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Abstract

Thermophilic anaerobic digestion offers certain advantages over mesophilic anaerobic
digestion such as a higher rate of biogas production and significant pathogen reduction.
Despite such advantages, there remain some key hurdles preventing the wider adoption of
thermophilic digestion, one of them being that of a difficult start up procedure. To overcome
this limitation, this thesis aims to determine suitable start-up conditions and inoculum sources
suitable for thermophilic anaerobic digestion.

Cow manure, a well-known source of

methanogens, was compared to municipal solid waste (MSW) as seeds for of thermophilic
anaerobic digestion start-up.

Results indicated that in contrast to cow manure, MSW

(collected from the metropolitan area of Perth, Western Australia) has a higher potential to be
a thermophilic anaerobic seed as compared to cow manure. After incubating of MSW at 55
˚C, methane was produced within 3 days with an initial methane production rate of 0.7 L*L1

*day-1.

In an attempt to narrow down the source of thermophilic methanogens in a typical MSW,
components of a typical MSW (vacuum cleaner dust, banana peel, kitchen waste, and garden
waste), which might contain the thermophilic methanogens, were tested as inoculum for
thermophilic methanogenesis with acetate as the substrate. Results singled out grass turf as
the key source of thermophilic acetoclastic methanogens.

Within 4 days of anaerobic

incubation at 55oC, anaerobically incubated grass turf samples produced methane
accompanied by acetate degradation enabling the successful start-up of thermophilic
anaerobic digestion. This indicates that turf has the ability to act as an alternative seed for the
start-up of thermophilic anaerobic digestion.
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Theoretically, methanogens could be divided into two main groups: hydrogenotrophic and
acetoclastic methanogens. Hydrogenotrophic methanogens generate methane from the
reduction of carbon dioxide by utilizing hydrogen as an electron donor while acetoclastic
methanogens cleave acetate to form methane and carbon dioxide. Therefore, investigation of
both groups of methanogens in each fraction of turf was addressed in the current study.
Characterization of the incubated turf sample identified the main hydrogenotrophic and
acetoclastic methanogens present in turf to be Methanoculleus sp. and Methanosarcina sp.
respectively.

The current study also investigated the effects of co-digestion of grass leaves in anaerobic
digestion on sodium toxicity.

It was motivated by results of observations that with

appropriate addition of sodium bicarbonate (330 mM), to tackle the early build-up of volatile
fatty acids, successful start-up of MSW and grass leaves were established. A study was
conducted to evaluate to what extent grass leave) could help in overcome the sensitivity of
methanogenic populations to high sodium content. Results demonstrated the complete failure
of the start-up of thermophilic anaerobic digestion at sodium concentration of 7.8 g Na+/L.
Grass leaves addition could, however, reduce the effects of sodium toxicity in both
mesophilic and thermophilic digestion.

Moreover, in an attempt to narrow down the component of grass leaves which is responsible
for elevating sodium toxicity, different likely compounds present in grass leaves such as
potassium and betaine were tested. Results revealed that addition of betaine (GB) (1, 5, 10
mM) was observed to be effective in increasing methane production in the presence of high
sodium.
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To correlate the effect of GB to the effect caused by grass leaves, the GB content in the turf
grass was determined. Results of betaine analysis showed that there was 3.9 mg of GB
present per g of fresh grass leaves, resulting in final expected GB concentration of 3.3 mM.
This implies that GB is one of the organic compounds contained in grass leaves, which plays
an important role in the antagonistic effect of grass leaves toward sodium toxicity during
thermophilic anaerobic digestion.
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Chapter 1
Introduction

1.1.

Background

Increasing world population and the expansion of industries has resulted in a rapid
increase in energy consumption and generation of massive organic wastes for both
wastewaters and solid waste (Global Waste Management Market Assessment, 2007).
This trend will lead to serious issues in global waste disposal and management.
Commonly used organic waste disposal techniques include incineration (Zhang et al.,
2004), landfilling (Ejlertsson et al., 2003), composting (Andersen et al., 2011), aerobic
digestion (Ugwuanyi et al., 2005), and anaerobic digestion (Harada et al., 1996).

Of

these waste disposal techniques, anaerobic digestion has attracted much attention due to
its many attractive benefits.
Anaerobic digestion is a biological process, which converts organic waste into methane
and carbon dioxide by various groups of microorganisms in the absence of oxygen.
Many researchers have developed and utilized anaerobic digestion to treat a wide
spectrum of wastewaters such as slaughterhouse wastewater (Ruiz et al., 1997), olive
mill wastewater (Ergűder et al., 2000), and pulp and paper industry wastewater (Savant
et al., 2006). Compared to conventional aerobic processes, anaerobic digestion is more
economical for treating organic wastes due to its decrease energy requirement from not
needing aeration, low sludge generation, and low initial capital cost requirement
(Lepistö and Rintala, 1997).

Methane gas as the end product of anaerobic digestion

serves as an excellent source of renewable energy that can be used for heat and power
generation. In addition, with significant increases in energy prices over the last decade,
1

the potential for energy recovery and environmental advantages have driven
considerable interest in anaerobic digestion.
Although thermophilic anaerobic digestion offers many advantages, disadvantages of
thermophilic anaerobic digestion include poor process stability and difficulties in the
start-up process (Angelidaki et al., 2006). Of these drawbacks the difficulty in start-up
process has been considered as the critical step for the operation of anaerobic digestion
(Forster-Carneiro et al., 2007b). This can make thermophilic anaerobic digestion to be
less attractive and limits global operation and application of thermophilic anaerobic
digestion.

The motivation behind this study was a previous research project entitled
“Understanding the DiCOM Process: A Novel Aerobic/Anaerobic Technology for the
Treatment of Municipal Solid Waste” (Walker et al., 2011).

The fundamental

knowledge of the DiCOM® process was supported by a research team from Murdoch
University. The DiCOM® was invented and patented by AnaeCo Ltd located in Perth,
Western Australia. DiCOM® is a novel batch biological process to treat mechanically
sorted organic fraction of municipal solid waste (OFMSW). The DiCOM® process
integrates the two phases of aerobic composting and thermophilic anaerobic digestion to
treat OFMSW in a single vessel. It consists of sequential biological processes (5 days
of aerobic composting phase→7 days of thermophilic anaerobic digestion→7 days of
aerobic composting phase).

Details regarding operating conditions and digester

performance data of the DiCOM® process can be found in Walker et al. (2009).
However, there are no pre-existing commercial scale thermophilic anaerobic digesters

2

in Perth.

Consequently the start-up of the first commercial scale of thermophilic

anaerobic digester has become a critical issue that needs to be addressed.
Several researchers suggested that to ensure a successful start-up process, the
thermophilic anaerobic seed taken from an existing digester treating the same type of
waste is the preferred seed for start-up of a new digester. Unfortunately, thermophilic
anaerobic seed is not always available in many areas due to a lack of thermophilic
anaerobic digester, including in Perth. Furthermore the importation of thermophilic has
its own difficulties. This leads to the serious requirement for research into sources of
thermophilic anaerobic seed. Anaerobic digestion consists of four main processes:
hydrolysis, acetogenesis, acidogenesis and methanogenesis. Of these four processes,
some processes were reported as rate limit step in anaerobic digestion. Degradation of
cellulosic wastes is not easy under natural conditions (Noike et al., 1985).
Consequently, hydrolysis of solids wastes contained cellulosic substrates has been
considered to be the rate-limiting step in anaerobic digestion (Vavilin et al., 2008).
Moreover, degradation rates of organic compounds in anaerobic digestion depend on
concentration of microbes.
methaogenesis, are very slow.

Growth rates of methanogens, main microbes in
So, methanogenesis was also reported as the rate-

limiting step in anaerobic digestion (Kobayashi et al., 2009).
Although different groups of microbes are involved in four main processes of anaerobic
digestion, the main aim of this thesis is to evaluate only sources of a thermophilic
methanogens that are potentially available in large quantities in Perth as well as
elsewhere globally. This study focuses on acetoclastic methanogens, which are main
microbes for conversion of acetate to methane.
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Moreover, during start-up of anaerobic digestion, a high amount of volatile fatty acids
are produced due to the degradation of organic compounds. In order to maintain a
constant pH for optimal methanogenic activity, appropriate buffering capacity, for
example in the form of sodium bicarbonate additions, is required.
According to the literature, sodium toxicity can inhibit methane production in anaerobic
digestion (Vallero et al., 2003; Gebauer, 2004; Riffat and Krongthamchat, 2007). So,
the use of high concentrations of sodium bicarbonate increases risk of failure start-up of
thermophilic anaerobic digestion. For this problem, the current study also aims to
investigate the possibility of co-digestion technique in order to reduce sodium toxicity
in anaerobic digestion during start up period.

1.2. Scope of work for this research
1. To compare MSW and cow manure as potential methanogenic seed for
commercial scale thermophilic anaerobic digestion (Chapter 3).
2. To investigate thermophilic methanogens in the fractions of MSW (Chapter 3).
3. To investigate acetoclastic methanogens which are key microorganisms in
anaerobic digestion in fractions of turf (Chapter 4).
4. To identify thermophilic methanogens present in turf (Chapter 4).
5. To investigate origin of thermophilic methanogens present in turf (Chapter 5)
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6. To examine the effects of co-digestion of grass leaves and yeast extract to
decrease sodium toxicity in anaerobic digestion due to using high concentration
of sodium bicarbonate (Chapter 6).
7. To investigate possible compound present in grass leaves that causes decreasing
of sodium toxicity in anaerobic digestion (Chapter 6).

1.3. Thesis Structure
Chapter 2 presents the literature review on topics relevant to the current study such
as microbiology and biochemistry of anaerobic digestion, advantages of
thermophilic anaerobic digestion, difficulty in start-up of thermophilic anaerobic
digestion, factors affecting operation and start-up of anaerobic digestion and a brief
outline of molecular methods for microbial analysis.
Chapter 3 covers the experiments conducted to compare start-up performance of
batch thermophilic anaerobic digestion using cow manure and MSW as seed and
narrowing down the source of thermophilic methanogens in fractions of MSW.
Chapter 4 details the experiments conducted to investigate methanogens in each
fraction of turf and to examine the effects of blending, drying and powdering of
grass leaves on the capacity for methane production and to identify methanogens
present on turf by using molecular-based approach (PCR relying on the
amplification of 16 rRNA).
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Chapter 5 focuses on the experiments conducted to investigate possible origin (grass
seed, bush soil, and groundwater) of methanogens present in turf.
Chapter 6 covers the experiments conducted to examine using yeast extract and codigestion of grass leaves to reduce sodium toxicity in mesophilic and thermophilic
anaerobic digestion as well as to investigate the compound in grass leaves causing
such decrease in sodium toxicity.
Chapter 7 contains general discussion, conclusions and recommendation for further
research.
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Chapter 2
Literature Review
.

2.1 Introduction
Anaerobic digestion has been demonstrated to be an effective method for waste
degradation and energy generation while it is a cost effective technology (Edelmann
et al. 2000; De Baere, 2000: Bolzonella et al., 2003).

Generally, the anaerobic

digestion of organic substrate consists of four processes: hydrolysis, acidogenesis,
acetogenesis and methanogenesis.

Each of these processes requires specific

conditions for optimal performance. In addition, it is usually challenging to maintain
an optimal condition for each process, especially during the start-up period (Lu et al.
2007). The start-up period of anaerobic digestion process may be considered the most
critical stage as it forms the foundation of a healthy methanogenic population. So,
background knowledge of anaerobic digestion is essential for successful start-up
process.

To enhance knowledge of anaerobic digestion, this chapter provides a

review on the: 1) Microbiology and biochemistry of anaerobic digestion 2)
Advantages of thermophilic anaerobic digestion 2) Difficulty in start-up of
thermophilic anaerobic digestion 4) Factors affecting operation and start-up of
anaerobic digestion and 5) A brief outline of molecular methods for microbial
analysis.
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2.2 Microbiology and biochemistry of anaerobic digestion
The term anaerobic digestion is used to explain the biological metabolism of organic
substrates in the absence of light and molecular oxygen (Mata-Alvarez, 2003).
Furthermore, the redox potential below approximately -300 mV is necessary for
growth of methanogens (Gerardi, 2003), main microbes for methane production.
Table 2.1 illustrates examples of microorganisms and population involved in the
anaerobic digestion. Generally, microorganisms obtain energy via transport of
electrons released from the degradation of organic substrates into final electron
acceptors through various substrate oxidation reactions (Gerardi, 2003).

In the

presence of oxygen, aerobic microorganisms are able to use oxygen as an electron
acceptor in an aerobic respiration to conserve energy for their growth (Schlegel and
Jannasch, 2006). On the other hand, those electrons will be transported via electron
transport chains by anaerobic microorganisms into different electron acceptors such as
nitrate (NO-3), sulfate (SO2-4) and carbon dioxide (CO2) in the absence of oxygen
(Schlegel and Jannasch, 2006).

However, the term of “anaerobic digestion” is

referred to only organic oxidation of which CO2 and methane (CH4) are the principal
end products. In anaerobic digestion, electrons released from organic waste degraded
will be transported via several electron acceptors such as CO2 and H+ for CH4
generation. Presence of other competitive electron acceptors such as NO-3, and SO2-4
in anaerobic environment can inhibit anaerobic digestion resulting in decrease of
methane production (Koster et al., 1986; Karhadkar et al., 1987; McCartney and
Oleszkiewicz, 1991; Krylova et al., 1997; Gallert et al., 1998).
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Table 2.1: Example of microbial population from anaerobic digestion (Khanna et al.,
1995).
Group
Cell/mL
Total hydrolytic bacteria
Proteolytic
Cellulolytic
Hemicellulolytic
Hydrogen-producing acetogenic bacteria
Homoacetogenic bacteria
Methanogens
Sulphate reducers

108-109
107
105
106-107
108-109
106
105-106
104

Generally, organic substrates in anaerobic environments are in complex biopolymer
forms (e.g. carbohydrates, lipids, and proteins).

