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ABSTRACT   

Water hyacinth (Eichhornia crassipes), an invasive aquatic weed with large biomass 

poses serious socio-economic and environmental challenges in fresh water bodies such 

as Lake Victoria in East Africa. Efforts towards its control and removal can be 

complemented by biogas production for use as energy source. However, knowledge 

of chemical and nutritional composition of its largely complex lignocellulosic biomass 

is important in determining its conversion into biogas. The complex structure of 

lignocellulosic biomass can affect its biodegradability and limit biogas production. On 

the other hand, co-digestion with complimentary substrates can potentially make it 

more amenable to biodegradation and improve biogas production. Biomethanation 

involves a combination of physicochemical conditions in anaerobic reactors and the 

action of microbial community. Understanding the dynamics of the microbial 

community can provide insights on how co-digestion influences biogas generation.  

This study evaluated synergy in co-digestion of WH from Lake Victoria with ruminal 

slaughterhouse waste (RSW) from Dagoretti slaughterhouses in Nairobi. The study 

characterized WH and RSW as co-substrates in biogas production by conducting 

proximate, crude fiber, elemental and biochemical analysis. It evaluated influence of 

processes parameters that included pH, temperatures, reaction times and substrate mix 

proportions on biogas production for WH and RSW substrates digested separately and 

in co-digestion. The study also investigated the dynamics of microbial communities in 

digestion of single substrates and in co-digestion at critical stages of biogas production 

by isolation, identification, DNA extraction, 16S rRNA gene amplification and 

sequencing using the Basic Local Alignment Search Tool (BLAST) technique.  

 



xvii 
 

Water Hyacinth had significant concentrations of cellulose, hemicellulose and 

carbohydrates of 331,200, 231,800 and 447,800 mg/L, respectively and lesser 

concentration of lignin of 99,400 g/L, which is desirable in biomass for biogas 

production. The concentration for C, N, P and K in WH were 15480, 1654, 51 and 137 

mg/L, respectively compared to 26,220, 1,390, 34 and 7,475 mg/L for RSW. The 

concentration of potassium for WH was below the optimum range for biogas production 

of 200 - 400 mg/l while that for RSW was in the inhibitory range. Both biomass exhibited 

phosphorous deficiency at C/P of 310 and 656 for WH and RSW, respectively against 

optimum ratio of 100 and 150 for hydrolysis and acidogenesis stages, and 

methanogenesis stage, respectively. The C/N ratio for WH was 9.4 that tended towards 

ammonia toxicity at the lower limit of 8 to 20 C/N ratio for optimal biogas production while 

that for RSW was 18.8, which bordered on nitrogen deficiency. The results indicated 

potential for complementing of nutrients in co-digestion of WH with RSW substrates, for 

enhanced biogas production. 

Profiles of biogas production exhibited distinct acclimatization, lag and active 

biomethanation phases.  Water hyacinth and RSW digested separately experienced lag 

phase of 7 and 20 days, respectively in which pH dropped from 7.5 to 7.0 for WH and 

to acidic pH of 6.0 for RSW. The pH drop was attributed to rapid generation of volatile 

fatty acids by hydrolysis and acidogenesis process without corresponding consumption 

by acetogenesis and methanogenesis processes. Depressed pH inhibited methanogenic 

organisms resulting in lag in biogas yield. However, co-digestion of WH with RSW 

led to a consistent and improved biogas production that was attributed to collation of 

processes parameters restraining of pH drop alkaline to levels that were conducive for 

biomethanation. A WH: RSW co-digestion ratio of 70:30 exhibited the most consistent 

and largest biogas yield over a residence time of 60 days. Co-digestion of WH with 
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30% RSW proportion at 24°C improved WH biogas yield by 75% from 8.05 to 14.1 

L/Kg biomass and the proportion of methane component by 9% from 59 to 68% 

suggesting synergisms in the co-digestion.  

The morphologies of microbial colonies isolated from reactor sludge were dominated 

by short and long rods bacilli, but also cocci, and streptococcus mainly in WH samples. 

About 77% of the isolates were Gram positive that indicated dominance of the 

Firmicutes phyla that includes the bacillus genus, while 23% were Gram negative. 

Molecular analysis identified a shift in microbial community during the acidic lag 

phase from Bacillus genus to Lysinibacillus and Solibacillus genera. Recovery of 

alkaline conditions resulted in re-emergence of diverse species of Bacillus genus 

including Bacillus aerophilus, Bacillus pumilus, Bacillus glycinifermentans, Bacillus 

cereus, Bacillus thuringiensis, Bacillus licheniformis and Bacillus aquimaris, which 

were associated with active biomethanation. Consequently, consistent and improved 

biogas production in co-digestion of WH with RSW was attributed to collation of 

processes parameters that restrained pH to alkaline levels allowing growth of Bacillus 

sp. associated with active biomethanation.  
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CHAPTER 1: INTRODUCTION 

1.1 Background of Study  

Water hyacinth, an aggressive aquatic plant, has the potential for doubling its population 

every 5 to 15 days producing up to 140 million daughter plants annually (World Bank, 1996; 

Tao et al., 2016). The weed has invaded and proliferated in fresh water bodies such as Lake 

Victoria in East Africa, causing major socio-economic and environmental disruptions 

including blockage of fishing grounds, transport routes, and water intakes, and increase of 

waterborne diseases (Mailu, 2001; Gichuki et al., 2012).  Management and removal of the 

weed has been expensive and only partially successful (Guerena et al., 2015). However, 

efforts for its control and removal can be complemented by its adoption as biomass in biogas 

production. Generally, biomass is potentially available for exploitation and use in 

energy production with less capital-intensive technologies than those for fossil fuels 

(Anjanabha and Pawan, 2010). Consequently, exploitation of water hyacinth (WH) has 

the potential to mitigate over reliance on fossil fuel for energy, and its 

associated environmental degradation including climate change (Budiyano et al., 2010b).  

Knowledge of the characteristics of biomass is important in its conversion into fuels and 

other valuable chemicals, and would be useful in process commercialization. Lignocellulose 

biomass from plants is grossly composed of holocellulose and lignin bound together by ionic 

bonds strongly attracted into microfibrils (Luciana & Orlando, 2009). The complex structure 

of the lignocellulose limits the degradation process which demands large reactor volumes 

for long hydraulic retention times (Adney et al., 1991).  

Energy crops are largely lignocellulosic in nature and are often rich in carbon, while poor in 

nutrients like phosphorus, nitrogen and trace elements (Saini et al., 2015). A carefully 
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chosen co-substrate such as slaughterhouse waste has the potential for compensating 

limitations of lignocellulosic biomass facilitating stable and efficient anaerobic digestion 

process that enhances biomethanation (Horváth et al., 2016).  

Simultaneous processing of substrates through co-digestion may result in greater 

biogas production than with individual feedstock (e.g. Rao and Baral 2011; Dias et al., 

2014: Li et al., 2011). Co-digestion holds numerous advantages for microbial digestion 

that include reduced concentration of toxic compounds, increased nutrients 

concentration, improved substrate loading, supply of buffer capacity and hygienic 

stabilization of enzymes (Tufaner and Avsar, 2016). The benefits are essential in 

ensuring consistency in the digestion process in addition to enhancing biogas yield 

(Morales-Polos et al., 2018).  

Slaughterhouse waste has significant concentration of nutrients that can complement 

the digestion of other substrates such as water hyacinth (Wei wu, 2010). However, 

most of the slaughterhouse waste components with the exception of ruminal waste 

also have large concentration of proteins, which make them susceptible to ammonia 

toxicity (Callaghan et al., 2002; Edstrom et al., 2003 ; Cuetos et al., 2010; Chen et al., 

2008). Similarly, volatile fatty acids (VFAs) have a tendency of accumulating in the 

reactors resulting in continual pH drop that suppresses the vibrancy of methanogenic 

community (Amani et al., 2011). Rumen contents have limited protein concentration 

and occur in the largest proportion in the waste; therefore, would be the desirable 

component for co-digestion with water hyacinth. Furthermore, rumen slaughterhouse 

waste (RSW) contains cellulolytic anaerobic bacteria that are suitable as inoculum for 

degradation of cellulose (Aurora, 1983; Castillo, 1995).  
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The anaerobic digestion system entails numerous biochemical steps that include 

hydrolysis, fermentation, acetogenesis and methanogenesis where groups of bacteria 

and archaea transform organic substrate into biogas (Meyer and Edwards, 2014). 

Improvements of bio digestion for increased and stable biogas production requires a 

deeper understanding of reactor operating parameters and the dynamics of microbial 

organisms involved (Walter et al., 2012). This study evaluated synergy in co-digestion 

of WH with RSW through characterization of substrate, evaluation of biogas 

production and establishment of dynamics of microbial communities.  

1.2 Statement of Problem  

Proliferation of water hyacinth in fresh water bodies causes major socio-economic and 

environmental disruptions including blockage of fishing grounds, transport routes, and 

water intakes and increase of waterborne diseases among other challenges (Mailu 2001; 

Gichuki et al. 2012). Management and removal of the weed from has been expensive and 

only partially successful (Guerena et al. 2015); for example, use of mechanical methods 

requires large energy inputs and lacks economic motivation (Petrell and Bagnall, 1991). 

Conversely, the use of the biomass in biogas generation can be a viable approach to control 

and management of the weed. However, such use demands process optimization. 

Therefore, there is need to characterize the substrates and determine the impact of 

operating parameters including temperature, pH and retention time on biogas yield. 

Additionally, use of methods such as co-digestion with other substrates to improve 

digestion of lignocellulosic biomass requires evaluation of mix proportion of co-

substrates. Because microbial communities are key players in anaerobic digestions, 

there is also need to understand their dynamics in the co-digestion. 
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1.3 Objectives 

The general objective of this study was to evaluate synergy in co-digestion of WH with 

RSW as feedstock in biogas generation. The specific objectives were to: 

1. Characterize WH from Lake Victoria and ruminal slaughterhouse waste 

(RSW) from Dagoretti slaughter houses as substrates for biogas production in 

co-digestion.  

2. Evaluate the impact of temperature, retention time, pH and mix proportions of 

substrates in co-digestion of WH with RSW on biogas production. 

3. Establish the dynamics of microbial communities in co-digestion of WH with 

RSW.  

1.4 Hypothesis 

1. Water hyacinth and ruminal slaughterhouse waste do not have complementary 

properties for enhancement of biogas production. 

2. Co-digestion for WH and RSW cannot alter substrates digestibility, stabilize 

pH, enhance biogas yield and improve biogas properties. 

3. Anaerobic co-digestion of WH with RSW does not modify microbial 

community for enhanced biomethanation. 

1.5 Scope of study  

This study evaluated co-digestion of WH with RSW under varied conditions. The 

study characterized water hyacinth and ruminal slaughterhouse waste to determine 

proximate, fiber, elemental and biochemical characteristics of the two substrates. 

Water hyacinth and ruminal slaughterhouse waste were obtained from Lake Victoria 

and Nairobi’s Dagoretti slaughterhouses, respectively. The study conducted anaerobic 

digestion of WH with RSW as separate substrates and in co-digestion at various mix 
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proportions in mesophilic temperatures range of 20-40ºC and obtained pH variation 

and biogas production profiles with reaction time.  

The study applied DNA extraction and 16S rRNA gene amplification to identify 

dominant microorganisms at various stages of biogas production for the WH and RHW 

substrates separately and in co-digestion. 

1.6 Definition of Terms 

Acidogenesis: This refers to the second step of anaerobic digestion where large 

organic molecules gets converted to volatile fatty acids. 

Anaerobic Digestion (AD): This is a combination of processes in which anaerobic 

microbes degrade organic material in oxygen free environment to generate biogas. The 

term also refers to the entire anaerobic treatment process. 

Batch-feed: A process of feeding the reactor with biomass once, then processing and 

eventually emptying in one instance. It is the exact opposite of continuous feeding. 

Biodegradable: Refers to substance that is easily broken down into primary molecules 

by the action bacteria, fungi, and other microorganisms. 

Biogas: This is a gaseous substance produced by anaerobic digestion or fermentation 

of organic material. The gas is generally methane and carbon dioxide with some trace 

gases. 

Degradation: Is the progressive decomposition of organic matter that occurs through 

a defined process with the end products having fewer carbon atoms than the originally 

fed feedstock. Such decomposition is carried out by microorganisms. 
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Digestate: A material either solid or liquid in nature that remains after a completed 

anaerobic digestion. The material is often still rich in nutrient concentration. 

Digester: A closed chamber where anaerobic digestion of organic substance occur. 

The chamber may be a tank, cylinder or silo and the term is synonymous with reactor. 

Feedstock: Refers to organic input material suitable for either aerobic or anaerobic 

processing. Such material may be of varied physical and chemical properties but which 

is easily degradable. 

Hydraulic Retention Time (HRT): Refers to the duration taken by substrate, either 

liquid or solid, stays in a reactor. It can be arrived at by dividing the volume of the 

reactor by the flow. 

Mesophilic: Temperature range between 20– 45°C in which microbial processes 

occur. It is considered the moderate temperature range of anaerobic digestion. 

Methane: This is a gaseous component of biogas with the chemical formula CH₄. It 

is a group-14 hydride and the simplest alkane, and is the major component of natural 

gas.   

Methanogenesis: This is the last step in anaerobic digestion where acetic acid and 

hydrogen are finally converted into biogas. 

Molecular techniques: Methods involving manipulation of DNA, RNA, protein, and 

lipids  

Morphological techniques: Analysis of the organisms with respect to the form, 

structure, and their specific features. 
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Organic Loading Rate (OLR): Is the volume of feedstock injected into the digester 

capacity at a given time. The unit is kg substrate (VS)/ m3 reactor and day. 

Phylogenetic analysis: Is a system of carrying out an estimation of evolutionary 

correlation. In molecular phylogenetic analysis, the sequence of a common gene or 

protein is applicable in determination of evolutionary relationship for various species.  

Polymerase Chain Reaction (PCR): A molecular biology technique widely used to 

rapidly make millions to billions of copies of a specific DNA sample. This ultimately 

allows taking of a very small sample of DNA which can be amplified for detailed 

analysis.  

Primers: Is a strand of DNA bases that facilitates replication of DNA. Primers are 

generally used in Polymerase Chain Reaction and each primer is single stranded DNA 

relating to a specific piece of template DNA.  

Ruminal slaughterhouse waste: This is the proportion of slaughterhouse waste that 

originates from the first compartment of a ruminant animal. It is also the chamber 

where regurgitation of food for rumination takes place and it is also where cellulose is 

digested by symbiotic microorganisms. The material is also called paunch. 

Scrubber solution: Is a diverse group of chemical solutions that can be used to remove 

some particulates and/or gases from industrial exhaust streams. 

Solids Retention Time (SRT): Is the average duration for which solid material 

remains in a reactor. 

Thermophilic: Temperature range between 50– 65°C in which microbial activity 

occurs. It is considered the upper temperature range for anaerobic digestion. 

https://en.wikipedia.org/wiki/Particulate


8 
 

Total Solids (TS): This is the residue that remains when water or sludge sample is 

filtered and dried at 105 °C. It is measured in mg /L (mass per volume) or as a 

percentage of wet weight.  

Volatile Solids (VS): Are substances that can easily convert from solid phase to vapor 

phase without going through a liquid phase. 

Water hyacinth: Is a free-floating aquatic plant (or hydrophyte) originally from 

Amazon basin and is often highly invasive. 

