid contents were determined after drying the samples at 105 °C for 24 

hours and VS after combustion at 550 ° C for 2 hours. The values of total solids 

(TS) and volatile solids (VS) as percentage of WS, MG and CM were calculated by 

using on equations 1 and 2. 

 

100TS TS

s e

m m
TS

m m

 
   

 (1)  
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Figure 3.1. Dried and cut wheat straw used for proximate analysis  
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Figure 3.2. Meadow grass used for proximate analysis  
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 100TS VS
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 (2) 

 

me= The mass of the empty crucible, g 

mTS= The mass of the sample and crucible after 24 hours at 105 °C oven, (g) 

mVS= The mass of the sample and crucible after 24 hours at 550 °C oven, (g) 

mS=The initial mass of the sample and crucible, (g) 

 

3.2.2 Total Kjeldahl Nitrogen and Ammonia 

The total nitrogen and ammonia of the samples were determined according 

to the Standard Methods for the Examination of Water and Wastewater (APHA, 

1998). In a digester tube, 4 mL of sample, 2 glass beads, 1 Kjeldahl tablet, 50 mL 

milli-Q water and 10 mL of concentrated H2SO4 were added. Contents of the tubes 

were initially digested for 60 minutes at 180 °C and then the temperature was 

increased up to 350 °C for another 60 minutes. After cooling the contents of tubes, 

distillation procedure was started. A 250 ml flask containing 5 mL boric acid (4 per 

cent w/v), 30 mL milli-Q water and 4-5 drops of Kjeldahl indicator and also the 

digester tubes were placed in the distillation unit. Then the sample was titrated with 

HCL (0.1 M) solutions, and Total Kjeldahl Nitrogen was calculated by using  the 

following equation: 

 
 1 2 / /.14.01 .0.1

g mol mol L
V V

N
W


  (3) 

V1 = is the titration volume, mL 

V2 = is the titration volume in the blank, mL 

W = is the volume of the sample, mL 
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Figure 3.3.TKN apparatus  
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     Figure 3.4. 105 °C oven and 550 °C furnace for the determination of TS and VS  
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Figure 3.5.pH meter used in the experiment  
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Figure 3.6. GC Shimadzu GC-2010 for determination of VFA 
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3.2.3 pH Determination 

The pH of raw cattle and digested manure were measured by a PHM 92 

LAB pH meter. The pH-meter was always calibrated before use with standards 

buffer solutions and the electrode was kept inside a KCl 3 molar storage solution. 

 

3.2.4 Volatile fatty acid determination 

Volatile fatty acids were determined by gas chromatography using GC 

Shimadzu GC-2010. The samples were obtained directly from each reactor (3.0 mL 

of water and 3.0 mL of sample) were collected in a plastic tube. The sample in the 

plastic tube was acidified with 400 μL of a 34 per cent H3PO4 solution for being the 

VFAs in their acidic form and to eliminate microbial activity.  

 

The acidified solution was centrifuged at 13400 rpm for 12 minutes. Then, 

1.0 mL supernatant sample was stored in a GC glass vial, with the addition of 

100.0 μL internal injection standard solution (1.1 mM 4-Methyl valeric acid). 

Samples were taken in duplicate and were stored in a freezer at -18 °C until 

analysis by Gas Chromatography. The Gas Chromatographer (GC Shimadzu -

2010), was equipped with Flame Ionization Detector (FID) and a capillary column 

(ZB – FFAP, 30 m, 0.53 mm I.D x 1.0 μm) in order to separate the compounds.  

The liquid sample was injected into GC and the determination of the VFAs was 

achieved by a linear calibration curve obtained by calibration of standards and 

adjustments of the injection standard. Choromatograph obtained by the GC analysis 

indicated the presence of acetic acid, n- and iso-butyric acid, n- and iso-valeric 

acid, propanoic acid and n-hexanoic acid in the sample.  
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Figure 3.7. Set of batches in the oven 
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Figure 3.8.  Auto sampler used for VFAs analysis  
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Figure 3.9. GC Shimadzu for CH4 content measurement  
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3.2.5 Structural Carbohydrates and Klason Lignin Determination 

Strong acid hydrolysis protocol from National Renewable Energy 

Laboratory (NREL) was used to determine structural carbohydrates and Klason 

lignin (Sluiter et al., 2004) Hewlett-Packard Agilent 1100 chromatographer with a 

BioRad- Aminex HPX-78H column (dimensions of 300.0 × 7.8 mm) at pH 3.0 

with 4 mM H2SO4 as an eluent, at a flow rate of 0.6 mL/min was used to determine 

sugar contents. 

 

3.2.6 Trace Elements Analysis 

The trace metals analysis were performed with digestion of lignocellulosic 

residues using HNO3 and HCl followed by analysis using VARIAN Inductive 

Coupled Plasma optical emission spectrophotometer (ICP-OES). An elemental 

analyzer (vario MACRO cube, Hanau, Germany) was used to determine C, H, N, 

O, S and analyze the C/N ratio and determinations were performed in triplicates. 

 

3.3 KINETIC ANALYSIS OF MONODIGESTION AT SELECTED INITIAL 

pH AND TEMPERATURE FOR BIOMETHANE POTENTIAL ASSAYS 

(BMPs) 

The monodigestion biomethane potential experiments were performed to 

investigate the effects of different initial pH and temperatures on kinetics of AD 

process. During these experiments, three different mesophilic (33, 36 and 39 °C) 

and thermophilic (50, 53 and 56 °C) temperatures were set at four different initial 

pH scales (6, 7, 8, and 9). Moreover the initial pH of each reacting components of 

the reactors were adjusted with 1M NaOH and 1M HCl as per requirement. This 
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was done to analyze the temperature and to set initial pH for batch reactors and 

evaluate the maximum methane production rate (Rmax). The estimation of Rmax was 

performed using the solver tool of Microsoft excel program by applying modified 

Gompertz model. Specifically, the biomethane potential batch experiments were 

performed according to the biochemical methane potential (BMP) protocol defined 

by (Angelidaki et al., 2009). The batch reactors had total volume of 547 mL and 

working volume of 200 mL. The inoculum accounted for 40 per cent of the 

working volume and the initial organic load was set to 2 gVS/L. Whereas, cattle 

manure, wheat straw and meadow grass were digested separately to determine their 

methane yield. All the assays were performed in triplicates. 

 

3.4 CO-DIGESTION EXPERIMENTAL DESIGN 

For all co-digestion combinations, one of the three substrates was kept 

constant at three different levels (i.e. 25 per cent, 50 per cent and 75 per cent of 

total initial VS load) and the left over portion of initial VS contents was distributed 

between the remaining two substrates as 25:75, 50:50, and 75:25 for each constant 

level of the first substrate. The batch reactors were shaken once every day in order 

to avoid the creation of dead zones in the reaction mixture. Avicel
®

 PH-101 

cellulose (Sigma Aldrich) was used to validate the accuracy of the BMP assay 

process. Batch reactors were only fed with inoculum and water (blanks) were 

included to determine the residual methane production from the inoculum. Finally, 

the batch reactors were flushed with a gas mixture of N2/CO2 (80/20 per cent v/v) 

gas mixture, closed with rubber stoppers and aluminum caps and incubated at 53 

°C at thermophilic temperature range in triplicates to ensure accuracy of results.  



43 

 

Table.3.1. Experimental design for co-digestion 

BMP set 1 BMP set 2 BMP set 3 

WS*  MG**  CM**   WS*  MG**  CM**   WS*  MG**  CM**   

100  0  0   0  100  0   0  0  100   

25  75  25  A  75  25  25  A  75  25  25  A  

25  50  50  B  50  25  50  B  50  50  25  B  

25  25  75  C  25  25  75  C  25  75  25  C  

50  75  25  A  75  50  25  A  75  25  50  A  

50  50  50  B  50  50  50  B  50  50  50  B  

50  25  75  C  25  50  75  C  25  75  50  C  

75  75  25  A  75  75  25  A  75  25  75  A  

75  50  50  B  50  75  50  B  50  50  75  B  

75  25  75  C  25  75  75  C  25  75  75  C  

*represents the percentage of VSshare out of total VS load (presented in bold numbers), ** represents the percentage of rest of VS share 

(TVS– 100) (TVS= Total VSshare),
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3.4.1 Theoretical Biomethane Potential (TBMP), Synergistic Effect and, The 

Biodegradability Calculation 

Theoretical biomethane potential was calculated from Buswell’s formula 

(Symons and Buswell, 1933) and extent of biodegradability was calculated by the 

following equation:

 

% 100
Pex

BD
Pth

   
    

(4) 

Pex is experimental biomethane yield and Pthis the theoretical biomethane yield 

 

The synergistic effect (η) was calculated by the following equation. A η 

value, greater than one indicated synergistic effect and less than one antagonistic 

effect. 

.

.

Exp Methane

Pred Methane
 

    
(5) 

 

Elemental analysis was only confined to organic matter and the distribution 

of elements was calculated on the basis of VS. Furthermore, final concentrations of 

trace elements in the mono-digestion were calculated by the following equation, 

   ( / ) /
load

ConcentrationX mg L mgX kgVS X VS
 

(6) 

 

Where X is the element for which the calculation is done and VSload is the 

final VS load in the reactor. For each co-digestion the final elemental concentration 

was calculated by the addition of each element in mono-digestion multiplied by its 

percentage VSshare in total VS. 

   
     final WS share MG share CM share

C C VS C VS C VS         
(7) 
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Where C is the concentration of metal ion in mono-digestion and is 

multiplied with its VSshare in every co-digestion scenario. Cfinal is the final 

concentration (mg/L) of specific metal ion in co-digestion mixture. 

3.4.2 Kinetic Analysis 

The kinetic analysis provides information on the extent of biodegradability 

and the rate of biodegradability of a particular substrate and/or combination of 

them. The modified Gompertz equation (Nielfa et al., 2015) was used to determine 

the kinetic parameters that describe the degradation process of organic matter in 

batch assay: 

  exp exp 1
Rmax e

M P t
P


            

     

(8) 

Where M is the methane yield (NmLCH4/gVS) at time t (days), P is the maximum 

methane potential (NmLCH4/gVS), Rmax is the maximum methane production rate 

(NmLCH4/gVS/d), e is the Euler’s constant and λ is lag phase (days). The 

estimation of parameters was performed using the solver tool of Microsoft excel 

program. 

 

3.5 CONTINUOUS MODE EXPERIMENTS WITH CM75C AND BIOGAS 

UPGRADATION SETUP 

The best combination from co-digestion trials (CM75C) was selected for 

the evaluation of its efficacy in continuous mode reactors. Furthermore, the biogas 

produced from this reactor was allowed to pass through a chemical biogas 

upgradation system. To perform the continuous mode experiment at lab-scale, a 

CSTR with a total and working volume 4.0 and 2.5.0 L respectively was used for 
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the continuous mode experiment. The reactor was operated under thermophilic 

conditions (54 ± 1 °C) with heated water jackets. The reactor was operated for 3 

HRTs each HRT contained 15 days of operation and it was provided with 100 mL 

of feedstock twice per day.  

 

The upgradation setup was used according to the experimental design 

described by (Al- Mamun and Shuichi, 2015). More specifically, the percentage 

methane contents of biogas were upgraded by using the metal based chemical 

columns (40x6 cm). Methane produced from a continuously stirred tank reactor 

(CSTR) containing CM75C as feedstock, was subjected to pass from these 

columns. Each column contained 1 M FeCl3, 1 M Ca(OH)2 and silica gel separately. 

Firstly the gas sample was taken by passing only through FeCl3 Column, then only 

Ca(OH)2 and finally only silica gel column. Furthermore, at the end, samples were 

taken after passing the gas from all the columns, whereas raw biogas from the 

reactor was used as negative control to compare the results of upgradation. The 

percentage methane contents were measured every fifth day in triplicates. 

 

3.6 BIOGAS COMPOSITION ANALYSIS  

During the Biomethane potential assays, methane augmentation in the glass 

reactors was calculated by a gas chromatograph (Shimadzu GC-8A, Tokyo, Japan) 

having a glass column (2 m, 5 mm outer diameter, and 2.6 mm inner diameter) 

packed with Porapak Q 80/100 mesh (Supelco, Bellefonte, PA) and a flame 

ionization detector (FID). The injection and detection temperatures were at 110 °C 

and 160 °C, respectively. Biogas composition in the headspace of CSTR was 
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measured using the gas Chromatograph (Mikrolab, Aarhus A/S, Denmark) 

equipped with a thermal conductivity detector. For both AD experiments, the 

methane yields are reported at STP conditions (Angelidaki еt аl., 2009). 