However, methanogens, key

microbes for methane production, could degrade only a limited number of organic
substrates such as formate, ethanol, one-carbon compounds, acetate and hydrogen and
CO2 into CH4 (Bagi et al., 2007). Consequently, in anaerobic digestion, complex
organic substrates are degraded into methane and carbon dioxide by synergistic
cooperation of various microorganisms via a series of four main biological processes:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Mara and Horan, 2003;
Demirel & Scherer, 2008).

Figure 2.1 shows the multi-processes of anaerobic

digestion.

2.2.1 Multi-processes of anaerobic digestion
2.2.1.1 Hydrolysis
Complex organic compounds will be broken down into simple soluble molecules (e.g.
organic acids, glycerol, sugar, and peptides) during the hydrolysis process.
Hydrolytic bacteria will generate extracellular enzymes (e.g. cellulases, proteases, and
lipases) to hydrolyse complex organic compounds into soluble organic compounds
(Kuang, 2002). For instance, peptide bonds in protein substrates are broken down by
exoenzyme (proteases or peptidases) resulting in amino acids. Polysaccharides are
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degraded by cellulases into sugar. Furthermore, lipids are converted by lipases to
glycerol and long chain fatty acids (LCFAs) including saturated fatty acids (12-14
carbon atoms) and unsaturated fatty acids (18 carbon atoms) (Kuang, 2002). It is
noted that although all bacteria can produce endoenzymes, only some bacteria can
produce exoenzymes (Gerardi, 2003). The hydrolytic bacteria include both obligate
and facultative microbes.

Toerien and Hattingh (1969) reported that hydrolytic

bacteria were detected in the hydrolysis process including the genera of Bacteroides,
Clostridium, Butyrivibrio, Eubacterium, Bifidobacterium, and Lactobacillus.
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Complex organic compounds
Proteins

Carbohydrates

Lipids

(Hydrolysis)

Amino acid

Sugar

Long-chain fatty
acids

Glycerol

(Acidogenesis)

Volatile fatty acids (butyrate,
propionate, valerate), alcohols,
etc

(β-oxidation)

(Acetogenesis)
Acetogenic dehydrogenation and Acetogenic hydrogenation
Hydrogen + Carbon dioxide

Acetate

(Hydrogenotrophic Methanogenesis)

(Acetoclastic

Methanogenesis)

Methane + carbon dioxide
Figure 2.1: Schematic for anaerobic digestion of general organic compounds
(Adapted from Hattori et al., 2001; Nie et al., 2007; Demirel & Scherer, 2008)
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Since, anaerobic digestion can generally be used to treat different types of wastes,
Apart from methanogenesis, hydrolysis was also reported by some researchers as the
rate-limiting step of anaerobic digestion treating some types of wastes, particularly
cellulosic compounds (O’Sullivan et al., 2006).

Although hydrolysis of organic

compound generally depends on enzyme-catalysed biological process, physicochemical factors can also affect hydrolysis efficiency. The physico-chemical factors
which can affect solubilisation of organic compounds include pH, temperature, size
and types of organic compounds (Gavala et al., 2003; de Lemos Chernicharo, 2007).
Hence, various pre-treatments including hydrolytic enzyme (Romano et al., 2009),
thermal hydrolytic (Wilson and Novak, 2009), ultrasonication (Apul and Sanin,
2010), and ozonation (Chaiprapat and Laklam, 2011) pre-treatments were studied to
enhance hydrolysis efficiency in order to accelerate the anaerobic digestion.

Masse et al., (2003) studied the effects of sodium hydroxide, three different enzymes
(lipases from plant, bacterial and animal) and size reduction for pre-treatment on
solubilisation of pork fat particles (3 g/L) in slaughterhouse wastewater. The authors
concluded that lipase from animal (PL-250) was the best hydrolysing agent compared
to other hydrolysing agents tested. Results of this study showed that the fat particle
was reduced from 359 to 68 µm (~ 60% of the initial average particle size of pork fat)
by using PL-250 for 4 hours. Furthermore, free long-chain fatty acid concentration
increased from ~ 0.44 to 15.5 mg/L at PL-250 doses of 250 mg/L.
In hydrolysis process, complex compounds are hydrolysed by extracellular enzymes.
This is characterized by surface phenomena (Izumi et al., 2010). So, efficiency of
hydrolysis process is also depended on surface area of organic compounds. Wen et
al., (2004) improved glucose production from hydrolysis of animal manure
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lignocelluloics (cow manure) by using mechanical size reduction to increase surface
area of cellulolytic compounds. Wen et al. (2004) reported that when particle size of
cow manure was decreased from 590-840 to 350-590 µm, after 4 days of treatment,
glucose yield increased at least 20% compared to that of non-treated cow manure.
Hills and Nakano (1984) showed that the hydrolysis rate of tomato wastes increased
for decreasing particle size. Results from Hills and Nakamo (1984) indicated that the
rate of hydrolysis increase for organic matter with smaller particle sizes due to the
increased available enzyme adsorption sites per unit mass.

2.2.1.2 Acidogenesis
In this process, the soluble organic compounds, produced in hydrolysis stage, are
further degraded by endoenzymes of fermentative acidogenic bacteria into ethanol,
hydrogen, carbon dioxide, alcohols, and short-chain volatile acids (acetate, butyrate,
and propionate). Table 2.2 presents some examples of fermentative reactions from
glucose and amino acid fermentation.
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Table 2.2 Examples of glucose and amino acid fermentative reactions
Substrate

∆Gº'

Reaction

Equation

(kJ/mol)
Glucose

C6H12 O6 + 4H2O → 2CH3 COO- + 2HCO3- + 4H++4H2

-206.3

(2.1)

Glucose

C6H12O6 + 2H2O → CH3CH2COO- + 2HCO3- + 3H+ + 2H2

-254.8

(2.2)

Glucose

C6H12 O6 + 2H2 → 2CH3 CH 2COO - + 2H2O + 2H+

-358.1

(2.3)

Amino acid

Glutamate + 3H2O → 2CH3 COO- + 2HCO3 - + H++ NH4+ + H2

-33.9

(2.4)

Amino acid

2 Glycine + 4H2O → CH3COO- + HCO3- + H++ NH4+ + H2

-51.5

(2.5)

∆Go (kJ/mol) at pH 7, 1 atm, 25 oC
(Sources: Thauer et al., 1977; McInerney, 1988; Gallert et al., 1998)

According to the large negative value of ∆Gº' in Eq. (2.1-2.5), indicates that
acidogenic bacteria obtains high amounts of energy via acidogenesis. This explains a
faster growth rate of acidogenic bacteria compared to that of other microbes in
anaerobic digestion. The minimum doubling time of acidogenic bacteria is about 30
minutes (McInerney and Bryant, 1981; Gujer and Zehnder, 1983). Britz et al., (1994)
investigated acidogenic microbes in four different anaerobic digesters, which were fed
with landfille leachate, a petrochemical effluent and sewage. Results showed that
various

species

of

microbes

including Bacillus,

Citrobacter, Enterobater,

Fusobacterium, Klebsiella, Pseudomonas, Staphylocooccus,
bifermentans, were detected in these four digesters.

and

Clostridium

Of these microbes, the

predominant species of acidogenic microbes detected in four digesters was
Clostridium bifermentans.
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Glucose is a soluble organic compound generated from hydrolysis of cellulose by
hydrolytic bacteria.

During acidogenesis, different products are generated from

glucose fermentation. This depends on many factors such as types of microbes and
the environmental conditions (pH, substrate concentration, dissolved hydrogen
concentration, and thermodynamic condition) (Mosey, 1983; Novaes, 1986; Gallert
and Winter, 2005).

For example, fermentative bacteria use pyruvate as an electron

acceptor for conversion of glucose into various product spectrums such as organic
acids and alcohols (Thauer et al., 1977; McInerney and Beaty, 1988; Schink, 1988).
According to Table 2.2, large negative value in Eq. (2.1) suggests that these
fermentative reactions are thermodynamically favourable.

At low hydrogen partial

pressure (<10-4 atm), acetate, hydrogen, and carbon dioxide are generally the main
fermentative productions from glucose fermentation. On the other hand, at high
hydrogen partial pressure (>10-4 atm), other fermentative products such as ethanol,
propionate and butyrate will be generated (Novaes, 1986). So, low hydrogen partial
pressure is necessary for conversion of glucose to acetate, which is a main carbon
compound for methane production in methanogenesis.

The hydrolysed products from lipids degradation are mainly long chain fatty acids
(LCFAs) and glycerol (Kuang, 2002). In acidogenesis, the soluble glycerol is directly
oxidized by fermentative bacteria into several fermentative products such as acetate,
propionate, and 1,3 –propanediol (Himmi et al., 2000; Yazdani and Gonzalez, 2007).
Mu et al., (2006) studied production of 1,3-propanediol from degradation of different
types of glycerol by Klebsiella pneumonia. The different types of glycerol included
pure glycerol and different crude glycerol from alkali-catalyzed methanolysis and
from a lipase-catalyzed process. Results of this study showed that the production of
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1,3-propanediol from crude glycerol was approximately 1.7 g/L/hour, which was
comparable to that of 2 g/L/hour from pure glycerol. The authors concluded that
crude glycerol was an alternative cost-effective carbon source for 1,3-propanediol
production without any requirement of pre-treatment.

Unlike glycerol, LCFA can not be directly oxidised by fermentative bacteria in
acidogenesis. Since LCFA needs syntrophic acetogenesis to be degraded into acetate,
hydrogen, and carbon dioxide, it will be therefore be mainly degraded via β-oxidation
in acetogenesis (Oh and Martin, 2010).

2.2.1.3 Acetogensis
Since anaerobic microbes in the last stage can use only limited energy compounds to
produce methane, in acetogenesis the intermediate products such as butyrate,
propionate, and ethanol will be subsequently degraded into acetate and hydrogen +
CO2, which are the main substrates in the last stage. Table 2.3 represents examples of
reactions in acetogenesis. There are two significant groups of acetogenic bacteria
categorised by their metabolism. The first group is homoacetogenic bacteria. These
microbes can catalyse H2 and CO2 into acetate.

When hydrogen partial pressure in

anaerobic digester is low, only small amount of acetate is generated via hydrogen
oxidation. On the other hand, homoacetogenic bacteria will play a role for hydrogen
removal when hydrogen is accumulated in anaerobic digester (Bryant and McInerney,
1981).

Examples of these obligate anaerobes are Acetobacterium woodii, and

Clostridium aceticum (Braun et al., 1981). The minimum doubling time of these
anaerobes reported in literature was generally more than 10 hours when they use
hydrogen and carbon dioxide for their growth (Goldberg and Cooney, 1981).
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The second group is the obligate hydrogen producing acetogens (OHPA). They
convert intermediate organic compounds such as alcohols, propionate, and butyrate,
into acetate, H2, and CO2. Examples of thermophilic OHPA are Desulfotomaculum
thermocisternum (Nilsen et al., 1996), Desulfotomaculum thermobenzoicum subsp.
thermosyntrophicum (Plugge et al., 2002), and Pelotomaculum thermopropionicum
(Imachi et al., 2002), which are thermophilic propionate degrader.

Although OHPA can oxidise intermediate products into acetate and hydrogen, the
oxidation of intermediate products by OHPA is energetically unfavourable (∆Gº > 0)
under normal condition (Table 2.3).

Based on thermodynamical reasons, all

anaerobic oxidation in Table 2.3 (Eq. 2.6-2.10) will not progress if ∆Gº' is positive.
This indicates that acetogenesis can not process when the end products of this process
(hydrogen and acetate) are not constantly degraded and maintained at low
concentrations (Fukuzaki et al., 1990; Warikoo et al., 1996; Reddy et al., 1972). It
has been reported that high hydrogen partial pressure resulting in VFA accumulation,
has been a significant cause of failure of anaerobic digestion (Archer et al., 1987;
Strong and Cord-Ruwisch, 1995).

As a result, OHPA requires other groups of

microbes which can consume hydrogen resulting in low hydrogen partial pressure in
anaerobic environment leading to energetically favourable condition (∆Gº'<0) (Bok et
al., 2004). McInerney and Bryant (1981) stated that low hydrogen partial pressure of
2 x 10-3 and 9x10-5 atm were essential for butyrate and propionate degradation
respectively. It is noted that hydrogen partial pressure is very important parameter,
which needs to be considered because hydrogen partial pressure in anaerobic
environment influences types of end-products produced during acidogenesis
17

(McInerney and Bryant, 1981; Mosey, 1983) and VFA degradation during
acetogenesis.

According to Eq. (2.6-2.10), they indicate that these reactions are

thermodynamically not able to proceed if the hydrogen partial pressure is not very
low. Doubling time of acetogenic bacteria was reported ranging from 1.5 to 4 days
(Lawrence & McCarty, 1969).