  

https://en.wikipedia.org/wiki/Aquatic_plant
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CHAPTER 2: LITERATURE REVIEW 

2.1 Biogas as an Alternative Source of Energy  

Energy demand and consumption is growing worldwide, while reliance on fossil fuels 

such as coal, oil and natural gas is becoming unsustainable. Exploitation of alternative 

energies such as biofuels, has the potential of minimizing the use of fossil fuels thereby 

averting environmental pollution and associated health risks (Kumar and Mohan, 

2005). Furthermore, the rising prices for traditional fuels cause a major concern for 

most economies prompting the need to explore alternative energy sources including 

bioenergy (e.g. Berndes et al., 2003). Apart from the energy crisis, there is a growing 

concern about global climate change alongside related global warming emanating 

from such use of fossil fuels (Tu et al., 2011). Exploitation and application of 

bioenergy holds the potential of minimizing emissions of greenhouse gases (GHGs) 

and hence mitigating the associated global warming and climate change (Bilgen et al., 

2008). The raw materials potentially available for biogas generation include but not 

limited to; municipal waste, green waste, agricultural waste, food waste, cattle manure 

and plant materials anaerobic digestion. 

2.2 Biogas Production by Anaerobic Digestion 

Anaerobic digestion (AD) entails a number of controlled biological processes for 

degradation of organic materials in an environment free of oxygen. The process involves the 

action of diverse bacteria that catalyze series of composite microbial activities (McInerney 

et al., 1980). The application of AD in processing industrial and domestic organic wastes 

and biogas generation is economically and environmentally attractive considering reduction 

of greenhouse gas emissions (Berndes et al., 2003; Barton et al., 2008). Apart from energy 

generation, AD process also lowers the quantity of disposable material thereby minimizing 

possible land and groundwater contamination. Accordingly, the technology offers solution 
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to numerous ecological and agrochemical challenges (Budiyano et al., 2010). The AD in 

turn presents a very lucrative platform to utilize certain quality of biomass in energy 

generation and meeting part of energy demands. The process has attracted an increasing 

interest despite its inefficiencies resulting from inadequate knowledge linking the process 

parameter and microbial community dynamics that is essential in enhancing reactor 

performance and biomethanation (Lee et al., 2009; Pycke et al., 2011).  

As a biological process, AD is greatly influenced by operating parameters including; 

temperature, pH, nutrients concentration and balance such as carbon/phosphorus (C/P) and 

carbon/nitrogen (C/N) ratios (Demirel and Scherer, 2008; Akuzawa et al., 2011; Esposito et 

al., 2012; Kim et al., 2013; Agbo et al., 2013). Organic material can be digested to methane 

through anaerobic decomposition, a process that is highly dependent on reciprocated 

syntrophic reactions of specific microorganisms (Akuzawa et al., 2011). The generation and 

multiplication of the microorganisms is significant in determining the rate of degradation 

(Kangle et al., 2012). Other factors which influence AD biological process include presence 

of inhibitors, substrate type and its characteristics, substrate particles size, and availability of 

micro elements (Esposito et al., 2012). An appropriate  operating environment  and their 

continual monitoring during the process is important in optimizing anaerobic activities while 

co-digestion of several solid or liquid organic wastes can greatly augment essential nutrient 

balance and enhance biogas production (Tufaner and Avsar, 2016; Kiros et al., 2017).  

2.3 Overview of Anaerobic Digestion  

Anaerobic digestion is a combination of microbial activities where organic matters is 

degraded in oxygen-free environment, with biogas as a product. Such processes occur 

naturally e.g in soils, lakes, swamps and ocean beds. The process also occur in sanitary 

landfills marshy areas and digestive system of ruminants and termites, forming biogas. 
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Anaerobic digestion can also occur in waste treatment lagoons with recovery of biogas 

(Asikong et al., 2013). In energy production, anaerobic digestion is exploited in 

biodigesters to produce biogas. Four different biochemical steps have been identified 

in biogas generation; namely, hydrolysis, acidogenesis, acetogenesis and 

methanogenesis (Asikong et al., 2013).  

2.4 Substrates for biogas production 

Diverse organic matter including cattle manure, food wastes, wastewater form 

treatment plants and sewage sludge are suitable as substrates in a biogas process. For 

example, palm oil mill effluent (POME),  a byproduct of palm oil mills has COD of 

16,000 to 110,000 mg/L  with a potential to generate up to 20 m3 of biogas per ton 

fresh fruit bunches (Azmi et al., 2014). 

Disposal of slaughterhouse waste generates serious environmental concerns 

everywhere around the world (Bandaw and Herago, 2017). Anaerobic digestion 

potentially an economic method for slaughterhouse waste disposal given the 

environmental concerns and added advantage of biogas production. The technology 

assist reduce greenhouse gas release from use of fossil fuels and it is useful in pollution 

suppression in abattoirs (Medina-Herrera et al., 2014). Slaughterhouse waste has high 

COD and is highly moist, characteristics which are desirable for anaerobic digestion 

feedstock. The biogas potential for slaughterhouse waste ranges from 120 to 160 m3 

biogas per ton of slaughterhouse biomass (Cu et al., 2015). However, relatively low 

C:N of slaughterhouse waste of 4:1 can lead to ammonia toxicity; such constraint can 

be solved through co-digestion with feedstock of high C:N like poultry waste, animal 

manure, domestic waste, and agricultural wastes (Afazelia et al., 2014). Amongst 

anaerobic treatment methods, up-flow anaerobic sludge blanket (UASB) is popularly 
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applied in biogas generation for abattoir wastes. This is particularly common in 

developing countries (Medina-Herrera et al., 2014). 

Animal manure contains valuable nutrients that can be resourceful in renewable energy 

generation (Leenstra et al., 2014). In an attempt to protect the environment and utilize 

farm wastes, anaerobic digestion of animal manure has recently become attractive as 

a value added approach through biogas generation (Bandaw and Herago, 2017). The 

process is however impacted by the diversity of parameters like temperature and pH 

of the feedstock. Optimal performance of most biogas plants is reportedly at neutral 

pH and temperature of around 35ºC (Jayaraj et al., 2014). The C/N ratio of the 

feedstock offers optimal results where it is maintained between a minimum, 20:1 and 

maximum of 30:1 (FAO, 2004). Animal manure has a C/N of 25:1 making it a potential 

feedstock for anaerobic digestion and biomethanation. 

Food residuals forms another untapped renewable energy feedstock that often find its 

way into landfills where it rots in uncontrolled environment without releasing its 

trapped energy advantage. The resultant effect translates to transmission of greenhouse 

gases into the atmosphere (FAO, 2004). Anaerobic digestion presents a suitable 

method of disposal of organic wastes, a method with techno-economic advantage 

which supports its viability and environmental sustainability (Alzate et al., 2019). 

Application of this technology can save landfill space and mitigate possible climate 

change. Food waste can economically be exploited for its considerable proportion of 

carbon that can efficiently translate to green energy and organic fertilizer form its 

residue. In biogas generation, such garbage qualifies as a feedstock for biogas 

generation and can either be used alone or co-digested with agricultural crop residues, 

https://www.cleantechloops.com/biogas-food-wastes/
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cattle manure, slaughterhouse wastes, poultry litter or sewage sludge (Medina-Herrera 

et al., 2014). 

Several plant materials have been tested as biomass for biogas generation (Zonta et al., 

2013). Such plant materials include sugarcane, cassava, corn wastes, agricultural 

wastes like rice stalk, maize cobs, wood and wastes such as saw dust, pulp wastes, and 

paper mill waste. Other plant materials are largely manufacturing and industrial 

residues such as palm oil extraction residues, sugar mill refinery like bagasse and 

molasses, municipal solid wastes and rice mill waste in form of rice husk (Alzate et 

al., 2019). However, the plant materials derived from crops are reportedly less 

digestible compared with animal wastes, which is attributed to their slow 

acclimatization during the hydrolysis of cellulosic and lignocellulosic components. 

Water hyacinth is a highly reproductive plant with massive biomass that can be 

exploited for biogas production. 

Plant biomass is characterized by lignocellulosic matter that consists of rigid matrix of 

cellulosic microfibrils lodged in the soft matrix of hemicellulose and lignin (Alemdar 

and Sin, 2008). The internal cell content mainly comprise soluble carbohydrates, 

organic acids, fats, polypeptides, and ashes. The external part of the cell is largely 

comprised of a rigid layer outside the cell membrane that largely provide structural 

support and protection to the cell. It is generally comprised of celluloses, 

hemicelluloses, cutin, lignin, and silica. In most plants, cell wall comprises between 

65-85% of the plants dry mass and is largely composed of polysaccharides, proteins, 

and lignin (Ali et al., 2019). The most commonly available plant biomass, in 

considerable quantities are agricultural crop residues  in form of sugarcane bagasse, 

maize straw, grass straw and rice straw, which are available in millions of tons (Sarkar 

https://www.bioenergyconsult.com/biogas-from-slaughterhouse-wastes/
https://salmanzafar.me/poultry-waste-biogas/
https://www.bioenergyconsult.com/introduction-to-pome/
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et al., 2012). Water hyacinth does not compete with agricultural plants for the arable 

farmland. It is also highly prolific and grows fast in aquatic environment without 

requiring attention, which makes it a suitable biomass for biogas production. To 

optimize biogas from plant materials, pre-treatment techniques like size reduction, 

microwave irradiation, heat treatment, and biological pretreatment are recommended. 

Similarly, to balance the C/N ratio, co-digestion of plant biomass with readily 

degradable substrates like poultry litter, sewage sludge or cattle manure is encouraged.  

2.5 Water Hyacinth  

2.5.1 General information 

Water hyacinth is a perpetual vegetative fresh water free-floating hydrophyte plant 

from the Pontederiaceae family. Depending on the age and habitat, the plant’s 

physical characteristics can vary considerably based on their leaves, flowers and color. 

The leaves are generally deep green, glossy and ovate while the flowers are purple 

bluish. The roots are hairy, long and featherlike, which in deep clear water may grow 

up to one metre long. In shallow marshy water, the roots can grow and hold in the mud 

or sediment making the plants static (Sharda and Lakshmi, 2014).  

The seeds of the plant are approximately 0.9 to 1.6 mm long contained in a capsule set 

up that is nearly oval, with rough ridges from one end to the other. The seeds are 

versatile and may remain dormant in mud and hash environment for up to 20 years. 

The dispersal method for the seeds is mainly by birds, wind and water transport. 

However, the plants can also reproduce and propagate vegetatively, through stolons. 

The reproduction can be very rapid, where a single plant under ideal conditions can 

produce up to 3,000 others plants in a period of 50 days. Thus, in approximately one 

year the multiplication can cover an area of up to 600 m2. In turbulent waters, such as 

floods and storms, the plants large mats can break up and relocate to new locations 

https://salmanzafar.me/poultry-waste-biogas/
https://www.cleantechloops.com/ultrasound-sonication-in-anaerobic-digestion-industrial-examples/
https://www.ecomena.org/biogas-from-animal-wastes/
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(Sylvina et al., 2014).  The flowers are bluish-purple or dark blue in color and are 

supported by a stalk approximately 150mm above the foliage  with a yellow center 

having petals that are darker purple on the upper part. Flowers, commonly eight on 

each stalk but can range from 3 to 35 on upright stems, can self-fertilize and 

aggressively reproduce seeds with minimal external pollination agents (Sharda and 

Lakshmi, 2014). The characteristic and nature of the plants can vary depending their 

growth conditions (Julien et al., 1999). The plant can tolerate annual temperatures 

between 21 to 27°C with a pH of 5.0 to 7.5.   

Water hyacinth is among the leading populous aquatic plant with a major hindrance to 

nation’s development activities in and around water bodies (Kriticos and Brunel, 2006; 

Ndimele et al., 2011). The plant is categorized as a significant risk to biodiversity and 

human activities. Some of the environmental impacts associated with the plant include 

massive water loss due to evapotranspiration, deteriorated physical and chemical water 

properties which in turn adversely affect the flora and fauna community, curtailing of 

oxygen and light diffusion and hampering water flow and aeration (Gopal, 1987). 

However, its fast growth provides great potential for its adoption as a raw material for 

biogas generation guaranteeing raw material supply. Moreover, the plant is rich in 

nitrogen and other desirable nutrients with high fermentable matter content (Jagadish 

et al., 2012).  

2.5.2 Suitability of Water Hyacinth Plant for Biogas Production  

An ideal biofuel crop should have certain properties which are essential in biogas 

production (Anjanaba and Pawan, 2010). Water hyacinth possesses these attributes as 

follows.  
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1) Grows naturally, vegetative and preferably perennial: Water hyacinth naturally 

grows on fresh water bodies and requires no care (Njoka 2004). 

2) High holocellulose and low lignin per unit volume: Water hyacinth has 11-

43% holocellulose and 8-14% lignin, which suggests its viability as a biomass 

crop for biogas production (Lara-Serrano et al. 2016). 

3) Easily degradable: Water hyacinth is rich in carbohydrates at approximately 

40%. Plants rich in carbohydrates have high biodegradability potential (Ferrer 

et al., 2010) 

4) No competition with crops for arable land, space, light and nutrients: Water 

hyacinth grows in water therefore it does not pose any challenge to crops for 

arable land. 

5) Hardy and resistant to pests, insects and disease: Attempts for biological 

eradication of water hyacinth through the use of pests has not been fruitful due 

to its versatility and resistance to pests, insects and diseases (Njoka 2004). 

6) Not susceptible to genetic manipulation through cross pollination with arable 

food crops: Water hyacinth is an aquatic plant.  

Water hyacinth biomass contains cellulose, 20%, and hemicellulose, 33% (Anjanaba 

and Puwan, 2010). The water hyacinth biomass has relatively high carbon to nitrogen 

ratio, a characteristic desired in substrates for biogas production (Subhabrata et al., 

2013).  

2.5.3 Biochemical Composition of Water Hyacinth. 

The mineral contents of the plant ranges from 12.4 to 26.8% dry weight (Promdee et 

al., 2012). Lignin, which is composed of phenyl propanoid groups ranges from 5.9 to 

14.3% (Kumar et al., 2009). In plants, lignin, as a complex organic polymer offers the 

cell walls the structural support system by acting as a binder for hemicellulose the 
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cellulose components shielding it from chemical degradation (Anjanabha and Puwan, 

2010). Lignin is resistant and not easily degradable into sugars. Degradation o f  lignin 

is a high-energy process; therefore, it is not suitable in biofuel production. Water 

hyacinth has relatively low lignin, which allows quick access to cellulose and 

hemicellulose for its conversion to fermentable sugar making it an attractive substrate 

applicable in producing ethanol and biogas (Ganguly et al. 2012). Hemicellulose 

content in water hyacinth ranges from 3 to 27.5%. However, Kumar et al. (2009) and 

Fileto-Pérez et al. (2013) observed up to 48.7 and 49.3% hemicellulose contents, 

respectively. Alkali solubility for water hyacinth ranges from 48.9 to 55.9%, whereas 

that for numerous wood species is lower than 45% (Bernabé-Santiago et al. 2013) 

suggesting potential for degradation. Biochemical characteristics of plants can be 

influenced by the habitat and the environmental conditions under which they grow, 

such as the ambient water quality (Sotolu, 2012). It is therefore important to establish 

site specific bio-chemical characteristics when working with water hyacinth from a 

different location. 

