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Impact of Temperature Pre-treatments on Biogas Yield of Vernonia
auriculifera (H’) Leaves Co-digested with Cow Dung in Under Anaerobic

Condition

ABSTRACT

Energy is one of the most important factors for human development and to global
prosperity.Biogas is a versatile renewable energy source, which can be used for
replacement of fossil fuels in power and heat production. Therefore, this research was
initiated to utilize biomasses such as Vernonia auriculifera leaves (VA) and cow dung
(CD) for biogas production. In this study, biogas production from co-digestion of the VA
and CD in five mix ratios (100% VA, 70% VA: 30% CD, 50% VA: 50% CD, 30% VA:
70% CD and 100% CD mix) were evaluated by incubating at 38° using batch
fermentation after the substrates were pre-treate with temperature of 60°C and 80°C
separately. . In all treatments, physico-chemical parameters such as total solid (TS),
volatile solid (VS), organic carbon, total nitrogen, carbon to nitrogen ratio and pH were
measured before and after anaerobic digestion (AD). The daily biogas production was
subsequently measured by water displacement method for 30 days. Higher daily mean
biogas amount was produced at day 11" and 12" for all substrates which were
thermally pre-treated under 80 and 60°C, respectively and went down to zero at about
the 30" days almost in both thermal pre-treated substrates. Out of the five treatments,
treatment 4 (T,=70% CD: 30% VA mix ratio) has produced high cumulative amount of
biogas in both 60 and 80°C thermal pre-treatments (1112.22 and 1383.79 mL,
respectively). Better cumulative biogas yield was observed on the treatments pre-treated
under 80°C than 60°C. Highest reductions of TS (18.39%) and VS (9.87%) were recorded
in T, pre-treated at 80°C. The result also revealed that impact of temperature pre-
treatments on biogas yield of vernonia auriculifera leaves co-digested with cow dung in
anaerobic condition. Generally, the T, was the best mix among all other treatments which

produced high cumulative biogas in 80°C thermal pre-treatment (1383.22 mL).

Keywords:  Anaerobic digestion, Biogas, Co-digestion, Cow dung, Inoculums,Thermal
pretreatment, Total solid, Vernonia auriculifera leaves, Volatile solid.
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1. INTRODUCTION

The world’s economy primarily depends on non-renewable natural fossil fuels like natural
gas, petroleum and coal as a source of energy. Therefore, energy is one of the most
important factors for human development and to global prosperity. The dependence on
fossil fuels as primary energy source has led to global climate change, environmental
degradation, and human health problems. Eighty percent of the world’s energy
consumption still originates from combusting fossil fuels (Goldemberg and Johansson,
2004). The consumption of fossil fuels is increasing with an increase in human
population, transportation and technological advances and thereby resulting in decrease in
these natural resources. Furthermore, fossil fuels are sources of greenhouse gases, which
in turn contribute to air pollution and change climate. The daily increase in the world's
energy demand, global warming, depletion of fossil fuels and high prices of petroleum-
based fuels have forced us to search for alternative energy sources that are sustainable,
efficient, renewable, and cost effective with less emission of greenhouse gases (Nigam
and Singh, 2011).

Biogas is a versatile renewable energy source, which can be used for replacement of fossil
fuels in power and heat production, and it can be used also as gaseous vehicle fuel.
Production of methane-rich biogas through anaerobic digestion offers significant
advantages over other forms of bioenergy production. It has been evaluated as one of the
most energy efficient and environmentally beneficial technology for bioenergy production
(Fehrenbach et al., 2008). The digestate is an improved fertilizer in terms of its
availability to roots which can substitute mineral fertilizer. Anaerobic digestion (AD) is a
technology widely used for treatment of organic waste for biogas production. Anaerobic
digestion that utilizes manure for biogas production is one of the most promising uses of
biomass wastes because it provides a source of energy while simultaneously resolving
ecological and agrochemical issues. The anaerobic fermentation of manure for biogas
production does not reduce its value as a fertilizer supplement, as available nitrogen and
other substance sremain in the treated sludge (Alvarez and Liden, 2007). Co-digestion

is the simultaneous digestion of a homogenous mixture of two or more substrates. In order



to improve the digestion efficiency of lignocellulosic biomass some pre-treatment
methods can be employed (Bruni and Angelidaki, 2010). Pre-treatments, for example,
biological (Zhong et al., 2011), mechanical (Angelidaki and Ahring, 2000), chemical
(Devlin et al., 2011), thermal (Mladenovska et al., 2006) and combination of these
treatments have been done to facilitate the biogas production by overcoming the limitation
of hydrolysis, which include the solubilization and biodegradation of hemicellulosic and
lignin parts of the substrates. Thermal and high pressure techniques, such as steam
explosion (Zhou et al., 2016) and hydrothermal treatment (Bolado-Rodriguez et al.,
2016), outweigh chemical pre-treatments mostly due to zero production of hazardous
wastes. During these procedures, biomass structure opens up due to thermal expansion,
and this is causing a reduction of the particle size and an increase in the pore volume.
Moreover, the polysaccharides present in the lignocellulosic materials are hydrolyzed to
simple sugars leading to higher degradation rates from the microorganisms of AD. As a
result, the efficiency of the whole process can be increased while the retention time
required for optimum biogas production is decreased (Theuretzbacher et al., 2015).

Intentionally, biogas can be also produced through co-digestion of different substrates.
The most common approach to biogas production is the use of such basic substrates as
manure or sewage sludge mixed with one or more other agro-waste substrates such as
fruit peels and crops straw (Braun, 2002). The use of co-substrates usually improves the
biogas yields from anaerobic digester due to positive synergisms established in the
digestion medium and the supply of missing nutrients by the co-substrates (Mata-Alvarez
et al., 2000). Because different feed stocks have main advantages in balancing nutrients,
C/N ratio equilibrium and the minerals and metals required for equilibrium, and increase
buffering capacity of the system. Therefore, co-digestion enhances process stability and
performance of organic matter biodegradation, optimizing the biogas and methane yield
(Zhang et al., 2014; Huang et al., 2016). With this regard, there have been a lot of
researches already done on biogas production using co-digestions of animal manure and
lignocellulosic materials with or without pretreatment. ). With this regard, there have been
a lot of researches already done on biogas production using co-digestions of animal

manure and lignocellulosic materials with or without pretreatment.



General objective
The general objective of this study was to evaluate biogas production using anaerobic
co-digestion of Vernonia auriculifera leaves with cow dung under anaerobic

condition.
Specific objectives:

To determine the total solid (TS), volatile solids (VS), organic carbon (OC), total
nitrogen (N), carbon/nitrogen ratio (C:N) and pH before and after anaerobic digestion
of Vernonia auriculifera leaves and cow dung.

To evaluate the average daily and cumulative biogas production of temperature
pretreatments from solo and mixture of Vernonia auriculifera leaves and cow dung

combined in different proportion.



2.LITERATURE REVIEW

2.1. Bio-energy

Bioenergy as significant in meeting the sustainable development goals of renewable
energy and climate change; the other criticizing bioenergy as an inefficient renewable
energy in contrast to solar and wind (Pfau et al., 2017). Interestingly, in terms of cost
incurred in production and supply, bioenergy is increasingly becoming competitive to
other alternative energies (Verdonk et al., 2007). Production and trade of biofuel has
grown significantly in the past decade, with EU leading in biodiesel, US and Brazil
leading in bioethanol production (Lamers et al., 2011). Renewable energy solutions today
include all the three biofuels derived from biomass: biodiesel, bioethanol, and biogas. It
is estimated that by 2030 ‘modern bioenergy’ (produced by using biomass technologies
like biorefineries, anaerobic digestion of residues, bioreactors for torrefaction,
carbonization, or gasification, and other technologies) would reach the potential of being

the most highly growing renewable energy source (IRENA, 2016).

The future potential of bioenergy is evident because of the high scope of supply and
demand. But, considering the dependency of bio-energy production on natural resources,
there are risks of disrupting local geography and socio-economic conditions for locals;
primarily because natural resources would be consumed and may take time to grow back
to complete the ecological cycle (Verdonk et al., 2007). For example, Jatropha (non-
edible oil-seed plant ) and forest residues, which are raw materials used for producing
bio-based transportation fuel, These substarte do not affect food production (Kirkinen et
al., 2009). Production of bioenergy from energy crops and bio-waste is a feasible
solution. To achieve that, heavily capital investment is needed to produce and distribute
bioenergy. One of the most promising commercial usages for bioenergy solutions (be it
biogas or biodiesel) is the transport sector, which accounts for 23% of CO, emissions
across the world. Most of the countries which submitted Intended Nationally Determined
Contributions (INDCS) have spoken about committing themselves to reducing carbon
emissions in the transport sector (UNFCCC, 2015).