In the digestion process, the low hydrogen pressure is maintained by hydrogenutilising methanogens for methane production while OHPA converts volatile fatty
acids to acetate used in acetoclastic methanogenesis (Schink and Stems, 2006).
Generally, the term ‘syntrophy,’ meaning ‘eating together’, has been used to explain
interactions between OHPA and hydrogen-utilising methanogens in anaerobic
digestion. Tatara et al. (2008) studied the degradation of acetate and propionate in
downflow anaerobic packed-bed reactor under thermophilic condition. Tatara et al.
(2008) reported that at an organic loading rate of 66.4 kg CODcr/m3-reactor/day, the
maximum biogas production rate, acetate and propionate degradation rates were 16.6
L/L-reactor/day, 25.0 g acetate/L-reactor/day, and 13.7 g propionate /L-reactor/day
respectively. By using clone library analysis and real-time PCR using 16S rRNA–
gene technique, the authors reported that the significant microbes are Pelotomaculum,
which is capable tho degrade propionate, Methanothermobactor, and Methanosarcina.
These anaerobic microbes were detected only in the biofilm fraction formed in the
digesters’s packed-bed.

On the other hand, those anaerobic microbes were not

detected in the liquid fraction. The authors revealed that the syntrophic cooperation
between propionate-oxidising microbes and hydrogenotrophic methanogen in the
biofilm plays an important role in propionate degradation.
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Table 2.3 Examples of organic acid reactions in acetogenesis stage (Source: Pind et
al., 2003; Pohland and Kim, 2000; Thauer et al., 1977)
Equation
∆G º’
Substrate

Reaction

(kJ/mol)

Propionate

CH3CH2COOH + 2H2O → CH3COOH +CO2 + 3H2

+76.2

(2.6)

i- butyrate

CH3(CHCH3) COOH + 2H2O → 2CH3COOH + 2H2

+48.1

(2.7)

Butyrate

CH3CH2 CH2COOH + 2H2O → 2CH3COOH + 2H2

+48.4

(2.8)

i-valerate

CH3(CHCH3) CH2COOH + 2H2O +CO2→ 3CH3COOH + H2

+20.2

(2.9)

Valerate

CH3CH2CH2 CH2COOH + 2H2O +CO2→ 3CH3COOH + H2

+48.4

(2.10)

2.2.1.4 Methanogenesis
In this stage, a restricted number of substrates, mainly acetate, formate, and hydrogen
+ carbon dioxide, is stoichiometrically converted by methanogens into methane and
carbon dioxide. However, some methanogens can generate methane by using other
organic substrates such as ethanol and other one-carbon compounds including
methanol (CH3OH), and methylamines (CH3NH3Cl) (Deppenmeier et al., 1996).
Methanogens contain unique coenzymes (F420 and coenzyme M) which are necessary
for methane synthesis (Deppenmeier et al., 1996). Methane synthesis is a main source
of energy for their growth. For this reason, many studies including the current study
used methane production rate as an important parameter for monitoring methanogenic
growth activity.

Table 2.4 shows examples of reactions and standard changes in free energies (∆G º')
for methanogenesis depending on substrate specificity.

The standard Gibbs free

energy (∆G º') is a measure of the amount of energy available when the substrates are
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degraded into products. Reactions in Table 2.4 indicate the different growth rate of
methanogens when these microbes degrade different substrates for methane
production. Based on Table 2.4, it indicates that a greater biomass yield will be
possible when methanogens use hydrogen, compared to acetate, to produce methane.

As obligate anaerobes, methanogens are very sensitive to oxygen. Methanogens
require an anaerobic environment of moderate temperature, pH and salinity for their
growth. Undoubtedly, methanogenesis has been considered by several researchers to
be the critical step in common anaerobic digestion (Angelidaki et al., 2006; Lins et al.,
2012).

In order to ensure a successful start-up adequate amount of anaerobic

inoculum containing methanogens is essential.

So, this study focuses on

methanogenic source used for start-up of anaerobic digestion.

Methanogens are characterised as prokaryotes and fall under Archaea domain.
Generally, methanogens are divided into three main orders. These three orders are
further divided into six families (Whitman, 2006). Table 2.5 presents examples of
taxonomic groups of methanogenic Archaea. Although a narrow range of substrates
can be used by methanogens as energy source to produce methane, methanogenesis
can be divided into three main types depending on different substrate utilization
(Deppenmeier et al., 1996). The first type of methanogenesis is hydrogenotrophic
methanogenesis where mainly hydrogen produced from acetogenesis step or formate
will serve as an electron donor to reduce CO2 for methane production.
Hydrogenotrophic methanogenesis is the main pathway for methane production in
some anaerobic environments, particular in cow rumen (Shin et al, 2004).
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Generally, methane from reduction of CO2 contributes to approximately 30% of total
methane produced in common anaerobic digesters (Ho, 2010).

However,

hydrogenotrophic methanogens also play a significant role in maintaining low
hydrogen partial pressure.

This is essential for interspecies electron transfer to

facilitate the oxidation of the syntrophic substrates such as propionate and butyrate
(Shigematsu et al., 2006). Hence, the presence of hydrogenotrophic methanogens in
the inoculum used for the start-up process is necessary to avoid high hydrogen
pressure in anaerobic digester, which can lead to VFA accumulation during start-up
period. Generally, the minimum doubling time of hydrogenotrophic methanogens is
about 6 to 12 hours (Gujer and Zehnder, 1983; Zhang and Noike, 1991).

Another pathway for methane production is methanogenesis from C-1 organic
compounds. Methanogenesis from C-1 organic compounds will occur when large
amounts of methyl-containing C-1 compounds are available as energy sources. Here,
methanogens will use the remaining methyl groups of C-1 compounds as an electron
acceptor for methane production (Whitman, 2006). Generally, methanogenesis from
C-1 organic compounds is not the key pathway for methane synthesis in common
anaerobic digesters because the amount of methane produced from this pathway is
relatively small compared to hydrogenotrophic and acetoclastic methanogenesis (Ho,
2010).
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Table 2.4: Examples of reactions and standard Gibbs free energy changes during
methanogenesis from different energy sources at neutral pH (Whitman et al., 2006).
∆G º'
Reaction

Equation

(kJ/mol)

CO2 + 4H2 → CH4 + 2H2O

-135.6

(1.11)

4HCOOH → CH4 + 3CO2 + 2H2O

-130.1

(1.12)

CH3OH + H2 → CH4 + H2O

-112.5

(1.13)

4 CH3OH + H2 → 3CH4 + CO2 + 2H2O

-104.9

(1.14)

4 Methylamine + 2H2O

→ 3CH4+ CO2 + 4NH4+

-75.0

(1.15)

2 Dimethylamine + 2H2O → 3CH4+ CO2 + 2NH4+

-73.2

(1.16)

4 Trimethylamine + 6H2O → 9CH4+3CO2 + 4NH4+

-74.3

(1.17)

2 Dimethylsulfide + 2H2O → 3CH4+ CO2 +H2S

-73.8

(1.18)

CH3COOH → CH4 + CO2

-31.0

(1.19)
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Table 2.5: Classification of methanogens (Adapted from Whitman et al., 2006;
Demirel and Scherer 2008)
Order
Family
Substrates for methanogenesis
Genus

Methanobacteriales

Methanobacteriaceae

H2+CO2, Formate, Alcohols

Methanobacterium

”

Methanobrevibacter

”

Methanosphaera

Methanothermaceae

H2+CO2

Methanothermus

Methanococcales

Methanococcaceae

H2+CO2, Formate

Methanococcus

Methanomicrobiales

Methanosarcinaceae

methyl compounds

Methanococcoides

”

Methanohalobium

”

Methanohalophilus

”

Methanolobus

”

Acetate, H2+CO2, methyl compounds

Methanosarcina

”

Acetate

Methasaeta (“Methanothrix”)

H2+CO2, Formate, Alcohols

Methanoculleus

Methanomicrobiaceae
”

Methanogenium

”

Methanolacunia

”

Methanomicrobium

”

Methanoplanus

”

Methanospirillum

Methanocorpusculaceae

H2+CO2, Formate, Alcohols

Methanocorpusculum
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The last methanogenesis is acetoclastic methanogenesis. Here acetate is as the main
energy source and catabolised to methane. In the absence of competitive electron
acceptors, the methyl (C-2) carbon of acetate is reduced for methane production by
acetoclastic methanogens while the carboxyl (C-1) carbon is oxidized resulting in
CO2. Of the three types of methanogenesis, acetoclastic methanogenesis is the most
important pathway for methane production because the majority of methane (~ 70%)
produced in common anaerobic digesters is produced through this process (Lins et al.,
2012). Hence, the presence of acetoclastic methanogens present in inoculum sources
tested is the most important for the current study. Furthermore, acetate degradation
rate is another significant parameter used in the current study to monitor activity of
acetoclastic methanogens present in inoculum. Although acetate is an important
energy source of methanogenesis, only two genera of methanogens (Methanosarcina
and Methanosaeta) can cleave acetate to methane and CO2 (Jetten et al., 1992). These
two genera of methanogens play a significant role in pH changing in the digester due
to degradation of acetate into methane and CO2.

Furthermore, the less negative value (∆G º'= -31.0) in Eq. (2.19) where acetate is used
as substrate indicates the slow growth rate of acetoclastic methanogens.

The

minimum doubling times of acetoclatic methanogens are approximately 2-3 days
(Lawrence and McCarty, 1969; Zehnder, 1978; Mosey, 1983; Novaes, 1986). Since
acetoclastic methanogens have a long doubling time, the start-up of new anaerobic
digester by using small amount of acetoclatic methanogens can lead to a long start-up
period or acetate accumulation which can result in digester failure. Hence, the initial
amount of acetoclastic methanogens present in an inoculum plays an important role in
the successful start-up of an industrial scale reactor leading to serious requirement of
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research related to methanogenic sources which are readily available in large
quantities.

2.3 Advantages of thermophilic anaerobic digestion
Anaerobic digestion has been generally operated under three main temperature
ranges: 1) psychrophilic (0 ˚C to 20 ˚C), 2) mesophilic (20 ˚C to 40˚C), and 3)
thermophilic (40 ˚C to 60 ˚C). Of these temperature ranges, mesophilic anaerobic
digestion has thus far been the most attractive anaerobic process used for the
treatment of organic wastes (Forster-Carneiro, 2008).

However, the interest in

thermophilic anaerobic digestion has increased significantly in the past decade due to
its advantages over mesophilic anaerobic digestion in many aspects. For instance,
wastewaters generated from various industries such as palm oil mills (Mustapha et al.,
2003), distilleries (Seth et al., 1995), vegetable processing industries (Lepistö and
Rintala, 1997), and instant coffee production (Dinsdale et al., 1996), are discharged at
high temperatures. To treat these wastewaters, it is more suitable to use thermophilic
conditions, instead of having to cool the waste down for mesophilic conditions. From
an economic perspective, it is feasible and appealing to operate the digesters treating
such wastewaters at thermophilic range since this can save on capital investment and
energy consumption costs from cooling down temperatures of wastewaters before
treatment by mesophilic anaerobic digestion.

Operating the digesters at thermophilic range is also an effective technique in
pathogenic deactivation in wastewater.

Gannoun et al. (2009) compared the

efficiency in pathogens destruction of mesophilic and thermophilic anaerobic
digestion treating abattoir wastewaters utilizing up-flow anaerobic filter digesters.
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The authors concluded that pathogens destruction in abattoir wastewater could be
obtained from mesophilic anaerobic digestion.

However, thermophilic anaerobic

digestion was more effective in pathogen destruction at all organic loading rates
(OLR) from 0.9 to 6 g COD/L/day. At mesophilic conditions, the residual number of
faecal coliform counts in effluent at OLR 0.9 to 3.6 and 4.5 to 6 g COD/L/day were
102 to 103 and 103 to 105 MPN/ml respectively.

However, the residual number of

faecal coliform counts in effluent treated under thermophilic condition at the same
OLRs was approximately 101 to 103 MPN/ml, which was lower than at mesophilic
condition.

Furthermore, Song et al. (2004) examined the destruction of total

coliforms in sewage sludge after mesophilic and thermophilic anaerobic digestion.
Results of this study clearly showed a higher destruction efficiency of total coliform
by thermophilic digestion (99.7%) as compared to mesophilic digestion (66.7%).
Two configurations of a two-stage anaerobic sequencing batch reactor were set up to
study the effectiveness of coliforms destruction (Dugba and Zhang, 1999). For the
first system, the first and second stages were operated in thermophilic and mesophilic
conditions respectively.

In contrast, both of two stages of the second system were

operated in mesophilic conditions. The authors found that no coliform in the effluents
of the first system whereas coliforms were still detected in the effluent of the second
system.

It is well established in the literature that methane production rate of thermophilic
anaerobic digestion is higher than that of mesophilic anaerobic digestion treating the
same wastewater (Cecchi, et al., 1992).

Ahn and Forster (2002) compared the

performance of mesophilic and thermophilic anaerobic upflow filters treating paperpulp-liquors.

These digesters were operated at hydraulic retention time (HRT)
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ranging from 11.7 to 26.2 h with OLR of 1.7 to 3.87 g/L/day. Ahn and Forster (2002)
concluded that at all tested HRTs, methane production rate of mesophilic digester
(~0.38 to 0.9 L/L/Day) was lower than thermophilic digester (~0.58 to 1.1 L/L/Day).

Cecchi et al. (1991) studied the treatment of mechanically sorted organic fraction of
municipal solid waste (OFMSW) using both mesophilic and thermophilic anaerobic
digestion. Results of this study clearly showed that the biogas production rate of
thermophilic anaerobic digestion was 2-3 times higher than that of mesophilic
anaerobic digestion. The authors also stated that compared to mesophilic anaerobic
digestion, treating OFMSW under thermophilic condition was more economically
viable and beneficial.