Table 2-1 presents chemical properties of water hyacinth for water hyacinth collected 

from (TR) and Yuriria Lake (YL) in Mexico (Lara-Serrano et al., 2016).   
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Table 2-1. Characteristics of water hyacinth from El Tunal River (TR) and Yuriria 

Lake (YL) Sites (Lara-Serrano et al. 2016) 

Property Sample 

Source 

Plant Part 

Roots Stem Leaves 

pH TR   4.6±0.01   4.7±0.04   4.7±0.41 

YL   4.6±0.02   4.7±0.06   4.7±0.01 

Ash (wt %) TR 26.0±0.22 26.8±0.39 19.9±0.25 

YL 14.6±0.09 14.4±0.03 12.4±0.04 

Alkali solubility (wt %) TR 54.4±0.21 52.4±0.34 51.8±0.27 

YL 55.9±0.23 48.9±0.19 51.2±0.23 

Total extractives (wt %) TR 35.9±0.82 58.0±0.78 47.5±0.12 

YL 30.4±0.42 31.9±0.31 29.5±0.02 

Lignin (wt %) TR 13.4±0.53 4.5±0.08 11.5±0.91 

YL 8.8±0.17 5.9±0.18 14.3±0.27 

Holocellulose (wt %) TR 23.7±0.45 11.4±0.50 17.1±0.06 

YL 43.4±0.04 40.0±0.34 36.8±0.35 

Cellulose (wt %) TR 16.0±0.77 8.4±0.21 8.7±0.76 

YL 15.9±0.45 14.4±0.57 12.8±0.30 

Hemicelluloses (wt %) TR 7.7 3.0 8.4 

YL 27.5 25.8 24.0 

 

2.5.4 Limitations of Water Hyacinth in Biogas Production 

Although water hyacinth is low in lignin compared with many other plants, its 

lignocellulose nature may slow down hydrolysis process and conversion to biogas 

(Yadviva et al., 2004). The intricate structure of lignocellulose (Bajpai, 2017) can limit 

microbial degradation and result in slow digestion and reduced biogas yield (Li, 2011). 

Techniques available for improvement of bio-digestion include pre-treatment 

techniques categorized as physical, thermal, biological or chemical (Carrere et al., 

2010) and dilution (Patil et al., 2011) and inoculums. A simple and inexpensive 

technology for enhancing microbial degradation of the biomass is correlating process 
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parameters by co-digestion with suitable selected substrates (Callaghan et al., 1999; 

Kumar and Sharma, 2017). One such substrate is slaughterhouse waste, which has 

significant concentration of nutrients that can complement those of water hyacinth 

(Wei wu, 2010). However, most of the slaughterhouse waste components with the 

exception of ruminal waste, have large concentration of proteins, which make them 

susceptible to ammonia toxicity (Callaghan et al., 2002; Edstrom et al., 2003 ; Cuetos 

et al., 2010; Chen et al., 2008). Ruminal slaughterhouse waste which has less proteins 

of concentration may be more suited for co-digestion with water hyacinth. 

2.6 Slaughterhouse Waste 

2.6.1. Challenges in Management of Slaughterhouse Waste 

Slaughterhouse waste generally mean all waste produced from abattoirs from animals 

slaughtering process and other waste emanating from slaughterhouse operations 

(Weirs and Fischer 1978). Solid wastes in slaughterhouse include rumen contents, 

blood, bones, hides, skins, foetes, gall bladder, horns, urinary bladder, hoofs, meat 

trimmings, uterus, ear, rectum, snout, udder,  hide and skin trimmings, condemned 

carcass, condemned meat, hair, oesophagus and poultry offals (FAO, 2004). World 

over, the challenge of treating and disposing slaughterhouse solid and liquid waste 

remains a persistent challenge that requires lasting solution. Solid waste from 

slaughterhouses can amount to as much as 45 to 50% of the live weights of animals 

(Munack, 2002). The solid waste component comprises rumen content, 56%; 18%; 

womb, inedible fats, 18%; large intestine, 15% and udder, 6% (Golbaz et al., 2017).  

Disposal of slaughterhouse waste poses serious environmental challenges globally 

(Michael et al., 1988). Environmental Protection Agency (EPA) classifies wastewaters 

from slaughterhouses fall in the category of harmful discharges to the environment 
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(Walter et al., 1974). Most developing countries lack organized techniques for disposal 

of both solid waste and liquid effluent produced from abattoirs. In normal practice, the 

solid component is dumped to decompose in landfills or in exposed spaces whereas 

liquid component is illegally discharged into municipal sewer lines, open storm water 

drains and nearby water bodies. This action ends up endangering public health and 

adversely affecting terrestrial and aquatic life (Salminen and Rintala, 2002). 

Wastewater from slaughterhouses are characterized by high BOD in the range of 1500-

2300 mg/L, high COD ranging from 4700-8000 mg/L, high total solids averaging 4000 

mg/L, average pH of 6.7 and temperature between 20-25ºC (Mittal, 2004; Bazrafshan 

et al., 2012). Such properties may result in oxygen deficiency in water bodies hence 

destroying aquatic habitat. Despite the challenges in management of slaughterhouse 

waste, there are a number of techniques for beneficial use including conversion to 

biogas, production of fertilizer  and processing as animal feed (Michael et al., 1988).  

2.6.5 Biochemical Composition for slaughterhouse waste 

The composition of slaughterhouse may vary with factors such as the animal family, 

animal age, prevailing weather conditions, and the amount and properties of the 

feedstock (Pages-Diaz, 2015). Effluent emanating from slaughterhouse can be 

characterized as moderately strong and intricate wastewater comprised of 45% soluble 

and 55% coarse suspended organics. Generally, its composition is influenced by the 

amounts of blood, which contributes up to 3,500 mg/L nitrogen as ammonia (EPA, 

2002). Blood, characterized with high COD averaging 375,000 mg/L is a crucial 

source of dissolved organic pollutants from abattoir wastewater (Tritt and Schchardt, 

1992).  Table 2-2 summarizes the properties of slaughterhouse waste water. 

Table 2-2. Typical properties of abattoir wastewater (Tritt and Schchardt, 1992) 

https://www.intechopen.com/books/physico-chemical-wastewater-treatment-and-resource-recovery/slaughterhouse-wastewater-treatment-management-and-resource-recovery#tab1
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Property Range Average 

BOD (mg/L) 150–8,500 3,000 

COD (mg/L) 500–16,000 5,000 

TOC (mg/L) 50–1,750 850 

TN (mg/L) 50–850 450 

TP (mg/L) 25–200 50 

TSS (mg/L) 0.1–10,000 3,000 

K (mg/L) 0.01–100 50 

Color (mg/L Pt scale) 175–400 300 

Turbidity 200–300 275 

pH 4.9–8.1 6.5 

 

2.6.2 Potency of slaughterhouse for biogas production 

Organic matters contained in slaughterhouse waste are highly biodegradable either in 

aerobic or anaerobic condition. The potential methane yield is a factor of 

concentrations of carbohydrates, proteins, and fats.  Because of large lipid and protein 

content, slaughter house waste components hold a large theoretical methane capacity 

averaging 980 mLCH4 /gVS. However, despite the potential, the AD treatment suffers 

from slow biodegradation of lipids (Jeyaseelan and Matsuo, 1995). Excessive 

concentrations of proteins and lipid can destabilize the action and operation of 

responsible microbes. During the hydrolysis of lipids and glycerol, long chain fatty 

acids (LCFA) containing long carbon chains are produced by the action of extracellular 

lipases. High lipid content wastes are characterized by low alkalinity which makes 

their anaerobic digestion difficult (Rodríguez-Abalde et al., 2011). LCFAs can 
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potentially inhibit methanogenic activity and derail anaerobic digestion. Such 

hindrance can be associated with cell destruction and essential nutrients limitation 

(Jeyaseelan and Matsuo, 1995). However, after the microbes adapt to such 

environment, the system is able to recover from stagnation and efficiently start to 

degrade the LCFAs (Von Sachs et al., 2003).   

Proteins are large biomolecules or macromolecules made up of long chains of amino 

acids bonded by peptide bonds (Rodríguez-Abalde et al., 2011). The hydrolysis of 

protein-rich feedstock in an anaerobic surrounding is dominated by proteolytic 

bacteria from the genus Clostridia which is also significantly relevant in subsequent 

degradation of amino acids (Strong and Gapes 2012).  

Overall, total nitrogen concentrations in slaughterhouse wastewaters range from 59 to 

330 mg/L whereas typical domestic wastewaters have a total nitrogen concentration 

ranging 25 to 70 mg/L with ammonia ranging between 4 to 13 mg/L (Bauer et al., 

1979; Tchonaoglous and Burton, 1991; Sedlak, 1991; EPA, 2002).  Because ammonia 

accumulation is a major limiting factor in anaerobic digestion, this characteristic is a 

concern in digestion of slaughterhouse waste. However, the rumen contents 

component has much less concentration of proteins, which makes it more amenable to 

anaerobic digestion. Rumen contents form approximately 60% of the slaughterhouse 

solid wastes, and, therefore, are sufficiently abundant for use as a co-substrate for 

water hyacinth. 

2.6.3 Ruminal Slaughterhouse Waste Potential for Biogas Production 

Rumen is obtained from digestive system of ruminant animals where the microbial 

fermentation similar to that in biogas digester occurs (Haryati et al., 2006). Therefore, 

the microorganisms in rumen can play a significant role in biomethanation process by 
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speeding up digestion of organic matter through fermentation of substrates. The 

degradation of rumen can result in significant pH drop that may destroy most 

microorganisms in the digester (Manyi-Loh et al., 2013); therefore, the process 

requires acidophilic microorganisms such as Saccharomyces cerevisiae to stabilize the 

digestion. For example, yeast increases degradation of cellulose by stimulating the 

multiplication of cellulolitic bacteria and fungi (Williams et al., 1991).  

2.7 Factors Influencing Anaerobic Digestion 

2.7.1 Temperature 

Temperature is considered a critical environmental condition influencing anaerobic 

digestion. The reactor temperature influences biological growth, survival and activity 

of different types of microorganism in the reactor. However, increasing biodigester 

temperature involves greater energy consumption. Therefore, the choice and control 

of temperature in anaerobic digestion need to be optimized (Madigan et al., 2003). 

The range of temperature applicable in anaerobic digestion is usually broad and can 

fall between 3 and 70°C. The process temperatures commonly fall into three 

categories; namely, psychrophilic, below 20°C; mesophilic, between 20 and 40°C; and 

thermophilic, above 40°C (Kossmann et al., 2007). 

Conducive temperature for digestion of any feedstock is largely dependent on the 

feedstock properties and digester design; however, to achieve a stable and consistent 

biogas output, the temperature should always be kept constant throughout the retention 

period. Anaerobic digestion at thermophilic temperatures has many advantages 

including improved pathogen reduction, greater conversion rate, and shorter retention 

time.  However, they require greater heat input. Furthermore, the digestion takes place 

at temperatures near the top limit for certain microbes associated with the process, 
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which may affect the survival of organisms particularly those sensitive to temperature 

variations (Ahring, et al., 2001). Therefore, thermophilic digestion is more susceptible 

to change in operating conditions and environmental fluctuations making it more 

challenging than mesophilic digestion (Shefali Verma, 2002). Additionally, raising 

temperature can raise concentration of free ammonia, which inhibits the process.  

Methane generation process through anaerobic digestion is extremely sensitive to 

temperature alteration. Generally, fluctuations in temperature is  limited to ± 2°C/h for 

psychrophiles, ± 1°C/h for mesophiles, and ± 0, 5°C/h for thermopiles (Kossmann et 

al., 2007). 

2.7.2 pH value 

The pH at any point of anaerobic digestion gives an indication of the state of the 

biodegradation process. Optimal anaerobic digestion occurs within a pH between of 

6.5 to 7.5 (Lazor et al., 2010). Formation of volatile acids that occur at the onset of 

fermentation process, may cause the digester pH to decrease below 5. pH values below 

6.5 are associated with toxicity to methanogenic bacteria with a potential for causing 

a lag in biogas generation (Kossmann et al., 2007). 

Feedstock material that is nitrogenous in nature can liberate nitrogen as ammonium 

hydroxide during biomethanation process. This action can raise the pH of the substrate. 

When such situation occurs, injection of straw or other co-substrates would help 

ameliorate the pH (Karki, 2009). After fermentation activity stabilizes under anaerobic 

environment, the pH value is held in the narrow range of 7.2 - 8.2 by the buffer effect 

of increased ammonium concentration (Kossmann et al., 2007). 
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2.7.3 Retention time 

The duration needed by enzymes in the reactor for biodegradation of substrates 

determines retention time. Longer retention times require bigger working volume and, 

therefore, larger investment and operation costs. Tremendous efforts have been put in 

the area of research to establish the possible effects of the holding duration on 

anaerobic digestion (Perot, et al., 1988; Elefsiniotis and Oldham, 1994; Zhang and 

Noike, 1994 and Bouzas, et al., 2002). Appropriate retention duration is proportional 

to the process temperature and substrate type. Retention time for substrates digested 

under mesophilic conditions range from 12 to 38 days whereas those operated under 

thermophilic conditions require shorter retention times approximated at 14 days (e.g. 

Shefali Verma., 2002). However, the advantage of the shorter retention time need to 

be weighed against greater heating costs. 

2.7.4 Toxicity 

A range of toxic substances can inhibit the multiplication and normal growth of 

microorganisms in anaerobic reactor. They include ammonia, nitrate/nitrite, heavy 

metals including Cu, Zn and Cd that are harmful to acidogenic microbes (Ahring and 

Westermann, 1983; Zinder and Koch. 1984).  On the other hand, small proportions of 

mineral ions, such as S, Mg, Na, Ca, K and NH3, are essential for stimulation of 

bacterial growth. Substances such as organic solvents, soap and antibiotics can limit 

the growth and propagation of methane producing bacteria thereby lowering 

biomethanation (Kossmann et al., 2007). 

2.7.5 Feedstock Composition 

Anaerobic microbes can digest various organic compounds broadly categorized as 

proteins, carbohydrates and lipids. The characteristic of feedstocks, especially the 

oxidative state of carbon determines the quality of biogas. The lower the carbon 
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content, the greater the methane content in biogas (Gujer and Zehnder, 1983). For an 

improved biomethanation, a well-balanced C/N ratio of any substrate is critical; for 

example, a C/N ratio of 10-20 is regarded as ideal for biomethanation under anaerobic 

digestion (Gomez et al., 2006). In scenarios where the ratio is not within this range, it 

could be adjusted by co-digestion with selected feedstock. 

Large lipid concentration is potentially harmful during anaerobic digestion in a reactor. 

Although biomethane prospect for lipids of 1014 L/kg VS exceeds that of 

carbohydrates of 370 L/kg VS, their long-chain fatty acids (LCFA) are usually 

repressive because of absorption on the cell surface, which interferes with the cell 

transport mechanism. Additionally, the LCFA can be adsorbed to the biomass causing 

microbial flocculation (Zonta et al., 2013). Inhibition by LCFA can be avoided by 

reducing the concentration through dilution with an inoculum or by co-digestion with 

low lipid feedstock such as sludge, plant material and cattle manure (Palatsi et al., 

2009). 

Macronutrients such as sulfur, phosphorus, magnesium and potassium, can essentially 

be used to activate and develop anaerobic microorganisms needed in AD.  Certain 

trace elements are equally vital in promoting enzymatic activities and cell 

reproduction. For example, iron and nickel are important for coenzyme F430 synthesis 

and electron carriage respectively. Other trace elements such as calcium can stabilize 

the cell wall and is useful in thermal stabilization of the endospores. Cobalt is a trace 

element rich in vitamin B12, while zinc is also important in integration of numerous 

enzymes. Nevertheless, the elements are potentially harmful if present in large 

concentration and may disrupt AD process (Chen et al., 2009). To achieve best 

performance of the process, supplementing the deficient trace elements while diluting 
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excess ones by co-digestion is required (Choong et al., 2016 and Myszograj et al., 

2018). Diversity in substrate characteristics makes it essential to assess the nutrient 

characteristics of feedstock in ensuring optimum biogas generation (Kossmann et al., 

2007). 

2.7.6 Carbon to Nitrogen (C/N) Ratio 

Both nitrogen and carbon are significant in the generation and function of microbes. 

In anaerobic digestion, proportions of carbon in relation to nitrogen is presented by 

C/N ratio. The optimum C/N ratio for anaerobic digestion fall between 8–20 and is 

also dependent on the properties making up the substrate (Kossmann et al., 2007). 