Economic and policy conditions, such as these, facilitate market linkages for bioenergy
projects, which reassure the fact that there is significant potential for bio-energy markets
to grow across the globe and enable market growth of related services and products as
well (Verdonk et al., 2007). Consequentially, upscaling modern bioenergy solutions are
necessary for the future of renewable energy. It is imperative that bioenergy has to be
more efficient for optimized utilization of the biomass sustainably available in
environment. Technological upgradations would make the energy production processes
more climate-friendly, less energy consuming, cost-effective, generate regional
development, create more employment opportunities for local communities which may
be mostly rural in developing countries, and also have more and more applications in

commercial uses.
2.2. Composition of Biogas

Biogas is a combustible mix of gases produced by anaerobic digestion (AD) of organic
materials by anaerobic microbes (Ilaboya et al., 2010). Anaerobic digestion of organic
materials mainly consists of four main stages which are interdependent in such a way that
the product from one stage is a precursor for the next stages. Each stage involves
different types of microorganisms (Sagagi et al., 2009). The first process is called
hydrolysis in which the particulate organic materials such as cellulose, hemicellulose,
pectin, and lignin undergoing hydrolysis by extracellular enzymes to convert polymers
into monomers. Then, the soluble organic matter and the products of hydrolysis are
converted into organic acids, alcohols, hydrogen and carbon dioxide by the bacteria of
acidogenic. Thirdly, the acetogenic bacteria convert the acidogen products into acetic
acid, hydrogen and carbon dioxide. Finally, methanogenic bacteria are accountable for
methane production from the aforementioned substances as well as directly from other
substrates of which formic acid and methanol are the most important (Sagagi et al.,
2009).

Biogas is odorless and colorless gas that burns with 60% efficiency in conventional
biogas stove. This gas is useful to substitute firewood, cow-dung, petrol, diesel and

electricity depending on the nature of the task and local supply conditions and



constraints. Biogas digester system provides a residue organic waste after its anaerobic
digestion that has superior nutrient quality over normal organic fertilizer, as it is in the
form of ammonia and can be used as manure.

Anaerobic biogas digester also functions as waste disposal systems, particularly for
human wastes and can therefore, prevent potential contamination and the spread of
pathogens and disease causing bacteria. Biogas technology is particularly valuable in
agriculture residual treatment of animal excreta and kitchen refuse (Amye et al., 2014).

Biogas is a well-established fuel that can supplement or even replace wood as an energy
source for cooking and lighting in developing countries. The fossil-based fuels become
scarce and more expensive, the economics of biogas production is turning out to be more
favorable. Biogas is a readily available energy resource that significantly reduces
greenhouse gas emission compared to the emission of landfill gas to the atmosphere
(Nabuuna and Okure, 2005). Moreover, with the increasing size and regional
concentrations of confined animal feeding operations (CAFOs), there is growing public
concern over potential impact on environmental quality caused by CAFO generated
wastes (Fulford, 1998). In response to this, regulatory agencies are scrutinizing animal
waste management practices and revising regulations to reduce its environmental impact.
Handling these wastes in compliance with stricter environmental regulations can have a
significant economic impact on CAFOs. As a result, CAFO operators are evaluating
waste management practices that convert wastes into higher value products. One
approach to increasing the value of waste is to use it as an energy resource. Moreover,
(Pound et al., 1981) observed that biogas production units provide a decentralized fuel
supply and waste management system both of which are very attractive particularly in

rural areas of developing countries.
2.3. Components of Biogas production

2.3.1. Cow dung

Use of cow dung with organic wastes from industry and household’s wastes has been

successfully applied for biogas production. Co-fermentation offers economic and



environmental benefits as it entails processing multiple waste streams in a single facility.
There are three main advantages of using cow dung for co-fermentation. Firstly, it is a
good source for nutrients such as trace metals, vitamins and other compounds necessary
for microbial growth. Secondly, it plays a role in neutralizing pH and improving
buffering capacity. Thirdly, the high water content in dung helps dilute the concentrated
organic wastes, which would be inhibitory and difficult to treat separately. Moreover, a
high buffering capacity in manure makes the process more resistant to the effect of
volatile fatty acids (VFAs) accumulation and thus avoids inhibition processes. Several
studies have reported that the biogas process could be improved and stabilized by

applying co-digestion strategy (Fang, 2010).

Due to low energy efficient during combustion of cow dung, small particles and noxious
gases are emitted which is one of the most threatening evitable risk factors (Smith, 2002).
However, it can be anaerobically digested to give energy in the form of biogas which is
the combination of mainly methane and carbon dioxide. For biogas production cow dung
properties may depend on diet types. However, in comparison of cow dung, manure from
pig and poultry have a higher biogas potential. This is because ruminants already have

some anaerobic digestion in their first stomach (Teameet al., 2014).

2.3.2. Vernonia auriculifera (H’) (family-Asteraceae)

Vernonia comprises about 500 species.ltoccurs at 750-3000 m altitude in open grassland
or at the margin of forest in mountainous areas,small tree, shrub or woody herb up to 9 m
tall; stems branching from low down, at first brownish hairy; bark smooth, grey. Leaves
petiolate or especially the upper ones sessile; petiole up to 7.5 cm long, often auriculate;
blade elliptical or narrowly obovate to ovate, 10-45 cm x 3-23 cm, attenuate towards the
rounded, truncate or cordate base, apex acute or shortly acuminate, margin toothed, upper
surface dull green, thinly fine-hairy mainly on veins and glabrescent, lower surface
whitish with often floccose tomentum. Inflorescence composed of numerous heads in
very large terminal compound thyrsoid cymes, the whole inflorescence up to 150 cm in
diameter; involucre narrowly cylindrical, 4-6 mm long; phyllaries in 6-7 rows,

appressed, green, especially the inner rows often tinged purplish in the upper part,



broadly ovate to ovate or elliptical, apex obtuse to rounded, minutely apiculate, the inner
rows elliptical, 4-6 mm long, usually acute, the innermost eventually falling. Florets 1
per head; corolla 6.5-9 mm long, scented, mauve, lilac or purplish, fading to white with
age, lobes 2-3 mm long, glabrous except the throat; anthers distally with linear or
lanceolate appendage; style branches long-tapering with stigmatic papillae above near the
base. Fruit an achene 3—4 mm long, 8-10-ribbed, shortly ascending-pubescent to almost
glabrescent except at the apex; outer pappus of narrow scales up to 1.5 mm long, inner
pappus white, 5-8 mm long.

In south-western Uganda it is characteristic of the shrub layer in old secondary vegetation
changing into forest.The genus Vernonia has been extensively investigated (Bohlmann
and Jakupovic, 1990) and nearly all species contain highly oxygenated sesquiterpene
lactones with glaucolides being the most characteristic metabolites (Zdero et al., 1991).
In Africa, Vernonia auriculifera occurs from Nigeria and Cameroon eastward to Ethiopia

and southward to Angola and Tanzania.
2.4. Anaerobic Digestion

Anaerobic digestion is a biochemical degradation process that converts complex organic
materials into simpler constituents in a series of metabolic interactions that involve a
wide range of microorganisms that catalyze the process in the absence of oxygen.
Anaerobic digestion (AD) is a biological process in which organic matter is decomposed
by an assortment of microbes under oxygen free conditions and produces biogas (Frigon
et al., 2010). AD technology for methane production is a more efficient method for
energy generation from biomass compared to other biological processes, such as
cellulosic ethanol (Deublein et al., 2011). Another benefit of anaerobic digestion is the
reduction of natural methane emissions from the self-decomposition of biomass in
landfills or other open environments because the global warming potential of methane is
estimated to be 20 times higher than carbon dioxide (Rutz et al., 2008). While the AD
system captures and utilizes the methane for energy production.

The AD process can be divided into four steps (Li et al., 2011). At the beginning of the

process, hydrolysis occurs as extracellular enzymes, which are produced by hydrolytic



microbes, decompose complex organic polymers to simple soluble monomers. Proteins,
lipids, and carbohydrates are hydrolyzed to amino acids, long-chain fatty acids, and
sugars, respectively. These small molecules are then converted by fermentative bacteria
(acidogens) to a mixture of volatile fatty acids (VFASs) and other minor products such as
alcohol. Acetogenic bacteria further convert the VFAs to acetate, carbon dioxide, and/or
hydrogen, which provide direct substrates for methanogensis, the last step of the AD
process for methane production.

2.5. Process and Mechanism of Biogas Production

In anaerobic digestion, different groups of micro-organisms work in sequence at four
different stages. These are hydrolysis, acidogenesis, acetogenesis and methanogenesis
(Jarvis, 2004).

2.5.1. Hydrolysis

The hydrolysis is considered to be the key step in the biodegradation of complex wastes
(Mata-Alvarez, 2003). Fundamentally, this process involves the breaking down of
complex organics into monomers or simple compounds by the action of hydrolytic
microorganisms (Poland, 1992). This step involves the enzyme-mediated alteration of
insoluble organic compounds with high molecular mass, i.e. proteins, fats, lipids, and
carbohydrate etc, into soluble organic components such as amino acids, fatty acids,
monosaccharide, and other simple organic compounds (Yadvika et al., 2004). The
insoluble large molecules consist of many small molecules joined together by chemical
bonds and thus need to be hydrolyzed before entering the bacterial cell. The hydrolysis
step is carried out by several different anaerobic and facultative bacteria (Yadvika et al.,
2004). Hydrolytic enzymes include cellulase, cellobiase, xylanase and amylase for
degrading carbohydrates into sugars, protease for degrading protein into amino acids, and
lipase for degrading lipid into glycerol and long-chain fatty acids (Parawira et al., 2005).
The microorganisms producing these enzymes can be obligate or facultative anaerobes. It
is commonly found that hydrolysis is the rate-limiting step in degradation when the

substrate is in the particulate form (Ghaly et al., 2000 and Borja et al., 2003).
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2.5.2. Acidogenesis

In this stage, soluble compounds produced in the first stage are further degraded by a
diversity of different facultative anaerobes through different fermentation processes by a
second group of microorganisms called the fermentative acidogenic bacteria, e.g.,
Clostridium spp (Veeken et al., 2000; Pena-Varo, 2002). The fermentation results in the
production of carbon dioxide, hydrogen gas, organic acids, alcohols, some organic-
nitrogen compounds and some organic-sulphur compounds etc (Gerardi, 2003). The most
important acid here is acetic acid as it is the principal organic acid used as a substrate
material for the methane-forming organisms. The acidogenic microorganisms prefer a
slightly acidic environment (pH 4.5-5.5) and are less sensitive to changes in incoming
feed stream (Ostrem, 2004).