 

3.7 PHOTO-CATALYTIC PRETREATMENT OF BIOMASS 

The wheat straw (WS) being more recalcitrant during the experiments was 

subjected to photo-catalytic pretreatment. Pretreatment of WS was done by soaking 

0.92 g of WS in 240 mL of water. The mixture was prepared in a 500 mL glass 

beaker (Pyrex) with uniform stirring at 200 rpm to all sets of pretreatment and kept 

under UV lamp at fixed position of 30 cm from the lamp. The lamp used in this 

study was SUV 700 with most of its radiation intensity in the region of 320-400 

nm, UV radiations from the lamp were aligned by using collimator, a hollow tube, 

so as to maintain a uniform distribution of UV in the pretreatment and use the light 

energy efficiently.  

 

Pretreatment conditions were varied according to Li et al. (2015) and the 

radiation exposure times were varied from 0 to 180 min (i.e. 0, 60, 120 and 180 

min). The TiO2 concentrations were varied from 0 to 2 per cent (i.e. 0.0 per cent, 

1.0 per cent, 1.5 per cent and 2.0 per cent) by weight of substrate used for 

pretreatment. After the exposure three parts of the pretreated mixture were used to 

define the methane production in batch reactors and evaluate the extent of 

pretreatment. The other part of pretreated sample was kept for evaluation of lignin 

oxidation products e.g vanillic acid (VA) and ferulic acid (FA) determination, and 

also for scanning electron microscopy. 
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Figure 3.10. Design of the upgradation setup with color codes used in the 

picture. 

The setup contained three columns with complex tube systems equipped 

with valves in order to allow the gas to pass from the desired 

solution/columns. This was performed to evaluate the biogas upgradation 

efficacy of columns separately and additively as well. 
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3.7.1 Post Pretreatment 

After completion of pretreatment trials for all the pretreatment setups, each 

of the pretreatment vial was taken in three parts of the pretreated mixture and were 

used for BMP assays while the left over part was used for further quantification of 

products of lignin oxidation products such vanillic acid (VA) and ferulic acid (FA) 

etc plus VFA’s and pH . Not only the quantitative but the left over was also taken 

under qualitative analysis e.g. to perform scanning electron microscopy (SEM). 

The Electrical energy consumption during pretreatment, of the device was retrieved 

from (Hansen et al., 2013) in order to estimate the energy consumption of the 

pretreatment. This was done to calculate the amount of electrical energy utilised 

per unit of the solution under the pretreatment. 

 

3.7.2 Biomethane Potential (BMP) Assay 

Biomethane potential (BMP) was determined according to Angelidaki et al. 

in 320 mL glass vessels (batch reactors) with a working volume of 100 mL. A 

volume of 60 mL of the wheat straw suspension (from the pretreatment trials) was 

mixed with 40 mL of a thermophilic (53±1 ºC) methanogenic inoculum in the 

batch reactors so that the organic load was diluted from 3.32 to 2 gVS/L. The 

inoculum was allowed to degas for seven days in an incubator prior to use. 

 

The basic characteristics of the inoculum are described in section 2.1. 

Avicel® PH-101 cellulose (Sigma Aldrich) was used (2 gVS/L) to validate the 

accuracy of the BMP assay experiments. Batch reactors only with inoculum and 

water (blanks) were included to determine the residual methane production from 
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the inoculum. Finally, the batch reactors were flushed with a N2/CO2 (80/20 per 

cent (v/v)) gas mixture, closed with rubber stoppers and aluminum caps, and 

incubated for a minimum of 30 days. During incubation period, the reactors were 

shaken once a day to avoid the development of dead zones. All BMP experiments 

were performed in triplicates. 

 

3.7.3 Continuous Mode Experiments (CSTR) 

A lab-scale CSTR reactor with a total and working volume 5.0 and 3.0 L 

respectively was used for the continuous mode experiment. The reactor was 

operated under thermophilic conditions (54 ± 1 °C) with heated water jackets. The 

hydraulic retention time (HRT) was set at 15 days throughout the experiment by 

supplying 100 mL of feedstock twice per day with a feeding pump. The organic 

loading rate (OLR) was 0.7 gVS/(L-reactor.day).  The feedstock consisted of 85 per 

cent VS of the cattle manure and 15 per cent VS of WS.  

 

The biogas volume was measured using the liquid displacement method. 

Methane content in biogas, pH fluctuation and VFA composition were determined 

twice a week. The experiment was separated to two distinct periods. One HRT in 

which steady-state conditions were achieved in the reactor fed with untreated 

feedstock (Period I, days 1−15). Subsequently, the final experimental step was 

started (Period II, days 16−45). The lignocellulosic biomass was exposed to UV 

radiation in a set up that is mention in the experimental design, using 1.5 per cent 

TiO2 w/w for three hours and consequently, was mixed with cattle manure in the 

influent bottle. 
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3.7.4 Qualitative Analysis of WS Under Scanning Electron Microscope (SEM) 

Scanning electron microscope (SEM-FEI Inspect S) equipped with 

thermionic tungsten filament electron gun was used for the qualitative study of 

morphology changes in wheat straw due to the pretreatment. All the imaging was 

done under the high vacuum modes with large field detectors. Untreated WS was 

used as control to compare treated and untreated straw to find the qualitative 

differences. 

 

3.7.5 Lignin Oxidation Measurements 

Lignin oxidation products were analyzed with Thermo Scientific Dionex 

Ultimate 3000 UHPLC system with Multiple Wavelength Detector (MWD-3000 

RS). Products were separated on a C18 reversed phase column  (BDS HYPERSIL 

C18, 4.6 x 100 mm, 5 µm - Thermo Scientific) equipped with a guard column 

(BDS-HYPERSIL-C18, 4 x 10 mm, 5 µm - Thermo Scientific). Separation was 

achieved with a gradient of acetonitrile and 0.3 per cent acetic acid (v/v). Flow rate 

was kept constant at 1 ml/min. Injection volume 20 µl and the column 

compartment temperature was 30 °C. 

 

3.7.6 Energy Balance  

Economic feasibility of the pretreatment process was calculated by 

converting methane production to electrical energy (Amon et al., 2007) in order to 

compare it with the input electrical energy of the lamp.  A simplified energy 

balance analysis was performed to calculate energy efficiency as function of the 

amount of substrate for the different pretreatment conditions tested in BMP assays. 
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The procedure for evaluating energy efficiency is given by the equation: Where 

ЕCH4 is the heating value of the produced methane and Еpretreatment is the energy used 

in the pretreatment, for each particular set of pretreatment conditions, respectively. 

The electrical energy consumption by the UV-lamp was considered as solely 

energy used during the pretreatment and was determined experimentally according 

to Hansen et al. (2013) obtaining a value of 0.061 kWh per unit of volume (m
3
) of 

the suspension treated per unit of time (min). Based on this except for untreated 

wheat straw, for each specific pretreatment condition a break-even point was 

defined. 

 

3.8 STATISTICAL ANALYSIS 

Graphpad Prism was used to perform the comparison among the 

experimental data (Graphpad Software version 5, Inc., San Diego, California). 

Descriptive statistics were conducted for all data and mean values and standard 

deviations were calculated. Comparisons of the means between the different groups 

were conducted by using one-way analysis of variance (ANOVA) and significant 

differences (p <0.05) among the achieved methane yields were identified using 

Tukey Post-Hoc Analysis. The parameter estimation and kinetic modeling was 

performed using the solver tool of Microsoft excel. A one way analysis of variance 

(ANOVA) followed by Fisher’s Least Significant Difference test (LSD, p <0.05) 

was used to evaluate if any significant differences were observed in measurements. 

All statistics were performed using Origin Pro 9.0.0 SR2 software (Origin Lab 

Corporation, USA).  
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Chapter 4 

RESULTS AND DISCUSSION 

4.1 RESULTS OF PROXIMATE ANALYSIS 

4.1.1 Solid Contents Determination 

Wheat straw, Meadow grass and Cattle manure was obtained from local 

farms and fields of Islamabad were cut into 2-3 cm length with help of a cutting 

mill and stored at room temperature in a plastic bag prior to use. Compositional 

analysis of inoculum, CM, (Table 4.1) MG and WS (Table 4.2) were performed 

before further experimental study. The total and volatile solids of WS and MG and 

inoculum were found to be 92.8±0.4 per cent, 86.7±0.1 per cent and 93.4±0.2 per 

cent, 89.6±0.6. On the other hand inoculum had a total and volatiles solids (TS and 

VS) of 2.8±0.1g/kg and 1.7±0.1g/kg and the CM had TS 35.4±0.1 g/kg and VS 

24.9±0.1g/kg respectively. It has also been reported in the previous studies that 

91.6±0.0 per cent TS and 87.5±0.0 per cent VS of WS (Kaparaju et al., 2009) while 

in previous studies the MG was reported to have a TS of 91.4±0.04 per cent 

(Tsapekos et al., 2015).   

 

4.1.2 Kjedahl and Ammonium Nitrogen Determination 

The Kjedahl and ammonium nitrogen determination was performed to make 

an overview for our substrates performance in reactors and also evaluate 

theoretically how much NH3 may occur, the results are mentioned in Table 4.1. 

Being the lignocellulosic substrates WS and MG had TKN of 4.8±0.1 g/kg and 

19.3±0.0 g/kg while the ammonium nitrogen was 0.8±0.1 g/kg and 2.9±0.2 g/kg 

respectively. Inoculum and CM was also subjected to the TKN and ammonium 
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nitrogen analysis and the values were found to be 3.6±0.1 and 2.6 ±0.1 g/kg and 

3.5±0.1 g/kg, and 1.7±0.05 respectively. The finding of this study are in accordance 

with the previously reported results d by (Tsapekos et al., 2015). So, the values 

obtained in this study can be explained on the basis of literature values.  

 

4.1.3 Determination of Structural Carbohydrates and Klason Lignin  

The WS and MG were also subjected to the structural carbohydrates and 

Klason lignin determination results are in Table 4.2. The study was based on 

analysis for cellulose, hemicellulose and Klason lignin contents, based on TS the 

amounts. The results indicated that WS had 42.0±0.7 per cent, 30.8±0.5 per cent 

and 26.7±2.7 per cent cellulose, hemicellulose and Klason lignin, respectively.  

Furthermore MG was found to have 39.2±8.2 per cent, 19.8±0.0 per cent and 

14.7±0.5 per cent cellulose, hemicellulose and lignin. MG had less lignin that 

infers the high degradability of MG as compared to WS. So, based on this analysis 

the WS was found to be more recalcitrant than MG. It is well established that 

anaerobic digestion lignin can persist in a bioreactor for a longer period and 

negatively affect the AD (Van-Soest and Peter, 1995). 

 

4.1.4 Volatile Fatty Acid and pH Determination 

Volatile fatty acids (VFAs) and pH determination was performed and the 

results are summarized in Table 4.1. VFAs of inoculum and CM were found to be 

202.2±15.2 mg/L and 7031.0±25.0 mg/L. More specifically, in inoculum and CM 

the acetate was 144.3±12.3 mg/L and 4486.0±21.5 mg/L while rest of the VFAs i.e 

iso-butyrates, butyrate and iso-valerates etc were in fraction. These results of VFAs  
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Table 4.1. Chemical characterization of inoculum and cattle manure 

The sign (±) precedes the SD values obtained as a result of triplicate analysis. 

  

Parameters Inoculum Cattle manure (CM) 

Total solids (TS) (g/kg) 27.5±0.0 35.4±0.1 

Volatilesolids (VS) (g/kg) 1.7±0.0 24.9±0.1 

Total Kjeldahl nitrogen (TKN) (g/kg) 3.6±0.1 2.6 ±0.1 

Ammonium nitrogen (NH4-N) (g/kg)  3.5±0.1 1.7±0.1 

Total volatile fatty acids (VFA) (mg/L) 202.2±15.2 7031.3±17.0 

Acetate (mg/L) 144.3±12.3 4486.4±15.5 

Propionate (mg/L) 38.5±2.1 1427.3±15.7 

Isobutyrate(mg/L) 5.0±0.2 144.4±13.1 

Butyrate (mg/L) 0.9±0.1 711.1±12.9 

Isovalerate (mg/L) 5.1±0.3 205.4±12.1 

Valerate (mg/L) 0.0±0.0 41.3±2.2 

n-hexanoate (mg/L) 1.4±0.8 12.3±1.1 

C/N Ratio - 16.0±1.3 

pH 8.03 6.90 
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Table 4.2. Chemical characterization of lignocellulosic substrates 

Parameters Wheat straw (WS) Meadow grass (MG) 

TS (%w/w) 92.8±0.1 93.4 ±0.2 

VS (%w/w) 86.7±0.4 89.6±0.6 

Cellulose (%TS)  42.0 ±0.7 39.2±8.2 

Hemicellulose (%TS) 30.8 ±0.5 19.8±0.0 

Klason lignin(%TS) 26.7±2.7 14.7±0.5 

TKN (g/kg) 4.8±0.1 19.3 ±0.0 

NH4-N (g/kg) 0.8 ±0.1 2.9±0.2 

C/N ratio 103.1±4.8 19.2±0.3 

The sign (±) precedes the SD values obtained as a result of triplicate analysis 
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Table 4.3. Analysis of selected metal ions for substrates used. (mg/KgVS) 

 Wheat Straw Meadow Grass Cattle 

Manure 

Optimum For 

AD (mg/L) 

 WS±SD MG±SD CM ± SD  

Ca 3308.2±14.3 6660.4±21.1 4651.2±18.4 >0.54-40
1
 

Fe  41.4±2.3 5.4±1.3 2374.8±15.3 1-10
3 

Mg  1184.1±7.3 1750.1±19.4 1240.3±15.9 75-150
2
 

Na 156.1±12.1 635.7±4.6 6302.1±13.4 100–200
2
 

Ni  1.2±0.2 1.1±0.6 275.2±15.3 0.0059-5
1
 

K  9258.2±17.2 11903.2±18.4 8013.5±19.3 < 400
3
 

The sign (±) precedes the SD values obtained as a result of triplicate analysis 

1. (Takashima et al., 1990) 

2. (Mccarty, 1964) 

3. (Kugelman and Mccarty, 1965)   
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are in agreement with the findings of Tsapekos et al. (2015). The pH of inoculum 

and CM was 8.03 and 6.90 respectively that was adjusted as per requirement during 

the optimization of AD and lower VFAs accord with Amon et al. (2007). 