Very high C/N ratio above 20 is a recipe for aggressive depletion of nitrogen by 

methanogens resulting in digestion deficiency. Conversely, low C/N ratio less than 8 

may cause ammonia accumulation in reactors resulting in pH values in excess of 8.5, 

which can be harmful to methanogenic bacteria. Therefore co-digestion of substrates 

containing high and low C/N ratios is a viable means of optimizing C/N ratios of 

reactor feedstock. An example, of such intervention is the mixing organic solid waste 

with animal manure or poultry litter. 

2.7.7 Organic Loading rate 

The relationship between mass of the feedstock injected in a unit mass of reactor 

capacity per day is referred to as organic loading rate (OLR). The OLR is a significant 

control aspect in operating anaerobic reactors. Overfeeding anaerobic systems can 

result in generation and buildup of harmful substances like fatty acids in the reactor 

slurry that reduces biogas yield under batch methods (Vandevivere, 1999); in 

continuous systems, overloading has resulted in failure in a number of biogas 

producing plants (RISE-AT, 1998). On the other hand, underfeeding the plant has led 
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to diminished gas production, which is uneconomical (Kossmann et al., 2007). Where 

retention time and the digester volume have been defined, organic loading rate can be 

used to determine food to microbe (F/M) ratio. For an efficient process, the ratio should 

be observed to avoid detrimental effect on safety and output of anaerobic digesters. 

Therefore, F/M ratio need to be matched with the minimum guaranteed retention time 

(MGRT), for example, by adjustment of feeding frequency.  However, while 

considering the hygienic requirements of the digestate, the MGRT of sludge from the 

reactor should a factor to be considered (Farrell, et al., 1988).   

2.7.8 Mixing/Agitation 

The considered reason for mixing and agitation of substrate in a reactor is to mix new 

feedstock with the old digestate that already contains essential microbes that can 

stimulate and promote anaerobic digestion in the reactor (Mueller, 2007). Agitation is 

also considered important in elimination of scum development and elimination of 

temperature fluctuations within the reactor. However, when the mixing is excessively 

done, it can instead distort the activity of the microbes and interfere with the 

biomethanation process. Therefore, gentle mixing is the most commendable. The 

choice of mixing apparatus and intensity applied is contingent upon the design of 

reactor and solids loading therein (Shefali, 2012). 

Although it is believed that agitation in anaerobic digestion is essential to assist in 

dispersal of substrate and improve its contact with microbes, Banister & Pretorius 

(1998) found no significant impact of vigorous mixing where primary sludge was used 

for volatile fatty acids (VFA) production. Additionally, a study by Perot et al., (1988) 

using mixed feedstock of organic component of municipal solid waste, primary and 
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secondary sludge reported no positive impact from continuous stirring on anaerobic 

digestion process and that it was detrimental at higher organic loading rates.  

2.7.9 Total Solid Concentration 

Anaerobic digestion systems are commonly classified based on solid concentrations 

as: low solid systems (LS) where total solids (TS) does not exceed 10%, medium solid 

systems (MS) with 15-20% TS, and high solid system (HS) where TS falls between 

22-40%. Increasing the TS loading requires smaller digester volume because of less 

water requirements (Verma 2002). 

2.8 Steps in Anaerobic Digestion of Substrates  

Anaerobic digestion for organic material entails numerous biochemical steps; mainly, 

hydrolysis, acidogenesis, acetogenesis and methanogenesis (Batstone, 2002). The final 

output from anaerobic digestion process are biogas and sludge. Different 

microorganisms are involved in each of the biodegradation steps; namely, fermentative 

hydrolytic and acidogenic bacteria in hydrolysis and acidogenesis, syntrophic and 

acetogenic bacteria in the acidogenesis and acetogenesis (Breure and van Andel, 

1984), and methanogenic archaea microorganisms in methanogenesis (Angelidaki, 

2011). The hydrolysis process is commonly known as the extracellular step because it 

take place outside the cell through secreted enzymes. The three subsequent stages of 

acidogenesis, acetogenesis and methanogenesis are categorized as intra-cellular steps 

(Batstone, 2002). Figure 2-1 summarizes the details of anaerobic digestion process 

from hydrolysis to methanogenesis. The processes are elaborated in the subsections 

that follow. 
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Fig. 2-1. Anaerobic digestion process for complex organic matter   
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2.8.1. Hydrolysis/Liquefaction 

Hydrolysis is the initial step of the biogas generation processes where extracellular 

enzymes, like proteases, celluloses, lipases and amylases released by the bacteria 

hydrolyze long chain polymers and other complex organic matter. The process, which 

is also termed liquefaction, is of importance   to   the   anaerobic digestion accessible 

by the fermentative microorganisms. The extent of accessibility of the polymers 

through hydrolysis is useful in determining the subsequent digestion steps. Hydrolysis 

process entails degradation of complex insoluble organic material into their primary 

constituents thereby stimulating their mobility via microbial cell membrane (Madigan 

et al., 2003). During this process, proteins get converted into amino acids by proteases 

that are secreted by proteolytic microbes while celluloses and/or xylanases, generated 

from cellulytic and xylanolytic microbes, hydrolyze cellulose and xylose into glucose 

and xylem, respectively. Subsequently, lipids are converted into long-chain fatty acids 

and glycerol by lipases produced by lipolytic microbes (Salminen and Rintala, 2002).  

Hydrolysis is a gradual process that is often the rate limiting step. The limitation of the 

process can sometimes be overcome by the use of selected chemical reagents which 

under industrial operations shortens the digestion period and enhance methane yield 

(Shefali Verma, 2002). In the hydrolysis/ liquefaction process, biomass reacts with 

water to form monomers, carbon dioxide and hydrogen gas (e.g. Equation 2-1).  

Biomass + H2O →   Monomers + H2 -------------- (2-1)   

Developing a balance for the population of microorganisms is important because it can 

help the microorganisms cooperate to increase cellulose degradation. Besides, 

decrease and increase of propionate and acetic acids in volatile fatty acids (VFA), 

respectively is performed by S.cerevisiae (Kumar et al, 1994; Newbold et al, 1998). 
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Such action increases acetogenesis following the VFA formation and further increases 

the resulting acetic acid (Chaucheyras et al, 1995). Acetic acid is a significant source 

of methane, hence, methane generation relates directly to acetic acid production. 

2.8.2. Acidogenesis (fermentation) 

During acidogenesis stage, products of hydrolysis including dissolved sugars, amino 

acids and long-chain fatty acids are converted to acetate, hydrogen and carbon dioxide 

through the action of facultative and anaerobic bacteria or by anaerobic oxidizers. The 

products of hydrolysis are converted to volatile fatty acids (VFAs) like propionic, 

butyric and acetic acid, ketones, alcohols and lactic acid through a similar action of 

anaerobic bacteria (Gujer and Zehnder, 1983), Equation 2-2. Additionally, the organic 

compounds are converted to ketones (acetone, glycerol) and alcohols (methanol, 

ethanol) as illustrated in Equation 2-3.  

C6H12O6  + 2H2→ 2CH3CH2COOH + 2H2O ------------------------ (2-2)  

C6H12O6  →  2CH3CH2COH + 2CO2 --------------------- (2-3) 

Acidogenesis is an exothermic process that is usually the quickest of all anaerobic 

digestion steps. In an efficiently working anaerobic system, approximately 70-80% of 

the hydrolysis products are translated to hydrogen, carbon dioxide and acetate that is 

readily accessible by methanogenic bacteria. However, the deficit of 20-30% is 

converted to other intermediary products including alcohols and volatile fatty acids 

(VFAs) (Gujer and Zehnder, 1983; Schink, 1997; Ahring, 2003; Angelidaki et al., 

2007).  Anaerobic digestion often release toxic ammonia and hydrogen sulphide 

produced from amino acids; such products can be detrimental to anaerobic digestion 

process (Salminen and Rintala, 2002).  
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2.8.3. Acetogenesis 

Acetogenesis is the digestion step where acetate is synthesized from CO2 reduction 

while enhancing consumption of organic acids. In this process, some fermented 

substances like VFAs, alcohols, and aromatic fatty acids are converted to hydrogen 

and acetate through the action of obligate hydrogen producing bacteria (Lea et al., 

2017). At this stage, hydrogen-producing acetogens oxidize the acids to acetate. The 

oxidation reaction produces electrons which are transferred to protons (H+) to produce 

H2 or bicarbonate and produce formate (Westermann, 1996; Stams and Plugge, 2009). 

The oxidation processes is normally endothermic and cannot occur where H2 partial 

pressure is high. Therefore, when protons are used as electron acceptors, fermentative 

bacteria attain maximum energy with concurrent H2 production.  

Acetogenic bacteria are responsible for formation of acetate, which can either be 

consumed straightaway by aceticlastic methanogens such as Methanosarcina spp. and 

Methanosaeta spp. or broken down by syntrophic collaboration of bacteria known as 

syntrophic acetate oxidizers and hydrogen consuming methanogenic archaea. The 

latter requires activation of acetate to acetyl-CoA split by a CO-dehydrogenase/acetyl-

CoA synthase enzyme complex to a methyl and a carbonyl residue, which is oxidized 

independently by clearly defined pathways (e.g. Hattori, 2008). 

Acetogenesis is facilitated by diverse microbes including syntrophobacter wolinii, a 

propionate decomposer and sytrophomonos   wolfei,   a   butyrate   decomposer. Other 

applicable acid formers include clostridium spp. peptococcus anerobus, lactobacillus, 

and actinomyces (Kangle et al., 2012). An examples of acetogenesis reaction is shown 

in equations 2-4 and 2-5:  

CH3CH2COO-
 + 3H2O→ CH3COO- + H+ +HCO3

- +3H2----------------------------- (2-4)  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/methanosarcina
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/methanosaeta
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/synthase
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C6H12O6 +H2O → 2CH3 COO + 2CO2 + 4H2------------------------------- (2-5) 

2.8.4. Methanogenesis 

Methanogenesis represents the ultimate step of anaerobic digestion where 

methanogens mineralize products of fermentation to methane. Various methane-

forming archaea work in complementary manner for efficient biomethanation. The 

methanogenic archaea such as methanococcus, methanosarcina, methanobacterium 

and methanobacillus are the most common microbes in the process.  This step is 

categorized into: (1) aceticlastic methanogens belonging to the genera Methanosarcina 

and Methanosaera, which degrade acetate (Equation 2-6), (2) hydrogen-utilizing 

methanogens (Equation 2-7), of which an array of genera exist (Madigan, et al., 2003). 

Methanothrix spp. also known as methanosaeta and methanosarcina spp. are 

considered the most essential species in AD both as H2, and CO2 acetate consumers. 

Accordingly, depending on the properties of substrate subjected to the methanogens, 

methanogenesis can be categorized into two groups (Bitton, 2005): 

1. Hydrogenotrophic methanogenesis in which CO2 and H2 are converted to 

methane and water (Equation 2-6). 

CO2 + 4H2→ CH4 + 2H2O ----------------- (2-6) 

2. Acetotrophic or aceticlastic methanogenesis in which methane is generated 

by converting acetate to methane and CO2 (Equation 2-7) 

CH3COOH →CH4 + CO2 ----------------- (2-7)  

Up to 70% of methane in biogas is generated from acetotrophic reaction of conversion 

of acetate to CH4 and CO2 (Smith and Gosselin, 1979), while the balance of 30% is 

generated when carbon dioxide is reduced by hydrogen using hydrogenotrophic 

methanogens (Hashimoto et al., 1981). 
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2.9 Microbial Communinty in Anaerobic Digestion  

Microbial communities involved in the AD process are largely dependent on substrate 

composition and reactor design as well as operating conditions (Manyi-Loh et al., 

2013). Sequence analyses of bacteria domains in anaerobic digestion of sludge by 

Rivière et al. (2009) revealed four dominant phyla; namely, Chloroflexi, 

Proteobacteria, Bacteroidetes, Firmicutes and that the Archaea community that are 

responsible for methanogenesis were affiliated with Methanosarcinales, and 

Methanomicrobiales groups.  The Proteobacteria are Gram-negative bacteria while 

Firmicutes are a low-G+C group, mostly Gram-positive consisting of Bacilli and 

Clostridia classes. Heeg et al. (2014), associated the higher efficiency anaerobic 

digestion in the thermophilic environment to abundance of Firmicutes and 

Methanosarcina sp. In anaerobic digestion of lignocellulosic residues of palm oil mill 

and wheat straw, bacterial community included Ruminococcus sp., Thiomargarita sp., 

Clostridium sp., Anaerobacter sp., Bacillus sp., Sporobacterium sp. (Heeg et al., 2014; 

Suksong et al., 2016).  

2.10 Methods of Microbial Communinty Analysis 

There are several methods for quantification of microbial communities (e.g. Raskin et al., 

1994; Akarsubasi et al., 2005; Stainberg and Regan, 2009). The 16S rRNA and its genes is 

the most frequently used biomarkers for the determination of methanogenic populations in 

environments (Narihiro et al., 2009). 

2.10.1 FISH Technique /Method 

FISH based on 16S rRNA is commonly applicable in detecting specific groups of 

microbes and quantification of their populations of interest in environments by direct 

counting under a microscope (Amann et al., 1995). The method can also be used to 

visualize the spatial distribution of microbial population of interest in biofilms, such 

https://en.wikipedia.org/wiki/Gram-negative_bacteria
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b2
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as those of methanogens in sludge granules in methanogenic wastewater treatment 

systems (Sekiguchi et al., 1999). Oligonucleotide probes for in situ hybridization are 

basically similar to those developed and used for membrane hybridization of 

methanogen 16S rRNAs or reverse primers for PCR amplification of methanogen 16S 

rRNA genes (Raskin, et al., 1994). 

2.10.2 qPCR Technique /Method 

Quantitative PCR of 16S rRNA gene and mcrA has also been used to quantify the 

abundance of methanogens in recent years. TaqMan‐based qPCR probes/primer sets 

are available for each of the orders Methanomicrobiales, Methanosarcinales, 

Methanobacteriales and Methanococcales, as well as the families Methanosaetaceae 

and Methanosarcinaceae (Yu et al., 2005). Quantitative PCR method provides 

sensitive, quantitative and interesting data with dynamic range of quantification 

(Zhang and Fang, 2006). qPCR may therefore be used for quantitative monitoring of 

methanogen taxa in complex microbial communities (Ottesen et al., 2006). The 

challenge with using qPCR is that it is PCR based and their data can be suspect because 

of biases involved in DNA extraction and primer/probe mismatches. 

2.10.3 RNase H Technique /Method 

RNase H method is a simple and rapid quantification method which has recently been 

developed to overcome the complexity challenges of membrane hybridization and 

qPCR (Uyeno et al., 2004). This method is based on the sequence‐specific cleavage of 

16S rRNA with ribonuclease H (RNase H) and oligonucleotide (scissor) probes 

(Narihiro et al., 2009). The targeted rRNAs are cleaved at the hybridization site in a 

sequence‐dependent manner and are consequently cut into two fragments while the 

non‐targeted rRNAs remain intact under the same conditions (Uyeno et al., 2004). To 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b108
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b97
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b150
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b90
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b134
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b134
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detect cleaved rRNAs, the resulting RNA fragment patterns can be resolved by gel 

electrophoresis using RNA‐staining dyes. 

2.10.4. Other Techniques /Methods and Future Perspectives 

A number of methods under DNA microarray platform, like PhyloChip, 

ANAEROCHIP and GeoChip which have been developed recently are becoming an 

important tool for parallel detection of different community members of microbes in 

ecosystems (Franke‐Whittle et al., 2009; Wang et al., 2009).  

Recent advances in analytical chemistry, such as isotope ratio mass spectrometry 

(Penning et al., 2006; Vavilin et al., 2008) and secondary ion mass spectrometry 

(Orphan et al., 2001), hold great promise for the highly sensitive determination of 

targeted microbes. 