2.5.3 Acetogenesis

In this stage, the other intermediate products and acids than acetate that were formed in
the fermentation are further converted to acetic acid as well as carbon-dioxide and
hydrogen by different anaerobic oxidation reaction involving so called acetogenic
bacteria (Jarvis, 2004). n a stable anaerobic digestion, the acetate and H2-producing
bacteria called acetogenic bacteria transform the products of acidogenesis into acetate,
hydrogen and carbon dioxide which are substrate for the methanogens. Approximately,
72 per cent of their fluent COD is converted to acetate. There may be formation of
carbon dioxide or hydrogen along with the acetate depending on the oxidation state of the
original organic matter (Veeken et al., 2000; Pen-Varo, 2002).

Acetogenic bacteria, also known as acid formers, convert the products of the first phase
to simple organic acids, carbon dioxide and hydrogen. The principal acids produced are
acetic acid (CH3COOQOH), propionic acid (CH3;CH,COOH), butyric acid
(CH3CH,CH,COOH), and ethanol (C,HsOH). The products formed during acetogenesis
are due toa number of different microbes, e.g., syntrophobacter wolinii, a propionate
decomposer and sytrophomonos wolfei, a butyrate decomposer. Other acid formers are
clostridium spp., peptococcusanerobus, lactobacillus, and actinomyces(www.biogaswork

.com- Microbes in AD).
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2.5.4 Methanogenesis

Finally, the last group of microorganisms, the methanogenic, produces methane from
acetic acid, hydrogen, and carbon dioxide as well as directly from other substrates of
which formic acid methanol are the most important (Veeken et al., 2000). Methanogenic
micro-organisms convert acetic acid, hydrogen and carbon dioxide to methane and
carbon dioxide i.e. biogas. The remaining compounds like alcohols, organic-nitrogen
compounds which methanogens cannot degrade will be accumulated in the digestate
(Gerardi, 2003).

The methane is produced from a number of simple substances: acetic acid, methanol or
carbon dioxide and hydrogen. Among these, acetic acid and the closely related acetate
are the most important, since around 75% of the methane produced is derived from
acetate (Evans, 2001). Methane production is higher from reduction of carbon dioxide
but limited hydrogen

Concentration in digesters results in that the acetate reaction is the primary producer of
methane (Omstead et al., 1980). The methanogenic bacteria include Methanobacterium,
Methanobacillus, Methanococcus and Methanosarcina. Methanogens can also be divided
into two groups: acetate and H,/CO, consumers. Methanosarcina spp. and Methanothrix
spp. (also, methanosaeta) are considered to be important in AD both as acetate and

H»/CO, consumers.
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Figure 1: Biogas production from organic substrates (Abdelgadiret al., 2014).

2.6. Factors that affect the Process of Biogas Production

2.6.1. Carbon to nitrogen ratio

Major nutrients for the growth of species and optimum nutrient removal are carbon (C)

and nitrogen (N). For effective anaerobic digestion carbon to nitrogen ratio should be

maintained between the ranges 20-30 (Perera, 2009). Lower C: N ratio causes ammonia

accumulation in the digester and inhibits micro-organism activities. Higher C: N ratio

causes lower gas production. To maintain the optimum C: N ratio of the influent feed,

different types of material are mixed together. The microbial populations involved in

anaerobic digestion require sufficient nutrients to increase in well-defined proportion. If
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the C/N ratio is too high, the process is limited by N availability and the resulted
acidification retards Methanogensis activity, and if it is too low, ammonia may be found
in quantities large enough to be toxic to the bacterial population. In addition to carbon
and nitrogen in the digestion system, microorganisms also need micronutrients (trace

minerals) and phosphorus for their growth.

2.6.2. pH value

The pH value of the digester content is an important indicator of the performance and the
stability of an anaerobic digester. An optimum biogas production is achieved when the
pH value of input mixture in the digester is between 6.25 and 7.50 (Mahanta et al., 2004).
The pH value in a biogas digester is also a function of the retention time. Most anaerobic
bacteria including methane forming bacteria function in a pH range of 5.5 to 8.5, (Fang,
2010) but optimally at a pH of 6.8 to 7.6, and the rate of methane production may
decrease if the pH is lower than 6.3 or higher than 7.8 (Gerardi, 2003). Significant
changes in alkalinity or pH are introduced in an anaerobic digester by substrate feed or
the production of acidic and alkali compounds, such as organic acids and ammonium
ions, respectively, during the degradation of organic compounds in the digester.
Alkalinity in an anaerobic digester is also derived from the degradation of organic
nitrogen compounds, such as amino acids and proteins, and the production of carbon
dioxide from the degradation of organic compounds. When amino acids and proteins are
degraded, amino groups (and hence ammonia) are released and alkalinity is produced.
The pH value depends on the ratio of acidity and alkalinity and the carbon dioxide
content in the digester, the determining factor being the density of the acids. Cow dung is
also used to facilitate the bacterial growth in the digester and thus hasten the biogas
generation. It plays a role in neutralizing pH and improving buffering capacity by making
the process more resistant to the effect of VFA accumulation and thus avoids inhibition
processes. It also helps to maintain a stable and reliable digestion performance and yields

good quality fertilizer (Fang, 2010).
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2.6.3. Temperature

The anaerobic process temperature of the reactor has influence to the physical and
chemical properties of the substrate, which in turn affects the thermodynamic and kinetic
reaction of the biological processes. There are several advantages with increasing
temperatures (Abdelgadir et al., 2014; Van Lier et al., 1996). Moreover, increased
temperature also increases death rate of pathogenic bacteria, reducing time required for
pathogen destruction in AD process (Bendixen, 1994; Smith et al., 2005). However, high
temperature (thermophilic) can have negative effects as well. Increasing temperature
increases the fraction of free ammonia (NH3) that is inhibitory to microorganisms.
Ammonia inhibition could result process disturbance in thermophilic process. The
stability of the mesophilic process makes it more acceptable in current AD facilities, but
achieved at longer retention times (Ostrem et al., 2004). Hydraulic retention time (HRT)
Retention time can be defined as the theoretical time of the particle or volume of liquid
added to a digester and remained in it (Nijaguna, 2006). Similarly, retention time also
defined as the length of time that volatile solid (VS) remain in the reactor (Dobre et al.,
2014). Hydraulic retention time (HRT) refers to the average range that the complex
compound retained in the digesters, in contact with the biomass and decomposes into
metabolic products such as monosaccharaides, polysaccharides and amino acids (Dobre
et al., 2014). Theoretically, long retention times will lead to low efficiency of the
process. In anaerobic conditions, the decomposition of organic substances is slow and
this will take some time for digestion to complete. Types of microbial and its temperature
range are one of the reasons that will affect the retention time. Thermophilic temperature
system in anaerobic digestion will have shorter retention time comparable to mesophilic
temperature system. At high temperature, the particles kinetics rate increases so is the
reaction rate. Thus, conversion processes takes place faster and lessen the retention time.
At the same time, shorter retention time subjected the active microbial colony to washout
while longer retention time means larger digester volume and increases the operational
cost (Yadvika et al., 2004). It is almost critical to determine the suitable HRT for
anaerobic digestion process as to ensure a stable condition inside digester. A condition
where the number of removed microorganism with the digestate should not be greater

than the number those produced by duplication (Dobre et al., 2014).
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2.6.5. Solid concentration and loading rate

The cow dung, water and various organic residues from agricultural waste are supplied as
feed to the digester. The proportions recommended are: Cow dung + solid waste 1:1 by
weight and forming to about 10% of solid content and 90% of water. The amount of feed
supply per day to the digester is called loading rate. It is dependent on the size of the
plant. The recommended loading rate is about 0.2 kg/m3 of digester capacity. The under
loading and overloading reduces the biogas production. The loading of feed must be
carried out every day at the same time as to keep the solid concentration ratio constant in
the digester (Sorathia et al., 2012)

2.6.6. Sulphate reduction

The effect of sulphate reduction on anaerobic systems is complicated by the fact that the
reduced product sulphide has an inhibitory effect on almost all the microbial groups
(Batstone et al., 2002). The methanogenic microorganism competing with sulphate
reducing microorganism for the common intermediate acetic acid, due to the presence of

sufficiently high concentrations of sulphur (Speece, 1996).

2.6.7. Organic loading rate (OLR)

The degree of starvation of microorganisms in biological systems is dependent on the
OLR. At a high OLR, a fast microbial growth (but intoxication may occur with high
quantities of organic matter) takes place whereas at a low OLR microorganism starvation
takes place. However, if the applied OLR is too high, microorganism could not use up all
produced organic acids and causes acidic state of the digester (Liu and Tay, 2004). OLR

is mainly determined based on feeding materials and reactor temperature.

2.6.8. Particle size

The size of the feedstock must not be too large otherwise it will result in the obstruction
of the digester and also it would be difficult for microorganisms to carry out its
digestions, Smaller particles on the other hand will deliver large surface area for

adsorbing the substrate that would result in increased microbial activity and hence
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increased gas production (Sharma et al., 1988). Mechanical pretreatment such as
crushing might significantly reduce the volume of digester required, without decreasing
biogas production (Yadvika et al., 2004).