 

4.1.5 Trace Elements Analysis 

The inductive couple optical emission spectroscopy was used to determine 

the trace elements in lignocellulosic wastes i.e WS and MG, and also the cattle 

manure. The results from this experiment are recorded in table 4.3. This study was 

conducted to evaluate the quantity of trace metals per unit of substrate to explain 

the effects obtained in co-digestion experiments. The results of analysis are 

mentioned in the table 4.3 with a comparison of best set of values of AD. Based on 

review only Ca, Fe, Mg, Na, Ni and K were analyzed as in previous studies they 

were found to have an impact on AD. The explanation of these values is given in 

section with co-digestion results. 

 

4.2 ANALYSIS OF KINETIC PARAMETERS FOR MONO-DIGESTION AT 

DIFFERENT pH AND TEMPERATURE  

As explained in the experimental design that first of all the substrates were 

analyzed for their kinetic potential at different pH and temperature ranges 

(Mesophilic and Thermophilic). The results of kinetic parameters mainly maximum 

methane production rate (Rmax) and lag phase (λ) are presented in Tables 4.4, 4.5 

and 4.6. All the mesophilic experiments showed greater lag phase values mainly at 

lower pH but at thermophilic ranges the lag phase was lower and the Rmax values 

are found higher. These general trends can also be explained on basis of the fact,
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 Table 4.4. Results of kinetic parameters from AD of wheat straw 

 

The effect of initial pH and incubation temperature (both mesophilic and 

thermophilic) were assessed during mono-digestion. Results of kinetic 

parameters i.e lag phase (λ) and maximum methane yield per day (Rmax) are 

represented. 

  

Temperature (ºC) 36 39 42  50 53 56 

p
H

 

6 λ 18 18 16  

 

11 10 10 

6 Rmax 8 7 9 13 14 14 

7 λ 17 16 15  

 

9 10 9 

7 Rmax 9 11 10 15 13 14 

8 λ 14 15 14  

 

8 7 8 

8 Rmax 11 13 14 17 16 17 

9 λ 14 13 12  

 

9 9 10 

9 Rmax 12 11 11 16 17 16 
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Table 4.5. Results of kinetic parameters from AD of meadow grass. 

 

The effect of initial pH and incubation temperature (both mesophilic and 

thermophilic) were assessed during mono-digestion. Results of kinetic 

parameters i.e lag phase (λ) and maximum methane yield per day (Rmax) are 

represented. 

 

  

Temperature (ºC) 36 39 42 

 

50 53 56 

p
H

 

6 λ 18 17 15  

 

10 9 10 

6 Rmax 7 9 10 16 17 17 

7 λ 17 18 16  

 

9 8 10 

7 Rmax 11 9 10 18 17 16 

8 λ 12 11 12  

 

9 8 9 

8 Rmax 12 14 15 19 24 22 

9 λ 14 15 13  

 

9 11 10 

9 Rmax 10 9 11 19 20 21 



61 

 

 

 

Table 4.6. Results of kinetic parameters from AD of cattle manure. 

 

The effect of initial pH and incubation temperature (both mesophilic and 

thermophilic) were assessed during mono-digestion. Results of kinetic 

parameters i.e lag phase (λ) and maximum methane yield per day (Rmax) are 

represented. 

Temperature (ºC) 36 39 42 

 

50 53 56 

p
H

 

6 λ 16 14 11 

 

12 11 11 

6 Rmax 7 8 8 16 18 18 

7 λ 15 14 10 

 

10 10 9 

7 Rmax 8 7 9 15 16 18 

8 λ 10 8 8 

 

9 7 8 

8 Rmax 10 10 10 18 22 21 

9 λ 12 12 11 

 

10 9 10 

9 Rmax 11 10 10 18 19 19 
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that the length of anaerobic digestion inversely depends on the temperature 

however at higher ammonia concentration after lowering the temperature from 55 

°C results in increased biogas production (Angelidaki and Ahring, 1994). Being 

lignocellulosic substrates MG and WS shown higher value for lag phase mainly in 

the mesophilic ranges but at thermophilic ranges these feedstocks presented a 

maximum methane production rate of 18-24 NmLCH4/gVS/day that is 

comparatively higher than 18-21 NmLCH4/gVS/day of CM. 

 

As explained in the section 4.1.3 WS had more lignin as compared to MG 

and was marked recalcitrant, the results of biodegradability also confirmed this fact 

by higher methane production of MG mono-digestion. In mono-digestion 

experiments at thermophilic 53 °C, the ultimate methane yields were determined to 

be 302±14 NmLCH4/gVS for CM 307±18 NmLCH4/gVS for meadow grass MG 

and 255±17 NmLCH4/gVS for wheat straw WS. The achieved methane yields are 

in accordance with literature values for MG, 282-340 NmLCH4/gVS (Tsapekos et 

al., 2015); for CM, 324 NmLCH4/gVS (Tsapekos et al., 2015); and for the WS, 

254 NmLCH4/gVS (Heiske et al.,2013).  

 

Lower methane yield of CM in the study compared to literature is explained 

by the fact that the CM was not sieved and contained hardly degradable lingo-

cellulosic fibers. So, conclusively all the AD batch reactors performed best at pH 8 

due to the better kinetics i.e lower lag phase value and higher methane production 

rates. Therefore, this pH was selected for further studies of the co-digestion in 

batch experiments. Regarding the temperature, all further batch reactors of co-
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digestion were conducted at 53 °C due to higher biodegradability compared to 

mesophilic ranges.  

 

4.3 CO-DIGESTION BATCH EXPERIMENTS 

4.3.1 Wheat Straw Co-digestion (BMP Set 1) 

The anaerobic co-digestion of lignocellulosic substrates with cattle manure 

was examined during the present study and results are mentioned in Table 4.7. So 

as to define the most promising combinations that can enhance the methane yield. 

In mono-digestion experiments, the ultimate methane yields were determined to be 

302±14 NmLCH4/gVS for cattle manure (CM) 307±18 NmLCH4/gVS for meadow 

grass (MG) and 255±17 NmLCH4/gVS for wheat straw (WS). Achieved methane 

yields are in accordance with literature values for MG, 282-340 NmLCH4/gVS; 

CM, 324 NmLCH4/gVS (Tsapekos et al., 2015); and WS, 254 NmLCH4/gVS 

(Heiske et al., 2013). The lower methane yield of CM in the study compared to 

literature is explained by the fact that the CM was not sieved and contained hardly 

degradable lingo-cellulosic fibers. 

 

Along with mono-digestion, different combinations of co-digestion were 

investigated (Table 4.7). In BMP set 1, the maximum experimental methane yield 

was achieved for the combination WS50B (316±4 NmLCH4/gVS), which was 

found to be 24 per cent significantly higher (p<0.05) compared to WS mono-

digestion. The alternative combinations WS50A and WS50C also exhibited a 

significant enhancement on methane yield by 20 per cent (307±9 NmLCH4/gVS) 

and 22 %  (310±18 NmLCH4/gVS) compared to WS mono-digestion (p<0.05).  
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Table 4.7. Co-digestion of wheat straw with meadow grass and cattle manure (BMP set 1) 

*represents the percentage of VSshare out of total VS load (presented in bold numbers), ** represents the percentage of rest of VS share 

(TVS– 100) (TVS= Total VSshare), Significance: a= p <0.05, b=p <0.05

B
M

P
 S

E
T

 1
 

Sample name WS100 WS25A WS25B WS25C WS50A WS50B WS50C WS75A WS75B WS75C 

Cattle Manure** 0 25 50 75 25 50 75 25 50 75 

Meadow Grass** 0 75 50 25 75 50 25 75 50 25 

Wheat Straw* 100 25 25 25 50 50 50 75 75 75 

C/N ratio 103 39 39 38 61 60 60 82 82 81 

Pth (NmLCH4/gVS) 443 442 435 428 433 438 442 438 440 442 

BD ( per cent) 58 61 61 70 71 72 70 60 62 65 

PPred (NmLCH4/gVS±SD)   293±17 292±16 291±16 281±17 280±17 279±16 268±17 268±17 267±17 

PEx (NmLCH4/gVS ±SD)  255±17 272±10 267±14 298±11 307±9 316±4 310±18 264±12 275±11 288±13 

Increase  per cent  7 5 17 20 24 22 3 8 13 

Significance 

 

ns ns b b b b ns ns b 

 Synergistic effect (µ)  0.93 0.91 1.03 1.09 1.13 1.11 0.98 1.03 1.08 
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Previously, 40/60 combinations of wheat straw and cattle manure on organic 

matter basis was found to be most promising for optimum biogas production 

(Krishania et al.,, 2013). Moreover, WS25C and WS75C also showed significant 

increase of 17 per cent and 13 per cent, respectively (p <0.05). On the other hand, rest 

of the combinations in this BMP set did not show any significant increase (p > 0.05) 

with over WS mono-digestion.  

 

In this BMP set, co-digestion scenarios where half of the total VS is provided 

by wheat straw (i.e. WS50A, B and C) plus the combinations WS25C and WS75C 

exhibited a synergistic effect (µ > 1) (Table 4.7). In the literature optimum C/N ratio 

for AD process is 15:1 to 45:1 (Itodo and Awulu, 1999) but the mono-digestion in 

BMP set 1 contained C/N ratio of 103 due to very low nitrogen in WS. This value was 

adjusted in co-digestion scenarios by the addition of CM and MG with lower C/N 

ratios of 16 and 19, respectively. 

 

Furthermore, the selected nutrient metal concentrations in the co-digestion 

scenarios were also found higher in all co-digestion scenarios of BMP set 1. 

Specifically, Calcium (Ca), Iron (Fe), Magnesium (Mg), Sodium (Na) and Nickel (Ni) 

were higher than mono-digestion. Although, the differences of nutrient metals 

between mono- and co-digestion are negligible (Table 4.10) but these small variations 

can lead to significant improvements in AD process performance (Schmidt et al., 

2014). For example, in previous study increasing Nickel (Ni) concentration from 17 

µM/L (1 mg/L) to 34 µM/L (2mg/L) by adding NiCl2·6H2O increased the methane 

production by 20 per cent (Pobeheim et al., 2010) Ni increases the activity of Ni 
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dependent metallo-enzymes for biogas production (Yadvika et al., 2004). So, it can be 

hypothesized that the improved C/N ratios and increase in specific nutrient ions as Ni, 

played a synergistic role to increase the biodegradability in co-digestion and enhanced 

methane yield as compared to mono-digestion. 

 

4.3.2 Meadow Grass Co-digestion (BMP Set 2) 

Another co-digestion experiment was performed according to the experimental 

design and results are given in Table 4.8. In BMP set 2, the combinations MG25 A, B 

and C decreased the methane yield compared to grass mono-digestion, due to the 

lower fraction of easily biodegradable substrate (i.e. MG) and higher amount of 

recalcitrant fraction (i.e.WS). In set 2, highest methane yield (351±25 NmLCH4/gVS) 

was observed for MG75A and it was found to be 14 per cent significantly higher (p 

<0.05) compared to mono-digestion of MG. Similarly, MG75B and C also showed 

enhanced methane yield by 8 per cent and 12 per cent compared to MG, but only the 

results of MG75A were statistically significant (p <0.05). In the previous study 80 per 

cent MG with 20 per cent of CM on VS basis was found to be most promising 

combination Tsapekos et al. (2015). 