 

2.11 Biogas Composition and Characteristics 

2.11.1 Composition of Biogas 

Knowledge of the components of biogas can assist in achieving more efficient and 

effective processing and utilization of biogas which essentially comprises of methane 

(CH4) and carbon dioxide (CO2), with small proportions of hydrogen sulphide (H2S) 

and ammonia (NH3). Although raw biogas is similar to natural gas, it contains certain 

undesirable physicochemical characteristics that can restrict its processing and 

utilization as renewable energy (Bothi, 2007). Some trace elements commonly found 

in biogas include carbon monoxide (CO), hydrogen (H2), oxygen (O2) nitrogen (N2), 

and saturated or halogenated carbohydrates. Often, raw biogas can contain dust 

particles and siloxanes and can at times be saturated with water vapor (Zicari, 2003).   

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b30
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b138
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b91
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b135
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1751-7915.2010.00239.x#b89
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The composition of biogas is differs from natural gas depending on the source of raw 

material (Rasi, 2009). Table 2.3 compares the characteristics of biogas generated from 

dairy manure waste through anaerobic digestion process. The characteristics are 

comparable to those of natural gas. The energy potential for biogas of 21.48M J/m3 is 

approximately two thirds that of refined natural gas of 35.76 MJ/m3, which is caused 

by the lower CH4 concentration in biogas and the significant CO2 therein (Bothi, 2007, 

Schomaker et al., 2000).  Additionally, the relatively minute concentrations of trace 

gases complicates processing and utilization (Bothi, 2007).  Despite these setbacks, 

biogas contains significant proportion of methane that is usable as renewable energy 

in diverse applications (Prakash, 2011).  Biogas is regarded as source of 

environmentally friendly energy because it does not release carbon monoxide during 

combustion. Additionally, biogas releases approximately half the weight of CO2 

compared to traditional fossil fuels. These dual advantages makes biogas an 

environmentally safe energy worth exploiting (Bothi, 2007).         

Table 2-3. Comparison of constituents of natural gas and biogas (Monnet, 2003).   

Constituent Unit Natural Gas Biogas 

Methane (CH4) % 91 55-70 

Ethane (C2H6) % 5.1 0 

Propane (C3H8) % 1.8 0 

Butane (C4H10) % 0.9 0 

Pentane (C5H12) % 0.3 0 

Carbon Dioxide (CO2) % 0.61 30-45 

Nitrogen (N2) % 0.32 0-2 

Volatile Organic Compounds (VOC) % 0 0 

Hydrogen (H2) % 0 0 
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Hydrogen Sulfide (H2S) ppm ~1 >500 

Ammonia (NH3) ppm 0 ~100 

Carbon Monoxide (CO) ppm 0 0 

Water Dew Point ºC <-5 Saturated 

Heating Value BTU/SCF 1031 ~600 

 

2.11.2 Chemical Characteristics of Biogas 

2.11.2.1 Methane Gas 

Methane (CH4) gas is the major component in natural gas. Decomposed plant and 

animals remains detained under earth surface are transformed into fossil energy 

products like oil, coal and natural gas through intense pressure and heat.  Under 

anaerobic conditions, methanogenic bacteria convert organic matter into CH4.    

Methane is both odorless and colorless.  When mixed with air, the explosive limits of 

methane is 5-15%.  The anaerobic digestion process can result in methane in yields 

between 50 and 60% in biogas produced from dairy manure wastes (Pellerin et al., 

1987).     

2.11.2.2. Carbon Dioxide  

Large concentrations of CO2 in biogas indicated its poor quality characterized by lower 

energy value that can hinder it from some energy applications (Moestedt et al., 2015). 

Scott and Minott (2003) reported that moderately high CO2 concentrations in biogas 

has the potential to replenish essential carbonate electrolyte in molten carbonate fuel 

cells.  Conversely, high levels of CO2 can acidify diesel generators, prompting the 

need for removal where large-volume biogas is utilized in commercial natural gas 

pipeline streams (Bothi 2007 and Sri Rahayu, 2015).  Cleaning up CO2 and other trace 
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components from biogas can be expensive particularly where generation is on small 

scale.   

  2.11.2.3 Trace Components  

Trace components in biogas generated from dairy manure, for example, are usually 

less than 2% (Bothi, 2007; Newman, 2012).  The most common trace elements in 

biogas comprise ammonia, hydrogen sulfide (H2S), and water vapor (Manyi - Loh et 

al., 2003, Zicari, 2003 and Bothi, 2007).  Most trace components are undesirable in 

biogas and should be removed based on the energy use (Karlsson, 2014).  For example, 

when water vapor combines with acidic trace proportions such as H2S and CO2, it can 

become hazardous and highly corrosive (Bothi, 2007). Hydrogen sulfide is indeed the 

major contaminant in biogas; it is not only poisonous but also corrosive and can cause 

serious damage to equipment, machines and instrumentation.  During combustion, H2S 

is released as sulfur dioxide which is a major atmospheric pollutant (Bothi, 2007 and 

Ertem, 2011).     

2.12 Biogas Measurement Techniques  

Available techniques for biogas quantification include volumetric gas measurement, 

manometry, liquid displacement and gas chromatography. The following subsections 

describe the measurement methods.  

2.12.1 Volumetric and Manometry Gas Measurement 

Biogas measurement can be carried out either by manometric method where volume 

is held constant while increase in pressure is measured, or by volumetric method where 

the pressure is held constant while biogas volume is measured (Jonas Bonn, 2008).  
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Numerous methods such as volume displacement devices, lubricated syringes, low 

pressure switch meters, pressure manometers or transducers and manometer assisted 

syringes have been employed to quantify biogas (Rozzi and Remigi, 2004). Research 

needs have prompted the development of different types of displacement gas 

measurement devices (Moletta and Albagnac, 1982, Matta-Alvarez et al., 1986; Liu et 

al., 2004; Smith and Stockle, 2008). They are guided by the general principle of 

pressure difference between inlet and outlet of the meter inducing recurrent filling and 

release of a definite gas volume in automated displacement gas meters. This concept 

employs a system of opening and closing of a two-way solenoid valve sensor that 

releases accumulated gas and resets the entire system. The total gas volume is the 

product of the number of filling or emptying, as registered through a check system and 

the preset volume of the chamber.  

Manometric transducers with numerous arrangement are the most applicable method 

for determining the volume of gas produced. Solenoid valve is triggered on receiving 

the electric signal prompted by cautious increment of headspace gas pressure at a set 

value (Guwy, 2004).  

2.12.2 Liquid Displacement Gas Measurement 

Liquid displacement technique is the most common laboratory volumetric gas 

measurement method. In the method, the gas is collected over a selected colored liquid, 

which it displaces as it builds up (Figure 2-4). The method can be affected by the 

fluctuation of atmospheric pressure and room temperature, which can be sources of 

errors. Therefore, application of corrective factor determined by a record of variations 

in atmospheric pressure and temperature is required. 
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Figure 2-2: Types of liquid displacement gas measurement a) Direct method b) 

Indirect method (modified from Walker et al., 2009).  

The selected sealing liquid determines the accuracy of automatically operated 

displacement instruments. Table 2-4 summarizes types of typical barrier solutions.  

 

 Table 2-4. Summary of various barrier solutions and their composition  

Barrier Solution Reference Composition 

NaCl/ acid Walker et al. (2009) Saturated NaCl solution, pH 2 

Acidified water Muller et al. (2004) Water, pH not less than 2 

NaCl/ acid Kolb et al. (2006) 
200 g NaCl +1 L distilled water + 

5 g citric acid 

Orsat confining 

solution 

Apex Instruments 

(2000) 

100 g of (Na2SO4) + 500 ml 

distilled water + 20 ml 

concentrated sulfuric acid 
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2.12.3 Gas Chromatography 

Gas Chromatography (GC) has been used widely because of its advantages that 

include sensitivity, high resolution, speed, and quantitative results. The method is ideal 

in quantification of gas that is exposed to liquid phase (Kolb and Ettre, 2006). 

Calibration standards for CO₂ and CH₄ are first prepared and run through the GC 

before the actual samples. Although flame ionization detector (FID) is the most 

applicable method of gas detection for GC, thermal conductivity detector (TCD) is 

commonly used in sensing light hydrocarbons and compounds that are less responsive 

to FID. The TCD is however weak compared to FID (10-5-10-6 g/s, linear range: 103-

104). FID is more sensitive to organic molecules (10-12 g/s, linear range: 106–107). 

Where measurements are performed for small quantities of hydrocarbons, FID analysis 

is more applicable because of its large signals response and greater precision (Poole, 

2003). 

2.12.4 Headspace Biogas Analysis with GC (HS-GC)  

Headspace analysis involves determination of characteristics of volatile compounds 

related to a liquid or solid material devoid of direct contact with the analyte matrix. 

The basic principle involves testing the analyte from the vapor phase above a liquid or 

solid sample in a sealed vial or container. The analyte is carefully but successfully 

released to the inlet of a gas chromatograph for analysis. The thermodynamic 

equilibrium in the system guides the solubility and transfer of the analyte in liquid 

phase (Kolb and Ettre, 2006). The consistency of temperature and pressure is the most 

important factor due to a possible influence in the balance of gas concentration. 

Significant variation in temperature from that of the calibration gas can result in GC 

gas measurement errors leading to unreliable results (Kim and Daniels, 1869). 

Temperature changes/fluctuations also has a direct impact to the anaerobic 

https://www.sciencedirect.com/topics/chemistry/chromatograph


44 
 

microbiology. GC can be used to establish the optimum methane prospect for 

substrates and their degradation rate. For biogas, temperatures of 35°C and to a lesser 

extent 20, 55 and 70°C is applicable during such determination. However, standard 

methane, adopted in comparison is constituted in laboratory room temperature of 20 

to 23°C. 

2.13 Synthesis of Literature Review  

The literature reviewed in this Chapter has demonstrated that water hyacinth possesses 

the general requirements of a biomass plant for biogas generation. However, 

knowledge of its chemical, structure and nutrient composition is important in 

determining conversion of its biogas.  Plant biomass is lignocellulose in nature, a 

property that can slow anaerobic digestion and lower biogas output. Co-digestion with 

a suitable substrate has potential to improve digestion of the biomass. The reviewed 

literature has identified ruminal slaughterhouse waste as possible co-substrate for 

water hyacinth digestion. However, most of available characterization data is on 

compounded slaughterhouse waste. Therefore, it is necessary to characterize ruminal 

slaughterhouse waste to understand its complementary role in co-digestion with water 

hyacinth. Additionally, there is need to understand the impact of various vital 

operating conditions such as temperature, pH, retention time and mix proportions of 

co-substrates on biogas yield. Similarly, to understand the synergy in co-digestion of 

the two substrates, there is need to establish the dynamics of the microbial 

communities that are key players in the digestion. 
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CHAPTER 3: METHODOLOGY 

3.1 Overview of methodology 

Figure 3-1 summarizes the methods used in this study. The methods were grouped into 

characterization of the substrates, co-digestion of the substrates for biogas production, 

biogas analysis and analysis of microbial community. 

 

Figure 3-1. Structure of methodology 

3.2 Characterization of Substrates 

3.2.1 Overview of Methods  

This part of the study characterized water hyacinth (WH) from Lake Victoria and 

ruminal slaughterhouse waste (RSW) from a slaughterhouse in Nairobi as substrates 
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for biogas productions. Tests carried out were proximate, elemental, fiber and 

biochemical analyses.  

3.2.2 Sampling and Sample Preparation 

Water hyacinth was collected from the shores of Winam Gulf, Lake Victoria, near 

Kisumu City, at coordinates -0° 53’ 9.71” S, 34°45’2.44” E (Figure 3-2a). Fresh, 

healthy and mature plants were manually sampled about 50m from the shore on 2nd 

August 2017 at about 9am. The samples were packed in sampling bags before being 

transported the same day to the University of Nairobi’s Environmental Engineering 

Laboratory in preparation for the experiment. Fresh and whole water hyacinth were 

cut to smaller pieces of approximately 2 to 2.5 cm then exposed to dry in the sun for a 

duration of seven days. Before the drying process, approximately 50 g of the freshly 

cut water hyacinth was sampled for determination of moisture content in raw and sun-

dried states. The dried material was crushed to finer particles by a large mortar and 

pestle. Samples were placed in plastic bags, vacuum-sealed and refrigerated at 4°C 

awaiting characterization and use in biogas reactors.  

Fresh ruminal slaughterhouse waste was collected from Dagoretti Slaughterhouse, 

located in western part of Nairobi at coordinates 1°17'3.71"S, 36°41'1.98"E (Figure 3-

2b). The ruminal contents were manually sampled from the slaughterhouse waste yard 

on 6th August 2017 at about 8 am during the slaughtering process. The samples were 

packed in sampling five liter buckets and immediately transported to the University of 

Nairobi’s Environmental Engineering Laboratory where they were kept at 4°C 

awaiting processing and analysis. The samples were homogenized and exposed to dry 

in the sun for another three days before further drying in an oven at 60°C for six hours 

(Tao et al., 2016). Moisture content was determined from weight difference before and 
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after drying. The oven-dried material were crushed to fine powder in a grinding mill 

and placed in plastic bags, vacuum-sealed and refrigerated at 4°C awaiting 

characterization and use in biogas reactors. 

 

Fig. 3-2. Map showing location of (a) Water Hyacinth Sampling Point in Winam Gulf, 

Kisumu  (b) Slaughter house Waste sampling Point, Dagoretti - Nairobi  

3.2.3 Elemental Analysis 

Approximately 3 g of the oven dried water hyacinth sample was digested for three 

hours with 20 mL acid mixture prepared from selenium powder, lithium sulfate, 

hydrogen peroxide and sulfuric acid. The digestion was carried out at 360°C until the 

solution and the residue appeared colorless. The contents were then adulterated using 
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distilled water to a final volume of 50 mL (Okalebo et al., 2012). The digest was then 

used in analyzing total Kjeldahl nitrogen, phosphorous, and potassium.  

Kjeldahl nitrogen was obtained by titration method using hydrochloric acid (HCl) and 

computing Kjeldahl nitrogen (Riddellová, 2012). Potassium content of the biomass 

was determined by analyzing the digest on a flame photometer (Flame Photometer 

Protocol: P05-031A and Medical chemistry LOKT.00.009, 2012), while total 

phosphorous (TP) was determined by ascorbic acid method (New Delhi, 2000; 

Doolittle, 2014).  

Fixed carbon was determined by first determining volatile solids which involved 

weighing 1 gm of the sample in a silica crucible with a porous silica cover. The cover 

was used to control oxidation. The sample was then heated for seven minutes at 

consistent temperature of 900°C inside a furnace. Upon heating, the crucible was 

allowed to cool before transferring its content to a desiccator. The silica crucible was 

re-weighed after 10 minutes of cooling. The difference in weight before and after 

heating gave the amount of volatile matter in the sample. The following formula was 

used in determination of fixed-carbon in the samples (Zhou, 2017): 

    Fixed Carbon (%) = 100% - Ash (% Dry Basis) - Volatile Matter (% Dry Basis) 

Elemental analysis for Nitrogen (N), Potassium (K), Carbon (C) and Phosphorus (P) 

for ruminal slaughterhouse waste were carried out using the same procedures as those 

employed for the water hyacinth biomass.  

3.2.4 Proximate Analysis of Dry Matter  

Proximate analysis of water hyacinth dry matter was done to determine the contents 

of the cell, cell wall and the moisture content. The cell contents include crude protein, 

http://www.celignis.com/analyte.php?value=2
http://www.celignis.com/analyte.php?value=24
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crude fats, carbohydrates and minerals while the cell wall comprise of crude fibre and 

ash (Queiroz et al., 2008). Moisture content, protein, fat, crude fibre and carbohydrates 

concentrations and ash content were determined using AOAC methods specification 

950.46 (AOAC, 1995). Tests were carried out in triplicate. 