2.6.9. Ammonia

Nitrogen in the form of NH, is required by bacteria for their cell mass synthesis. The
major nitrogen compound is obtained from nitrogenous materials available in organic
matter usually proteins and urea. Ammonia is produced during hydrolysis of proteins and
urea. Urea is readily hydrolyzed to ammonia and carbon dioxide by the enzyme urease
present in organic matter (Arceivala and Asolekar, 2007).

2.7. Pre-treatment of Substrates for Biogas Production

Pretreatment of substrate is a common step in processing lignocellulose feedstock where
tough materials such as hemicellulose and cellulose are turned to soluble compounds.
These natural biopolymers are not directly useable by microorganisms and have poor
biodegradability. Lignin also can poorly be degraded in anaerobic digestion and to have
an effective digestion, it has to be disrupted or the material should be delignified. Upon
pretreatment of complex lignocellulose materials, simple soluble compounds are
produced which can be easily consumed by microorganisms. A combination of these
pretreatment methods can also be used. The following figure 2 presents some of the

pretreatment methods.
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Figure 2. Pretreatment techniques of lignocellulosic materials (Gossa, 2014).

2.7.1. Chemical pre-treatment

Chemical pretreatments include acid pretreatment, alkaline pretreatment and oxidative
pretreatment. When treated with acid, carbohydrates can be hydrolyzed. With alkaline
and oxidative pretreatment, lignin can also be attacked and the fragmentation of hemi-
cellulose polymers can be avoided (Taherzadeh and Karimi, 2008). The first reactions

during alkaline pretreatment are solvation and saponification which decreases the degree
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of polymerization and disrupt the intermolecular ester bonds cross-linking hemi-cellulose
and lignin.

This makes the substrate more accessible for enzymes and bacteria. When the disruption
of the structural linkages between lignin and carbohydrates happens, this causes an
increase in the internal surface area of lignocellulose. Alkaline pretreatment can convert
lignin into substrate suitable for biogas production such as VFA (Kaparaju and Felby,
2010).

2.7.2. Physical pre-treatment

Heating and pressurizing lignocelluloses materials are common methods to crush these
complicated materials to simple compounds. For instance, use of autoclave as an
effective method for degrading lignocelluloses feedstock (Garrote et al., 1999). Though,
high energy demand and operation at high pressure are considered as the disadvantages
of these methods. The most common pretreatment methods used in anaerobic digestion
are thermal pretreatment, steam explosion and mechanical pretreatments. Thermal
pretreatment is commonly performed using steam or hot water (Kalamaras and
Kotsopoulos, 2014).

2.7.3. Biological pre-treatment

Biological pretreatment is defined as use of any living organism to destruct the
lignocellulose matrix of biomass. Low energy consumption, no production of toxic
materials and high yield are the advantages of biological pretreatment (Garrote et al.,
1999). Besides cost effectiveness, due to low chemical and energy requirements the
products generated from biological pretreatment are only slightly inhibitory to the
subsequent stages of AD. This is attributed to the fact that biological pretreatment occurs
under milder conditions and does not support the formation of more complex-compounds
(Sindhuet al., 2016).

2.7.4. Heat or thermal pre-treatment

During thermal pre-treatment, also called liquid hot-water pre-treatment, the substrate is

heated up under pressure to a maximum of 220°C, held for a specific time, cooled down
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and used in biogas plants. Substrates with low water content need additional water before
thermal treatment. The presence of heat and water causes swelling of biomass by
disrupting the hydrogen bonds that hold together crystalline cellulose and the structural
complexes. Hemicellulose is also broken down during liquid hot water, which aids
swelling (Garrote et al., 1999).

2.8. Significance of bio-gas

2.8.1. Energy and Climate Concerns

Biogas is a renewable source of energy. The carbon dioxide that is released when biogas
is combusted and mixed with the oxygen in the air does not contribute to the greenhouse
effect. The carbon in the methane molecule produced by the biogas process originates
from carbon dioxide in the air that growing plants have previously taken up by
photosynthesis. The use of biogas is thus an important step in climate change mitigation.
The development of biogas represents a strategically important step away from oil
dependency that will contribute to a sustainable energy supply in the long term.
Renewable means that there will be no “peak biogas™; rather biogas will be continuously
available and thus offers improved energy security. Biogas is also produced locally
meaning that it is not dependent on trade relationships. This also contributes to improved

energy security (Lars, 2012).
2.8.2. Increase Agricultural Productivity

Anaerobic digestion increase nitrogen fixation. The digestateis used as fertilizer.
Anaerobic digestion kills certain bacteria, parasites and weed seeds that otherwise might
have had negative effects on crop production. Organic bio-gas production helps to ensure
food security (Florian Gerlach, 2013). In Ethiopia, it leads to a reduction in agricultural
productivity as a result of using dung and crop residue as fuel instead of using these as
soil nutrients. Due to the use of dung as a source of domestic energy it is estimated that
10% of the annual grain production is lost for the Tigray region. Through the bio-gas
programme the utilization of slurry is promoted, thus contributing to increased crop

production (National Bio-gas Programme Ethiopia, 2008).
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2.8.3. Sustainable Development

Production of bio-gas offers many benefits to society and is an important contribution to
a sustainable development. One of the most important tasks we face today is to reduce
our

exploitation of the earth”s finite resources and to develop systems for re-cycling of
nutrients and energy that are sustainable in the long term. In the bio-gas process, waste is
converted into energy and nutrients and hence, the exploitation of finite resources is
reduced. The biogas prcesshas many advantages from the point of view of the
environment, especially since it results in two environmentally-friendly final products:
biogas and bio fertilizer (Lars, 2012).

2.8.4. Carbon revenue

A Dbiogas installation results in greenhouse gas (GHG) abatement. This abatement is
denoted as “carbon offsets” and has a value under the clean development mechanism
(CDM) or the voluntary carbon market. These offsets can be sold as carbon credits and
utilized for policies to stimulate biodigester adoption, by, for instance, providing
subsidies or soft loans. Consequently, these carbon revenues can cover a part of the
required capital investments to tackle the impact of the low ambient temperature on
biogas production (Buysman, 2009). All the CDM certified and biogas projects under
validation are studied to determine the claimed carbon reduction per digester to estimate
carbon income. On average around 4.01tCO.eq per year per digester is claimed, higher if
methane from manure management is included and less without (Buysman, 2009).

2.8.5. Biogas and recycling of nutrients

When biogas is produced from organic waste, manure or food waste, the residue,
digestate, contains all the nutrients in the original substrate. These nutrients are retained
in soluble and plant-available forms in the residue, and cannot be lost by leaching, since
the digestion takes place in closed containers. Using the digestion residue as a bio
fertilizer reduces the need for mineral fertilizers. The return of the bio fertilizer to arable

land constitutes an excellent case of recycling of a natural resource.
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2.8.6. Biogas as Bio-fuel

Biogas is a high quality bio-fuel. As any fuel it can be used to produce electricity and
heat, or both in CHP equipment. As it consists of methane it is easily adaptable to
existing processes where natural gas, also methane, is used. Methane is a fuel in demand
by industry, partly because it is a gas, which gives a high quality combustion that can be
precisely controlled. Methane burns with a clean and pure flame, which means that
boilers and other equipment are not clogged by soot and cinders. This leads to a cleaner
work place environment and less wear and tear on the plant. Biogas is the most
environmentally friendly vehicle fuel on the market today (Lars, 2012). Biogas gives the
smallest emissions of carbon dioxide and particulate matter of all vehicle fuels on the
market. Emissions of carbon monoxide, hydrocarbons, sulphur compounds and nitrogen
oxides are less than when petrol or diesel is used as fuel. A gas engine is quieter and
vibrates less than a diesel engine, which means a better working environment for
professional drivers. Biogas is lighter than air. If a leakage occurs, methane rises through
the surrounding air. Biogas has a higher temperature of ignition than petrol and diesel,

which reduces the risk of fires and explosions at accidents (Lars, 2012)

2.8.7. Decrease Eutrophication

If manure is just unloaded in the environment, it will leak and be carried by water to the
nearest water course. Leaking manure is a main cause of Eutrophication of surface waters
in the region. Besides from this, anaerobic digestion also to a great extent reduces the
pathogenic contents of the manure. Also, the process greatly reduces the smell of the
manure (Lars, 2012)

2.8.8. Used as Waste Management Option

Biogas is also produced with organic waste as substrate. This is a great advantage in
waste management; the waste does not need to be land filled or just incinerated for
recovery of its heat content. When fermenting organic waste, the two important resources

are recovered, the biogas and the nutrients in the residue (Lars, 2012).
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3. MATERIALS AND METHODS

3.1 Description of the Study Area

The experiment was conducted in Botanical Laboratory of Haramaya University School
of Biological Sciences and Biotechnology. Haramaya University is found at about 510
km East of Addis Ababa. The University is located at 9°24’N latitude and 42°01° E
longitude with an elevation of 2044 m.a.s.l.