Furthermore, anaerobic digestion operated under thermophilic conditions resulted in
higher organic removal and substrate uptake rate. Borja et al. (1995) compared the
efficiency of mesophilic and thermophilic anaerobic digestion for treating olive mill
wastewater for chemical oxygen demand (COD) removal and volumetric rates of
substrate uptake utilizing a completely mixed continuous flow reactor. Results of this
study showed that at 15 – 40 days HRT, COD removal of thermophilic digester was
90.4%, which was higher than that of mesophilic digester (84.7%). At HRT of 10
days, COD removal of thermophilic digester decreased slightly to 84.4% while that of
mesophilic digester declined significantly to 54.0%. By using Guiot’s kinetic model,
the volumetric rates of substrate uptake for mesophilic digester was calculated to be
0.12 g COD g-1 VSS.day-1 which was lower than that of thermophilic digester (0.27 g
COD g-1 VSS.day-1).
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Increased organic solid degradation is another benefit of thermophilic anaerobic
digestion over that of mesophilic anaerobic digestion.

Shu-guang et al. (2007)

evaluated the destruction of organic solid in dry mesophilic and thermophilic
anaerobic digestion treating organic solid wastes during the start-up period. Since
organic solid compounds are hydrolysed by groups of anaerobic microbes into soluble
organic compounds, the authors used the soluble total organic carbon (TOC) of the
extracted water collected from these digesters as a main parameter to evaluate the
destruction of organic solid compounds. After the initial five days of inoculation, the
soluble total organic carbon (TOC) of thermophilic reactor (122 mg TOC/g dry
weight) was higher than that of reactor operated under mesophilic condition (79 mg
TOC/g dry weight). The more efficient hydrolysis of organic compounds observed
was attributed, by the authors to higher temperature encountered in thermophilic
digestion.

Such advantages of thermophilic anaerobic digestion, particularly with regard to
increased organic solid degradation, have made laboratory, pilot plant and commercial
plant studies in this area extremely attractive. As a result, various innovative process
configurations have been developed for thermophilic anaerobic digestion treating
MSW.
-

Dry Anaerobic Composting (Dranco) process was developed in 1991 and
constructed at Brecht, Belgium to convert MSW to biogas and a humus-like
final product (Six and De Baere, 1992).

The digester (808 m3) was

continuously fed with high solids (TS= 32%) and under thermophilic (55 0C)
condition. MSW is treated in the digester for about 3 weeks after that liquid in
the final product was removed.

The dewatered end product was further
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stabilized by a 10 day aerobic post-treatment process. The authors reported
that at organic loading rate (17.3 kg COD/m3/day), biogas production rate and
percentage of COD reduction were 3.3 m3/m3/day and 55% respectively.
-

Wellinger et al. (1993) reported on the KOMPOGAS system. This system is
operated with continuous feed of solid wastes (TS = 15-40%), a thermophilic
(55 0C), and horizontal CSTR type of reactor (15 m3). At 40 days retention
time, biogas was produced at an average rate of 2.7 m3/m3/day.

-

Chynoweth et al. (2003) reported on the Sequential Batch Anaerobic
Composting (SEBAC). SEBAC consists of 3 sequential stages operated in 3
digesters during 15-40 days.

This system mainly treats MSW under

thermophilic conditions. Leachate is recycled from old and newly loaded
digester in order to increase process efficiency.

2.4 Difficulty in start-up of thermophilic anaerobic digestion
It is well recognized that the start-up of anaerobic digestion has been considered as a
most difficult procedure, which may be time consuming (Show et al., 2004) and
ineffective in organic removal (Angelidaki et al., 2006). Problems during start-up
have been reported by several researchers in the literature (McMahon et al., 2004).
Stroot et al. (2001) examined the performance of anaerobic digesters treating
municipal solid waste and biosolids. Results of this study showed that high volatile
fatty acids were accumulated in the digester over the forty days of start-up period and
long time of start-up period was required to achieve the steady state. Boušková et al.
(2005) reported that the fluctuation of biogas production was observed during start-up
of anaerobic CSTR reactors. Over three months were required to achieve stable
29

operation.

Without a source of thermophilic inoculum, the start-up period of

thermophilic anaerobic digestion can be prolonged, with Ahring (1994) reporting up
to one year for a commercial digester to reach steady state. To facilitate start-up of
thermophilic anaerobic digestion, further section will discuss about some factors
which need to be considered for successful start-up of anaerobic digestion.

2.5 Factors affecting the start-up of thermophilic anaerobic
digestion
2.5.1 Anaerobic inoculum
The start-up period is a critical stage in any digestion process which requires an
appropriate inoculum containing a proper group of anaerobic microbes including the
slow growing methanogens. Preferably, inoculum source to start up a thermophilic
anaerobic digester would be obtained from a pre-existing thermophilic plant.
However, due to the limited application of thermophilic digestion, the availability of
large quantities of thermophilic inoculum for new commercial plants is also thus
limited. An alternative to thermophilic seed is mesophilic anaerobic sludge, which
may also be used to start up the thermophilic process. However, in practice, it is still
difficult to obtain a large amount of mesophilic anaerobic seed to start up a
commercial anaerobic reactor. This issue is particularly relevant in rural areas where
anaerobic digestion is rarely in operation. The lack of a suitable thermophilic seed
that is widely available on a large scale basis, that permits a rapid start up process,
makes thermophilic digestion less attractive despite its benefits over mesophilic
digestion. Hence, there is a need for further research for solution to reduce the
shortage of anaerobic seed.

The current study focuses research of thermophilic
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anaerobic inoculum, which can be used for rapid start-up process to decrease the
shortage of thermophilic inoculum.
To decrease the shortage of thermophilic inoculum, several researchers have looked at
alternative sources of inoculum such as using cow manure (Chachkhiani et al., 2004),
activated sludge (Kim and Speece, 2002), digested sludge (Angelidaki et al., 2006;
Forster-Carneiro et al., 2007), piggery waste (Ho, 2010), corn silage (Forster-Carneiro
et al., 2007a), mesophilic sludge (Chen, 1983; Lepistö and Rintala, 1997; Mustapha et
al., 2003; Boušková et al., 2005; Ortega et al., 2008), and aerobic sludge (Kim and
Speece, 2002).
Kim and Speece (2002) examine that start-up of thermophilic anaerobic digestion by
using aerobic waste activated sludge (WAS) as inoculum and found it to be a suitable
thermophilic anaerobic seed for the degradation of acetate to biogas. They reported
that methane was produced at a rate of 0.35 L/L/day using acetate as a carbon source
within five days. Moreover, when substrate was changed from acetate to propionate
(~3500 mg/L), the anaerobic microorganisms in WAS could degraded propionate to
methane until propionate concentration below 10 mg/L.

Forster-Carneiro et al. (2007a) tested corn silage as an inoculum for the start-up of
dry-thermophilic anaerobic digestion of OFMSW. Results of this study showed that
after five days of thermophilic incubation, acetate was degraded into methane. The
authors stated that operating conditions and combination of the feedstock might cause
imbalance or temporaries decreasing microbial activity. This resulted in no methane
production from day 20th to day 30th. Finally, methane was produced again after 30
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days of incubation. The authors reported that the average biogas production and
methane yield were approximately 27.3 mL/Day and 0.11 L/g VS respectively.

Of these seed materials, mesophilic anaerobic sludge has been a popular seed used for
the start-up of thermophilic anaerobic digestion (Chen, 1983; Cecchi, et al., 1993;
Griffin et al., 1997; Mustapha et al., 2003; Forster-Carneiro et al., 2008; Ortega et al.,
2008). Lepistö and Rintala (1997) stated that mesophilic granular sludge was a
suitable seed for the start-up of thermophilic upflow anaerobic sludge blanket treating
vegetable processing.

Lepistö and Rintala (1997) reported that after inoculation of

mesophilic granular sludge for a month, the operation of thermophilic digester
reached the stable state with about 60% COD removal.

During 134 day of

experimental period, high performance was achieved with 90% COD removal at OLR
24 kg COD/m3/Day and 7.3 m3/m3/Day methane production rate.
Boušková et al. (2005) studied strategies for increasing temperature form 37 0C to 55
0

C for anaerobic CSTR reactors treating sewage sludge. Two strategies were set up;

1) step-wise temperature increase (37 0C→42 0C→47 0C→ 51 0C→550C) and 2) onestep temperature increase (37 0C→550C).

The author reported that new stable

operation under thermophilic condition can be achieved by using both strategies.
However, the start-up period of the one-step temperature increase technique was a
month which is shorter than that (over 3 months) of the step-wise temperature
increase technique. However, during the temperature transition from 36 to 55 0C, a
proper strategy is necessary to avoid sludge washout and the fluctuation of biogas
production as a direct result of temperature transition, resulting in a start-up period
spanning several months (Fang and Lau, 1996).
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2.5.2 Toxicity
2.5.2.1 Oxygen
Oxygen has been historically reported as the classical stressor to methanogens (Yuan
et al., 2009). Yang and Chang (1998) examined the effects of oxygen on methane
production from paddy soil containing methanogens. Two sets of serum vials (nonflushed and flushed head space with oxygen-free nitrogen gas as aerobic and
anaerobic reactor respectively) seeded with paddy soil as inoculum were set up and
incubated at 30 0C. Results of this study showed that oxygen caused inhibition of
methane production from an aerobic reactor. The authors reported that daily methane
production of aerobic reactor was 33.6 µg methane/g paddy soil, which was much
lower than that (232.3 µg methane /g paddy soil) of an anaerobic reactor.

When microorganisms are under an aerobic environment, the products of oxygen
reduction including hydrogen peroxide, hydroxyl radical and superoxide radical are
produced (Brioukhanov et al., 2002). These reduced species are strongly toxic to
microorganism cells resulting in cell lysis. For facultative anaerobes and aerobes,
enzymes of antioxidative defense such as superoxide dismutase and catalase play a
significant role for protection against toxic from those products of oxygen reduction
(Zhang et al., 2006). Currently, it is believed that some methanogens contain those
enzymes resulting in the survival of methanogens on exposure to oxygen
(Brioukhanov et al., 2000). Moreover, presences of facultative and aerobic microbes,
which are available in the same environment, were proposed as a significant role for
oxygen consumption leading to micro-anoxic zone for survival of methanogens under
aerobic condition (Shen and Guiot, 1996; Stephenson et al., 1998).
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In addition, increased redox potential due to the presence of molecular O2 is
considered as another factor for inhibition of methane production.

It is well

established that low redox potential (<-300 mV) of anaerobic environment is essential
for methanogenesis (McInerney and Bryant, 1981). However, the presence of oxygen
increases redox potential of environment (Minamikawa and Sakai, 2006) resulting in
decreased methane production in anaerobic digestion. Fetzer and Conrad (1993)
studied the effects of redox potential on methane production from degradation of
methanol by Methanosarcina barkeri. The authors reported that addition of oxygen
(concentration ~ 0.5%) resulted in increase of the redox potential to approximately
+100 mV. Methane production from the degradation of methanol was immediately
decreased after adding oxygen. However, when redox potential was decreased to 420 mV by adding titanium (III) citrate, sodium ditgionite, or sodium as corbate,
methane production by Methanosarcina barkeri was not affected.

The authors

implied that the increased redox potential was the main cause of methane production
inhibition in this study. Hence, it can be inferred that not only oxygen limitation but
also low redox potential is essential to ensure the successful start-up of anaerobic
digestion.

2.5.2.2 Light metal cations (Na+, K+, Mg2+, Ca2+, NH4+)
In general, light metal cations or inorganic salts (calcium, magnesium, potassium, and
sodium) are easily found in anaerobic digesters.

Presence of inorganic salts in

anaerobic digester can be contributed from influent and addition of chemicals into the
digester. The toxic effects of light metal cations or inorganic salts including calcium
(Ahn et al., 2006), magnesium (Schmidt and Ahring, 1993), potassium (Mouneimne
et al., 2003), and sodium (Callaghan et al., 1998) on anaerobic digestion have
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historically been studied. Hence, understanding the role of these cations on anaerobic
digestion is necessary to ensure the successful start-up process.

Effects of these light metal cations on anaerobic digestion depend on their
concentrations present in anaerobic digester. At low concentrations, such cations are
actually essential for the growth of anaerobic microbes (Dimroth and Thomer, 1989).
However, if concentrations of such cations are increased above the stimulatory
concentration, they will become moderately inhibitory.

Moreover, high

concentrations of light metal cations increase osmotic stress to microbes’ cell
resulting in inhibition of microbes’ cell activity (Uygur, 2006; Rene et al., 2008),
leading to reduction of methane production.

Different concentration ranges of

cations, which cause different effects of on anaerobic digestion were reported in
literature (McCarty, 1964). Example of different effects (stimulatory, moderately
inhibitory, and strongly inhibitory) on anaerobic digestion due to presence of different
cation concentrations was shown in Table 2.6. Hence, cation concentration remains a
significant factor that operators need to consider during the start-up and operation of
anaerobic digestion. In this chapter, two cations (ammonia and sodium), which were
frequently found in anaerobic digesters will be discussed.
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Table 2.6. Effects of light metal cations and ammonia on anaerobic digestion
depending upon their concentrations (Adapted from McCarty, 1964)
Different effects on anaerobic digestion due to presence of different
Toxicants

concentrations of each cation (g L-1)
Stimulatory

Moderately Inhibitory

Strongly Inhibitory

0.1-0.2

2.5-4.0

8.0

0.075-0.15

1.0-1.5

3.0

Potassium

0.2-0.4

2.5-4.5

12

Sodium

0.1-0.2

3.5-5.5

8.0

Ammonia

0.05-0.2

1.5-3.0a

3.0

Calcium
Magnesium

a

Inhibitory at pH > ~7.5

Ammonia
Ammonia toxicity in anaerobic digestion is one of the most common case of cation
toxicity, which has been reported by several researchers (Sterling Jr et al., 2001; Sung
and Liu, 2003; Tada et al., 2005; Fricke et al., 2007). Ammonia is generated during
the degradation of nitrogenous organic compounds mainly in the form of proteins and
urea (Reginatto et al., 2005). The total ammonia-nitrogen (TAN) present is in the
form of ammonium ion (NH4+) and free ammonia (FA) (NH3).