 

Furthermore, concentrations of Fe and Na were also estimated to be increased 

in co-digestion as compared to mono-digestion of MG (Table 4.10). Conversely, the 

rest studied elements were estimated to be in lower concentration than MG mono-

digestion. Moreover, a trend was also observed that increasing the amount of meadow 

grass in co-digestion scenarios leads to synergistic effect (µ). It was observed that 

initially the combinations with 25 per cent MG showed µ < 1 but later with 50 per
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Table 4.8. Co-digestion of meadow grass with cattle manure and wheat straw (BMP set 2) 

*represents the percentage of VSshare out of total VS load (presented in bold numbers), ** represents the percentage of rest of VS share 

(TVS– 100) (TVS= Total VSshare), Significance: a= p < 0.05 , b=p < 0.05

B
M

P
 S

E
T

 2
 

Sample name MG100 MG25A MG25B MG25C MG50A MG50B MG50C MG75A MG75B MG75C 

Cattle Manure** 0 25 50 75 25 50 75 25 50 75 

Meadow Grass* 100 25 25 25 50 50 50 75 75 75 

Wheat Straw** 0 75 50 25 75 50 25 75 50 25 

C/N ratio 19 66 49 33 50 39 28 34 29 23 

Pth(NmLCH4/gVS) 414 441 439 437 430 431 432 422 422 423 

BD ( per cent) 74 61 62 66 67 73 74 83 79 81 

PPred (NmLCH4/gVS±SD)   277±12 286±11 294±11 287±14 293±17 299±15 297±13 300±12 303±11 

PEx (NmLCH4/gVS ±SD)  307±18 268±6 273±14 286.9±11 288±15 315±18 319±17 351±15 332±16 343±13 

Increase  per cent  -13 -11 -7 -6 3 4 14 8 12 

Significance 

 

a ns ns ns Ns ns a ns ns 

Synergistic effect (µ)  0.97 0.95 0.98 1.00 1.08 1.07 1.18 1.10 1.13 
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cent MG the combinations showed additive and synergistic effect µ ≥ 1, finally the 

scenarios with 75 per cent MG share showed complete synergistic effect. It has also 

been previously concluded that co-digestion of meadow grass could efficiently boost 

the biogas production of manure-based digesters (Tsapekos et al., 2015). 

 

So, addition of more readily degradable MG increased the biodegradability 

and methane yield. In the literature, a variety of different livestock manures were used 

as co-substrates with MG so as to improve the grass-based AD process. For example, 

it was found that the addition of 80 per cent, 40 per cent and 60 per cent grass silage 

in mink, poultry and cattle manure (on VS basis) respectively, presented the optimum 

ratios to achieve the highest methane production (Tsapekos et al., 2015). Furthermore, 

BMP set 1 and BMP set 2 had almost the same availability of nutrient metals (except 

for Ca) for the respective combinations, while MG has 14.7±0.5 per cent of Klason 

lignin which is less than wheat straw 26.7±2.7 per cent. Therefore, it can be supposed 

that combination MG75A consisted of an improved feedstock with lesser lignin 

contents compared to mono-digestion and its BMP set 1 counterpart contained more 

recalcitrant WS, so the biodegradability in co-digestion was increased due to MG not 

the WS that resulted in enhancement of methane yield with synergistic effect. 

 

4.3.3 Cattle Manure Co-digestion (BMP Set 3) 

The best combination in BMP set 3 with respect to enhancement in methane 

yield was CM75C with 375±21 NmLCH4/gVS (Table 4.9), where the share of CM 

was the highest (75 per cent) while the rest was originated from the tested 

lignocellulosic substrates. This combination increased the methane yield by 25 per 
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cent compared to mono-digestion of CM (p<0.05). The combinations CM75A and B 

also enhanced the methane yield at similar levels, approximately by 19 per cent 

significantly (p<0.05), while rest of the combinations were found to have non-

significant increase (p>0.05).The combinations with 75 per cent of CM (i.e. CM75A, 

B, C) also had the highest µ values (1.22, 1.21 and 1.25, respectively), indicating that 

the increase in methane production was not only additive but synergistic. Rest of the 

combinations in BMP set 3 also showed the synergistic effect (µ > 1) but with lower 

values than CM75A, B, and C.  

 

The concentration of nutrient metals in all co-digestion scenarios of BMP set 3 

were estimated to be markedly lower compared to CM mono- digestion due to 

reduction in CM share compared to 100 per cent in mono-digestion. So, addition of 25 

per cent lignocellulosic biomass (WS and MG) increased the carbon contents of co-

digestion mixture in the combinations CM75A, CM75B and CM75C. Moreover, CM 

provided highest manure share leading to increased microbial community and 

buffering of the AD process. Therefore, the highest enhancement in methane yield, 

percentage biodegradability and synergistic effect were observed in CM75C, which 

contained also fewer amounts of recalcitrant WS. 

 

4.3.4 Kinetic Analysis 

The co-digestion scenarios were further analyzed to define the differences 

among the methane production rates and lag phases (Table 4.11). It is already reported 

that rate of biogas production in batch is corresponding to the rate of bacterial growth 

in an AD reactor (Nopharatana et al., 2007); thus, modified Gompertz equation



70 

 

 

Table 4.9. Co-digestion of cattle manure with lignocellulosic residues (BMP set 3) 

*represents the percentage of VSshare out of total VS load (presented in bold numbers), ** represents the percentage of rest of VS share 

(TVS– 100) (TVS= Total VSshare), Significance: a= p < 0.05 , b=p < 0.05 

B
M

P
 S

E
T

 3
 

Sample name CM100 CM25A CM25B CM25C CM50A CM50B CM50C CM75A CM75B CM75C 

Cattle Manure* 100 25 25 25 50 50 50 75 75 75 

Meadow Grass** 0 25 50 75 25 50 75 25 50 75 

Wheat Straw** 0 75 50 25 75 50 25 75 50 25 

C/N ratio 16 65 50 34 49 39 28 33 27 22 

Pth (NmLCH4/gVS) 452 429 434 440 444 440 437 448 446 444 

BD ( per cent) 67 71 72 74 72 76 76 80 80 84 

PPred (NmLCH4/gVS±SD)   277±17 286±17 296±17 285±16 291±16 298±16 293±15 296±15 300±15 

PEx (NmLCH4/gVS ±SD)  302±14 305±16 314±17 324±18 322±19 333±29 330±16 358±25 358±15 375±11 

Increase  per cent  1 4 7 7 10 9 19 19 25 

Significance 

 

ns ns ns ns ns ns a B b 

Synergistic effect (µ)  1.10 1.10 1.10 1.13 1.14 1.11 1.22 1.21 1.25 
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Table 4.10. Final Concentrations (mg/L) level of trace metals in each co-digestion scenario 

The sign (±) precedes the SD values obtained as a result of triplicate analysis. 

B
M

P
 S

E
T

 1
 

  WS100  WS25A WS25B WS25C WS50A WS50B WS50C WS75A WS75B WS75C 

Ca 7.1±0.2 11.3±1.1 10.4±1.1 9.1±0.1 9.2±0.3 9.1±0.3 8.3±0.4 8.2±0.3 7.7±0.5 8.4±0.5 

Fe  < 0.0±0.0 1.1±0.2 1.9±0.5 3.3±0.2 1.4±0.2 1.1±0.1 2.4±0 <0.1±0.0 1.1±0.1 1.1±0.1 

Mg  2.3±0.4 2.7±0.3 2.8±0.7 2.6±0.1 2.9±0.5 2.9±0.5 2.8±0.7 2.9±0.5 2.6±0.1 2.7±0.4 

Na < 0.0±0.0 2.9±0.5 5.2±1.1 7.0±1.2 2.4±0.2 4.2±0.9 5.4±0.1 1.1±0.1 2.6±0.4 2.6±0.1 

Ni  < 0.0±0.0 1.1±0.1 2.3±0.4 2.6±0.1 1.1±0.1 1.1±0.1 2.1±0.1 <0.0±0.0 1.1±0.1 1.1±0.1 

K  19.3±0.3 20.8±2.2 20.4±0.9 18.1±0.7 20.1±1.1 19.4±1.0 18.2±1.7 19.1±0.8 19.0±1.1 17.9±0.9 

B
M

P
 S

E
T

 2
 

 MG100 MG25A MG25B MG25C MG50A MG50B MG50C MG75A MG75B MG75C 

Ca 13.1±0.7 9.4±0.7 9.4±0.8 10.1±0.1 10.7±1.1 10.5±0.2 11.4±0.3 11.5±0.9 12.1±0.4 12.3±0.3 

Fe  < 0.0±0.0 1.3±0.2 2.3±0.3 2.9±0.5 1.1±0.1 0.9±0.3 2.4±0.5 <0.0±0.0 1.1±0.1 0.9±0.3 

Mg  3.7±0.3 2.7±0.4 2.6±0.1 3.1±0.7 2.9±0.5 3.1±0.9 3.2±0.5 3.4±0.4 3.1±0.3 3.2±0.5 

Na 1.1±0.1 3.4±0.2 5.4±0.3 7.1±0.4 1.9±0.4 4.3±0.5 5.1±0.4 1.9±0.3 3.4±0.4 3.2±0.5 

Ni  < 0.0±0.0 1.1±0.1 1.7±0.2 3.1±0.3 1.5±0.1 1.1±0.1 1.8±0.2 <0.0±0.0 1.3±0.1 1.3±0.2 

K  24.2±3.1 19.1±1.2 19.4±1.1 18.4±0.9 20.7±2.1 20.9±2.1 19.7±1.7 22.2±0.2 21.9±0.5 22.3±0.5 

B
M

P
 S

E
T

 3
 

 CM100 CM25A CM25B CM25C CM50A CM50B CM50C CM75A CM75B CM75C 

Ca 9.1±1.0 8.9±0.9 10.4±0.7 10.8±0.9 9.2±1.2 10.2±0.8 9.8±1.4 9.0±0.8 9.6±1.0 10.4±0.7 

Fe  5.4±0.2 1.1±0.1 1.4±0.2 1.3±0.1 1.6±0.6 1.9±0.4 1.8±0.7 4.4±0.7 4.3±0.8 4.1±0.8 

Mg  2.9±0.7 2.8±0.7 2.6±0.1 2.8±0.7 2.9±0.5 2.6±0.7 2.6±0.6 2.9±0.5 2.8±0.7 2.7±0.3 

Na 13.1±0.2 4.2±0.6 4.4±0.9 3.7±0.2 7.1±0.9 7.4±0.2 6.9±0.4 9.9±0.6 9.6±0.7 10.1±0.8 

Ni  5.9±0.3 1.4±0.7 1.1±0.1 1.2±0.4 2.9±0.5 2.8±0.7 2.6±0.1 4.4±0.8 3.8±0.9 3.9±0.4 

K  15.7±0.3 18.9±1.2 20.4±1.3 20.6±2.2 18.1±1.6 19.5±1.7 19.0±2.1 16.7±1.1 16.5±1.2 17.3±0.9 
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Table 4.11. Kinetic parameters, determined for each mono- and co-digestion scenario  

Rmax= Maximum methane production rate, PEst= Estimated methane yield from model 

All the numerical values were determined using the experimental model with solver tool. 

B
M

P
 S

E
T

 1
 

 WS100 WS25A WS25B WS25C WS50A WS50B WS50C WS75A WS75B WS75C 

PEst (NmLCH4/gVS) 265 286 269 303 305 315 317 264 282 305 

Lag Phase (d) 12 12 10 9 10 9 9 11 10 9 

Rmax (NmLCH4/gVS/d) 18 18 20 19 27 23 22 21 20 17 

R-Square 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

B
M

P
 S

E
T

 2
 

 
MG100 MG25A MG25B MG25C MG50A MG50B MG50C MG75A MG75B MG75C 

PEst (NmLCH4/gVS) 323 284 287 304 300 327 337 361 341 349 

Lag Phase (d) 10 10 10 10 10 11 10 10 10 10 

Rmax (NmLCH4/gVS/d) 20 16 16 15 19 20 20 25 23 24 

R-Square 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

B
M

P
 S

E
T

 3
 

 CM100 CM25A CM25B CM25C CM50A CM50B CM50C CM75A CM75B CM75C 

PEst (NmLCH4/gVS) 301 310 317 320 327 343 344 376 377 389 

Lag Phase (d) 10 10 11 11 8 7 7 6 7 7 

Rmax (NmLCH4/gVS/d) 23 24 26 28 20 19 16 19 20 22 

R-Square 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
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was used to estimate the parameters (i.e. estimated methane yield , lag phase and 

maximum rate of methane production). 

 

In the first set of BMPs, the Rmax values for WS50A, B and C were found to be 

approximately 50 per cent, 28 per cent and 22 per cent higher than the WS alone, 

while the other combinations with 25 per cent and 75 per cent WS did not show 

higher Rmax values than WS50A, B and C. Moreover, for WS50A, B and C the lag 

phase was calculated to be 10, 9 and 9 days respectively, which are lower than the 

value of 12 days for mono-digestion. It was also reported previously the lag phase of 

16.73 days for wheat straw mono-digestion study was conducted in thermophilic 

conditions. WS50A showed the highest Rmax value among the combinations with 50 

per cent of WS because 75 per cent of its rest VS was originated from the relatively 

easier degradable MG. So, the improved feedstock of WS50A had 50 per cent higher 

Rmax compared to mono-digestion of WS. Furthermore, Zn, Fe and Ni were found to 

be higher than mono-digestion of WS and the aforementioned metal ions are co-

factors for enzymes of methanogenesis (Blaut, 1994; Ferry et al., 1999). So, the 

enrichment can be achieved by improving feedstock composition through co-digestion 

(Kayhanian and Rich, 1995), therefore, the increase in cofactors and adjustment of 

C/N ratios in the combinations with 50 per cent of WS lead to higher Rmax values and 

reduction of lag phase. 