3.2. Sample Collection and Preparation of Substrate for Anaerobic

Digestion

In this study, both cow dung (CD) and Vernonia auriculifer (in Ameharic Ameraro, in
Hadiyisa Barawa, in Afaan Oromoo Reenjii) leaves (VA) were used as feedstock for
anaerobic digestion process of biogas production. 5.5kg of cow dung (CD) sample
was collected from the available animal farm sites at Haramaya University and five
kg (5kg) of Vernonia auriculifera leaves (VA) sample was collected from South
Nation Nationality —People Region, Hadiya Zone,East Badawacho Woreda The
collected cow dung and Vernonia auriculifera leaves were sun dried for seven days
and then crushed to 0.2 mm mechanically using  all purpose high speed smashing
machine (Monlau et al., 2013). Then after, it was sieved by a mesh that had 0.5 mm
diameter to ensure consistency of the mix. Then, 4kg powder of each substrate was
covered with aluminum foil and was kept in a refrigerator at 4 °C until used .Three
liters of the fresh rumen fluid used as a starter of anaerobic digestion was also
obtained from Haramaya University slaughter house using plastic bottles. Rumen
fluid was used as source of inoculums. For this purpose, the collected fresh rumen
was separated from the solid content by filtering through acioth of 0.5mm diameter
and was pre incubated for sevendays and fully degradable at atemperature of 38°C
which was selected for methane fermentation of cow dung and Vernonia auriculifera
leaves .This was carried out to ensure degradation of easy degradable organic matter

still present in the inocula and remove the dissolved methane (Liew, 2011). Total
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solid, Volatile solid, C: N ratio of the two substrates were determined prior to

pretreatment and AD.
3.3. Thermal pretreatments

First the two substrates were made into five treatments in sole and combinations on
TS basis and placed covered with plastic film. The five treatments were 100% Vernonia
auriculifera (VA);70%:30% mix of Vernonia auriculifera and cow dung CD (B); 50%:
50% mix of Vernonia auriculifera and CD (C); 30%:70% mix of Vernonia
auriculiferaand CD (D); and 100% CD (E). For thermal pre-treatment, powder (100
g on TS basis) of Vernonia auriculifera leave and cow dung alone or mixed as indicated
above were placed in 1-L glass bottles, and deionized (DI) water were added to have
moisture content of 60%. After covering the glass bottles with plastic film, they
were treated with temperature 60 °C and 80 °C for 5 hours by keeping in water
bath with intermittent gentle shaking to ensure the homogeneity of temperature
in the flasks (Bonmati et al., 2001). Then the mixtures were kept for 24h in a
refrigerator at 4 °C before the addition of 100 mL inoculums (rumen fluid) that

were used as microbial seeding.
3.4. Digester Configuration and Setup for anaerobic digestion

In this study, the total working volume was 500 ml containing appropriate amounts of
distilled water, substrate and inocula. Both thermal pre-treated slurry was transferred to
1L plastic bottle digesters and mixed with appropriate amount of distilled water including
inoculum (rumen fluid) 100 mL so as to adjusted the TS of the slurry to about 8%. Fresh
cow rumen fluid was collected from the nearby slaughter house and filtered through a
cloth of 0.5 mm sieve diameter to separate solid content from slurry. Prior to use as
microbial seed, the inoculums was left to stay for a week by incubated at 38°C to remove
the easily degradable volatile solid (VS) present in inoculums (LoNiee-Liew, 2011). The
pH of the slurry was adjusted to 7 for optimal biogas production by adding sodium
hydroxide and hydrochloric acid to the organic substrate (Yadvika et al., 2004). The

slurry was mixed thoroughly by shaking and AD was last for 30 days under mesophylic
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(38°C) temperature. The experiment was arranged randomly in three replicates with three
plastic bottles containing the slurry, acidified brine solution and empty bottle (to collect
brine solution). The three containers were interconnected with a plastic tube having a
diameter of 1 cm. The tube connected the first bottle to the second was be fitted just
above the slurry in the first bottle to help gas collection. Thus, the biogas produced by
fermentation of the slurry was driven from the first bottle to the second bottle that
contains a brine solution so as to displace a volume of the brine solution equivalent to the
volume of biogas produced (Itodo et al.,1992). The lids of all digesters was sealed tightly
using super glue in order to control the entry of oxygen and loss of biogas. The
temperature of all digesters was maintained at 38 °C by keeping in oven, which
represents mesophilic condition. After AD, the slurry was also be analyzed for
physicochemical properties indicated above and important plant nutrients. TS, VS and FS
will be determined gravimetrically (Groenberg et al., 1992), pH and Electrical
conductivity were determined using Glass-electrode method, Organic carbon was
determined using Titrimetric method (Walkely and Black 1934), Total nitrogen was
determined using Kdjelal digestion method, available nitrogen and phosphorus were
determined by colorimetric method (Olsen et al., 1954).

Table 1 Substrate mix ratio

Treatments Vernonia auriculfera (VA) cow dung (CD)
T, 100% 0%

T, 70% 30%

T3 50% 50%

T, 30% 70%

Ts 0% 100%

Note: Ty = (100% VA), T= (70% VA & 30% CD), Ts= (50% VA & 50% CD), Ts=
(30% VA & 70% CD) and Ts= (100% CD)
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3.5. Evaluating the amount of Biogas Production

In order to prevent the dissolution of biogas in the water, brine solution was
prepared following the method suggested by (Elijah et al., 2009). An acidified brine
solution was Prepared by adding NaCl to water until a supersaturated solution was
formed. Then, three drops of sulfuric acid were added using a dropper to acidify the
brine solution. Since the biogas is insoluble in the solution, a pressure build-up
provides the driving force for displacement of the solution. The displaced solution

was measured to represent the amount of biogas produced (Mahmoud, 2007).

3.6. Physico-chemical Characterization before and after

Anaerobic Digestion

Physico chemical properties were analyzed before and after anaerobic digestion
(AD) by following standard methods as indicated (Appendix Il1). Total solids (TS),
volatile solids (VS) and fixed solid (FS) were determined gravimetrically
(Groenberget al., 1992) while pH and Electrical conductivity were determined using
Glass-electrode method. Organic carbon was determined using Titrimetric method
(Walkely and Black, 1934), Total nitrogen was determined using Kjeldahl digestion
method. TS and VS reductions were estimated from initial and final values
measured. Carbon to nitrogen ratio was then obtained from values of organic carbon and

total nitrogen.
3.7. Data Analysis

The experimental data will be subjected to analysis of variance (one-way ANOVA) using
SPSS for windows version 21 to investigate statistical significance between the different
treatments, whereas paired samples T-test will be used to investigate statistical
significance within a treatment as happening before and after AD. Differences between

means will be considered statistically significant at P< 0.05.
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4. RESULTS AND DISCUSSION

4.1. Characterization of Physico-chemical Parameters of the Solo and
Mixed Substrates with 60°C and 80°C thermal pre-treatment before
and after AD

4.1.1. Effect of thermal pre-treatment on pH for solo and mixed substrate of VA and
CD

Effect of thermal pre-treatment on pH for solo and mixed substrate were analyzed and
the results were summarized in table -2. The initial pH values of all substrates were
measured after adding rumen fluid, it showed the pH value range between 6.88 to 7.288
for 60°c and 7.06 to 7.29 for 80° before anaerobic digestion. After anaerobic digestion
pH were increased in both the pre-thermal treatment. Moreover, the highest pH value

was recorded for 80°c thermal pre-treatment.

The pH value of 100% VA (7.06) was more optimal than that of 100% CD (7.36) for
biogas production in 80°c. The optimal pH for biogas production is 7 reported by Thy et
al. (2003) and Yadvika et al. (2004). Mixing of the two substrates brought the varying
pH values of the two solo substrates closer to the optimal values for anaerobic digestion.
That is mixing of the two substrates resulted in the decrease of pH compared to that of
CD alone, but increased from that of VA alone. This indicates that the VA helps in
buffering pH when it is used for biogas production co-digested with the CD.
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Table 2. Effect of thermal pre-treatment on pH for solo and mixed substrate of VA and CD

(values are mean £ SE, n=3).

Treatments Thermal Pre-Treatments on PH
60°C 80°C
Before AD After AD Before AD After
AD

T1 6.88+0.055™ 8.15+0.028¢ 7.06+0.046™ 8.22+0.055°
T2 7.28+0.031 8.38+0.133"° 7.28+0.051 8.41+0.121"
T3 6.99+0.106"° 8.19+0.028°° 7.21+0.064™° 8.28+0.023"°
T4 7.03+0.047%¢ 8.10+0.102°° 7.29+0.039"° 8.35+0.055°°
T5 7.05+0.075" 7.96+0.080%° 7.36+0.046" 8.53+0.134%

Means of same parameter followed by different Upper cases in the row were
significant at P< 0.05 probability levels for paired samples T-test within treatment
while parameter means followed by different small letter in column were
significant at 5% level of significance between treatments for one way ANOVA.
T1=100%VA, T,=70%VA+30%CD,T3=50%VA+50% CD, T, =30%VA+70% CD and
T5=100% CD

After AD, pH values showed significant difference between treatments, the difference
within treatments was also significant where increment was observed in all treatments
after AD (Table 2). That is, pH after AD became alkaline in all digesters, and alkalinity
in an anaerobic digester is derived from the degradation of organic nitrogen compounds,
such as amino acids and proteins, or by the presence of ammonia in the feed stream.
When amino acids and proteins are degraded, amino groups (and hence ammonia) are
released and alkalinity is produced (Fang et al., 2010). The increment of the pH value
after AD using lignocellulosic substrates co-digested with CD was also indicated in
researches carried out in Haramaya University (Getu and Meseret, 2016; Temesgen et al.,
2017).
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4.1.2. Effect of thermal pre-treatment on total solid for solo and mixed substrate of
VA and CD

The total solid (TS) of both substrates and their mix were not statistically significant
before AD (P>0.05). However, TS showed significant difference between treatments
after AD (Table 3). Values of TS significantly decreased after AD and the amount of
reductions were 4.99, 4.6, 5.64, 9.87 and 8.33% for 60°C and 6.5, 2.37, 5.79, 10.55 and
10.50% for 80°C in case of Ty, T, T3, T4 and Ts, respectively.