Compared to

ammonium (NH4+), free ammonia (NH3) has been considered as the main cause of
inhibition in anaerobic digestion (Hansen et al., 1998; Chen et al., 2007).

NH4+ (aq) ↔ NH3 (aq) + H+(aq)

(Eq. 2.20)

According to equation (2.20), the concentrations of these two forms are dependent on
pH or hydrogen ion concentration as indicated in the Eq. (2.20). At higher pH,
ammonia and hydroxyl are the major species whereas ammonium and hydrogen ions
become the main species at lower pH. This further highlights the importance of pH
control in regulating ammonia toxicity during anaerobic digestion operation. The
equilibrium explained in equation 2.20 is endothermic. So, the fraction of un-ionized
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ammonia will increase with temperature. Also increasing temperature will decrease
CO2 solubility leading to elevated pH. Consequently, operation of anaerobic digestion
in high temperate will elevate ammonia toxicity due to high concentration of free NH3
(Sung and Liu, 2003).

Different inhibition mechanisms of ammonia toxicity have been proposed in literature
such as inhibition of methanogens metabolism (Sterling et al., 2001), causing
intracellular change of the pH and inhibition of metabolic enzymes (Gallert et al.,
1998). This can affect methane production not only during steady state but also
during start-up period.

Maroun and Fadel (2007) studied the start-up of anaerobic

digestion of OFMSW by using sewage sludge collected from local wastewater
treatment plant as an inoculum. Maroun and Fadel (2007) reported that during 75
days of initial start-up period, the start-up process was very slow and ineffectiveness.
The authors stated that ammonia inhibition due to presence of high ammonia
concentration in the digester (> 500 mg/L) was a significant cause of long start-up
period.

Guerrero et al. (1997) investigated the start-up of anaerobic filter treating fish meal
processing wastewater containing high ammonia concentration (1.5 g N-TAN/L and
0.25 g N-FA/L). Although the successful start-up of anaerobic filter was achieved at
an organic loading rate of 3.5 kg COD/m3/Day, Guerrero et al., (1997) reported that
suitable strategies such as different dilutions of influent and long start-up period (>2
months) were essential.
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Sodium
Sodium ion is another cation, which has been reported to be present in a wide range of
wastewater such as salty cheese whey wastewater (Patel et al. 1997), fish canning
wastewater (Mosquera-Corral et al. 2000), and seafood processing wastewaters
(Afonso et al. 2002). Over the years, sodium toxicity in anaerobic digestion has
drawn interest from several researchers (Kugelman and McCarty, 1964; McCarty,
1964; Guerrero et al. 1997). Table 2.7 summarizes the results of concentration range
of sodium ion resulting in percent inhibitions of methane production published by
different studies.
Table 2.7. Concentration range of sodium ion causing percent inhibition of methane
production reported in the literature (Source: Rinzema et al., 1988; Soto et al., 1993;
Feijoo et al., 1995)
Sodium concentration (g Na+/L) leading to
percent inhibition of methane production
10%
50%
100%
4.8
7.2
~10

Types of reactors
CSTR (HRT: 15
Days)

Inoculum types
Enrichment of Methanosarcina

CSTR (HRT: 15
Days)

Enrichment of Methanosarcina

6.1

7.4

~8

Batch assay

Sludge taken from lagoon treating dairy
waste

~3

6

10-11

CSTR (HRT: 42
Days)

Sludge taken from digester treating
tomato waste

4

7

~10

Batch assay

Methanothrix

4.5

6.3

~9

Batch assay

Sludge taken from UASB digester
treating potato processing wastewater

5.0

10.0

14.0

Batch assay

Sludge taken from anaerobic filter
digester

9.5

13.8

16.8

Batch assay

Sludge taken from anaerobic filter
digester treating mussel processing
wastewater

8

16

<22

Batch assay

Sludge taken from central activity
digester treating seafood processing
wastewater

4

8

9
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The presence of sodium ion in the various types of wastewater has resulted in a much
more difficult start-up process for saline wastewater. Vallero et al. (2003) studied the
effects of sodium toxicity in anaerobic digestion using methanol as substrate during
the start-up period.

In this study, two sets of reactors (salt-exposed reactor added

with 25 g NaCl/L and non-salt-exposed reactors) were set up. Results of this study
showed that in the non-salt-exposed reactor, degradation of methanol was achieved
resulting in methane production rate at 3.66 g COD l-1 day-1. On the other hand, the
start-up of the salt-exposed reactor failed. Vallero et al. (2003) concluded that high
sodium concentration (25 g NaCl/L) completely inhibited methane production of the
salt-exposed reactor.

In order to ensure a successful start-up of thermophilic anaerobic digestion treating
saline wastewater, a proper strategy is necessary. Mendez et al. (1995) studied the
treatment of seafood-processing wastewater using thermophilic anaerobic filters.
Sludge taken from an upflow anaerobic sludge bed (UASB) treating wastewater of
sugar factory was used as an inoculum. The authors reported that gradual increase in
organic loading rate was used as a strategy for the adaptation of methanogenic seed to
seafood-processing wastewater. Successful start-up process could achieve. However,
nine months was required for start-up period. Organic loading rate was increased to a
maximum of 9 kg COD m-3d-1. At OLR 9 kg COD m-3d-1, the maximum methane
production rate and percent COD removal were approximately 2.4 L/L/day and 7378% respectively.
It should be noted that in many cases, an anaerobic digester will contain a
combination of various cations. As a result, the effects of theses light metal cations
on anaerobic digestion will be further complicated due to the synergistic and
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antagonistic phenomena. When one cation acts antagonistically, presence of this
cation will decrease the toxicity of anaerobic digestion due to another cation. In
contrast, if one cation acts synergistically, presence of this cation will increase the
inhibition of anaerobic digestion in combination with another cation.

Examples of

cation pairs causing antagonistic and synergistic phenomena in anaerobic digestion
are shown in Table 2.8.

Table 2.8. Some samples of cation pairs causing antagonistic and synergistic
phenomena in anaerobic digestion (Adapted from Kugelman and McCarty, 1964)
Toxic Cation
Na
K
Ca
Mg
NH4
Antagonists
Synergists

K

Na, Ca, Mg

-

Na

Na

Ca, Mg

-

Mg

Ca

K, Ca, Mg

For instance, Feijoo et al. (1995) compared the antagonism effects toward sodium
toxicity in three batch anaerobic assays containing standard medium (control),
standard medium with nutrients addition, and sea water. Sludge obtained from a
USAB reactor treating potato processing wastewater, which has not been acclimatized
to sodium was used as inoculum. Results showed that sodium concentrations, which
caused 50% methane production inhibition of assays containing standard medium
with nutrients addition, and sea water were 6 and 10 g Na+ L-1 respectively, which
were higher than that (4 g Na+ L-1) of assay containing only standard medium. The
authors stated that the presence of other ions in seawater and in the nutrients added in
medium, caused the antagonism phenomena in assays containing standard medium
with nutrients addition, and sea water.
From the above discussion, the role of sodium ion on methane production is
emphasized.

As many digesters, including experiments conducted in this study,
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utilize sodium bicarbonate for pH control, this study also aims to investigate the
effects of sodium toxicity, from bicarbonate addition, to the start up process.

2.6 Molecular technique
Start-up process is a critical process for operation of anaerobic digestion. Anaerobic
seed plays an important role for start-up of thermophilic anaerobic digestion as
discussed in Section 2.4.1.

To ensure successful start-up process, the details of

methanogenic community, main anaerobic microbes for methane production, in seed
need to be clarified. Traditionally, techniques such as culture-dependent techniques
(Charles et al., 2009) and microscopic observations (Eikelboom, 1975) were applied
to isolate, identify and determine population of microorganism in environment.
However, the culture based techniques have some drawbacks such as requirement of
cultivation (Keyser et al., 2006; Lee et al., 2010).

To overcome drawbacks of traditional culture based techniques, a molecular
technique have been developed and used for study of complex structure of microbes
in various environments. Currently, the advent and application of various molecular
techniques involving 16S-rRNA or 16s-rDNA gene probing and sequencing have led
to valuable study of microbial ecology including methanogenic community without
requirement of cultivation (Gilbride et al., 2006; Chu et al., 2010; Lee et al., 2010;
Bareither et al., 2013). Using molecular biological techniques for qualitative and
quantitative investigation of methanogenic community is more reliable than that of
traditional culture based techniques (Lee et al., 2009; Ho, 2011; Williams et al.,
2013).

Examples of useful molecular techniques include fluorescence In Situ

hybridization (FISH), terminal restriction fragment length polymorphism (t-RFLP),
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and polymerase chain reactions (PCR), denaturing gradient gel electrophoresis
(DGGE), quantitative real-time PCR (qPCR).

After the pioneering work of

Giovannoni et al. (1990), those powerful molecular techniques have been widely used
by several researchers for study of diversity of microbes in anaerobic digester
(Simankova et al., 2003; Hirasawa et al., 2008; Montero et al., 2008; Rosa et al.,
2009; Watanabe et al., 2009; Nettmann et al., 2010; Zhou et al., 2011; Kampmann et
al., 2012; Kim et al., 2013; Kundu et al., 2013).
Of those molecular biological techniques, sequencing of PCR amplified 16S-rRNA
genes (16S rDNA) is one popular technique (Steinberg and Regan, 2009; Blume et al.,
2010; Cardinali-Rezende., 2012) used for investigation of microbes in environment
because it is very precise technique used for taxonomic study (Sanz and Köchling,
2007).

This technique consists of many processes such as extraction of DNA,

amplification of the 16S rRNA genes by PCR, cloning of the PCR products, selection
and sequencing of the cloned gene, making a clone library, and affiliation of isolated
clone by using software programs (e.g. ARB, Seqlab, and PAUP) (Sanz and Köchling,
2007; Zhang et al., 2012). According to the type of PCR primer sets, DNA libraries
of microbial 16S rDNA are able to target and cover the microbial diversity including
methanogenic Archaea in different samples tested (Klocke et al., 2008; Lerm et al.,
2012).
Wright et al. (2006) investigated microbial community in the ovine rumen of sheep in
Queenland, Australia by using 16S rRNA genes libraries created from pooled rumen
of nine merino sheep. A total of 78 clones were identified resulting in 26 different
sequence patterns. Results showed that eight sequences (15 clones) were 95-100%
similar to

methanogens

belonging

to

the

orders

Methanobacteriales

and

42

Methanomicrobials. The remaining 18 sequences (63 clones) were 72-75% similar to
Thermophasma acidophilum and Thermoplasma volcanium.

Skillman et al. (2004) used molecular approach based on 16S rRNA genes sequences
to clarify presence of methanogens in rumen of new-born lambs.

Samples were

regularly collected from rumen of 5 new-born lambs. Different specific primers for
identification

of

the

Archaea;

the

orders

Methanobacteriales,

the

order

Methanosarcinales, the order Methanococcales; and the genus Methanobrevibacter
were designed. Results showed that the predominant group of methanogens was
detected in rumen of new-born lambs belonged to the order Methanobacteriales. On
the other hand, methanogens belonging to the orders Methanosarcinales and
Methanococcales were not detected.

Based on this result, the authors implied that

methanogens community establish very fast in the rumen of mature lamb after their
birth.

Sasaki et al. (2011) studied methanogenic community by using molecular technique
based on 16S rRNA genes sequences to clarify pathway of acetate degradation in a
thermophilic anaerobic digester treating organic solid waste. Results of Archaeal 16S
rRNA analysis showed that approximately 90% of the total number of clones was
98% similar to Methanoculleus spp., which mainly uses hydrogen for methane
production. On the other hand, less than 1% of the total number of clones was 98%
similar to Methanosarcina spp. which is acetoclastic methanogens. According to
clone library of bacterial 16S rRNA analysis, Thermotoga lettingae TMO, which is
acetate oxidizer bacteria, was significantly detected (approximately 53% of the total
number of clones). Based on results of Archaeal and bacterial 16S rRNA analysis, the
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authors implied that acetate was mainly degraded via a non-acetoclastic oxidative
pathway.

However, there are some drawbacks of sequencing of PCR amplified 16S-rRNA
genes. For example, this technique cannot be used for quantitative purpose. To
quantify amount of microbes in environment, quantitative real-time PCR (Q-PCR)
technique was developed. Q-PCR technique is based on the detection of fluorescence
during amplification of target DNA (Talbot et al., 2008). The detection threshold of
Q-PCR is termed the threshold cycle (Ct). This is the point which the amplification
curve surpasses the threshold line and enters an exponential phase. By comparing the
Ct value with a reference, the density of target molecules is quantified (Zhou et al.,
2011). From this reason, Q-PCR was used by many researches to determine amount
of methanogens in environments (Bialek et al., 2011; Traversi et al., 2012; Zhang et
al., 2012; Bareither et al., 2013; Kim., et al., 2013; Merlino et al., 2013).
Apart from traditional culture based approach, the current study also used the
application of PCR as another approach to identify methanogens in anaerobic seed in
order to confirm the presence of thermophilic methanogens in anaerobic seed tested.
However, using Q-PCR to quantify amount of methanogens present in turf is beyond
the scope of this study due to time limitation.

44

2.7 Conclusion
According to the literature above, thermophilic anaerobic digestion provides benefits
not only being used for treating many organic wastes, but also being energy recovery
approach.

However, the application of thermophilic anaerobic digestion is still

limited because it is sensitive to various toxicities and the difficulty in operation and
start-up process.