 

In the second BMP set MG75A was the most promising combination 

associated with 25 per cent higher methane production rate compared to mono-

digestion (i.e. 25 NmLCH4/gVS/d) from 20 NmLCH4/gVS/d). Moreover, MG75B and 
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C also showed 15 per cent and 20 per cent enhancement in Rmax. A trend was also 

noted that increase in MG share increased the methane production rate from 15 

mLCH4/gVS/d (MG25C) to 25 mLCH4/gVS/d (MG75A). It was previously found that 

increase in MG (i.e 12, 23 and 34 g/L) and CM co digestion enhances the methane 

production rate by 25, 63 and 114 per cent compared to CM (Sondergaard et al., 

2015). The possible explanation for the increase in Rmax and constant lag phase can be 

that due to higher amount of lignocellulosic biomass the microbial community firstly 

multiplied and adapted before the rapid degradation of biomass. Lag phase in this co-

digestion setup remained constant due to higher lignocellulosic share of WS or MG in 

all combinations.   

 

Concerning the third BMP set, the combinations with 75 per cent VS share 

from CM did not show an increase in Rmax. On the other hand the combinations with 

25 per cent CM share showed 4 per cent, 13 per cent and 22 per cent increase in Rmax 

as compared to CM mono-digestion. It was due to the increase in CM share (75 per 

cent) and already degraded CM organic content is not considered good for AD 

(Sondergaard et al., 2015) .Therefore, addition of some high energy organic content is 

required to increase the rate of methane production.  Moreover, addition of 

lignocellulosic biomass to manure also offers the increase in C/N ratio that can 

otherwise be a limiting factor for AD. Finally decrease in lag was observed to be 

associated with decrease in lignocellulosic biomass and increase in CM share. This 

observation was in agreement with study that concluded lignocellulosic substrates 

need a more extended digestion time for degradation due to the complex structure of 

lignocellulosic polymer (Wang et al., 2009; Liu, 2013). 
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4.4 RESULT OF BIOGAS UPGRADATION AND CM75C PERFORMANCE IN 

CSTR 

The combination of co-digestion CM75C that performed best in the batch 

reactors was subjected to undergo CSTR reactors for three hydraulic retention periods, 

each containing 15 days per HRTs. The results were also analyzed for methane 

production and percentage purification and enrichment of biomethane contents. 

Methane contents of raw biogas produced by the CM75C could only produced a 

maximum of 59 per cent methane contents. The results of methane purification 

revealed a maximum of 82 per cent methane contents when the gas from reactor was 

allowed to pass through all the three columns containing Ca(OH)2, FeCl3 and silica 

beads. The Ca(OH)2, FeCl3 and silica beads separately enriched methane contents to 

72 per cent, 67 per cent and 63 per cent respectively from 59 per cent in raw biogas. 

Separately the chemicals could only absorb the gas that had very high dissolution or 

scavenging while passing through the column. Singly the columns also adsorbed, 

blocked or reduced the non-interacting chemicals due to resistivity and surface tension 

that can explain the individual chemical’s upgradation. It is reported that the methane 

contents of CNG or biomethane for commercial usage as usually 75-98 per cent (Shah 

and Nagarseth, 2015). So, the results of our biogas upgradation are valuable for 

commercial usage with 82 % of methane contents in a continuous system. 

 

The reactor stability was also considered and some parameter like volatile 

fatty acids and pH were also recorded for evaluation of steady state of reactor. During 

the operation the reactors methane production and pH were stable for 10 days, 

confirming the steady reactor of operation (Marie et al., 2015). VFAs were also found 
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Figure 4.1. Results of biomethane enrichment using chemical methods 

The results of biogas upgradation are presented using various chemical reagents. The 

basic construction of experimental set has been explained in the materials and 

methods chapter. 
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Figure 4.2. Results of methane production in CSTR by CM75C co-digestion 

combination 

The upgradation experiment also contained a CSTR from which biogas was upgraded. 

The methane yields from this reactor are taken from CM75C feedstock combination  

from co-digestion (BMPs). 
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Figure 4.3. Results of VFAs and pH analysis during the operation of CSTR. 

The upgradation experiment also contained a CSTR from which biogas was upgraded. 

The methane yields from this reactor are taken from CM75C feedstock combination 

from co-digestion (BMPs). The pH and VFAs analysis is presented in the graphs 

above to clarify the steady state of operation. 
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to be very low and did not provoke any disruption to the reactor (figure 4.3). The co-

digestion combination CM75C also produced 318 NmLCH4/gVS in this continuous 

reactor system that was 27 per cent significant increase as compared to CM mono-

digestion (figure 4.2). 

 

4.5 PRODUCTS OF LIGNIN OXIDATION AFTER PRETREATMENT OF WS 

As in the previous results the wheat straw was found to have more recalcitrant 

behavior during the anaerobic digestion. So, the effectiveness of the pretreatment on 

wheat straw was evaluated through the quantification of main lignin oxidation 

products (Figure 4.4). In this study, the main products quantified from the photo-

catalytic oxidation of the wheat straw were vanillic acid (VA) and ferulic acid, for the  

pretreatments at irradiation times of 0, 2, and 3 hours at different concentration of 

catalyst (0, 1.0, 1.5, and 2.0 per cent (w/w) TiO2). As shown in Figure 4.4, the effect 

of the pretreatments is directly correlated to the formation of vanillic acid and ferulic 

acid and was observed to be significant (p <0.05) compared to the untreated wheat 

straw (0 per cent (w/w) TiO2/0 hours), thereby confirming the effectiveness of the 

pretreatment. Increasing the irradiation time had a positive effect on the oxidative 

degradation of the lignin fraction in wheat straw. 

 

When the irradiation time was increased from 2 to 3 hours for the same 

catalyst concentration (1.5 per cent (w/w) TiO2), the concentration of vanillic acid at 

the end of the reaction was increased by 57.7 per cent whilst the ferulic acid 

concentration followed the opposite trend. This could be an indication that longer 

irradiation duration favors further oxidation of vanillin and formation of vanillic acid. 
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Ferulic acid underwent a first oxidation pathway to yield vanillin as intermediate 

compound and then, a further oxidation of vanillin to yield vanillic acid. Recent 

studies have proposed this mechanism where the most important intermediates from 

the photo-catalytic degradation of ferulic acid were identified as homovanillic acid, 

vanillyl mandelic acid, trans-caffeic acid, vanillic acid and vanillin and also organic 

acids such as formic acid, acetic acid and oxalic acid (Ksibi, 2003).  

 

Quantification of total VFA’s for the pretreatments with an irradiation time of 

3 hours and a catalyst dose of 1.0 and 3.0 per cent (w/w) TiO2, showed that acetic acid 

concentrations increased from 7.1±1.7mg/L (untreated wheat straw) to 26.82 ± 2.62 

and 12.40 ± 8.20 mg/L, respectively. Furthermore, a positive effect was also observed 

when the dose of catalyst was increased (from 1.5 to 2.0 per cent (w/w) TiO2) for an 

irradiation time of 3 hours. This resulted in 21.6 per cent increase in vanillic acid 

concentration at the end of the reaction, in comparison to the pretreatment with only 

1.5 per cent (w/w) TiO2.  

 

This effect was also observed by (Ksibi, 2003) when he was performing the 

pretreatment of lignin in alfalfa black liquor while utilizing the UV/TiO2 system. In 

absence of TiO2, UV-irradiation resulted in negligible degradation of the lignin 

fraction (approximately 3.3 % in 420 min); whilst in the presence of TiO2 the amount 

of degraded lignin increased to reach 56 % in 420 min. In addition to vanillin, vanillic 

acid was also found among the intermediates as a result of the catalytic oxidation of 

the lignin black liquor. A slightly decrease in pH was observed after completion of the 

pretreatments. This decrease in the pH was attributed to the formation of carboxy acid 
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Figure 4.4. Results of vanillic acid analysis after differential pretreatment. 

Lignin oxidation was calculated as a measure of lignin oxidation products 

i.e vanillic and ferulic acid 

  



82 

 

 

 

Figure 4.5. Results of qualitative analysis under SEM after photo-catalytic oxidation of 

wheat straw (WS) 

(a) The untreated WS showed a plane surface 

(b) Some roughness over the WS surface was observed after pretreatment 

(c) Minor depressions and lignin escape resulted in roughness 

(d) More rough surface obtained at maximum 3hrs of pretreatment with 2% TiO2
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groups during the photo-catalytic oxidation pretreatments. It is important to point out 

that the conversion and selectivity to the intermediate compounds aforementioned 

highly depend on the structure of lignin. 

 

The lignin structure varies between materials, with softwoods and hardwoods 

having distinctive proportions of the monomer. For instance, grass lignin has 

additional phenolic acids bound to the polymer by ester groups. In addition, reaction 

and parameter conditions (catalyst characteristics, catalyst dose, irradiation time etc.) 

determine the conversion and selectivity of the intermediates. Therefore, an accurate 

understanding of different types of lignin and their chemical structure is fundamental 

to optimize its use and target cost-effective pretreatments (Li et al., 2016). 

 

4.6 SCANNING ELECTRON MICROSCOPY (SEM) 

SEM analysis was performed to see any considerable difference between the 

treated and untreated biomass. The objective of getting SEM pictures was to obtain an 

insight to structural changes induced by pretreatments. SEM pictures have shown that 

longer irradiation times with high concentration of TiO2 have produced more damages 

to the WS surface with increased porosity. The surface of untreated WS has no pits 

and furrows (figure 4.5a) but in the figure 4.5c and 4.5d with furrows larger pits can 

be seen. The furrows are certainly the spaces from where the lignin has escaped 

during the pretreatment. Moreover, the WS sample for most disrupted surface (figure 

4.5d) has shown also the highest amount of vanillic acid after the pretreatment. The 

pretreatment for one hour did not show any noticeable difference compared to 

untreated samples. So it can be concluded that more damaged WS surface shown in 
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the figure 4.5 d released more lignin due to loosening of cellulose and hemicellulose 

complex. Furthermore, it also helps to increase the susceptibility of WS for microbial 

attack and as well as the more lignin was oxidized and quantified as vanillic acid. 

 

4.7 BMP ASSAYS AFTER PHOTO-OXIDATION  

A set of BMP experiments was conducted in order to thoroughly examine the 

effect of the photo-catalytic oxidation pretreatment on the biodegradability of wheat 

straw. Firstly, both the solely application of UV irradiation in the absence of TiO2 as 

the application of different catalyst doses in absence of UV-light had no significant 

effect on the biomethanation process. This was also observed by Kang and Kim (Kang 

and Kim, 2012), when they pretreated rice straw with only UV-light in absence of 

TiO2. On the other hand, regardless the catalyst dose, irradiation for 1 hour did not 

result in any significant boost in methane yield, probably due to the limited exposure 

time to induce a significant change in the biomass structure.  

 

The effect of irradiation time on ultimate methane yield increase became 

significant starting from 1.0 to 2.0 per cent (w/w) TiO2 catalyst concentrations as 

observed in Fig. 3. For 1.0 per cent (w/w) TiO2 and 3 hours irradiation time, an 

increase (p <0.05) in methane yield of 24 per cent (311.96 ± 16.77 NmLCH4/gVS) 

was observed compared to no irradiation time conditions (251.96 ± 12.72 

NmLCH4/gVS). Similarly, for 1.5 and 2.0  per cent (w/w) TiO2 at the same exposure 

time (3 h), this increased (p <0.05) corresponded to 33 per cent (333.25 ± 10.02 

NmLCH4/gVS) and 24 per cent (316.65±12.47 NmLCH4/gVS) with respect to no 

irradiation (251.19 ± 14.91 and 255.11 ± 4.16 NmLCH4/gVS, respectively). 
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Figure 4.6 (a). Methane yields from the pretreatments not exposed to UV light, 

containing TiO2 

These pretreatments were subjected to evaluate the effects of only titanium oxide 

during the pretreatment and justify the legitimacy of the controls. 
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Figure 4.6 (b). Methane yields from the pretreatments exposed to UV light, not 

containing TiO2 

These pretreatments were subjected to evaluate the effects of only UV light during the 

pretreatment and justify the legitimacy of the controls that the effect produced is not 

only due to these elements alone. 
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Figure 4.6 (c). Non-significant results of methane production from batch experiments 

using 0.5 per cent TiO2 (w/w) 

The 0.5 per cent (w/w) did not produce enough effect on the WS that is shown by 

non-significant methane production from the pretreatments.  
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Figure 4.6 (d). Non-significant results of methane production from batch experiments 

using 1 per cent TiO2 (w/w) 

1.0 per cent (w/w) did not produce enough effect on the WS that is shown by non-

significant methane production from the pretreatments of this set up. 
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Figure 4.6 (e). Methane yield from pretreatment of 1.5 per cent TiO2 (w/w) at different 

UV exposures 

 (*marked) showing significant WS (p <0.05) increase over untreated WS (p <0.05) 

justifying the pretreatment worked and produced significant increase in methane 

yield. 
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Figure 4.6 (f). Methane yield from pretreatment of 2 per cent TiO2 (w/w) at different 

UV exposures 

 (*marked) showing significant WS (p <0.05) increase over untreated WS (p <0.05) 

justifying the pretreatment worked and produced significant increase in methane 

yield. 
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Contrary to aforementioned, increasing the catalyst dose did not result in a 

significant effect on methane yield for the same irradiation treatment. For catalyst 

dose 1 per cent to 2 per cent (w/w) TiO2 for all irradiation durations (1, 2, and 3 h), 

non-statistically differences (p >0.05) were observed in the ultimate methane yield as 

shown in Fig. 3. One exception was when the catalyst concentration was increased 

from 0.5 to 1.0 per cent (w/w) TiO2 specifically for 3 hours irradiation time, where a 

significant increase in methane yield was observed. Then, as explained by increasing 

the concentration above the threshold of 1.0 per cent (w/w) TiO2, increase on methane 

yield was no significant (p >0.05).  