Table 3. Effect of thermal pre-treatment on total solid for solo and mixed substrate of
VA and CD (values are mean + SE, n=3).

Treatments Thermal Pre-Treatments on total solid (%)
60°C 80°C
Before AD After AD Before AD After AD
T1 92.70+0.057°% 87.71+0.794%¢  92.70+0.057"% 86.20+0.458°¢
T2 02.20+0.075"®  87.60+0.417"*°  92.20+0.075" 89.83+0.3755¢
T3 01.91+0.036™® 86.27+63282° 91.91+0.036™ 86.12+0.855°°
T4 02.22+0.333"® 82.35+2.614%%  91.55+0.005" 81.00+1.73282
T5 01.51+1.231°% 83.18+1.028%°  92.00+0.057" 81.50+0.866°¢

Means of same parameter followed by different Upper cases in the row were significant
at P< 0.05 probability levels for paired samples T-test within treatment while
parameter means followed by different small letter in column were significant at
5% level of significance between treatments for one way ANOVA. T;=100%VA
T,=70% VA+30% CD,T3=50% VA+50% CD, T4,=30% VA+70% CD and T5=100% CD

Highest TS (10.55%) reduction after AD was observed in T4 (30%VA: 70% CD) in case
of 80°C thermal pre-treatment. The reduction in TS may be resulted due to consumption
of organic matter by acidogenic and methanogenic bacteria to produce methane. Tamrat
et al. (2013) also reported similar trend in their experiment conducted on co-digestion of

cattle manure with organic kitchen waste.
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4.1.3. Effect of thermal pre-treatment on volatile solid for solo and mixed substrate
of VA and CD

Volatile solids were measured for all digesters before and after AD. Volatile solid showed
significant difference between treatments both before and after AD (Table 4). Volatile
solid values of all treatments significantly reduced after AD as compared to that of before
AD although the amount of reduction varied between treatments with the highest
reduction (9.85%) was observed in T4 (30%VA: 70% CD) for 80°C thermal pre-
treatment. Moreover, reduction in VS may due to consumption of those compounds by
acidogenic and methanogenic bacteria to produce methane. Similar trend was also
reported by Tamrat et al. (2013) who did their experiment on co-digestion of cattle
manure with organic kitchen waste for biogas production. Abubaker and Ismail (2012)
mentioned that TS and VS destructions are good parameters for evaluating the efficiency
of anaerobic digestion. Previously, VA mixed with 30% and 100% VA lignocellulosic
material such as Parthenium found to exhibit highest reductions in TS and VS, and these
reductions were found in a par with total biogas yield at the end of incubation (Getu and
Meseret, 2016).

Table 4. Effect of thermal pre-treatment on volatile solid for solo and mixed substrate of
VA and CD (values are mean + SE, n=3).

Treatments Thermal Pre-Treatments on Volatile solid (%)
60°C 80°C

Before AD After AD Before AD After AD
T1 83.45+0.150""  77.59+0.063%¢  83.49+0.632" 77.59+0.512°°
T2 85.22+0.208""  87.62+0.123%°  85.46+0.0.356"°  77.42+0.203%°
T3 81.59+0.126"®  77.31+0.240%*  81.40+0.184" 77.28+0.2145°
T4 87.55+0.173"° 77.78+0.118%%  87.42+0.032"° 77.57+0.534582
T5 78.89+0.159”°  77.29+0.319.B¢ 78.99+0.063"¢ 77.38+0.2605¢

Means of same parameter followed by different Upper cases in the row were significant

at P< 0.05 probability levels for paired samples T-test within treatment while

parameter means followed by different small letter in column were significant at

5% level of significance between treatments for one way ANOVA.
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T1=100%VA, T,=70%VA+30% CD,T3=50%VA+50% CD, T4 =30%VA+70% CD and
Ts=100% CD

4.1.4. Effect of thermal pre-treatment on organic carbon for solo and mixed
substrate of VA and CD

The effect of thermal pre-treatment on organic carbon were analyzed for 60°C and 80°C
and the results were summarized in table -6. The results were revealed that, after
anaerobic digestion organic carbon content were decreased as compared with before
anaerobic digestion. In addition to this before anaerobic digestion 80°C thermal pre-
treatment showed highest percentage of organic carbon as compared with 60°C thermal

pre-treatment.

In both the thermal pre-treatment highest reduction in organic carbon was observed in T,
(70%VA: 30%CD) and reduction in organic carbon, in general after AD can be explained
by the degradation of organic matter to yield methane and other intermediate compounds.
Organic carbon can be also removed in anaerobic digesters by being converted to cellular
materials for growth and reproduction of bacteria (Gerardi, 2003). Therefore, the
decrease in organic carbon reflects the degradation process during anaerobic digestion
(Devlin et al., 2011).

Table 5. Effect of thermal pre-treatment on organic carbon for solo and mixed substrate
of VA and CD (values are mean * SE, n=3).

Treatments Thermal Pre-Treatments on organic carbon( %)
60°C 80°C
Before AD After AD Before AD After AD
T1 49.97+0.303"¢ 40.61+0.731°¢ 51.10+0.484"¢ 41.82+0.698"¢
T2 50.58+0.124" 39.50+0.360°5¢ 51.60+0.115" 40.90+0.0575¢
T3 48.32+0.008"° 38.30+0.170°° 49.32+0.008"° 39.30+0.170°°
T4 45.22+0.005"" 38.44+0.005°2 46.22+0.005"" 38.44+0.005°2
Ts 49.15+0.028" 38.75+0.230°? 49.15+0.0.028"™ 38.75+0.230°2

Means of same parameter followed by different Upper cases inthe row were

significant at P< 0.05 probability levels for paired samples T-test within treatment
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while parameter means followed by different small letter in column were
significant at 5% level of significance between treatments for one way ANOVA.
T1=100%VA, T,=70VA%+30% CD,T3=50%VA+50% CD, T4 =30%VA+70% CD and
T5=100% CD

4.1.5. Effect of thermal pre-treatment on nitrogen for solo and mixed substrate of
VA and CD

In all the treatment 80°C thermal pre-treatment showed the highest % of total nitrogen
before anaerobic digestion as compared with 60°c thermal pre-treatment. However, after
anaerobic digestion nitrogen content were increased in all the treatment. The highest
nitrogen content were observed in T, treatment. An increase in total nitrogen on the other
hand could be due to production of nitrogenous compounds through degradation of
proteins. Increment of total nitrogen after AD was also indicated in other researches
(Smith et al., 2007: Negash et al., 2018).

Table 6. Effect of thermal pre-treatment on total nitrogen for solo and mixed substrate of
VA and CD (values are mean + SE, n=3).

Treatments Thermal Pre-Treatments on total nitrogen
60°C 80°C
Before AD After AD Before AD After AD

T1 1.83+0.008™ 1.89+0.0052 1.85+0.011" 1.90+0.005%
T2 1.96+0.005"° 1.98+0.008"2° 1.97+0.005™° 1.98+0.005"
T3 1.89+0.005"° 1.90+0.0055% 1.90+0.005™° 1.91+0.005%°
T4 1.83+0.005"° 1.84+0.0055 1.85+0.005"¢ 1.87+0.0055¢
T5 1.82+0.005"° 1.84+0.008"° 1.84+0.005"¢ 1.85+0.008"¢

Means of same parameter followed by different Upper cases in the row were significant

at P< 0.05 probability levels for paired samples T-test within treatment while

parameter means followed by different small letter in column were significant at

5% level of significance between treatments for one way ANOVA.
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T1=100%VA, T,=70%VA+30% CD,T3=50%VA+50% CD, T4 =30%VA+70% CD and
Ts=100% CD

4.1.6. Effect of thermal pre-treatment on C: N ratio for solo and mixed substrate of
VA and CD

In this study C: N ratio showed ranges in between 24.57 to 27.20 for 60°c and 24.40 to

27.56 for 80°c thermal pre-treatment respectively. However, this values were within the

optimal ranges reported for biogas production. For effective anaerobic digestion carbon

to nitrogen ratio should be maintained between the ranges of 20-30 (Perera, 2011).

Table 7. Effect of thermal pre-treatment on C: N ratio for solo and mixed substrate of VA

and CD (values are mean + SE, n=3).