A key factor which influences a successful start-up of thermophilic

anaerobic digestion is inoculum containing a proper consortium of anaerobic
microbes.

Although many researchers have focused on improving efficiency of thermophilic
anaerobic digestion to treat different organic wastes, source of thermophilic anaerobic
inoculum is still limited which seriously requires research to overcome the shortage of
inoculum. This becomes a challenging objective of the current study to investigate
source of thermophilic anaerobic inoculum to facilitate successful start-up process.
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Chapter 3
Rapid Start-Up of Thermophilic Anaerobic Digestion
with Turf grass Fraction of MSW as Inoculum

3.1. Introduction
Currently, thermophilic anaerobic digestion is of wide interest as a method to treat
organic wastes due to its potential to increase volumetric biogas production, and
facilitate pathogen reduction when compared to mesophilic anaerobic digestion as
mentioned in Chapter 2. Despite these advantages, full-scale thermophilic anaerobic
digestion has had limited applications, confined to only some regions such as Europe
(De Baere, 2000), due to the difficulty in start-up process. Several researchers reported
that successful start-up of anaerobic digestion depended on different factors including
organic loading rate, hydraulic retention time, and anaerobic inoculum. Of these factors,
anaerobic inoculum is the most significant factor for successful start-up process.
However, due to the limited numbers of thermophilic anaerobic reactors, thermophilic
inocula are not readily available.

To reduce the shortage of thermophilic anaerobic inoculum, one well-known strategy is
adapting mesophilic anaerobic inoculum to thermophilic conditions where mesophilic
digesters are available. Some researchers have succeeded in starting up thermophilic
anaerobic digestion within a month by using anaerobic mesophilic inoculum as
presented in Chapter 2. However, a rapid short start-up period, is usually required for
the new anaerobic digesters. Cow manure was also reported in literature as a proper
anaerobic seed for rapid start up of thermophilic anaerobic digestion (Chachkhiani et al.,
2004).
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Despite the increasing interest in thermophilic anaerobic digestion, studies of
thermophilic methanogenic sources remain limited. Inoculum source is a significant
factor for the successful start-up of thermophilic anaerobic digestion.

Hence, the

generation of suitable thermophilic inocula, which are readily available in large quantity,
is a worthwhile goal for a research project.

The last decade has witnessed an increase in the generation of municipal solid waste
(MSW). The approximately amount of MSW globally is 1.3 billion tones/year. By
2025, this amount is predicted to have increased to 2.2 billion tones/year (World Bank
Report, 2012). This rapid increase in waste production has sparked enhanced interest in
environmentally sustainable MSW processing and treatment.

The biological conversion of the organic fraction of municipal solid waste (OFMSW) to
methane has been described to be able to be accomplished via thermophilic anaerobic
digestion (Bolzonella et al., 2003; Walker et al., 2006a; Forster-Carneiro et al., 2007).In
this process thermophilic methanogens are believed to be introduced into the reactor - at
least in part – by the feedstock material (Charles et al., 2009). Based on the ready
availability of MSW and the presence of thermophilic methanogens in MSW, MSW
could be an alternative start-up seed for thermophilic anaerobic digestion.

The main purpose of this study was to find a source of thermophilic methanogens
suitable for the rapid and sustained startup of thermophilic anaerobic digestion that is
readily available in large quantities.

We define “rapid sustained start-up” by the

following parameters:
i.

A short lag time before the production of methane
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ii.

Significant methane production rate (>0.2 L*L-1*d-1) after the lag time

iii.

The presence of acetate dependent methanogenesis.

To succeed in rapid start-up of anaerobic digestion, the lag time has to be shorter than
one week. In addition, acetate, the most significant methanogenic substrate must be
degraded to ensure a sustainable operation. Other aims of this current study were to:
•

quantify the effect of aerobic pretreatment of MSW on the start-up of
thermophilic anaerobic digestion;

•

investigate the effect of stirring on thermophilic start-up;

•

identify the fraction of MSW responsible for the source of thermophilic
methanogens.

3.2. Materials and Methods
3.2.1. Inoculum sources
Different potential sources of methanogens such as cow manure, MSW, turf grass were
tested as a seed for start-up of thermophilic anaerobic digestion. The types of inocula
used in each experiment are shown in Table 3.1. MSW in the Perth Metropolitan area,
Western Australia was collected and prepared as described by Walker et al. (2009a).
The MSW was mechanically sorted via a trommel having a 50 mm square screen
aperture, followed by hand-sorting to remove large inert materials such as pieces of
plastic, glass, and metal. OFMSW was further mechanically shredded, so as to pass
through a 25 mm square screen, before being put in plastic bags (3 kg) and frozen at -20
˚C. Prior to the aerobic pretreatment, 2.4 kg of the sorted MSW was thawed overnight
and mixed with 50 g of shredded paper (Hygenex® 2187951) and 200 g of Jarrah wood
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chips in the ratio of 1000:17:67 (wet weight/wet weight). De-ionised water (≈ 400 mL)
was added to increase the moisture content such that the sample had the following
characteristics: wet bulk density 578 kg.m-3; C:N ratio of 18:1; and a total volatile solids
content of 0.56 g/g TS (total solids); moisture content ≈ 55%.

Cow manure produced on the day was collected from the veterinary farm located on the
Murdoch University campus, Perth, Western Australia and used immediately as
inoculum. Fresh grass samples were taken from three different locations: a grass lawn
at Murdoch University, a local Perth turf supplier, and from a local household in Perth.

3.2.2. Experimental design
Acetate, as a carbon source for methanogenesis, sodium bicarbonate (NaHCO3) as
buffer, and deionised water, to adjust working volume, were used in all experiments as
shown in Table 1. To avoid acidification during start-up period, acetate used in this
study was used in form of sodium acetate instead of acetic acid. Because MSW
contains high organic substrate for methane production, acetate (an external substrate) is
not added for reactor seeded with MSW (Section 3.3.1-3.3.3).
Experiments were conducted in either 1 L Schott® bottles (Section 3.3.1, 3.3.2 and 3.3.3)
sealed with rubber stoppers or in 100 mL serum vials (Wheaton), performed in
duplicate (Section 3.3.4 and 3.3.5) and sealed with butyl rubber stoppers and aluminum
crimps as shown in Figure 3.2. To establish anaerobic conditions, the headspaces of all
flasks were flushed with N2/CO2 (80%/20%) for 30 seconds.

All samples were

incubated at 550C in either a water bath (Paton, model RW 1812) with shaking (30
oscillations/minute (O.P.M.)) or, in Section 3.3.3, a heating magnetic stirrer (RCT basic
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IKAMAG®control stirred at 800 rpm). Following initial set-up, all serum vials were
depressurized to atmospheric pressure, after the first hour of incubation.

(A)

(B)

(C)

Figure 3.1: Experimental set-up of batch 1 L thermophilic anaerobic reactor connected
to computer for on-line biogas monitoring. Legend: (A)-Computer used to record
biogas production; (B)-U-tube displacement gas meter connected to the computer for
on-line measurement and CO2 scrubbers; (C)- 1 L Schott® bottles as reactor in water
bath controlled temperature at 55 oC.

(A)

(B)

Figure3.2: Experimental set-up of batch thermophilic anaerobic digestion using serum
vial (100 mL) as reactor. Legend: (A)-Set-up of serum vials in water bath for
temperature control; (B)-100 mL serum vials (Wheaton) sealed with butyl rubber
stoppers and aluminum crimps.
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To measure methane production in the 1 L Schott®bottle, CO2 was scrubbed from the
biogas by passing it through sodium hydroxide solution (1 M).

The gas stream

(assumed to be methane) was measured by the downward displacement of oil (Dow
Coming 200 Fluid 50 CS) in U-tube connected to the computer for on-line measurement
as shown in Figure. 3.1. In the case of - serum vials, the volume of biogas over-pressure
produced was manually measured using a 50 ml glass syringe (popper & sons, Inc.) as
shown in Figure. 3.3.

Figure 3.3: Measurement of biogas in serum vial by using glass syringe (50 mL)

Aerobic pre-treatment of MSW samples (Section 3.3.2) was performed as described by
Walker et al. (2006a). MSW was introduced into a sealed computer monitored and
controlled 7 L laboratory-scale PVC reactor insulated with Aeroflex® elastomeric foam.
Compressed air was introduced into the reactor until the internal pressure reached a
predetermined level. The pressure was maintained for a 10-minute period before being
released and the reactor re-pressurized. This pressurizing/depressurizing aeration cycle
was continued for a period of 5 days. The temperature of an external reactor was
maintained at the same temperature level of the internal reactor temperature, with a
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maximum at 60 ˚C, by using heat tape (Novus, Model: N480d-v3.2x) wrapped around
the reactor.

3.2.3. Analysis
The VFA concentrations of samples were analyzed by gas chromatography (GC) using
a Varian Star 3400 equipped with a Varian 8100 auto sampler and a flame ionization
detector (FID). Prior to samples analysis, the samples were prepared by centrifuging 1
mL of mixed liquor (13,000 rpm for 10 min) to remove suspended solids.

The

supernatant (100 µL) was diluted with de-ionised water (800 µL). Samples were then
acidified by addition of 1% (v/v) formic acid (100µl) prior to being injected (1 µL) onto
a capillary column (Alltech ECONOCAPTM ECTM 1000 (15 m x 0.53 mm 1.2 µm i.d.)).
The high purity nitrogen (carrier gas) was set at a flow rate of 5 mL/min. The oven
temperature program was set as follows: initial temperature 80 ˚C; ramped to 140 ˚C at
a rate of 40 ˚C per min; held at 140 ˚C for 1 min; and then ramped to 230 ˚C at a rate of
50 ˚C per min where it remained for 2 min. The temperatures of an injector and
detector were 200 and 250 ˚C respectively. The peak areas of a flame ionization
detector (FID) output signal were integrated using STAR Chromatography Soft-ware (©
1987-1995).

The methane concentration in biogas was analyzed by Varian Star 3400 gas
chromatograph (GC) equipped with a thermal conductivity detector. The carrier gas
(high purity nitrogen) was set at a flow rate of 30 mL/min. Manual injections of
headspace samples (100 µL) were introduced onto a column (Pora-PakQ (2 m x 5 mm
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(internal diameter)) maintained at 40 ˚C. The temperatures of detector and inlet were
maintained at 40 and 120 ˚C respectively.

Analyses of total solids (TS), volatile solids (VS) and chemical oxygen demand (COD)
were performed according to the American Public Health Association (2005).
Table 3.1: Summary of the types of inocula and initial bicarbonate and acetate
concentrations used.
Experiment

Types of inocula

3.3.1

100 g of cow manure, or
100 g of MSW
100 g of MSW, or
100 g of pre-aerated MSW,
100 g of MSW
3 g of turf grass, mixed tree leaves,
mixed tree bark, mixed dry soil (away
from turf),
mixed vegetable wastes, or dust from a
household vacuum cleaner
15 g of turf grass from different
sampling locations, or
200 g of turf grass

3.3.2
3.3.3
3.3.4

3.3.5

Bicarbonate
concentration
added (mM)

Acetate
concentration
added (mM)

Final
working
volume
(mL)

100
250
100
100
250
100

80
N.A.
N.A.
N.A.
N.A.
30

1000
1000
1000
1000
1000
50

Daily
addition of
NaOH to
control pH
at 7.0
No
No
Yes
Yes
No
No

250

30

40

No

250

100

1000

No

Remark N.A. = Not added. The initial pH of all experiments was between 8.0 and 8.4.
Table 3.2: Summary of objectives and rationales for each experiment
Experiment
3.3.1

Objective of testing
To compare the relative thermophilic methanogenic
activity in cow manure with that in MSW.

3.3.2

To investigate whether aerobic pretreatment of MSW is
beneficial to start-up of a subsequent thermophilic
anaerobic digestion, fresh MSW was partially
composted.
To compare effects of vigorously stirring and un-stirring
during the start-up phase on methane production.

3.3.3

3.3.4
3.3.5

Remark
Acetate which is main carbon source for
acetoclastic methanogens were used as
substrate for methane production in all
experiments.

To test thermophilic methanogenic activity in different
fractions typical of MSW.
To establish whether it is a general phenomenon that
grass lawn contains a significant inoculum of
thermophilic methanogens
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3.3. Results and Discussion
3.3.1. Comparison of thermophilic methanogenic activity in cow manure
and MSW
The knowledge that cow manure is a good source of methanogensis is well established
in the literature (Chachkhiani et al., 2004). Moreover, composting of MSW has been
reported to produce methane (Beck-Friis et al., 2000; Jäckel et al., 2005). This implies
that methanogens may already be present in MSW. Also literature studies on the
anaerobic digestion of MSW reported that the development of thermophilic
methanogenesis occurred, without supplying an external inoculum such as anaerobic
digester sludge (Charles et al., 2009; Walker et al., 2009b).

To investigate the potential source of thermophilic methanogens, the following
experiment aims at comparing the relative thermophilic methanogenic activity in cow
manure with that in MSW. Because cow manure is deprived of readily degradable
material such as acetate, 80 mM of acetate was added to the tests with cow manure, to
ensure the availability of acetate as methanogenic substrate.

As methanogenic acetate conversion (encompassing direct acetoclastic methanogenesis
and syntrophic acetate conversion) is critical for anaerobic digestion, it is relevant to
establish whether acetate dependent methanogenesis is present or not. The thermophilic
incubation of cow manure and MSW produced methane gas within 4 days in both cases
(Fig. 3.4A). Over two weeks of incubation, methane from MSW was continuously
produced until it reached 9.5 L/L compared to only about 1.0 L/L from cow manure.
Furthermore, the batch reactor seeded with cow manure did not lead to acetate
degradation (Fig. 3.4B). This showed that the thermophilic consortium in cow manure
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did not serve as a suitable inoculum for rapid thermophilic acetate degradation, while
acetate degradation in the reactor seeded with MSW was obvious from the volatile fatty
acids profile (Fig. 3.4B).