 

Actually, it was previously found that the increased concentration of TiO2 in 

the solution can potentially level off the efficiency of photo-catalysis, as the increased 

concentration of catalyst can partially prevent the UV transmittance (Zhu et al., 2005). 

Finally, most effective pretreatment conditions found in this study corresponded to 1.5 

per cent (w/w) TiO2 and 3 hours radiation, which resulted in a significant (p <0.05) 

increase of 37 per cent (333.25 ± 15.02 NmLCH4/gVS) in CH4 yield compared to one 

obtained from untreated wheat straw (243.23 ± 8.19 NmLCH4/gVS). Similarly, 

significant increase (p <0.05) in methane yield was also observed for pretreatment 

conditions with 1.0 and 2.0 per cent (w/w) TiO2 at 3 hours irradiation time resulting in 

an increment of 28 per cent (311.96 ±16.77 NmLCH4/gVS) and 30 per cent (316.65 ± 

12.47 NmLCH4/gVS), compared to untreated wheat straw, respectively. This is in 

agreement and is supported with our previous observation that longer irradiation times 

favor the formation of the products (aromatic aldehydes and carboxylic acids) from 

the oxidative degradation of lignin, thereby having a positive effect on the process. 
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4.8 RESULTS OF CONTINUOUS MODE EXPERIMENTS 

Pretreated biomass yielding highest methane (333 NmLCH4/gVS) was 

investigated in continuous reactor. Initially, the reactor was operated at steady state 

conditions for one hydraulic retention time (HRT). As shown in the figure 4a and 4b 

the steady state of reactor can be seen with low VFA accumulation, stable pH and 

steady methane yield. After first HRT the feedstock was changed to pretreated 

biomass and the reactor was operated for two more HRTs. For the figure 4b it can be 

seen that there was a rapid increase in methane yield when the feed stock was 

changed. This rapid change can be explained on the basis of increased susceptibility 

of WS to microbial attack and also conversion of vanillic acid to methane (Kaiser and 

Hanselmann, 1982).  

 

Results from CSTRs have shown the methane yield increased up to 25 per cent 

without provoking any instability to reactor as it can be seen by stable pH and low 

VFA accumulation. Then the methane yield was stabilized very quickly after a rapid 

increase in first three days of feedstock change, as reactor showed steady methane 

yield in second and third HRT during the operation. On the other hand this 

combination was giving 37 per cent increase in BMP assays but in CSTRs it produced 

lesser due to nature of  continuous experiment as substrate is continuously removed 

from and added to the reactor and maximum biodegradability is not achieved (Nasir et 

al., 2012). The marked increase in methane production can be explained by the 

increase in surface are in pretreated WS and also by the finding that lignin degradation 

monomers can be utilized by methnogens and converted into methane (Colberg and 

Young, 1985). 
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Figure 4.7. Representation of methane yield from best pretreated WS in a CSTR 

These results are from a CSTR experiment that was loaded with best pretreatment and 

in a continuous system it produced 25 per cent more methane than control. 
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Figure 4.8. Steady state of CSTR during the operation with best pretreated WS 

VFA and pH analysis showing the steady operation of CSTR with best pretreatment 

provoking no hindrance to the AD process. 
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So, it is a possibility that monomers from lignin degradation are utilized by 

certain species of methanogenic bacteria directly or converted by some other bacteria 

into the precursors that can be utilized by methnogens. The products of photo 

oxidation and TiO2 itself did not halt the methane production and no instability was 

observed during the operation. For ethanol production it is reported previously that the 

photo catalysis did not affect final distribution of the products (Yasuda et al., 2011). 

Moreover, from the stability of reactor with pretreated WS and steady operation 

throughout the second and third HRT, advocate the benefit of photo oxidation to be 

used at larger scale.  

 

4.9 ENERGY BALANCE 

The photo catalytic pretreatment used the electrical energy to get lignin 

oxidized and induce any structural change in biomass. Methane yield was converted 

into electrical energy output as one cubic meter of methane is equal to ten kWh of 

electrical energy (Amon et al., 2007). So, both the electrical inputs and outputs were 

compared to draw any conclusion on the economics of pretreatment.  The results in 

figure 4.9, show that the labs scale the pretreatments had a negative value for energy 

balance as we pretreated very less amount in a pretreatment. But the plot shown in 

figure 4.9, reveals that if the amount of substrate is increased in a pretreatment to 3.5 

g (1.5 per cent TiO2 for 3 hours), it can be seen that output and input come sufficiently 

closer to a balanced point (break point) and beyond that point the process becomes 

economically favorable. The only consideration is to maintain a pretreatment input at 

0.061 Wh/L/min with increasing substrate till the process reaches a break point. A 

simplified energy balance analysis was performed to calculate energy efficiency as 
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function of the amount of substrate for the different pretreatment conditions tested in 

BMP assays. The procedure for evaluating energy efficiency is given by the following 

equation: 

 

 
4

1 pretreatment

CH

E

E
      

 (9) 

 

Where ЕCH4 is the heating value of the produced methane and Еpretreatment is the 

energy used in the pretreatment, for each particular set of pretreatment conditions, 

respectively. Electrical energy consumption by the UV-lamp was considered as solely 

energy used during the pretreatment and was determined experimentally according to 

Hansen et al., (2013) obtaining a value of 0.061 kWh per unit of volume (m3) of the 

suspension treated per unit of time (min). Based on these findings and the 

aforementioned assumptions, results are modeled and the net energy consumption was 

calculated, it is also depicted in figure 4.9. 

 

Only the combinations with significant increase in methane yield during BMP 

assays after the pretreatment were subjected to economical analysis. Except for 

untreated wheat straw (Еpretreatment = 0) for each specific pretreatment condition a 

break-even point is defined. As observed for amounts of substrate to be treated lesser 

than 0.7 g all pretreatments become infeasible. Conversely above this threshold value, 

the energetic feasibility of the process depends on both amount of substrate as  

pretreatment conditions; whilst above 1.15 g the energy balance is positive for all 

pretreatment conditions.  
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For instance, for 1 g of substrate to be treated all pretreatments are feasible 

except for 0.5 per cent (w/w) TiO2/3h conditions. However, 1.5 and 2.0 per cent (w/w) 

TiO2/2 hours present a higher efficiency compared to other conditions. From an 

economical point of view, it would be preferred to select the pretreatment with lower 

catalyst dose as both present practically the same efficiency. Finally, it should be 

remarked that this energy efficiency analysis was based on the ultimate methane 

yields obtained from BMP assays. 
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 Fig 4.9. Relative economical analysis of selected pretreatments 

All results are based on triplicate analysis of model and equation 9. These 

results justify the economy of the pretreatment process which was also 

calculated for chemical and other pretreatments in previous studies, but our 

results were modeled and the threshold value of substrate was obtained for the 

economical process. 
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SUMMARY 

In present study the co-digestion scenarios showed improved biodegradability 

and significantly enhanced methane yield as compared to respective mono-digestion. 

Co-digestion of two lignocellulosic residues of markedly different C/N ratio and 

lignin contents with CM improved the biodegradability up to 84 per cent. Moreover, 

increase in WS and MG content with decreased CM in co-digestion was found to be 

coupled with prolonged lag phase. Furthermore, the higher methane production rates 

were found associated with increase in MG share. Furthermore, it was concluded that 

co-digestion of two lignocellulosic substrates of different physicochemical 

characteristics with CM offered increase in biodegradability due to optimum 

conditions. Finally, WS provided carbon source and mainly adjusted the C/N ratios of 

co-digestion scenarios studied and MG share added the ease of biodegradability.  

 

The study also defined that photo-catalytic pretreatment can boost the lignin 

disruption and subsequently, improve the anaerobic degradation of recalcitrant wheat 

straw. Among the products from the oxidative degradation of lignin under TiO2/UV 

catalyst system, vanillic acid and ferulic acid were detected at a maximum value of 

91.18 ± 2.00 and 1.67 ± 0.01, using 2.0 per cent (w/w) TiO2 and 3 hours UV 

irradiation in the range of 200e400 nm. Moreover, the most effective pretreatment 

strategy (1.5 per cent (w/w) TiO2 and 3 h) was found to increase the biodegradability 

of wheat straw up to 37 per cent compared to untreated biomass.  The positive impact 

of photo-catalytic pretreatment was also observed in continuous trials, as the methane 

production was increased by 25 per cent. It was concluded that the photo-catalytic 

oxidation of lignin-rich substrates is a promising method to disrupt the non-

99 
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degradable organic fraction under mild conditions. However, a simplified energy 

balance was computed and revealed that further investigations are still needed to 

improve the overall process efficiency and possibly transform lignocellulosic biomass 

directly into products of economic interest such as vanillin, vanillic acid and/or ferulic 

acid, rather than the low economic value biogas as the only product. 

 

It is concluded that the photo-catalytic pretreatment to be very economical if 

operated at industrial scale with higher amount of substrate. The feasibility in lab 

scale experiment also followed the model of Gompertz hence provoking no damage or 

interruption to the digesters. The products of lignin oxidation also did not affect the 

distribution of final products obtained after anaerobic digestion in both batch and 

CSTR reactors. 

 

Further experiments can be carried out to get more insight into the photo-

oxidation process and optimize this technique for biomass pretreatment. Moreover 

future investigations can also be carried out to develop an industrial process for 

directly converting lignocellulosic biomass into organic acids or bioproducts. 

 



 

101 

 

LITERATURE CITED 

Abbasi, T., S. M. Tauseef and S. A. Abbasi. 2012. Anaerobic digestion for global 

warming control and energy generation an overview. Renewable and 

Sustainable Energy Reviews, 16: 3228-3242. 

 

Abu-Dahrieh, J., A. Orozco, E. Groom and D. Roney. 2011. Batch and continuous 

biogas production from grass silage liquor. Bioresource Technology, 102: 

10922-10928. 

 

Adebayo, A. O., S. O. Jekayinfa and B. Linke. 2015. Effects of organic loading rate 

on biogas yield in a continuously stirred tank reactor experiment at 

mesophilic temperature. British Journal of Applied Science and 

Technology, 11: 1-9. 

 

Al-Mamun, R. M. and T. Shuichi. 2015. Comparative studies on methane 

upgradation of biogas by removing of contaminant gases using combined 

chemical methods. Energy, 3: 255-266 

 

Alatriste-Mondragon, F., P. Samar, H. H. Cox, B. K. Ahring and R. Iranpour. 2006. 

Anaerobic co-digestion. Water Environmental Resource, 78: 607-636. 

 

Alonso, R. M., R. S. Del-Río and M. P. García. 2016. Thermophilic and mesophilic 

temperature phase anaerobic co-digestion (TPAcD) compared with single-

stage co-digestion of sewage sludge and sugar beet pulp lixiviation. 

Biomass and Bioenergy, 93: 107-115. 



102 

 

 

Alvarez, J. A., L. Otero and J. M. Lema. 2010. A methodology for the optimizing 

feed composition for anaerobic co-digestion of the agro-industrial waste.  

Bioresource Technology, 101: 1153-1158. 

 

Amjid, S. S., M. Q. Bilal, M. S. Nazir and A. Hussain. 2011. Biogas renewable 

energy resource for Pakistan. Renewable and Sustainable Energy Reviews, 

15: 2833-2837. 

 

Amon, T., B. Amon, V. Kryvoruchko, A. A. Machmüller, K. M. Hopfner-Sixt, V. 

Bodiroza and W. Zollitsch. 2007. Methane production through anaerobic 

digestion of various energy crops grown in sustainable crop rotations. 

Bioresource Technology, 98: 3204-3212. 