Treatments Thermal Pre-Treatments on C: N ratio

60°C 80°C

Before After AD Before AD After AD

AD
T1 27.20+0.266"¢ 21.48+0.378"° 27.56+0.170™° 21.98+0.073™°
T2 25.80+0.014"¢ 20.15+0.24752 25.68+0.014"° 20.15+0.02852
T3 25.56+0.721"° 20.15+0.02652 25.43+0.072"° 20.05+0.02852
T4 24.57+0.075"° 20.13+0.0574° 24.40+0.083"° 20.13+0.05752
T4 26.71+0.066"° 21.02+0.031"° 26.71+0.066"° 21.02+0.03152

Means of same parameter followed by different Upper cases in the row were significant

at P< 0.05 probability levels for paired samples T-test within treatment while

parameter means followed by different small letter in column were significant at

5% level of significance between treatments for one way ANOVA. T1=100%
VA T,=70% VA+30% CD,T3=50% VA+50% CD, T, =30%VA+70% CD and T5=100%

CD
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4.2. Comparison of Cumulative Biogas Yield for the Different
Substrates Treated under 60 and 80°C

The comparison of cumulative biogas yield for the different substrates treated under 60
and 80°C thermal pre-treatment were analyzed and results were summarized in figure. In
the bar graph (Figure ) represents cumulative biogas yield that have been collected from
30 days under which the substrates were thermally pretreated with 60 and 80°C.
Significance differences were observed within the treatments (Appendix Table 3). The
highest cumulative biogas yield was observed in T4 (30% VA: 70%CD) of both 60 and
80°C thermal pretreatment types, 1112.22 and 1383.79mL, respectively. Comparing the
biogas yield in 60 and 80°C thermal pretreatment types, highest biogas yield was
recorded in all 80°C thermal pretreated substrates. Highest reduction of TS and VS also
observed under pretreated substrates in 80°C. Next to T4, higher biogas yield were
recorded in T3, T2, T5and T1, respectively in both 60 and 80°C thermal pretreatments.
The result revealed that high biogas yield could be produced in the mix ratio substrates
with high concentration of CD and low concentration of VA. The higher production from
the mixtures could be due to a proper nutrient balance, increased buffering capacity, and
decreased effect of toxic compounds resulting from mixing of substrates (Abuabaker and
Ismail, 2012.)
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Figure 3. Cumulative biogas yield of 60 and 80°C thermally pre-treated substrates. Different
capital letters for paired samples T-test within treatments shows significant difference
(P<0.05) in cumulative biogas vyield.Bar graphs with different letters indicate significant
differences between means while those with same letters show no significant difference between
means (T1=100%VA, T2=70%VA: 30%CD, T3=50% VA: 50%CD, T4=30% VA: 70%CD

and T5=100%CD).
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5. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1. Summary

Biogas is an alternative and renewable energy source produced through anaerobic
digestion of organic matter where by the organic matter is converted into a combustible
biogas rich in methane and a liquid effluent by anaerobic microbes. With the aim of
utilizing biomass as well as maximizing biogas yields from co-digestion of Vernonia
auriculifera leaves with cow dung treated with thermally pretreatment (60 and 80°C), a
series of experiments were carried out under mesophilic conditions (38°C) using five
batch digesters (T1=100% VA, T,=70% VA: 30% CD, T3=50% VA: 50% CD, T,=30%
VA: 70% CD and Ts=100% CD) for 30 days. In all treatments, percent of total solid,
volatile solid, organic carbon, total nitrogen, C: N ratio and pH were analyzed before and
after AD. The daily biogas production was measured by water displacement method for
30 days. Before AD, pH was found to increase significantly with increasing of cow dung
proportion. The comparison of pH values before and after AD showed that pH values

were significantly increased after AD for all the treatments.

The result showed that T, (70% VA: 30% CD), T3 (50% VA: 50% CD) and T, (30% VA:
70% CD) had optimum C/N ratios for biogas production, 25.80, 25.56 and 24.57,
respectively. Higher reductions of TS and VS were also observed after AD of thermally
pretreated substrates under temperature of 80°C than 60°C. Daily mean and cumulative
biogas were noticed in all treatments and higher daily mean of biogas was recorded at
11"™ and 12" day for 80 and 60°C, respectively. Moreover, the mixed substrate (T,=
30% VA: 70% CD) showed highest biogas production (1383.79 ml) when exposed to

thermally pretreated under temperature of 80°C.
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5.2. Conclusions

This study was evaluated the impact of temperature pretreatments (60 and 80°C) on
biogas production from Vernonia auriculifera leaves co-digested with cow dung in solo
and mix proportions. The experimental results suggested that the Vernonia auriculifera
leaves co-digested with cow dung improves the biogas production potential when
compared with Vernonia auriculifera leaves and cow dung alone. It was also observed
that the highest biogas production was obtained in the mix ratio of 30% VA: 70% CD
(T4) in both temperature pretreatments. From both thermal pretreatments, high
cumulative biogas was recorded in all treatments pretreated with 80°C. The result also
revealed as concentration of cow dung increases in the mix the amount of biogas

production increases.
5.3. Recommendations

Based on the findings of this study, the following recommendations are forwarded:-

» Attempts should be done after AD to test the suitability of the bio-digestate as a
fertilizer.

» Efforts should also be made to measure the methane quality using Gas-
chromatography.

> Different combinations of the substrates and thermal pre-treatments other than
these used in this study should be tested to identify the most relevant one which

improves the production of biogas.
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Appendix Table 1. Daily mean biogas yield (mL) of each treatment at mesophilic temperature

of (38°C), from 60°C thermally pretreated substrates + SE (n=3)

Fermentation T1 T2 T3 T4 T5

time (day)

1 0.00+£0.00  0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
2 10.66+0.88 10.66+1.76 10.00+0.57 15.66+0.88 13.00+0.57
3 28.33£3.17 26.33+3.28 43.33+3.84 45.00+3.51 33.00£2.08
4 43.33+2.40 30.00£2.51 45.00+ 3.60 59.33+£3.84 41.66+0.88
5 50.00£3.55 31.00£1.52 47.66+4.84 62.66+1.20 45.00+0.57
6 42.00+1.15 32.66+3.28 50.66% 3.92 60.00£4.75 47.00£5.50
7 48.00+2.64 42.66%1.20 51.33+0.33 63.00£2.00 46.66+0.88
8 46.66+3.28 47.33+4.33 53.66+1.85 63.331£5.04 44.33+3.38
9 58.33+1.85 56.33+4.17 69.00+£0.57 60.66+1.76 43.33+0.88
10 45.00+0.57 60.00£2.08 61.00+£5.50 65.33+£3.38 44.00+0.57
11 42.00+1.15 70.66+2.33 72.33£1.76 74.66+1.85 54.33+1.45
12 37.66+0.88 74.00+1.52 78.00£1.15 83.33+£1.45 56.33+1.85
13 33.00+1.52 61.66+2.40 70.66+2.18 72.66+1.85 57.00+£1.15
14 27.00£1.73 60.33+1.66 68.66+3.17 70.33£2.60 42.66+0.88
15 24.66+£2.18 46.66+1.76 49.00+1.52 54.66+2.72 41.00+1.73
16 20.00+£1.15 42.66+1.76 42.66+3.55 43.00£2.08 33.33+2.84
17 21.00+£1.15 32.66+1.76 35.33+3.28 39.66+1.76 20.33+2.84
18 22.33£1.45 28.66+2.18 28.33+£3.38 29.00+2.64 18.00+1.52
19 23.33£1.45 26.33+0.88 20.33+£3.84 22.66+0.66 16.00+2.08
20 19.66+2.33 21.00+0.57 18.00+4.04 25.66+1.20 14.00+1.52
21 17.66+2.18 17.66+1.20 16.66+4.25 25.33+£1.20 13.33+£1.20
22 15.33+0.88 16.66+1.20 15.33+2.60 23.00£2.51 20.33+0.88
23 13.33+0.88 15.66+1.76 15.33+2.60 21.66%2.33 19.00£1.15
24 13.00+£1.15 12.66+1.76 9.33+2.96 17.66+2.90 16.00+1.52
25 12.00+£1.15 17.00+1.15 9.00+1.15 12.66+3.38 12.33+£2.18
26 10.66+0.88 11.66+1.66 6.00+2.08 7.33+1.85 10.00+2.08
27 7.33+0.88 8.66+0.88 3.00+0.57 2.66+0.88 3.66+0.66
28 1.00+£0.57 2.33%0.33 1.66+0.33 1.33+0.33 1.66+0.33
29 0.00+£0.00  0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
30 0.00+£0.00  0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Total 733.26 mL 903.43 mL 995.25Ml 1112.22mL 791.27MI
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T1=100%VA, T,=70%VA+30%CD, T3=50%VA+50%CD, T,=30%VA+70%CD and T5=100
%CD. Note: AV= Vernonia auriculifera and CD= cow dung

Appendix table : Total cumulative biogas production from five treatments

Treatments Total biogas (ml)
T, 733.26+0.001

T 903.43+0.001

T3 995.25+0.002

T, 1112.22+0.001
Ts 791.27+0.001

As per table 3, there was significant variation between 100%VA (T1), 70%VA+30%CD (T,),
50%VA+50%CD(Ts3), 30%VA+700%CD (T,4) and 100%CD (Ts) because the probability
value for all variations is less than 0.05.
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Appendix Table 3. Daily mean biogas yield (mL) of each treatment at mesophilic temperature
of (38°C),from 80°C thermally pretreated substrates + SE (n=3)

Fermentation T1 T2 T3 T4 T5

time (day)