Measurement of moisture content of water hyacinth was carried out by weighing 

about 2 g of dry sample in a crucible and drying it in an oven at 105°C for 1 hour. 

The moisture content was computed using Equation 3-1.  

Moisture (% M) = ((W1-W2)/W3) ×100   (3-1) 

Where; W1= Weight of the crucible and the air-dried sample (g), W2 = Weight of the 

crucible & oven dried sample (g), W3 = Weight of the air-dried sample taken (g). 

Crude protein in water hyacinth was determined using kjeldahl method (Riddellová, 

2012).  About 15 mL conc. sulfuric acid (H2SO4) with dissolved two copper catalyst 

tablets was used to hydrolyze 1 g of raw material in a heat block Kjeltec system 2020 

digester, Tecator Inc., Herndon, VA, USA) at 420°C for two hours. Upon cooling, 

hydrolysates were diluted with distilled water, then neutralized and titrated. The total 

nitrogen component determined in the samples were multiplied by a conventional 

conversion factor of 6.25 (Mariotti et al., 2008) and species-specific conversion factors 

(Lourenço et al., 2002) to arrive at total protein.  

Determination of crude fiber was carried out by gravimetric technique following 

chemical digestion and solubilization of other constituents available in the sample. 

Approximately 2 g of the sample (W) was extracted by boiling in 200 ml of 1.25% 

H2SO4 for a period of 30 min under reflux condenser. Slight vacuum fitted with Pyrex 

glass filter was used in filtration while acids were fully removed by washing the 
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residue in boiling water. The washed residue was subjected to 200 ml of boiling 1.25% 

NaOH and further boiled under reflux for about 30 min. Pyrex glass filter formerly 

used for the acid was again used as a filter media. Boiling water was used to rinse 

the residue followed by 1% HCL and further in boiling water to ensure complete 

rinsing of the acid from the residue. The residue was twice washed with alcohol and 

thrice with ether. The residue was then placed in porcelain dish and dried up in an 

oven at 105°C until a constant weight (W1). A muffle furnace was used to incinerate 

the samples at 550°C for three hours before the dish was cooled in a desiccator before 

finally weighing again (W2). Computations for crude fiber was carried out as shown 

in equation 3-2. 

 𝐶𝑟𝑢𝑑𝑒 𝑓𝑖𝑏𝑒𝑟(%) =
(𝑊1−𝑊2)

𝑊
∗ 100   (3-2) 

To determine the ash content in the water hyacinth, 5 g of air dried sample was 

placed in pre-weighed crucibles and the sample charred by flame to clear organic 

material. The sample was incinerated at 550°C in a muffle furnace to achieve a 

white ash. The residue was cooled in desiccators and weighed as ash. The 

percentage carbohydrates in water hyacinth was computed arithmetically by 

subtracting the sum of moisture, protein, fat, ash and crude fibre percentages from 

100 (AOAC, 1995). 

Proximate analysis to determine; crude fat, crude protein, ash, crude fiber,  moisture 

and carbohydrates for ruminal slaughterhouse waste was carried out using the same 

procedures as those employed for water hyacinth biomass. 

3.2.5 Fiber Content Determination  

The composition of lignocellulosic substrates was determined using direct method 

(Moubasher et al., 1982). Air dried water hyacinth sample of approximately 5 g was 
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boiled in ethanol four times for 15 minutes, followed by thorough washing with distilled 

water and storage in an oven at 40°C for 12 hrs. The dry sample was weighed (A) 

before treatment with 24% KOH for 4 hrs at 25°C, followed by thorough washing with 

distilled water and drying at 80°C overnight and then taking its dry weight denoted as 

(B). The sample was further subjected to 72% H2SO4 for three hours to disintegrate the 

cellulose before refluxing with 5% H2SO4 for two hours. The sample was washed in 

distilled water to eliminate H2SO4 followed by drying at 80°C in an oven for 24 hours 

then taking the dry weight as (C). The lignocellulic substrates were calculated as follows: 

                  Cellulose  = B-C  

                   Hemicellulose = A-B 

                   Lignin  = C 

Fiber content determination for ruminal slaughterhouse waste was carried out using 

the same procedures as those employed for water hyacinth biomass.  

3.2.6 Determination of Total Solids, Volatile Solids and Fixed Solids 

To determine the fixed and volatile solids for ruminal slaughterhouse waste and water 

hyacinth biomass, about 5 g of dried sample was ignited in muffle furnace at 550°C 

for one hour. The sample was cooled in desiccator and weighed. The ignition was 

repeated for 30 min and the sample cooled and weighed until the weight change was 

less than 4%. The samples were analyzed in duplicate and the calculations for fixed 

and volatile solids were carried out as shown in equations 3-3, 3-4 and 3-5: 

           

% 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 =
(𝐴−𝐵)

𝐶−𝐵
∗ 100                                         (3-3) 

% 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑠𝑜𝑙𝑖𝑑𝑠 =
(𝐴−𝐷)

𝐴−𝐵
∗ 100                                    (3-4) 
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     %      𝑓𝑖𝑥𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠 =
(𝐷−𝐵)

𝐴−𝐵
∗ 100                                 (3-5) 

where:  

                  A =   weight of dried residue + dish, mg,  

                  B =   weight of dish, mg, 

                  C =   weight of wet sample + dish, mg, and 

                  D =   weight of residue + dish after ignition, mg. 

3.2.7 Determination of COD, TCOD, SCOD and Volatile Fatty Acids 

The chemical oxygen demand (COD) was performed by dichromate method (APHA, 

1998). About 2 g of the dried samples (WH or RSW) were placed in culture tube and 

acidified potassium dichromate digestion solution was added and concentrated sulfuric 

acid was carefully passed through the vessel forming an acid layer below the sample-

digestion solution layer.  

Total COD (TCOD) was run on unfiltered sample while soluble COD (SCOD) were 

run on samples sieved through 0.45 mm filter media followed by analysis to eliminate 

biological hindrances. Deionized water was used to dilute TCOD samples in a ratio of 

1:5 before analysis. 2 mL of the samples, both for TCOD and SCOD were transferred 

into a COD digestion reagent vial. Mixing of the content was ensured by inverting the 

vial severally for about one minute. The vial was set up in COD chamber at 150°C for 

2 hrs. Cooling and testing of the samples were carried out by a spectrophotometer. The 

total and soluble COD values were recorded in mg/L. 

Gas Chromatography (GC) was applied to determine Volatile Fatty Acids (VFAs). 

The samples were acidified with nitric acid and VFAs extricated to diethyl ether phase 

and transformed into methyl esters which were then analyzed using GC. External 
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standard methodology was employed to quantitatively analyze the samples using 

calibration standards of five acids: caproic, acetic, valeric, propionic, and butyric in 

concentrations ranging from 5 to 1000 mg/ml.  

3.3 Anaerobic Co-Digestion of Water Hyacinth with Slaughterhouse Waste for 

Biogas Production. 

3.3.1 General Overview of Anaerobic Co-digestion Tests 

This section of the study investigated biogas generation in co-digestion of water 

hyacinth (WH) from Lake Victoria with ruminal slaughterhouse waste (RSW). The 

co-digestion was conducted in batch digesters while biogas output was measured by 

displacement method. 

3.3.2 Experimental Set-Up  

The experimental setup comprised three round bottom 1,000 mL flasks and a 

graduated measuring cylinder (Figure 3-3). All the flasks were fitted with tight fitting 

rubber cocks for airtightness. The first flask was used as the reactor for anaerobic 

digestion. The reactor was fitted with a thermometer and a pH meter (HI98103 checker 

pH tester from Hanna Instruments) for monitoring temperature and pH respectively. 

A balloon with a needle inserted into the reactor headspace was set up to sample gas 

for characterization. The second flask contained a scrubber solution for CO2 and other 

minor gases comprising 1 molar sodium hydroxide alkaline solution, prepared from 

40 g sodium hydroxide dissolved in one liter of water. Three drops of phenolphthalein 

indicator were added for monitoring pH variation in the solution. The scrubber solution 

was replaced when the pink/violet color of the indicator turned colorless which is 

associated with a drop in pH below 8.2. The third flask was for gas displacement of 

water to measure the volume of gas generated. Water in the displacement bottle was 

http://en.wikipedia.org/wiki/Phenolphthalein
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charged with a few drops of methyl orange to make it easier to read the volume in the 

graduated cylinder. The bottle was kept covered with an aluminum foil to minimize 

loss of water by evaporation.  

 

Figure 3-3. Biogas production set up under water bath temperature control 

 

3.3.3 Materials and Instruments  

This research was conducted using the following materials, tools and instruments: 

electronic weighing balance, electronic water bath, pH meter, 1-litre 3 neck round 

bottom flasks, 1-litre 2 neck round bottom flasks, mercury glass thermometer in the 

range of 0ºC to 100ºC, borosilicate desiccators, oven, silica glass crucibles, motars and 

pestles, balloons, 1000 ml graduated cylinders, tap water, rubber cork, 5 mm diameter 

clear connecting tubes and retort stands. Analytic grade sodium hydroxide and acetic 

acid were used as procured without any purification. 

3.3.4 Anaerobic Digestion and Biogas Production 

Substrate for bio-digestion were prepared by mixing 150 g of WH and RSW in 

different proportion with 500 mL  of water in 1000 mL round bottom reactor flasks; a 

http://en.wikipedia.org/wiki/Methyl_orange
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total of eight reactor flasks labeled D1 to D8. The mix proportions used are illustrated 

in Table 3-1. The reactors were tightly sealed using rubber cocks and kept airtight to 

operate under anaerobic digestion mode for a duration of 60 days.  The biogas 

generated was passed through a scrubber solution, as earlier explained. The volume of 

resultant methane gas was determined through water displacement method into a 

graduated measuring cylinder (Esposito et al., 2012). The cumulative volume of 

methane generated, pH and temperature were recorded daily at 9 am.  Room 

temperature was also recorded throughout the test.   

Gas for characterization was sampled in balloons through a needle in the headspace. 

Gas composition was determined in triplicate for each parameter, using a gas 

chromatograph fitted with flame indication detector (GCFID) (Sugumaran et al., 

2014). The digesters were run at three different temperatures; namely, room 

temperature of about 24ºC, 32 and 37ºC. 

Table 3-1. Mix Proportions of Dried Substrates  

Digester Water 

Hyacinth (g) 

 Slaughter-house 

waste (g) 

Percent of co-

substrate (%) 

D1 150 Nil 0 

D2 142.5 7.5 5 

D3 135 15 10 

D4 127.5 22.5 15 

D5 120 30 20 

D6 105 45 30 

D7 75 75 50 

D8 0 150 100 
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3.3.5 Biogas Characterization 

The presence of methane defines the quality of biogas, whereby the more the methane, 

the better the biogas and vice versa. High methane content is therefore essential for 

maximum energy production. This study adopted gas chromatogram fitted with flame 

ionization detector commonly known as GC-FID for the analysis of biogas. The study 

used a PerkinElmer Collaboration (Clarus 680, USA) GC fitted with FID and capillary 

column (Elite-5, 30 m x 0.25 mm x 0.25 µL. The temperature for the column chamber, 

inlet chamber and the detector were set at 150, 200 and 250 ºC, respectively. Pure 

nitrogen, at a flow rate of 2.0 ml/min was adopted as the gas carrier. A split ratio of 

20:1 was used to manage the quantity of biogas through the column to stop irregular 

peaks. Raw biogas volume of 500 µL was injected. Quantitative analysis were 

employed using the areas and the peak of the chromatograms to arrive at the percent 

composition of the biogas. 

3.4. Dynamics of Microbial Communities in Co-Digestion of Water Hyacinth (E. 

crassipes) with Ruminal Slaughterhouse Waste in Batch Digesters  

3.4.1. Overview of Microbial Analysis 

This study investigated microbial communities in water hyacinth (WH) as a single 

substrate and in co-digestion with ruminal slaughterhouse waste (RSW). The dominant 

microbial communities at each of the digestion stages were studied by isolation, 

phenotype analysis, DNA extraction, PCR amplification of 16S rRNA gene and 

sequencing using basic local alignment search tool (BLAST) technique.  

3.4.2 Isolation and Identification of Microbial Community 

Isolation and identification of microbial community was carried out at the Institute for 

Biotechnology Research, Jomo Kenyatta University of Agriculture and Technology 

(JKUAT). Microbial colonies were isolated by spread plate culture method and 
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identified using gram staining method. Approximately 1 g of the substrate collected 

from active digesters were weighed and transferred aseptically into a sterilized 250 

mL conical flask with 90 mL of sterilized distilled water. The content was agitated 

gently at 150 rpm for 30 min to homogenize the samples and release the bacteria into 

solution. Simultaneously, nutrient agar media was prepared, autoclaved and placed 

into petri dish plates for inoculation. Serial dilution procedure was carried out up to 

10-4. The solutions were vortexed and 100 L transferred onto plates and spread out 

uniformly. The inoculated plates were sealed for incubation at 37°C for 14 hrs. The 

organisms of interest were identified using colony morphology before being 

inoculated into sterile nutrient agar plates for detection of bacteria colonies. The plates 

were further incubated at 37°C for 12 hrs. Four distinct organisms were selected and 

streaked on to fresh plates. To avoid frequent culturing, pure bacterial colonies were 

preserved in glycerol awaiting DNA extraction and identification of different bacterial 

groups. The isolated colonies were prepared for DNA extraction and molecular 

identification of different bacterial groups.  

3.4.3 DNA Extraction 

Phenol chloroform procedures were used to extract DNA from the isolated bacteria 

colonies (Thikra, 2013). An overnight broth culture was centrifuged in a sterile tube at 

6000 rpm for 5 min. The supernatant was disposed and the pellet re-suspended in 200 

L of TE (Tris EDTA) buffer and cells washed by vortex. The homogenate was 

centrifuged for 5 min at 6,000 rpm. The supernatant was disposed off and the pellet 

re-suspended in 200 L of TE buffer. Approximately 20 L of 10% SDS (Sodium 

dodecyl sulphate), 10 L of lysozyme (20 g/mL) and 10 L RNase were added and 

mixed gently before  incubation at 37°C for one hour. Approximately 10 L proteinase 



58 
 

K was added and stirred gently and then incubated at 55°C for 1 hr. DNA extraction 

was conducted by adding the same volume of phenol/chloroform/isoamyl alcohol of 

ratio 25:24:1 to the sample. The samples were stirred gently by inversion then 

centrifuged at 10,000 rpm for 10 min. The supernatant was transferred to a clean tube 

and a similar volume of chloroform/isoamyl (24:1) added, stirred gently and 

centrifuged. The DNA extraction with chloroform/isoamyl was repeated twice. The 

supernatant was transferred into sterile tubes and its volume determined. 2.5 mL of 

absolute ethanol was then added before the contents were mixed well and incubated 

overnight at -20°C. The samples were centrifuged at 10,000 rpm for 10 min and the 

supernatant disposed. 100 µL of 70% ethanol was added to the pellets and incubated 

at room temperature for 15 min. The samples were again centrifuged at 13,000 rpm 

for 10 min and the supernatant discarded. The pellets were dried in an incubator at 

37°C for 30 min before suspension in 100 µL of ultra-pure water. The DNA solution 

was kept at 4°C. Electrophoresis of DNA was carried on 1% agarose gel in TBE buffer 

and 0.1 µL of ethidium bromide added. The gel was visualized under UV.  

3.4.4 PCR Amplification of 16S sRNA gene 

Several methods are available for quantification of microbial communities (Raskin et 

al., 1994; Akarsubasi et al., 2005; Stainberg and Regan, 2009). This study used the 

amplification of 16S rRNA and its genes. This method has been widely adopted as 

suitable biomarkers in determination of microbial populations in various environments 

(Takashi and Yuji, 2011). Amplification of DNA was carried out at the Institute for 

Biotechnology Research, Jomo Kenyatta University of Agriculture and Technology.  