  

Angelidaki, I. and  B. K. Ahring. 1994. Thermophilic anaerobic digestion of 

livestock waste: the effect of ammonia. Applied Microbiology and  

Biotechnology, 38: 560-564 

 

Angelidaki, I., M. Alves, D. Bolzonella, L. Borzacconi, J. L. Campos, A. J. Guwy 

and J. B. van Lier. 2009. Defining the biomethane potential (BMP) of solid 

organic wastes and energy crops: a proposed protocol for batch assays. 

Water Science Technology, 59: 927-934. 

 

Antonopoulou, G., G. Dimitrellos, A. S. Beobide, D. Vayenas and G. Lyberatos. 

2015. Chemical pretreatment of sunflower straw biomass: The effect on 

chemical composition and physiochemical changes. Waste and the Biomass 



103 

 

 

 Valorization, 6: 733-746. 

  

APHA. 1992. Standard Methods for the Examination of Water and Wastewater, 

18th ed. APHA, Washington, DC. P. 5-7. 

 

Arreola-Vargas, J., N. E. Jaramillo-Gante, L. B. Celis, R. I. Corona-González,V. 

González-Álvarez and H. O. Méndez-Acosta. 2016. Biogas production in 

an anaerobic sequencing batch reactor by using tequila vinasses: effect of 

pH and temperature. Water Science Technology, 73: 550-556. 

 

Awan, A. B. and Z. A. Khan. 2014. Recent progress in renewable energy- Remedy 

of energy crisis in Pakistan. Renewable and Sustainable Energy Reviews, 

33: 236-253. 

 

Banks, C. J., M. Chesshire and A. Stringfellow. 2008. A pilot-scale comparison of 

mesophilic and thermophilic digestion of source segregated domestic food 

waste. Water Science Technology, 58: 1475-1481. 

 

Barakata, A., S. Chuetora, F. Monlaub, A. Solhyc and X. Rouaua. 2014. Eco-

friendly dry chemo-mechanical pretreatments of lignocellulosic biomass: 

Impact on energy and yield of the enzymatic hydrolysis. Applied Energy, 

113: 97-105. 

 

Bansal, T., N. Tripathi and G. Chawla. 2013. Upgradation of biogas using 

combined method of alkaline water scrubbing and adsoption through carbon 



104 

 

 

 molecular sieve. International Journal of Chemical Technology Research, 5: 

886-890. 

 

Bayr, S. and J. Rintala. 2012. Thermophilic anaerobic digestion of pulp and paper 

mill primary sludge and co-digestion of primary and secondary sludge. 

Water Resource Technology, 46: 4713-4720. 

 

Behera, S., R. Arora, N. Nandhagopal and S. Kumar. 2014. Importance of chemical 

pretreatment for bioconversion of lignocellulosic biomass. Renewable and 

Sustainable Energy Reviews, 36: 91-106. 

 

Bint-Faheem, J. 2016. Increasing energy crisis in Pakistan. International Journal of 

Technology and Engineering, 3: 1-16. 

 

Blaut, M. 1994. Metabolism of methanogens. Antonie van Leeuwenhoek, 66: 187-

208. 

 

Bond, T. and M. R. Templeton. 2011. History and future of domestic biogas plants 

in the developing world. Energy for Sustainable Development, 15: 347-354. 

 

Borowski, S., J. Domanski and L. Weatherley. 2014. Anaerobic co-digestion of 

swine and poultry manure with municipal sewage sludge. Waste 

Management, 34: 513-521. 

 

Braun, R. 2007. Anaerobic digestion: A process for the energy, an environmental 



105 

 

 

 management and rural development. In Improvement of the crop plants for  

 industrial end uses. Springer Netherlands, 7th Edition. pp: 335-416.  

 

Chen, J., J. Cheng and K. S. Creamer. 2008. Inhibition of anaerobic digestion 

process: A review. Bioresource Technology, 99: 4044-4064. 

 

Carlini, M., S. Castellucci and M. Moneti. 2015. Biogas production from poultry 

manure and cheese whey wastewater under mesophilic conditions in batch 

reactor. Energy Procedia, 82: 811-818. 

 

Carrillo-Reyes, J., M. Barragán-Trinidad and G. Buitrón. 2016. The Biological pre- 

treatments of microalgal biomass for gaseous biofuel production and the 

potential use of rumen microorganisms: A review. Algal Research, 18: 341-

351. 

 

Colberg, P. J. and L. Y. Young. 1985. Aromatic and volatile acid intermediates 

observed during anaerobic metabolism of lignin-derived oligomers. Applied 

and Environmental Microbiology, 49: 350-358. 

 

Corro, G., U. Pal and S. Cebada. 2014. Enhanced biogas production from coffee 

pulp through delignino-cellulosic photocatalytic pretreatment. Energy 

Science and Engineering, 2: 177-187. 

 

Couras, C. S., V. L. Louros, A. M. Grilo, J. H. Leitao, M. I. Capela, L. M. Arroja 



106 

 

 

 and M. H. Nadais. 2014. Effects of operational shocks on key microbial 

populations for biogas production in the UASB (Upflow Anaerobic Sludge 

Blanket) reactors. Energy, 73: 866-874. 

 

Dai, X., Y. Chen, D. Zhang and J. Yi. 2016. High-solid anaerobic co-digestion of 

sewage sludge and cattle manure: the effects of volatile solid ratio and pH. 

Scientific Reports, 6: 1-10. 

 

Deepanraj, B., V. Sivasubramanian and S. Jayaraj. 2015. Kinetic study on the 

effect of temperature on biogas production using a lab scale batch reactor. 

Ecotoxicology and Environmental Safety, 121: 100-104. 

 

Dennehy, C., P. G. Lawlor, T. Croize, Y. Jiang, L. Morrison, G. E. Gardiner and X. 

Zhan. 2016. Synergism and effect of high initial volatile fatty acid 

concentrations during food waste and pig manure anaerobic co-digestion. 

Waste Management, 56: 173-180. 

 

Ekstrand, E. M., M. Karlsson, X.B. Truong, A. Björn, A. Karlsson, B. H. Svensson 

and J. Ejlertsson 2016. High-rate anaerobic co-digestion of kraft mill fibre 

sludge and activated sludge by CSTRs with sludge recirculation. Waste 

Management, 56: 166-172. 

 

Esposito, G., L. Frunzo and A. Panico. 2012. Enhanced bio-methane production 

from co-digestion of different organic wastes. Environmental Technology, 

33: 2733-2740. 



107 

 

 

Fantozzi, F. and C. Buratti. 2009. Biogas production from different substrates in an 

 experimental Continuously Stirred Tank Reactor anaerobic digester. 

Bioresource Technology, 100: 5783-5789. 

 

Ferry, J. G., D. R. Abbanat, J. G. Ferry, C. Afting, A. M. Hochheimer and R. K. 

Thauer. 1999. Enzymology of one-carbon metabolism in methanogenic 

pathways. FEMS Microbiology Reviews, 23: 13-38. 

 

Firoz, A. and I. Ulfat. 2004. Empirical models for the correlation of monthly 

average daily global solar radiation with hours of sunshine on a horizontal 

surface at Karachi, Pakistan. Turkish Journal of Physics, 5: 1-7. 

 

Fu, X., J. Long, X. Wang, D. Y. C. Leung, Z. Ding, L. Wu, Z. Zhang, Z. Li and X. 

Fu. 2008. Photocatalytic reforming of biomass: A systematic study of 

hydrogen evolution from glucose solution. International Journal of 

Hydrogen Energy, 33: 6484-6491. 

 

Garcia, M. L. and L. T. Angenent. 2009. Interaction between temperature and 

ammonia in mesophilic digesters for animal waste treatment. Water 

Research, 43: 2373-2382. 

 

Garyfallos, A., K. Kyriaki, T. Stilianos and S. Konstantinos. 2012. The fuel wood 

consumption in a rural area of Greece. Renewable Sustainable Energy 

Reviews, 16: 6489-6496. 

 



108 

 

 

Gonzalez, R., H. Jameel, H. Chang, T. Treasure, A. Pirraglia, and D. Saloni. 2011. 

 Thermos-mechanical pulping as a pretreatment for agricultural biomass for 

 biochemical conversion. Bioresources, 6: 1599-1614. 

 

Hansen, K. M. S., R. Zortea, A. Piketty, S. R. Vegaand, and H. R. Andersen. 2013. 

Photolytic removal of DBPs by medium pressure UV in swimming pool 

water. Science of the Total Environment, 443: 850-856. 

 

Hashemy, A. S. 2011. Energy Crisis in Pakistan, Solutions of Pakistan Crisis, 

Survey of Pakistan. Television Media Revolutionizing Multimedia. 

 

Heedge, F. and B. Pandey. 2008.  Program implementation document for a national 

program on domestic biogas dissemination in Pakistan. Winrock 

International, 1: 1-2 

 

Heiske, S., N. Schultz-jensen, F. Leipoldand, and J. E. Schmidt. 2013. Improving 

anaerobic digestion of wheat straw by plasma-assisted pretreatment. Journal 

of Atomic and Molecular Physics, 2013: 1-7. 

 

Itodo, I. N. and J. O. Awulu. 1999. Effects of total solids concentrations of poultry, 

cattle, and piggerywaste slurries on biogas yield. Transactions of the 

American Society of Agricultural Engineering, 42: 1853-1856. 

 

Kaiser, J. and K. L. Hanselmann. 1982. Fermentative metabolism of substituted 

monoaromatic compounds by a bacterial community from anaerobic 



109 

 

 

sediments. Archives of Microbiology, 133: 185-194. 

 

Kang, H. K. and D. Kim. 2012. Efficient bioconversion of rice straw to ethanol 

with TiO 2/UV pretreatment. Bioprocess and Biosystems Engineering, 35: 

43-48. 

 

Kaparaju, P., M.Serrano, A. B. Thomsen, P. Kongjan and I. Angelidaki. 2009. 

Bioethanol, biohydrogen and biogas production from wheat straw in a 

biorefinery concept. Bioresource Technology, 100: 2562-2568. 

 

Kaparaju, P., S. Luostarinen, E. Kalmari, J. Kalmari and J. Rintala. 2002. Co-

digestion of energy crops and industrial confectionery by-products with 

cow manure: batch-scale and farm-scale evaluation. Water Science 

Technology, 45: 275-280. 

 

Kayhanian, M. and D. Rich. 1995. Pilot-scale high solids thermophilic anaerobic 

digestion of municipal solid waste with an emphasis on nutrient 

requirements. Biomass and Bioenergy, 8: 433-444. 

 

Khalil, H. B. and S. J. H. Zaidi. 2014. Energy crisis and potential of solar energy in 

Pakistan. Renewable and Sustainable Energy Reviews, 31: 194-201. 

 

Krishania, M., V. K. Vijay and R. M. Chandra. 2013. Methane fermentation and 

kinetics of wheat straw pretreated substrates co-digested with cattle manure 

in batch assay. Energy, 57: 359-367. 



110 

 

 

Ksibi, M. 2003. Photodegradation of lignin from black liquor using a UV/TiO2 

system. Journal of Photochemistry and Photobiology A: Chemistry, 154: 

211-218. 

 

Kugelman, I. J. and P. L. Mccarty. 1965. Cation toxicityand stimulation in 

anaerobic waste treatment. Journal of Water Pollution Control Federation, 

37: 97-116. 

 

Lehtomaki, A., S. Huttunen and J. A. Rintala. 2007. Laboratory investigations on 

co-digestion of energy crops and crop residues with cow manure for 

methane production: Effect of crop to manure ratio. Resources, 

Conservation and Recycling, 51: 591-609. 

 

Lekelefac, C. A., N. Busse, M. Herrenbauer and P. Czermak. 2015. Photocatalytic 

based degradation processes of lignin derivatives. International Journal of 

Photoenergy, 3: 18-19. 

 

Li, H., Z. Lei, C. Liu, Z. Zhangand B. Lu 2015. Photocatalytic degradation of 

lignin on synthesized Ag-AgCl/ZnO nanorods under solar light and 

preliminary trials for methane fermentation. Bioresource Technology, 175: 

494-501. 

 

Li, S. H., S.Liu, J. C. Colmenares and Y. Xu. 2016. A sustainable approach for 

lignin valorization by heterogeneous photocatalysis. Green Chemistry, 18: 

594-607. 



111 

 

 

Lily, S. H. H. and G. Ho. 2012. Mitigating ammonia inhibition of thermophilic an-

aerobic treatment of digested piggery wastewater: use of pH reduction, 

zeolite, biomass and humic acid. Water Resource Technology, 46: 4339-

4350. 

 

Lin, J., J. Zuo, L. Gan, P. Li, F. Liu, K. Wang, L. Chen and H. Gan. 2011. Effects 

of mixture ratio on anaerobic co-digestion with fruit and vegetable waste 

and food waste of China. Journal of Environmental Sciences, 23: 1403-

1408. 

 

Liu, G. 2013. Evaluating Methane Production from Anaerobic Mono- and Co- 

digestion of Kitchen Waste, Corn Stover, and Chicken Manure. Energy and 

Fuels, 27: 2085-2091. 