1 0.00+£0.00  0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
2 12.00+£0.57 22.66+0.88 11.00+0.57 20.00£1.00 14.00+0.57
3 50.66+£3.52 39.00+4.50 57.331£5.36 59.33£2.33 40.33£1.85
4 56.33+3.38 53.66+2.84 65.33+ 3.48 63.33+4.37 54.00£2.64
5 61.33£2.72 57.00+2.51 70.3315.23 72.33+0.88 51.00+0.57
6 52.00+1.15 52.66+3.28 72.66% 3.92 62.00£4.75 52.00£5.50
7 60.66+£2.18 54.33+1.85 71.33+£0.66 64.00£2.51 52.33+£1.20
8 56.66+3.26 57.33%4.33 77.66+1.85 67.33+4.17 54.33+3.38
9 77.33£1.85 67.33+3.71 79.00+0.57 87.66%1.20 40.33+0.88
10 55.00+0.57 70.00£2.08 89.0045.50 90.33£3.38 44.00+0.57
11 52.66+1.45 87.00£1.73 90.33£1.45 92.00£2.51 65.33+1.85
12 47.66+0.88 84.00+1.52 92.00£1.15 94.33+£1.45 66.33+1.85
13 43.00+1.52 81.66%2.40 80.66+2.18 81.66+1.85 67.00£1.15
14 38.33+1.85 51.66+1.45 69.66+3.71 73.33£2.60 53.33+0.88
15 34.66+2.18 51.66+1.76 64.00+£1.52 64.66+2.72 51.00+1.73
16 30.00+1.15 49.66+1.76 48.66+3.55 51.00+£2.08 43.33+2.84
17 31.00+1.15 42.66%1.76 47.33+3.28 49.66+1.76 30.33+2.84
18 32.33+1.45 38.66+2.18 46.33+3.38 49.00+2.64 28.00+£1.52
19 33.33+1.45 31.33+0.88 40.33+3.84 42.66+0.66 26.00£2.08
20 29.66+£2.33 31.00+0.57 39.0044.04 40.66%1.20 24.00+£1.52
21 27.66+£2.18 27.66+1.20 36.6614.25 35.33+1.20 23.33£1.20
22 25.33+0.88 26.66+1.20 25.33+£2.60 28.00+£2.51 20.33+0.88
23 23.33£0.88 25.66+1.76 15.33+2.60 26.66%2.33 19.00+1.15
24 23.00+£1.15 22.66+1.76 9.33+2.96 24.66%2.90 16.00+1.52
25 12.00+£1.15 17.00+1.15 9.00+1.15 22.66+3.3 12.33+£2.18
26 10.66+0.88 11.66+1.66 6.00+2.08 17.33+£1.85 10.00+2.08
27 9.00+0.57 8.66+0.88 3.00+0.57 2.66+0.88 3.66+0.66
28 2.00+£0.57 3.00£1.00 1.00+0.57 1.33+0.33 1.66+0.33
29 0.66+0.66  1.33+0.33 0.00+0.00 0.00+0.00 0.33+0.33
30 0.00+£0.00  0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Total 981.24 mL 1162.55ML 1255.26mL 1383.79mL 963.61mL

T1=100%VA, T,=70%VA+30%CD, T3=50%VA+50%CD, T4=30%VA+70%CD and T5=100

%CD. Note: AV= Vernonia auriculifera and CD= cow dung
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Appendix table 4: Total cumulative biogas production from five treatments

Treatments Total biogas (ml)
Ty 981.24+0.001

T, 1162.55+0.001
Ts 1255.26+0.002
T4 1383.79+0.001
Ts 963.61+0.001

As per table 3, there was significant variation between 100%VA (T1), 70%VA+30%CD (T»),
50%VA+50%CD(T3), 30%VA+700%CD (T,4) and 100%CD (Ts) because the probability
value for all variations is less than 0.05.



48

7.3. Appendix I11: Experimental Procedures and Equations
1. Total Solids (TS)
A clean evaporating dish (crucible) was dried at 105°C for 1hr, cooled in desiccators and
weighed immediately before use.
One hunderad grams of CD and vernonia auriculifera leaves was weighed separately
using an analytical balance and placed on a pre-dried and weighed evaporating dish.
Then, the dish (crucible) was placed inside an oven maintained at 105°C.
The dish (crucible) was allowed to stay in the oven for 24hrs and then taken out, cooled in
desiccators and weighed.
The percentage of the TS was calculated using the formula indicated in APHA (1999) as
follows:
%TS= MDS x 100

MFES

Where, MDS = mass of dry samp

MFS = mass of fresh sample

Moisture Content Determination

0 =W-D)
MC% W X 100%

Where:
M = moisture content, W= initial weight of sample (g) and, D= weight of sample after
drying at 105°C for 24 hrs.

2. Volatile Solids (VS)

The volatile solids content of the samples was determined by transferring the dried
samples into muffle furnace, heating at 550°C for 3 hours and weighing after cooling at
room temperature.

The percentage of volatile solids for all samples was calculated using the following
equation (APHA 2540 E, 1999).

%V S= MDS-m(ash) x 100
MD
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Where, % VS = percentage of volatile solids
MDS = mass of dry solids in gram
m (ash) = remaining mass after ignition =fixed solid in grams.
l.e., TS = VS + fixed solids
3. Carbon: Nitrogen Ratio

A. Organic carbon

In order to determine the C: N ratio, the amount of organic carbon was first determined
using the following formula according to Walkley-Black method (1934).

While the N was determined using macro-kjedahl method. Thereafter, C: N ratio of each
substrate was determined.

For determination of organic carbon, one gram (1g) of dried organic waste was weighed
and transferred to a 500-mL conical flask.

10ml of 0.167 M K2Cr207 was added by means of a pipette and 20mL of concentrated
H2SO4 was also added by means of a dispenser and was swirled gently to mix
thoroughly, by avoiding excessive swirling that would results in organic particles
adhering to the sides of the flask out of the solution.

This mixture was allowed to stand for 30 minutes.

The flasks were placed on an insulation pad during this time to avoid rapid heat loss.

The suspension was diluted with 200mL of water to provide a clearer suspension for
viewing the endpoint.

Then 10mL of 85% H3PO4 and 0.2g of NaF were added using a suitable dispenser, (the
H3PO4 and NaF was added to complex Fe3+ which was interfere with the titration end
point).

Finally, 10 drops of ferroin indicator was added (The indicator was added prior to titration
to avoid deactivation by adsorption).

The mixture was then titrated with 0.5 M Fe2+ to a burgundy end point.

The color of the solution at the beginning was yellow-orange but turned to dark green at
the endpoint (the change in color depends on the amount of un-reacted Cr207-2
remaining, which shifts to a turbid grey before the endpoint and then changes sharply to a

wine red at the end point).



50

Use of a magnetic stirrer with an incandescent light made the endpoint easier to see in the
turbid system (fluorescent lighting gives a different endpoint color).
Calculation of organic carbon was done as follows.

%C= (B-S)xNx0.39xmcf
Wo
Where:
B = ml of FeSO4 solution used to titrate blank

S = ml of FeSO4 solution used to titrate sample
N= Normality of FeSO4 (0.5N)
0.39= milli equivalent weight of C in gram
Mcf= moisture correction factor
WO= dry sample weight in gram

B. Total Nitrogen

The total nitrogen in the sample was determined using the following formula according to
Kjeldahl method (1934).

One gram of sample and 6 ml of concentrated H,SO, was added into a test tube and
mixed carefully.

Then 3.5 ml of H,0, was added step by step. Violet color due to reaction was observed.
As soon as the violent reaction was ceased the tube was shaken by hand.

After adding 3g catalyst mixture the sample was allowed to stand for 5 to 15 minutes in
the test tube rack before digestion.

Then the digester was allowed to wait until its temperature reached 370°C.

As the digester reached the temperature 370°C and the digestion continued for about 4
hours until a clear solution was observed.

After the digestion process, tube was transferred to the fume hood for cooling. About 50
ml of distilled water was added and shaken by hand to avoid sulphate precipitation in the

solution.
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At this time 25 ml of 40% NaOH solution was added into the digested and diluted
solution.

Then 250 ml of conical flask containing 25 ml of boric acid, 25 ml of distilled water and
an indicator solution was placed under the condenser of the distiller with its tip immersed
into the solution and the distillation continued for about 8 minutes until the total volume
became between 200 ml to 250 ml.

Finally the solution was titrated using 0.1N H,SO, to a reddish color and %N, was
calculated using the following formula:

%N, = VxNx0.014xmcf
Wo

Where:
V = Volume H,SO,4 in ml consumed during titration
N = Normality H,SO, (0.1N).
0.014 = milli equivalent weight of nitrogen in g
Mcf = Moisture correction factor

Wo = Sample weight on dry matter in g

Finally, the ratio of carbon to nitrogen was calculated as:
%C
%N

C:N =

4. Determination of pH

The pH was determined using digital pH meter before and after AD.

In the case of before AD, an electrode was inserted into samples of substrate that was
diluted using distilled water before inoculation with rumen fluid.

In anaerobic digestion optimal pH was between 6.8 and 7.4 according to Arogoet al,
(2009).

The pH measurement after AD was done using pH electrode which was inserted into
samples of substrate that was digested at the end of the experiment.

5. Liquid Content

The substrate of each bio-digester was mixed with appropriate amount of distilled water

and inoculums to achieve the recommended percent of total solid.
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The total amount of liquid (Distilled water and rumen fluid) that was added to the bio-
digester was determined by the following formula (Tchobanoglouset al., 1993).

Y = _MTS-8%X
8%

Where:

mTS= mass of total solid

X =mass of added fresh sample in gram

8% = adjusted percents of total solids

Y= mass of fluid (water and inoculums) to be added to get 8% TS suspension in the
digester

Then, by fixing the amount of inoculums (100 ml) that was added finally to facilitate
anaerobic digestion, the amount of distilled water that has to be added was then
determined using the formula.

Z=Y-100

Where:
Z = amount of distilled water

Y = total amount of liquid (distilled water and rumen fluid)
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Filtered rumen fluid

Appendix Figure 1. Sample of filtered rumen fluid used for anaerobic digestion

Substrate Acidified brine solution Displaced acidified brine solution

Appendix Figure 2. Digester configuration in batch form of experimental setup of 500 ml

volume



Appendixes Figure 3: Digesters in the incubator
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Appendixes Figure 4: Analysis of carbon to nitrogen ratio.
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