Bacterial 16S rRNA genes of the pure isolates were amplified using PeQlab advanced 

Primus 96 Hamburg thermal cycler (Applied Bio systems). Universal primer pair 8F 

forward 5’-AG (A/G) GTTTGATCCTGGCT-3’ and 1492R- reverse, 5’-
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CGGCTACCTTGTTACGACTT-3’ were used (e.g. Lane, 1991). DNA solutions were 

amplified by the polymerase chain reaction (PCR). The first denaturation was at 95°C 

for 5 min, second at 95°C for 30 s, annealing at 55°C for 45 s, and extension at 72°C 

for 45 s; 35 cycles were performed. The product was stored at -20ºC. PCR 

amplification was confirmed using Gel electrophoresis; the Gel was examined under 

UV trans-illuminator. Screening for bacterial diversity was conducted by sequencing 

using Basic Local Alignment Search Tool (BLAST) technique. 

3.5 Data Analysis Methods 

The results for biogas production were analyzed graphically using plotted line graphs 

where the trend and ultimate production were established within the retention time. pH 

data were also presented and analyzed graphically to determine the trends. Sequencing 

data for microbial community was analyzed using basic local alignment tool (BLAST) 

which uses probability technique to determine the most dominant organisms by 

similarity. The data for biogas characteristics were analyzed graphically using simple 

bar charts.  
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Characterization of Substrates 

4.1.1 Proximate Analysis 

Results of proximate analysis of water hyacinth (WH) and ruminal slaughterhouse 

(RSW) are presented in Table 4-1. Carbohydrates, ash, crude fiber and crude protein 

accounted for 28.2%, 25.7%, 15.6% and 10.3%, respectively in the WH. 

Comparatively, RSW had larger concentrations of carbohydrates, crude fiber and 

crude protein which accounted for 45.8%, 18.4% and 16.8%, respectively but had less 

ash content of (15.7%). The large concentration of carbohydrates and fiber in WH and 

RSW biomasses signify potential for biogas production with RSW having a greater 

potential than WH (e.g. Funda, 2011). However, conversion efficiency of such 

biomass characteristic largely depends on the operation conditions (Fayyaz et al., 

2017).  

Table 4-1: Proximate composition of crude protein, fiber, fat, ash and carbohydrate 

in water hyacinth (WH) and ruminal slaughterhouse waste (RSW) 

           

Biomass 

Parameter 

Crude Protein 

(%) 

Crude Fiber 

(%) 

Crude Fat 

(%) 

Ash        

(%) 

Carbohydrates 

(%) 

Water hyacinth 10.3 ± 0.03 15.6± 0.27 0.73± 0.02 25.7± 0.40 28.2 ± 0.02 

Slaughterhouse 

waste 
16.8± 0.29 18.4± 0.18 0.47± 0.35 15.7± 0.13 45.8 ± 0.08 

 

Crude fat content was higher in WH, (0.73%) compared to RSW (0.47%). Crude fat 

has the potential for significant conversion to biogas but with longer retention time in 
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the reactor (Kris et al., 2016). However, concentrations of fats exceeding 3 g/L may 

inhibit methanogenic bacteria and hamper methane gas production (Rasit et al., 2015).  

The smaller concentration of crude protein recorded for water hyacinth of 10.3% 

compared to 16.8% for RSW indicates less nitrogen concentration, and suggests larger 

C/N ratio in WH compared to RSW. High C/N ratio signifies nitrogen deficiency 

where carbon remains unutilized leading to reduced biomethanation.  

Water hyacinth had approximately 10% more concentration of ash than RSW, which 

indicated that it had less biodegradable matter.  

4.1.2 Crude Fiber Characteristics 

The concentration of cellulose, hemicellulose and lignin in WH biomass were 33.1%, 

23.2% and 9.9%, respectively and 35.3%, 16.8% and 25.5% in cellulose (Figure 4-1). 

Cellulose and hemicellulose (holocellulose) accounted for about 56% of WH biomass 

and 52% for RSW. The large concentration of holocellulose in the WH suggested a 

large potential for biogas production under anaerobic system (Odhner et al., 2012).  

The smaller concentration of lignin for WH of 10% compared to RSW 25.5% suggests 

that WH biomass may biodegrade faster than RSW. Moreover, the lignin concentration 

for WH is less than a third that of common wood of 25-36%, which implies that it is a 

better feedstock for biogas generation (Ayeni, et al., 2015).  
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Figure 4-1. Crude fiber concentrations in WH and RSW 

 

4.1.3 Elemental Characteristics 

The results of elemental characteristics of water hyacinth (WH) and ruminal 

slaughterhouse waste (RSW) are summarized in Table 4-2. Elemental composition of 

substrates gives an indication of nutrients balance in anaerobic digestion.  

Table 4-2: Elemental composition for water hyacinth and ruminal slaughterhouse 

waste 

Biomass Parameter 

Nitrogen 

(N) 

(mg/L) 

Carbon (C) 

 (mg/L) 

Potassium 

(K)  

(mg/L) 

Phosphorus 

(P) 

 (mg/L) 

C/N 

Ratio 

C/P 

Ratio 

Water hyacinth 1,650± 60 15,480± 350 137± 0.03 50± 7 9.38:1 309:1 

Slaughterhouse 

waste 

1,390 ± 

260 
26,220± 600 7,476± 19.7 40± 1  18.8:1 655:1 

 

The carbon to nitrogen ratio (C/N) for water WH substrate was 9.38 while that for 

RSW was 18.8. The C/N ratios for the two substrates fall within the recommended 8-

20 range for optimal biogas production (Kossmann et al., 2007). However, the C/N 
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ratio for WH was near the lower limit, below which it can cause ammonia inhibition 

(Mata-Alvarez, 2000). Conversely, the C/N ratio for RSW was near the upper limit, 

above which it can cause deficiency of nitrogen and result in lower gas production 

(Mata-Alvarez, 2000). Managing C/N ratio to an optimum range of 8-20 can be 

achievable by co-digestion of biomass of diverse characteristics (e.g. Monnet, 2003).  

Potassium concentration in water hyacinth and slaughterhouse waste was 137 and 

7,476 mg/L respectively. Potassium is optimal in the range 200-400 mg/L, moderately 

inhibitory at 2,500-4,500 mg/L and extremely inhibitory at above 12,000 mg/L 

(Gregor and Victor, 2012). Consequently, potassium concentration in water hyacinth 

was below the optimal range while that in ruminal slaughterhouse waste was in 

inhibitory range.  Mixing the two substrates would balance the potassium levels to the 

optimal range thereby stimulating biomethanation.  

The phosphorus concentrations were 3% and 2.8% of nitrogen for WH and RSW, 

respectively, and 0.32 % and 0.15% of carbon for WH and RSW. Consequently, the 

concentrations for both substrates were below the requirement for optimal 

performance of 15% nitrogen (Britz et al., 2003) and 0.7% carbon (Piyarat et al. 2014). 

Alternatively, carbon to phosphorus (C/P) ratios for WH and RSW were 309:1 and 

655:1 respectively. A C/P ratio of about 100:1 is suitable for the hydrolysis and 

acidogenesis step of biogas generation while that of about 150:1 is suitable for 

methanogenesis (Gregor and Victor, 2012). On average, C/P ratio of 150:1 would be 

suitable for optimal performance. Therefore, both WH and RSW showed P deficiency 

with RSW having greater deficiency. Co-digestion of the two substrates may not 

remove P deficiency but it would reduce the greater deficiency in RSW. 
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4.1.4 Biochemical Characteristics 

Table 4-3 shows the mean ruminal slaughterhouse waste and water hyacinth 

biochemical characteristics. The concentration of total solids (TS) for slaughterhouse 

waste and water hyacinth were 244.1 and 1.9 g/kg respectively. Organic matter (VS) 

accounted for 72% and 57% TSS in RSW and WH, respectively whereas fixed solids 

(FS) and ash accounted for 16% and 43% of TSS. TCOD concentrations in RSW and 

WH were 304 g/L and 1.3 g/L respectively, indicating high and low organic matter in 

the substrates. Ruminal slaughterhouse waste had 98.7 g/kg VSS compared to 1 g/kg 

for water hyacinth, suggesting high organic content and microbes in the substrate, 

largely attributed to the rumen content. The VSS is an indication of prescence of 

microorganism (Onofre et al., 2013). Because rumen microorganisms are anaerobic, 

this portion of the substrate can act as inoculum in the reactors leading to early 

digestion and reduced retention times (Emine et al., 2018). The significant content of 

microbes also signifies more biogas potential (Shikilkar et al., 2017).  

Table 4-3. Total solids (TS), volatile solids (VS), total suspended solids TSS), volatile 

suspended solids (VSS); total chemical oxygen demand (TCOD), soluble chemical 

oxygen demand (SCOD) concentrations, volatile fatty acids (VFA), and pH for RSW 

and WH biomass 

Biomass Parameter  

 TS  (g/Kg) VS      

(g/Kg) 

TSS   

(g/Kg) 

VSS  

(g/Kg) 

TCOD 

(g/L) 

SCOD 

(g/L) 

VFA    

(g/L) 

pH 

RSW 244.1±8.4 174.6 

±3.6 

147.3 

±1.5 

98.7 ±2.8 304.0 

±0.0 

272.0 

±9.2 

117.6 

±13.5 

7.1  

±0.09 

WH 1.9 ±0.06  1.1 ±0.15 1.8±0.17 1.0±0.84 1.3±0.1 0.7 ± 0.1 N/A 6.4±0.1 
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4.2 Co-digestion of Water hyacinth with Ruminal Slaughterhouse Waste 

This section highlights results of biogas generation in anaerobic digestion of WH and 

RSW separately and in co-digestion at various mix proportions. The results cover 

variation in digesters pH with residence time and temperature for various substrates 

mix proportion. The Section further presents variations of the quality of biogas 

produced with WH and RSW mix proportions.     

4.2.1 Variations of pH with duration of Co-Digestion 

The pH of bio digestion reactor contents varied with retention time and mix proportion 

of the co-substrates WH and RSW first at 24 ˚C for various mix proportions followed 

by 30% RSW at 24, 32 and 37 ˚C as shown in Figure 4-2. RSW proportion of less than 

15% had pH drop below 6.5, after day 7 up to day 25 (Figure 4-2a). The pH however 

was always above 6.8 for the RSW proportions of 20 -100%. Varying the RSW 

proportion from 15 to 20% resulted in greatest increase in the hydrolysis pH from 

about 6.2 to 6.8 during hydrolysis dominated period (day 7 to day 20). The reduction 

in duration of hydrolysis step with increasing RSW proportion, from 33 days for 5% 

RSW to 25 days for 50%, correlates with observation of previous studies (e.g. Feng et 

al., 2009) and maybe an indication of prolonged acidogenesis step that affected the 

methanogenesis step.  

Anaerobic digestion of WH and RSW at different temperatures; namely 24, 32 and 

37°C for 30% RSW showed varied changes in pH with time (Figure 4-2b).  After the 

seventh day, when pH was similar for all the reactor temperatures, there was a clear 

pattern of greater increase of pH with temperature, which was attributed to increased 

formation of ammonium ions with the higher temperature.  
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The various steps of anaerobic digestion take place at different pH and, therefore, the 

pH of the digesting substrates can give an indication of the dominant digestion step 

and its duration. Generally the first digestion step, hydrolysis of lipids and protein to 

volatile fatty acids and amino acids, resulted in a drop in pH. The onset of acetogenesis 

step resulted in rise in pH, which may be attributed to production of CO2 and NH3 and 

the associated CO3HNH4 (e.g. Malakahmad et al., 2012). Further rise in pH occurred 

in the predominantly methanogenesis step because of diminished hydrolysis of volatile 

fatty acid and continued production of CO3HNH4. 

 

 

Figure 4-2. pH variations for (a) Ruminal Slaughterhouse Waste substrate 

proportions (D1=0%, D2=5%, D3=10%, D4=15%, D5=20%, D6=30%, D7=50%, 

D8=100% ) at 24°C; and (b) 30% RSW mix proportion at 24, 32 and 37°C  
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4.2.2 Biogas Production for Various Substrates Mix Proportion 

Variations in cumulative biogas production over 60 day residence time for various 

proportions of WH and RSW in reactors operated at room temperature are presented 

in Figure 4-3. Water hyacinth alone produced 8.0 liters of methane (CH4) per kg of 

substrate, which was 45% of the 17.8 L CH4/kg observed for RSW. Co-digestion of 

WH with 30% RSW achieved 79% of the yield for 100% RSW suggesting synergy in 

co-digestion.  During the first seven days, all digesters exhibited initial rapid biogas 

production, which may be attributed to high volatile solids originally present in WH 

biomass. Subsequently, there was a lag in biogas production for all the digesters except 

for the 50% and 100% RSW. The lag maybe attributed to production of volatile 

organic acids during hydrolysis and acidogenesis that reduced pH and inhibited 

methanogenic organisms (Lukitawesa et al., 2020). The lag lasted 20 to 25 days for 0 

to 15% RSW mixture and 0 to 10 days for 20 to 100% RSW mixture. Resumption of 

biogas generation was linked to consumption of volatile acids and reformation of 

bicarbonate buffer during methane formation (Karlsson et al., 2014). However, the 50 

and 100% RSW showed less defined lag in biogas production, which could be related 

to activity of microorganisms in the volatile solids. 
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Figure 4-3. Biogas production for various mix proportions at 24 °C  

 

The 30% RSW co-digestion exhibited the most stable biogas production throughout 

the retention period. The result was attributed to complementing of process 

parameters. Inclusion of RSW in the digestion may have collated some process 

parameters by reducing ammonia toxicity caused by depressed C/N ratio, reducing the 

C/P ratio that was in inhibitory range, and increasing buffer capacity. Achieving 

balanced conditions requires careful selection of co-digestion substrates to overcome 

the low pH lag period and achieve a stable anaerobic digestion process (Kugelman and 

Chin, 1971).  

4.2.3 Impact of Temperature on Biomethanation 

Co-digestion of WH and RSW at 30% RSW proportion at temperatures of 24, 32 and 

37ºC resulted  in marked improvement of biomethanation rate from 0.23  at 24 ºC to 

0.75 and 0.96 x103 ml-kg/day at 32 and 37ºC respectively.  Increasing the temperature 

from 24 to 32 ºC increased methane cumulative yield from 14 to 40 L/kg, a 186% 
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increase, but increasing it to 37ºC only yielded a further 30% to 52 L/kg (Figure 4-4). 

Consequently, there may be no merit in further increase of operating temperature from 

32 to 37 ºC unless the benefit of the gas production and reduced capital cost exceeds 

the extra cost of energy. 

 

 

Figure 4-4. Cumulative methane gas production for 30% RSW at 24, 32 and 37°C 

operating conditions.  

  

4.2.4 Biogas Characterization 

The proportions of methane, CO2 and trace gases in the biogas for various WH-RSW 

mix proportions are presented in Figure 4-5. The proportion of methane gas increased 

with increase in RSW in the substrate mix from 59% for WH alone (0% RSW) to a 

maximum value of 68% at 30% RSW and then decreased to 58% for RSW alone 

(100% RSW).  The proportion of trace gases in the biogas was less 4% for all the WH-

RSW mix proportions. The 30% RSW mix produced the highest biogas quality with 

68% methane, 30% CO2 and 2% trace gases. The results illustrate that co-digestion 

can enhance overall biogas output and methane proportion. Similar results were 
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achieved through co-digestion of biodiesel waste and glycerin with municipal waste 

sludge which resulted in 100% rise in biogas yield with 20% increase in methane yield 

(Anahita et al., 2018). 