Figure 3.4: Comparison of methane production (A), pH, and volatile fatty acid profile
(B) during thermophilic anaerobic incubation of 100 g MSW or cow manure (+ 80mM
acetate) in a 1 L batch reactor. The initial acetate concentrations were 80 mM for cow
manure and 0 mM for MSW respectively. The initial bicarbonate concentrations were
100 mM and 250 mM for cow manure and MSW respectively. Legend (A and B):
reactor seeded with MSW () and Cow manure (). Legend (C): closed symbols:
MSW, open symbols: cow manure. Acetate , Propionate , and Butyrate .
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By using non-radioactive polymerase chain reaction-single strand conformation
polymorphism (PCR-SSCP) methods and 16S rDNA sequences, Chachkhiani et al.
(2004) revealed that there were both Methanosarcina thermophila and Methanoculleus
thermophilusin cow manure. Their initial biogas production rate was approximately 0.1
L*L-1*Day-1 after 3 days of cow manure’s incubation and the methane content in the
biogas reached 88% on day 10. The authors concluded that the methanogens present
within the cow manure were suitable to start up thermophilic anaerobic digestion. By
contrast the current study found that cow manure was not an appropriate thermophilic
anaerobic inoculum due to lack of acetate degradation during methanogenesis. This
indicates that cow manure does not always contain acetate degrading methanogens or
synthophs. This was also found by the study by Shin et al. (2004), analyzing Archaea in
cow rumen by PCR and 16S rDNA sequences, finding that the predominant Archaea
belonged to the Methanomicrobiaceae family, which are hydrogen utilizing
methanogens. This would make sense for the rumen environment, as VFA are the prime
feed source for the animal.
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3.3.2. The effect of aerobic pretreatment of MSW on methane production
The results above suggest that the MSW collected in the metropolitan area of Perth,
Western Australia can be used as an inoculum for the rapid start-up of thermophilic
anaerobic digestion. However MSW digestion can lead to overload conditions resulting
in organic acid accumulation and acidification (Charles et al., 2009) and an unsuccessful
start-up of anaerobic digestion. To avoid this, some researchers have applied an aerobic
pretreatment to lower the level of easily-degradable carbon in MSW (O’Keefe and
Chynoweth, 2000).

As methanogens are strictly anaerobic microorganisms, their

survival in such aerobic pretreatment remains unclear. To investigate whether aerobic
pretreatment of MSW is beneficial to start-up of a subsequent thermophilic anaerobic
digestion, fresh MSW was partially composted.

During two weeks of anaerobic incubation, the aerated MSW (3.7 L/L) produced two
times less methane than untreated MSW (8.0 L/L) (Fig. 3.5A).

Nevertheless, the

aerated MSW sample could still be used as an anaerobic inoculum to start-up
thermophilic anaerobic digestion. The aerated pretreatment of MSW causes the
oxidation of degradable organics by aerobic microbes and hence is expected to lower
the methane production potential. This observation has been described for MSW during
aerobic/anaerobic treatment and quantified by electron flow balance by Walker et al.
(2006b).
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Figure 3.5: Effects of aerobic pretreatment of MSW on methane production
(A) and VFA profiles (B) of thermophilic anaerobic batch digestion of 100 g
MSW. Both reactors contained 100 mM bicarbonate. Legend (A): reactor
seeded with untreated MSW () and aerated MSW (). Legend (B): closed
symbols: aerobically pretreated, open symbols: untreated; Acetate,
Propionate , Butyrate .
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The aeration pretreatment of 5 days tested here did not affect the viability of anaerobic
acetate degraders in the MSW as the overall acetate degradation capacity was similar to
the control without prior aeration treatment (Fig. 3.5B). When using the initial rates of
methane production as an indicator of the number of active methanogens present (Fig.
3.5A, days 5 to 8), it can be concluded that the aerobic pretreatment did not have a
significant adverse effect on the survival of methanogens. In order to maintain stable
digestion, the untreated reactor required approximately two times more (20.1 g/kg solid)
sodium hydroxide addition than the aerobically pretreated reactor (12 g/kg solid) for
neutralizing pH.

Although the mechanism of survival of oxygen sensitive methanogens during aerobic
pretreatment is still unclear, a similar result was found in the literature. Charles et al.
(2009) found that not only had acetoclastic methanogens survived in MSW during
aerobic treatment but the amount of hydrogenotrophic methanogens had increased
approximately 100-fold during aerobic pretreatment of MSW.

Overall results suggest that when microbes present in MSW serve as the sole source of
methanogens, an aerobic pretreatment is an acceptable method to lower the easily
degradable carbon in MSW, and reduce the risk of acidification, without adversely
affecting the methanogenic inoculum present.
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3.3.3. The effect of stirring during the initial start-up period
According to the literature, stirring improves anaerobic digestion, by
•

providing uniform distribution of organisms and substrates (Lema et al., 1991)

•

enhancing substrate and microbes contact (Smith et al., 1996).

However, it has also been recommended by some researchers to avoid intense stirring
during the start-up phase (McMahon et al., 2001; Stroot et al., 2001; Hoffmann et al.,
2008). To clarify these arguments, this experiment compared vigorously stirred and
unstirred reactors during the start-up phase.

During the start-up phase of anaerobic digestion, stirring inside the reactor is an
important operational process that needs to be considered. Figure 3.6 displays that
vigorous stirring inhibited propionate degradation resulting in its accumulation. Similar
results have been reported under both thermophilic (Kaparaju et al., 2008) and
mesophilic conditions (Stroot et al., 2001). Therefore, to ensure a successful start-up
process, vigorous stirring should be avoided as accumulated propionate (>20 mM) has
been found to inhibit acetate degradation, especially at low pH (Barredo and Evison,
1991).

Together with lowering VFA degradation, the stirring inside the reactor also decreased
methane production (Fig. 3.6A).

The methane production of the stirred reactor (6.8

L/L) was 40% less than that (10.5 L/L) of the unstirred reactor during two weeks of
incubation which can be explained by un-degraded propionate on an electron balance
basis. Considering that the electron equivalent per mole of propionic acid and methane
represent 14 and 8 electrons respectively, the microbial conversion of 1 mole of
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propionic acid is theoretically equivalent to 1.75 moles of methane formed. If the undegraded propionate (150 mM) in the stirred reactor is converted to methane, it will be
equivalent to 6.4 L/L of methane formed (assuming that 1 mmol of CH4 is equivalent to
24.5 ml); which would make up the reduced methane production recorded in the stirred
reactor. It is thus concluded that vigorous stirring during the start-up period is not
useful because it enhances the possibility of VFA build-up inside reactors leading to a
decrease in methane production.

61

12
Accumulative Methane
Production (L/L)

(A)
10
8
6
4
2
0

VFAs Concentration (mM)

200

(B)

150

100

50

0
0

2

4

6

8

10

12

14

Incubation Time (Days)

Figure 3.6: Effects of reactor stirring on start-up of thermophilic anaerobic
digestion of non-sterile MSW (A) and VFA profiles (B) of 200 g of MSW
(unstirred and stirred reactor). Both reactors contained 250 mM bicarbonate.
Legend (A): unstirred reactor () and stirred reactor (). Legend (B):
closed symbols: stirred reactor, open symbols: unstirred reactor; Acetate
, Propionate , Butyrate .
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3.3.4. Quantification of viable thermophilic methanogenic activities in
different fractions of MSW
The previous results revealed the presence of thermophilic methanogens in fresh MSW.
While there is a significant variation in MSW, depending on culture, and season, it is
generally recognized as comprising of similar types of domestic refuse including food,
fruit and vegetables, and gardening wastes (turf grass including leaf, root, and soil).

During the past decade, most studies relating to thermophilic methanogens in compost
have focused on potential methane emissions, factors that lead to methane emissions,
and thermophilic methanogenic communities in compost materials (Beck-Friis et al.,
2000; Jäckel et al., 2005; Thummes et al., 2007). However, there has been no research
investigating the origin of thermophilic methanogens in the start-up material such as
MSW. The aim of this experiment is to test for the presence of thermophilic
methanogenic activity in different fractions typical of MSW. Samples of fractions
typically contained in MSW (mixed tree leaves, mixed vegetable waste, and gardening
waste (turf grass including leaf, root, soil)) were collected and separately used as a
potential source of methanogens for thermophilic anaerobic digestion.

Results clearly indicated that, of the samples tested (all containing 30 mM acetate and
200 mM bicarbonate), only the turf grass sample enabled the development of
thermophilic methanogens in the presence of acetate and bicarbonate (Fig. 3.7).
Methane was not detected over a period of 30 days in any of the other samples
consisting of mixed tree leaves, mixed tree bark, mixed vegetable waste (including
banana peel, carrot, potato, mushroom), dust from a household vacuum cleaner, dry soil
from 3 separate locations of Murdoch University campus (away from lawn).
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Figure 3.7: Methane production in duplicate serum vials during four weeks
of incubation at 55˚C with 3 g of: turf grass (); and mixed tree leaves (),
mixed tree bark (), dry soil from 3 separate locations of Murdoch
University campus (away from lawn) (), mixed vegetable waste including
banana peel, carrot, potato, mushroom, and dust from a household vacuum
cleaner () which all producing no methane. All assays contained 30 mM
acetate and 100 mM bicarbonate.

Within a short incubation of about 4 days the turf grass sample initiated methane
production. This suggests that the turf grass sample was a significant source of
thermophilic methanogens in the synthetic MSW.

3.3.5. Comparison of methane production of turf grass samples from
different sampling locations
The turf grass tested in the previous experiment was taken from a grass lawn on the
campus of Murdoch University, Perth, Western Australia. To establish whether it is a
general phenomenon that grass lawn contains a significant inoculum of thermophilic
methanogens, samples from different grass lawns around Perth were tested. This
included grass lawns located on campus, from a local turf supplier and from household
gardens around the Perth metropolitan area.
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Figure 3.8: Comparative methane production (A) of 15 g of a mixture turf grass
species taken from: Murdoch University (), local Perth turf supplier (), and
household located in East (◆) and South Perth () and acetate concentrations
after four weeks incubation (B) in duplicated serum vials. All assays (40 mL
working volume) contained 30 mM acetate and 250 mM bicarbonate.
Results showed that all turf grass samples displayed high thermophilic methanogenic
activity within 7 days of incubation (Fig. 3.8A) confirming previous results. Acetate
analysis after 21 days showed that of the initial acetate concentration of 30 mM, less
than 13 mM was left in all cases (Fig. 3.8B). This acetate degradation suggests that the
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turf grass samples contained acetate degrading methanogens or syntrophic bacteria,
which are essential for stable proper start-up of anaerobic digestion.

Accumulative Methane
Production (L/L)

5

(A)

4
Refed with 50 mM
acetic acid

3

2
Refed with 25 mM
acetic acid

1

0

VFAs concentration (mM)

200

(B)
Refed with 50 mM acetic acid

150

Refed with 25 mM
acetic acid

100

50

0
0

2

4

6

8
10
12
14
Incubation time (Days)

16

18

20

Figure 3.9: Methane production (A) and volatile fatty acid profile (B) during
thermophilic anaerobic incubation of 200 g of turf grass in a 1 L batch reactor.
The initial acetate and bicarbonate concentration were 100 mM and 250 mM
respectively. Legend (B): Acetate (), Propionate (), Butyrate ().
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To confirm the presence of acetate driven methanogenesis, VFA degradation profiles
were recorded during the start-up of a larger 1 L reactor inoculated with turf grass. The
time course of methane production (Fig. 3.9A) and acetate degradation (Fig. 3.9B)
demonstrated the presence of acetoclastic methanogenesis or syntrophic acetate
degraders.

After an initial increase of acetate (day 1 to 9), explained by the

fermentation of plant carbohydrates, acetate was rapidly methanized at 15
mM*L-1*day-1 (Fig. 3.9B). Methane formation stopped when acetate was depleted.

The spiking of additional acetate (Fig.3.9B, day 15) resumed acetate conversion to
methane showing that a proper start-up of thermophilic anaerobic digestion associated
with acetate conversion to methane was accomplished. The high methane production
rate obtained (0.35 L*L-1*d-1) was in the order of well established full-scale anaerobic
digesters (WaterCorp Woodman point wastewater treatment plant).
Although methanogens have been found in various environments such as human dental
plaque (Kulik et al., 2001), and rice paddy (Watanabe et al., 2006), the current study
shows the first evidence of the presence of thermophilic methanogens in grass lawn. To
explain this finding, further study is required addressing questions such as below:
o Is the observation that thermophilic methanogens are present in grass lawn
consistent globally?
o What part/s of turf grass: leaf and/or root and/or soil is/are the main source
of methanogens?
o What are the species of methanogens in grass lawn?
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3.4. Conclusions
The overall conclusions based on the results of this study can be summarized as follows:
1) MSW was a more effective thermophilic anaerobic methanogenic seed than cow
manure. 2) Within the fractions of MSW, it was the turf grass, or grass clippings, that
contained the source of thermophilic methanogens for fast digester start-up including
acetate conversion. 3) During the start-up period, the provision of high buffer capacity
and slow stirring is recommended. 4) To minimize the need for buffer or alkali addition
during the start-up, aerobic pretreatment was a suitable method.
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Chapter 4
Distribution of Methanogenic Potential in Fractions of
Turf Grass Used as Inoculum for the Start-Up of
Anaerobic Digestion
4.1 Introduction
Results of Chapter 3 showed that the Organic Fraction of Municipal Solid Waste
(OFMSW) contained viable thermophilic methanogens which can be used as a seed for
the starting up of thermophilic anaerobic digestion. The source of thermophilic
methanogens was narrowed down and identified to be grass clippings (grass turf)
contained in the OFMSW. This finding is significant and provides an alternative readily
available source of thermophilic methanogens, which is a key factor ensuring a
successful start-up. However, results of Chapter 3 did not clarify which fraction of the
turf, comprising the grass leaves, turf soil and root, contained a significant source of
thermophilic methanogens. Acetoclastic methanogens, responsible for the conversion
of acetate to methane, are a prerequisite for the successful start-up of anaerobic
digesters.