 

Mace, S. and J. Mata-Alvarez. 2002. Utilization of SBR technology for wastewater 

treatment: an overview. Industrial and Engineering Chemistry Research, 41: 

5539-5553. 

 

Madison, M. J., G. Coward-Kelly, C. Liang, M. N. Karim, M. Falls and M. T. 

Holtzapple. 2017. Mechanical pretreatment of biomass – Part I: Acoustic 

and hydrodynamic cavitation. Biomass and Bioenergy, 98: 135-141. 

 

Marie, S., I. A. Fotidis, A.Kovalovszki and I. Angelidaki. 2015. Anaerobic Co-

digestion of Agricultural Byproducts with Manure for Enhanced Biogas 

Production. Energy and Fuels, 29: 8088-8094. 



112 

 

 

Mata-Alvarez, J., S. Mace and P. Llabre. 2000. Anaerobic digestion of organic 

solid wastes. An overview of research achievements and perspectives. 

Bioresource Technology, 74: 3-16. 

 

Mccarty, P. L. 1964. Anaerobic waste treatment fundamentals, 12: 107-112.  

 

Motte, J. C., R. Escudié, N. Bernet, J. P. Delgenes, J. P. Steyer and C. Dumas. 

2013. Dynamic effect of total solid content, low substrate/inoculum ratio 

and particle size on solid-state anaerobic digestion. Bioresource 

Technology, 144: 141-148. 

 

Mushtaq, K., A. A. Zaidi and S. J. Askari. 2016. Design and performance analysis 

of floating dome type portable biogas plant for domestic use in Pakistan. 

Sustainable Energy Technologies and Assessments, 14: 21-25. 

 

Nasir, I., M. Ghazi, I. Tinia and R. Omar. 2012. Anaerobic digestion technology in 

livestock manure treatment for biogas production: A review. Engineering in 

Life Sciences, 12: 258-269. 

 

Nguyena, T. D., K. M. Nguyena, M. S. Kimb, D. Kimc and S. J. Sim. 2010. 

Enhancement of fermentative hydrogen production from green algal 

biomass of Thermotoga neapolitana by various pretreatment methods. 

International Journal of Hydrogen Energy, 35: 13035-13040. 

 

Nielfa, A., R. Cano and A. Pérez. 2014. Co-digestion of municipal sewage sludge 



113 

 

 

and solid waste: Modelling of carbohydrate, lipid and protein content 

influence. Waste Management Research, 33: 241-249. 

 

Nielfa, A., R. Cano and M. Fdz-Polanco. 2015. Theoretical methane production 

generated by the co-digestion of organic fraction municipal solid waste and 

biological sludge. Biotechnology Reports, 5: 14-21. 

 

Nkemka, V. N. and M. Murto. 2010. Evaluation of biogas production from sea 

weed in batch tests and in UASB reactors combined with the removal of 

heavy metals. Journal of Environmental Management, 91: 1573-1579. 

 

Nkemka, V. N. and M. Murto. 2013. Biogas production from wheat straw in batch 

and UASB reactors: The roles of pretreatment and seaweed hydrolysate as a 

co-substrate. Bioresource Technology, 128: 164-172. 

 

Nopharatana, A., P. Pullammanappallil and W. Clarke. 2007. Kinetics and dynamic 

modelling of batch anaerobic digestion of municipal solid waste in a stirred 

reactor. Waste Management, 27: 595-603. 

 

Nurliyana, M. Y., P. S. Hang, H. Rasmina, M. S. Umi-Kalsom, K. L. Chin, S. H.  

Lee, W. C. Lum and G. D. Khoo. 2015. Effect of C/N ratio in methane 

productivity and biodegradability during facultative co-digestion of palm 

oil mill effluent and empty fruit bunch. Industrial Crops and Products, 76: 

409-415. 

 



114 

 

 

Oyedepo, S. O. 2012. Energy and sustainable development in Nigeria: in the way 

forward. Energy, Sustainability and Society, 2: 15. 

 

Elaiyaraju. P. and N. Partha. 2012. Production of biogas from the sago (tapioca. L) 

waste water by using anaerobic batch reactor. Energy and Environment, 23: 

631-645. 

 

Pakistan Council of Renewable Energy Technology (PCRET). 2013. 

(www.pcret.gov.pk). 

 

Panichnumsin, P., A. Nopharatana, B. Ahring and P. Chaiprasert. 2010. Production 

of methane by co-digestion of cassava pulp with various concentrations of 

pig manure. Biomass and Bioenergy, 34: 1117-1124. 

 

Pobeheim, H., B. H. Munk, H. H. Müller, G. M. Berg and G. M. Guebitz. 2010. 

Characterization of an anaerobic population digesting a model substrate for 

maize in the presence of trace metals. Chemosphere, 80: 829-36. 

 

Raya, M. J., D. J. Leaka, P. D. Spanua and R. J. Murphy. 2010. Brown rot fungal 

early stage decay mechanism as a biological pretreatment for softwood 

biomass in biofuel production. Biomass and Bioenergy, 34: 1257-1262. 

 

Rosli, N. S., S. Idrus, N. N. Daud and A. Ahsan. 2016. Assessment of potential 

biogas production from rice straw leachate in upflow anaerobic sludge 

http://www.pcret.gov.pk/


115 

 

 

blanket reactor (UASB). International Journal of Smart Grid and Clean 

Energy, 5: 135-143. 

 

Ryckebosch, E., M. Drouillon and H. Vervaeren, 2011. Techniques for 

transformation of biogas to biomethane.  Biomass and Bioenergy, 35: 1633-

1645, 2011. 

 

Schmidt, T., M. Nelles, F. Scholwinand J. Pröter. 2014. Trace element supple-

mentation in the biogas production from wheat stillage - Optimization of 

metal dosing. Bioresource Technology, 168: 80-85. 

 

Schnurer, A. and A. Nordberg. 2008. Ammonia, a selective agent for methane 

production by syntrophic acetate oxidation at mesophilic temperature. 

Water Science Technology, 57: 735-40. 

 

Seppälä, M., T. Paavola, A. Lehtomäki and J. Rintala. 2009. Biogas production 

from boreal herbaceous grasses specific methane yield and methane yield 

per hectare. Bioresource Technology, 100: 2952-2958. 

 

Shah, D. and H. G. Nagarseth. 2015. Low Cost Biogas Purification System for 

application of Bio-CNG as fuel for automobile engines. International 

Journal of Innovative Science, Engineering and Technology, 2: 308-312. 

 

Sheehan, J., A. Aden, K. Paustian, K. Killian, J. Brenner, M. Walsh and R. Nelson. 



116 

 

 

 2003. Energy and environmental aspects of using corn stover for fuel 

ethanol. Journal of Industrial Ecology, 7, 117-146. 

 

Shi, X., J. Lin, J. Zuo, P. Li, X. Li and X. Guo. 2016. Effects of free ammonia on 

volatile fatty acid accumulation and process performance in the anaerobic 

digestion of two typical bio-wastes. Journal of Environmental Sciences, 7: 

1-9. 

 

Sindhu, R., P. M. Binod and A. Pandey. 2016. Biological pretreatment of ligno-

cellulosic biomass: An overview. Bioresource Technology, 199: 760-82. 

 

Sluiter, A., B. Hames, R. Ruiz, C. Scarlata, J. Sluiter and D. Templeton. 2004. 

Determination of structural carbohydrates and lignin in biomass. LAP-002 

NREL analytical procedure. 

 

Sondergaard, M., I. A. Fotidis, A. Kovalovszki and I. Angelidaki. 2015. Anaerobic 

Co-digestion of Agricultural Byproducts with Manure for Enhanced Biogas 

Production. Energy and Fuels, 29: 8088-8094. 

 

Sosnowski, P., A. Wieczorek and S. Ledakowicz. 2003. Anaerobic co-digestion of 

sewage sludge and organic fraction of municipal solid wastes. Advances in 

Environmental Research, 7: 609-616. 

 

Sossa, K., M. Alarcon, E. Aspe and H. Urrutia. 2004. Effects of ammonia on the 



117 

 

 

methanogenic activity of methylaminotrophic methane producing Archaea 

enriched biofilm. Anaerobe, 10: 13-18. 

 

Sun, L., B. Müller and A. Schnürer. 2013. Biogas production from wheat straw: 

community structure of cellulose-degrading bacteria. Energy, Sustainability 

and Society, 3: 15. 

 

Symons, G. E. and A. M. Buswell. 1933. The Methane Fermentation of Carbo-

hydrates. Journal of the American Chemical Society, 55: 2028-2036. 

 

Takashima, M., R. E. Speece and G. F. Parkin. 1990. Mineral requirements for 

methane fermentation. Critical Reviews in Environmental Control, 19: 465-

479. 

 

Thomsen, M. 2005. Complex media from processing of agricultural crops for 

microbial fermentation. Applied Microbiology and Biotechnology, 68: 598-

606. 

 

Tsapekos, P., P. G.Kougiasand I. Angelidaki. 2015a. Anaerobic Mono- and Co-

digestion of Mechanically Pretreated Meadow Grass for Biogas Production. 

Energy and Fuels, 29: 4005-4010. 

 

Uddin, W., B. Khan, N. Shaukat, M. Majid, A. Mehmood, S. M. Ali, U. Younas, 

M. Anwar, G. Mujtaba and A. M. Almeshal. 2016. Biogas potential for 



118 

 

 

electric power generation in Pakistan: A survey. Renewable and Sustainable 

Energy Reviews, 54: 25-33. 

 

Van-Soest, A. and J. Peter. 1995. Nutritional ecology of the ruminant. Livestock 

Production Science, 43: 1-2. 

 

Wang, H., A. Lehtomki, K. Tolvanen, J. Puhakkaand and J. Rintala. 2009. Impact 

of crop species on bacterial community structure in anaerobic co-digestion 

of crops and cow manure. Bioresource Technology, 100: 2311-2315. 

 

Wang, X., X. Lu, F. Li and G. Yang. 2014. Effects of temperature and carbon-

nitrogen (c/n) ratioon the performance of anaerobic co-digestion of dairy 

manure, chicken manure and rice straw: focusing on ammonia inhibition. 

Plos One. 9: 1-7. 

 

Wang, X., Y. Yang and Y. Y. Feng. 2012. Optimizing feeding composition and 

carbon-nitrogen ratios for improved methane yield during anaerobic co-

digestion of dairy, chicken manure and wheat straw. Bioresource 

Technology, 120: 78-83. 

 

Ward, A. J., P. Hobbs, P. J. Holliman and D. L. Jones. 2008. Optimization of the 

anaerobic digestion of agricultural resources. Bioresource Technology, 99: 

7928-7940. 

 

Yadvika, J., Santosh, T. Sreekrishnan, S.Kohliand V. Rana. 2004. Enhancement of 



119 

 

 

biogas production from solid substrates using different techniques - A 

review. Bioresource Technology, 95: 1-10. 

 

Yan, Z., Z. Song, D. Li, Y. Yuan, X. Liu and T. Zheng. 2015. The effects of initial 

substrate concentration, C/N ratio, and temperature on solid-state anaerobic 

digestion from composting rice straw. Bioresource Technology, 177: 266-

273. 

 

Yasuda, M., A. Miura, R.Yuki, Y. Nakamura, T. Shiragami, Y.Ishii and H. Yokoi. 

2011. The effect of TiO2 photocatalytic pretreatment on the biological 

production of ethanol from lignocelluloses. Journal of Photochemistry and 

Photobiology A: Chemistry, 220: 195-199. 

 

Yenigün, O. and B. Demirel. 2013. Ammonia inhibition inside anaerobic digestion: 

A    review. Process Biochemistry, 48: 901-911. 

 

Yirong, C., S. Heaven and C. J. Banks. 2015. Effect of a Trace Element Addition 

Strategy on Volatile Fatty Acid Accumulation in Thermophilic Anaerobic 

Digestion of Food Waste. Waste Biomass Valor, 6:1-12. 

 

Zhang, Y. and C. J. Banks. 2012. Co-digestion of the mechanically recovered part 

of municipal solid waste. Biochemical Engineering Journal, 68: 129-137. 

 

Zhu, X., S. R. Castleberry, M. A. Nannyand E. C. Butler. 2005. Effects of pH and 

catalyst concentration on photocatalytic oxidation of aqueous ammonia and 



120 

 

 

nitrite in titanium dioxide suspensions. Environmental Science and 

Technology, 39: 3784-3791. 

 

Zuberi, M. J. S. and M. Fahrioğlu. 2015. Application of hubbert peak theory to 

stimulate biogas production. International Journal of Renewable Energy 

Research, 5: 61-69. 


	Department of Biochemistry
	Doctor of Philosophy
	Biochemistry
	Department of Biochemistry
	CM     Cattle manure
	3.4.2 Kinetic Analysis
	4.3.1 Wheat Straw Co-digestion (BMP Set 1)
	4.3.4 Kinetic Analysis