 

Figure 4-5. Composition of biogas for different WH-RSW co-digestion mix 

proportions at 24°C  

 

4.3 Microbial Community Dynamics  

4.3.1 Sampled Microbial Communities  

Dynamics of microbial communities in co-digestion of WH with RSW were evaluated 

at 32˚C for RSW proportions of 0, 30 and 100%, digester operation days 5, 20 and 35 

and the biomethanation profiles and associated pH shown in Figure 4-6. Day 5 samples 

characterized acclimatization of microbial community where fermentation process 

began and culturing of methane producing microbes occurred. In this stage, the three 

digestion configuration exhibited steady biogas production but declining pH. The Day 

20 samples were characterized with stagnation in biogas production for both of the 

single substrates and depressed pH of down to 6.1 for RSW alone. The 30% RSW co-

digestion experienced moderate drop in pH to 7.5 but unsteady biogas production. The 
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operating environment at 20 days was associated with acid formation that lowered the 

pH inhibiting methanogenic microorganisms and resulting in lag in biogas production. 

The third sampling at Day 35 was generally characterized by recovery of pH to the 

alkaline range and steady biogas production. 

 

 

Figure. 4-6. (a) Cumulative Biogas production for WH, 30% RSW and RSW 

substrates at 32°C with sampling on day 5, 20 and 35. b). Associated pH variations  

 

4.3.2 Morphological Characteristics of Bacteria Isolates 

The morphology of microbial communities present in the digestion of WH, RSW 
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from digester sludge collected at days 5, 20 and 35. Most colonies aggressively grew 

within two to three days of incubation (Plate 4-1). Morphologies of the isolates were 

diverse, spanning from circular to flat to filamentous. The colors also ranged from 

white to cream and bluish clear with elevations categorized as cocci, short rods, long 

rods, bacilli long and streptococcus (Table 4-4). About 77% of the isolates were Gram 

positive, mostly spore-forming, while 23% were Gram negative. The results indicated 

possible dominance of the largely Gram positive spore-forming Firmicutes phyla that 

comprises of the Bacilli and Clostridia classes. Overall, the morphological 

characteristics did not reveal definite distinction between the two substrates and their 

mixture or trend with retention times. Instead, morphological characteristics were 

distributed generally across substrates and retention times. 

 

             Plate 4-1. Images of colonies of bacteria isolates growing on culture media 
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Table 4-4. Morphological Characteristics of bacteria isolates for (a) WH, (b) 

30%RSW and (c) 100% RSW substrates 

Sample 

No 

Sample 

Source 

Day of 

Sampling 

Org 

No 

Gram 

Status 

Mophology 

1 WH 5 5 - Cocci 

2 RSW 5 6 + Rods (non- spore formers) 

3 WH 5 7 + Rods (septate) 

4 RSW 5 1 + Rods terminal spore 

5 WH 5 2 + Bacilli long branching 

6 WH 5 4 + Rods  round terminal spore 

7 RSW 35 2 + Rods short (small) 

8 RSW 20 3 + Spores with terminal central septate 

9 RSW 20 6 (-) &(+) Cocci & rods mix 

10 RSW 20 5 - Rods central spore 

11 WH 20 8 + Rods in chain & spores 

12 WH 20 5 + Rods in chain 

13 WH 20 8 + Streptococcus 

14 RSW 20 1 + Rods short 

15 RSW 20 4 + Rods long -terminal spore 

16 RSW 20 6 + Rods sub terminal spores 

17 30%RSW 20 5 + Rod terminal spores 

18 30%RSW 20 10 + Rods 

19 RSW 20 3 - rods 

20 WH 35 1 + Staphylococcus 

21 WH 35 2 + Streptococcus 

22 30%RSW 35 3 + Rods branched chains 

23 30%RSW 35 1 - cocci 

24 30%RSW 35 2 + Rods sub terminal spores 

25 30%RSW 35 4 - Rods non sporelating 

26 WH 35 6 + Rods round central spore 

27 

28 

29 

30 

30%RSW 

RSW 

RSW 

WH 

35 

35 

35 

20 

4 

1 

4 

8 

+ 

+ 

+ 

+ 

Rods in pairs sub terminal spore 

Rod thin long 

Rods in pairs sub terminal spore 

Rods in chain and spores 
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4.3.3 Diversity of Methanogenic Bacteria Isolates  

Screening for bacterial diversity was carried out by Basic Local Alignment Search 

Tool (BLAST) for day 5, 20 and 35 that represented acclimatization, acidic stagnant 

and active biomethanation stages. All samples had clear DNA gel and PCR amplified 

images as visualized under UV and UV – trans-illuminator, respectively (Figures 4-7 

and 4-8). Table 4-5 presents the most likely identity of the observed bacteria 

communities in the three reactors. Generally, diverse Bacillus sp. dominated the 

alkaline pH of acclimatization and active biomethanation phases. On the other hand, 

Lysinibacillus and solibacillus sp. dominated acidic and low alkaline pH, which were 

associated with low biogas yield.  

At day 5, all the three reactors had alkaline pH of 7 to 8.1 (Figure 4-3a). The microbes 

observed in the WH reactor were Alcaligenes faecalis, Bacillus sp. (thurigiensis, 

toyonensis and cereus). Alcaligenes faecalis, is a Gram-negative bacterium of 

Proteobactria phylum known for its ability to aerobically desaturate fatty acids to 

mono-saturated fatty acids (Ghaneker and Nair, 1973). This bacterium may have used 

the initial oxygen in the reactor to degrade the fatty acids, which in concert with other 

microbes, contributed to the initial gas production noted in all three reactors.  

Anaerobic digestion day 20 of anaerobic digestion was characterized by stagnant 

biomethanation for RSW in acidic pH but active biomethanation for co-digestion and 

WH substrates in alkaline environment. Microbes present in the RSW reactor with 

acidic pH were predominantly Lysinibacillus sp. mangiferihumi, sphaericus, and 

fusiformis, and solibacillus genus that are of the same class bacilli as bacillus in 

Firmicutes phylum. Both genus were also observed by Zainudin et al. (2014) in 

decomposition of ligneous oil palm empty fruit bunch. Lysinibacillus sp. are diverse 
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group of bacteria that inhabit various environments including farming soil and factory 

wastewater and grow under general pH range of 5.5–9.5 with optimum pH of 7.0–8.0 

(Ahmed et al., 2007). The bacteria are Gram-positive, mesophilic and rod-shaped and 

typically facultative anaerobes (Todar, 2012). Low pH conditions have a negative 

impact on generation of bacillus species hindering anaerobic process (Ivanova et al., 

2003). Some studies have indicated that benzoic and propionic acids as well as esters 

of p-hydroxybenzoic acid (parabens) can make bacillus dormant however, their 

vibrancy may be pH dependent (Wipat et al., 1999). The dominance of Lysinibacillus 

and solibacillus genera in acidic environment and the near absence of Bacillus genera 

indicate a shift in microbial community in the lag phase to adjust to the acidic pH. 

However, the acidic pH inhibited the action of methanogens leading to stagnation in 

biomethanation. Co-digestion avoided the drop in pH for both substrates, and therefore 

changed the microbial community, which allowed the bacillus sp. to continue with the  

biomethanation process in consort with methanogens. 

 Figure 4-7). Geonomic DNA images for water hyacinth (WH), Ruminal 

slaughterhouse waste (RSW) and 30% RSW sludges. Lines; M =Hind III marker, 1, 3, 

5 and 6 =WH day5, 2 and 4 = RSW day5, 11, 12, 13 and 30 = WH day20, 8, 9, 10, 14, 

15 and 19 = RSW day20, 17 and 18 = 30%RSW day20, 20, 21 and 26 = WH day 35, 

7, 28 and 29 = RSW day 35, 22, 23, 24, 25 and 27 = 30% RSW day35. 
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Figure 4-8). Agarose gel photos showing PCR amplification of DNA samples (1-30) 

extracted from WH, RSW and 30% RSW reactors with universal 16 rRNA primers. 

Lines; M =Hind III marker, 1, 3, 5 and 6 =WH day5, 2 and 4 = RSW day5, 11, 12, 13 

and 30 = WH day20, 8, 9, 10, 14, 15 and 19 = RSW day20, 17 and 18 = 30%RSW 

day20, 20, 21 and 26 = WH day 35, 7, 28 and 29 = RSW day 35, 22, 23, 24, 25 and 27 

= 30% RSW day35. 

Table 4-5: Identity of reactor bacterium at various stages of anaerobic digestion. 

Sample 

ID 

Sampling 

Day 

Source  Percent  

identity/ 

similarity 

Likely microorganism (s) 

1_8F 5 WH  ND 

3_8F 5 WH 98.82% Alcaligenes faecalis 

5_8F 5 WH 99.61% Bacillus thurigiensis , Bacillus cereus 

6_8F 5 WH  ND 

2_8F 5 RSW  ND 

4_8F 5 RSW 100% Bacillus sp(toyonensis, cereus, 

thurigiensis) 

30_8F 20 WH  ND 

18_8F 20 30%RSW 97.38% Bacillus aerophilus, Bacillus pumilus 

17_8F 20 30%RSW 100% Lysinibacillus mangiferihumi, 

Lysinibacillus fusiformis 

9_8F 20 RSW 98.99% Lysinibacillus mangiferihumi, 

Lysinibacillus fusiformis, Bacillus sp. 

10_8F 20 RSW 99.27% Lysinibacillus fusiformis 

14_8F 20 RSW  ND 

15_8F 20 RSW  ND 

16_8F 20 RSW 98.48% Lysinibacillus sphaericus 

19_8F 20 RSW  ND 

26_8F 35 WH 98.97% Bacillus sp. , Bacillus aquimaris 

21_8F 35 WH 99.38% Lysinibacillus mangiferihumi, Bacillus sp.  
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22_8F 35 30%RSW  ND 

23_8F 35 30%RSW 99.68% Alcaligenes faecalis 

24_8F 35 30%RSW 99.87% Bacillus cereus, Bacillus thuringiensis 

25_8F 35 30%RSW 100% Bacillus licheniformis, Bacillus 

glycinifermentans 

27_8F 35 

 

30%RSW 

 

99.85% Lysinibacillus mangiferihumi, 

Lysinibacillus fusiformis 

28_8F 35 RSW 90.71% Bacillus licheniformis  

29_8F 35 RSW 99.81% Bacillus sp. , Bacillus pumilus 

ND means No Detection. 

 

In the WH and RSW reactors, biomethanation resumed after 7 and 20 days of 

stagnation. Taconi et al. (2008) found that the methanogens can operate in acidic 

environment provided they had sufficiently long retention time to acclimatize. 

However, this study observed emergence of Lysinibacillus and Solibacillus species. 

The observation of Solibacillus sp at acidic pH of 6.0 - 7.0 confirmed reports by Sielaff 

et al. (2017) who found a strain of the genus growing at a pH range of 6.0 to 10. Similar 

Solibacillus sp utilization of volatile acids in the RSW reactor may have been 

responsible for removal of acidity and recovery of biomethanation process. 

On Day 35, all the reactors had alkaline pH of about 7.4 and depicted active 

biomethanation (Figure 4-3a). The reactors had diverse microbial community 

dominated by Bacillus sp. that included, Bacillus aerophilus, Bacillus pumilus, 

Bacillus cereus, Bacillus thuringiensis, Bacillus licheniformis, Bacillus 

glycinifermentans, Bacillus aquimaris, and Staphylococcus xylosus and also some 

Lysinibacillus. These species are known to grow in alkaline environment; for example, 

Bacillus licheniformis is cultured in alkaline conditions to obtain protease for use in 

biological laundry detergent that has an optimum pH of around 9 and 10. (Alya et al., 

2008). Similarly, Bacillus fusiformis and Bacillus sphaericus have been found to 

dominate a pH between 7.0 - 8.0 (Ahmed et al., 2007). Bacillus genera are known to 
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play a significant role in biogas generation (e.g. Horváth et al., 2016). Rabah et al., 

(2010) observed Bacillus megaterium, Bacillus licheniformis, and Bacillus pumilus in 

biogas production using slaughterhouse waste as the inoculum. The outcome of this 

study also concur with that of Onwuliri et al., (2016) where microbial isolates 

responsible for biogas production from cattle manure included Bacillus licheniformis, 

Escherichia coli and Clostridium sp. 

Single substrate digestion of WH exhibited a lag phase of up to seven days and a lower 

biogas yield of 45% that of RSW. Although, RSW performed better in biogas yield, it 

had a long stagnation phase of up to 20 days that was associated with acidic reactor 

pH. This study identified gram positive syntrophic phyla, firmicutes, particularly the 

Bacilli class as the key players in the digestion process at the acidic pH associated with 

stagnation in biomethanation. While phenotype analysis did not reveal distinctive 

pattern with the three biomethanation phases of acclimatization, acidic stagnation and 

active biomethanation phylogenetic identification observed a clear shift in microbial 

community from predominantly bacillus genus to lysinibacillus and solibacillus 

during stagnation stage and back to bacillus genus in active biomethanation.  

The microbial community varied with the pH conditions from diverse Bacillus species 

in the initial alkaline condition to predominantly lysinibacillus sp. and Solibacillus sp. 

in acidic pH. The tolerance of Bacillus bacteria allowed syntrophic reactions to 

proceed neutralizing acidity and allowing active methanogenesis. After 

acclimatization of the methanogens (e.g. Taconi et al., 2008), their activity resulted in 

consumption of fatty acids leading to increase in pH to the alkaline zone where diverse 

microbial community dominated by Bacillus Sp. emerged  leading to active 

biomethanation.     
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The synergistic role of WH in anaerobic digestion appear to be maintaining the 

microbial community, which helps in avoiding low pH lag phase. The resulting 

operating environment allowed the minor substrate, RSW, to play complementing role 

in co-digestion throughout the retention time resulting in consistent biogas generation.   
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 

This study characterized water hyacinth and ruminal slaughterhouse waste, 

investigated synergy in co-digestion of the two substrates in biogas generation and 

dynamics of microbial community associated with anaerobic digestion. The study 

concludes the following: 

1. Water hyacinth Fiber and proximate characteristics of 33.1 and 23.2% of 

cellulose and hemicellulose, respectively and lesser lignin concentration of 9.9 

% that is desirable in biomass for biogas production indicated that it is a viable 

substrate for biogas production  

2. Co-digestion of WH with RSW can potentially balance the C/N ratio of WH 

of 9.4  that tended towards ammonia toxicity, with that of RSW of 18.8 that 

tended towards nitrogen deficiency to near the middle of the 8-20 optimal 

range for biogas generation; similarly, co-digestion has potential to balance the 

WH concentration of potassium of 137 mg/,L which was deficient with that of 

RSW of 7,476 mg/L that was in the inhibitory range to within or near the 200-

400 mg/L optimal range for biogas production. .  

3. Co-digestion of WH with RSW 5 to 30% RSW mix proportions increased 

biogas production by between 25 and 75% to up to 14.1 L/Kg biomass, and 

improved biogas quality by increasing concentration of methane gas by 9% 

from 59 to 68%.   

4. Varying temperature from 24 to 32ºC had a significant positive impact in the 

biogas yield by 186% for co-digestion of WH with RSW biomass at 30% RSW 

but less increase of 32% from 32 to 37ºC.  
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5. Microbial community varied from Bacillus genus that thrived at the initial 

alkaline pH to acid tolerant Lysinibacillus and Solibacillus species with drop 

in pH to acidic range 7.0-6.0 that inhibited methanogenesis before re-

emergence of diverse Bacillus species on restoration of alkaline conditions; co-

digestion of WH and RSW avoided the acidic conditions and maintained active 

biomethanation Bacillus species throughout the retention time, increasing 

biogas yield.  

This study recommends that: 

1. Future studies evaluate biogas production outcome between 24 and 

32˚C.  

2. Future studies should investigate methanogenic archaea in digestion of 

WH and RSW separately and in co-digestion. 
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