Therefore, enhancing our knowledge of methanogens, particularly

acetoclastic methanogens, in each fraction of a turf grass is essential in ensuring the
successful start-up of any thermophilic anaerobic digestion by utilizing turf as its
inocula.
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The aims of this study were to:
-

Corroborate the findings that turf grass is a key source of thermophilic
methanogens in the OFMSW.

-

Compare the thermophilic methanogenic activities in different turf grass species.

-

Determine the types of methanogens found in/on grass lawn when incubated at
different temperature ranges (mesophilic and thermophilic) and when provided
with different energy sources.

-

Examine the effects of blending, drying and pulverizing of grass leaves on the
capacity for methane production

-

Identify which part of grass turf (leave or root with surrounding soil) is a source
of acetoclastic and hydrogenotrophic methanogens

-

4.2

Identify methanogens present in turf used as inoculum

Materials and methods

4.2.1 Samples collection and preparation
4.2.1.1 Inoculum sources
Components of “turf” used in the current study consisted of the turf’s grass
leaves, roots, and soil (soil attached to the roots). Various combinations of turf
grass leaves, and turf soil were tested as a source of inoculum to start-up
anaerobic digestion (Table 4.1). For figure 4.2-4.7, fresh turf samples were
collected from the Murdoch University campus, Perth, Western Australia, or, in
the case of figure 4.1, from a local Perth turf supplier (Westland Turf:
Stenotaphrum secundatum, Cynodon dactylon, and Zoysia japonica) and used as
inocula. Fresh grass leaves were collected at least 2 cm above the soil profile to
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minimize any contamination by the soil. To prepare turf soil samples (Fig. 4.64.7), grass leaves and main grass roots were manually removed. Consequently,
all turf soils used contained a limited quantity of fine hair roots. Once sorting
was complete, soil samples were used immediately as an inoculum.

4.2.1.2 Treatment of grass leaves
Three main techniques were used to prepare the grass leaves before testing:
blending, drying, and pulverizing. To blend grass leaves, 5 g of leaves and 40
mL of culture medium were blended by a mechanical blender (DēLonghi, model
DBL740) for 15 min. To prepare dried grass leaves, 5 g of leaves were oxicdried either at room temperature or in an oven at 37 ˚C, for one week. Powdered
grass leaves were prepared by drying 5 g of grass leaves at 37 ˚C in an oven for
one week and then blending in a mechanical blender (Breville, model BFP50)
until the particle size was less than 2 mm. A summary of the treatment methods
applied to individual inoculants is shown in Table 4.1.

4.2.1.3 Treatment of methanogenic culture
For section 4.3.5, methanogenic activities of untreated (not dried) and treated
(dried) methanogenic pellets were compared to examine the effects of oxicdesiccation of methanogenic pellets on methane production. To obtain a dried
methanogenic pellet, anaerobic culture collected from the incubated grass turf of
section 4.3.1 was centrifuged (IEC Centra CL3) at 4000 revolutions per minute
for 10 min. Ten g of the wet pellet, which contained residues of grass leaves,
roots and soil, were dried at 37 ˚C for 2 days. Next, the dried methanogenic
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pellet was anaerobically incubated at 55 ˚C to administer the methanogenic
activity test.

4.2.1.4 Treatment of soil components – methanogen extraction
For figure 4.7, mechanical shaking was employed to extract methanogens from
the soil. To extract methanogens from soil, 30 g of turf soil and 50 mL of
culture medium were mechanically (Stuart flask shaker) shaken (500
oscillations/minute) for 15 min. The supernatant (extracted soil solution) and
soil after extraction were used immediately as inocula.

4.2.2 Carbon source, bicarbonate, and culture medium composition
30 mM and 80 mM of acetate concentrations were used as methanogenic carbon source
for sections 4.3.1-4.3.5 and 4.3.6 respectively. 250 mM of sodium bicarbonate
(NaHCO3) was used as buffer for section 4.3.1-4.3.4 and 4.3.6. Culture medium was
used for adjusting working volume to 40 and 50 mL for section 4.3.1-4.3.5 and 4.3.6
respectively. The culture medium, based on DSM 334 (DSMZ, 1983), contained (per
liter): 0.3 g KH2PO4, 0.6 g NaCl, 0.1 g MgCl2.2H2O, 0.08 g CaCl2.2H2O, 1.0 g NH4Cl,
3.5 g KHCO3, 10 mL of vitamin solution, and 5 mL of trace element solution.

Vitamin solution, based on DSM 141, contained (per liter): 2.0 mg biotin, 2.0 mg folic
acid, 10.0 mg pyridoxine hydrochloride, 5.0 mg thiamin hydrochloride, 5.0 mg
riboflavin, 5.0 mg nicotinic acid, 5.0 mg DL-calcium pantothenate, 0.1 mg vitamin B12,
5.0 mg p-aminobenzoate, and 5.0 mg lipoic acid.
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Trace element solution, based on DSM 318, contained (per liter): 12.8 g nitrilotriacetic
acid, 1.35 g FeCl3.6H2O, 0.1 g MnCl4H2O, 0.024 g CoCl2.6H2O, 0.1 g CaCl2.2H2O, 0.1
g ZnCl2, 0.025 g CuCl2.2H2O, 0.01 g H3BO3, 0.024 g Na2MoO4.4H2O, 1.0 g NaCl, 0.12
g NiCl2.6H2O, 4.0 mg Na2SeO3.5H2O, 4.0 mg Na2WO4.2H2O.

4.2.3 Experimental design
All experiments were conducted in 100 mL serum vial (Wheaton) sealed with butyl
rubber stoppers and aluminum crimps. Experiments were performed in duplicate and
conducted at 55 ˚C except section 4.3.2 where methanogenic activity tests were also
performed at 37 ˚C. All experiments were set up, monitored and operated as described
in section 3.2.2. Experimental conditions for all experiments are summarized in Table
4.1.

4.2.4 Analysis
VFA concentration of samples was analyzed by gas chromatography using a Varian
Star 3400 equipped with a Varian 8100 auto sampler and a flame ionization detector as
described section 3.2.3. The methane concentration in biogas was analyzed by Varian
Star 3400 gas chromatograph equipped with a thermal conductivity detector as
described section 3.2.4.

4.2.5 PCR amplification and clone library analysis
The Archaeal 16S rDNA was amplified using the primer pairs Arch f364 (CCT ACG
GGR BGC AGC AGG) and Arch r1386 (GCG GTG TGT GCA AGG AGC) (Skillman
et al. 2004). Polymerase chain reaction mixtures (25 µL) consisted of 10 to 20 ng of
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template DNA, 1x PCR buffer, 2.5 mM of MgCl2, 0.2 mM of mixed dNTPs, 0.5 µM of
both primers, 1.0 U of Taq DNA polymerase (Promega, Madison, Wi). The following
amplification conditions were used in a BioRad MyCycler thermal cycler: initial
denaturation at 95 oC for 7 min, followed by 32 cycles of 95 oC for 30 s, 58 oC for 30 s
and 72 oC for 1 min, and final extension at 72 oC for 7 min. To verify the presence of
the amplified gene, 10μL of the PCR products were run on 1% agarose gel
electrophoresis, stained with ethidium bromide and visualised under UV light. For the
preparation of the cloning reactions, PCR products were purified with the Wizard SV
Gel and PCR clean up kit (Promega, Madison, Wi, USA).
Cloning reactions and transformations were performed using the PGEM –T easy Vector
System and JM109 competent cells according to the manufacturer instructions
(Promega, Madison, Wi). A total of 50 clones from the non-incubated blended grass
samples and 53 clones from the incubated blended grass samples were selected for the
amplification of the 16S rDNA and subsequent digestion with HaeIII restriction enzyme
according to manufacturer’s instructions (Promega, Madison, Wi). Digested fragments
were separated by electrophoresis on 3% agarose gels. Different restriction fragment
patterns were assumed to represent different operational taxonomic units (OTUs).

4.2.6 DNA sequencing
Clones containing the methanogenic Archaea gene which resulted in dissimilar
restriction fragments were selected for growth and insert sequencing.

Sequencing was

performed in an Applied Biosystems 3730 DNA sequencing system (SABC, Murdoch
University). The sequences obtained were manually checked and compared to other

sequences in the GenBank database using the Basic Local Alignment Search Tool
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(BLAST) (NCBI: http://blast.ncbi.nlm.nih.gov). The unique methanogen 16S rRNA
gene sequences identified in this study have been deposited in the GenBank under
accession numbers JF792623 and JF792625-7.
Table 4.1: Summary of inoculum types, their treatment methods, and initial bicarbonate
concentrations used in experiments.
Experiment

4.3.1
4.3.2
4.3.3

4.3.4

4.3.5

4.3.6

Types of inocula

Treatment
method

Bicarbonate
concentration
added
(mM)
250

Experimental
duration
(Week)
4

Final
working
volume
(mL)
40

10 g of various turf
grass species
5 g of grass leaves
5 g of grass leaves
5 g of blended grass
leaves
5 g of grass leaves
Dried grass leaves
(from 5g of fresh
grass leaves)

None
None
None
Mechanical
blending
None
Oxic dried at
room
temperature and
in an oven at 37
˚C for a week

250
250
250

2
2
2

40
40
40

250
250

2
2

40
40

Powdered grass
leaves (from 5g of
fresh grass leaves)

Oxic dried in an
oven at 37 ˚C
and mechanical
blending
None

250

2

40

0

1

40

Oxic dried in an
oven at 37 ˚C
for 2 days
None
None
None
Mechanical
shaking
Mechanical
shaking

0

1

40

250
0
0
0

4
4
1
1

50
50
50
50

0

1

50

10 g pellet of
methanogenic culture
seeded with turf
10 g dried pellet of
methanogenic culture
seeded with turf
5 g of grass leaves
15 g of turf soil
30 g of turf soil
50 ml of soil solution
30 g of turf soil after
extraction
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Table 4.2: Summary of objectives and rationales for each experiment
Experiment

Objective of testing

Remark

4.3.1

To investigate whether presence of
methanogens in turf was generic or linked
to specific turf grass species

4.3.2

To test whether the presence of active
methanogens on fresh turf grass is
restricted to thermophilic or mesophilic
microbes
To test whether the structure of grass leave
effects on methanogenic activity
To examine effects of oxic-drying of grass
leaves on methane production during their
anaerobic incubation.

Due to limit of reactor’s volume (100 mL
serum vial) and different volumes per grams
of inocula tested in this chapter, different
inoculum size were used as shown in Table
4.1
Concentration of acetate was focused in all
experiments due to acetate being main
carbon source of acetoclastic methanogens
for methane production

4.3.3
4.3.4

4.3.5

To test whether methanogenic liquid
cultures (e.g. from digesters) can survive
exposure to oxygen when they are dried

4.3.6

To clarify the presence of acetoclastic
methanogens in the 2 different fractions of
grass turf (leaves, roots and soil)

4.3. Results and Discussion
4.3.1 The presence of thermophilic methanogens in various species of turf
grass
Results of Chapter 3 found that thermophilic anaerobic incubation of turf grass, which
consisted of a mixture turf grass species, exhibited a significant methanogenic activity
within a few days of incubation. On the other hand, there was no methanogenic activity
in samples seeded with mixed tree bark, tree leaves, or soil (away from grass lawn). To
investigate whether this phenomenon was generic or linked to specific turf grass species,
a number of different turf grass species were tested as the sole inoculum of thermophilic
methanogens.
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Three turf grass species (Stenotaphrum secundatum, Cynodon dactylon, and Zoysia
japonica) were anaerobically incubated at 55 oC. A mixed soil sample (away from lawn)
from Murdoch University was used as control. All grass samples started producing
methane after four days of anaerobic incubation at 55 oC (Fig. 4.1A). An average
methane production rate of about 0.3 L*L-1*d-1 was obtained for all turf samples,
suggesting that similar levels of thermophilic methanogens were present in each species
of turf grass.

The rate of 0.3 L*L-1*d-1 is surprisingly high considering that anaerobic digesters of
sewage sludge produce about 0.5 L*L-1*d-1 of methane gas. In comparison with the
amount of expected methane produced from acetate added (0.74 L/L), the amount of
methane produced (~ 7 L/L) from all turf samples were approximately 10 times more
than that from acetate added (Fig.4.1A). This result indicates that the turf served as an
additional carbon source for methane production.
Acetate analysis after 4 weeks of incubation showed that the residual acetate of all grass
samples was lower than the initial concentration of acetate added (30 mM) (Fig. 4.1B)
suggesting that acetoclastic methanogesis was present in all grass samples tested.
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Figure 4.1: Comparative methane production (A) and residual acetate
concentrations (B) over four weeks of incubation in duplicate serum vials of
different grass turf species at concentrations of 250 g/L. Legend A: Cynodon
dactylon (▲), Zoysia japonica (), Stenotaphrum secundatum (◊) and turf (),
and mixed soil (away from grass lawn) (Х) from Murdoch University.
All assays (40 mL working volume) initially contained 30 mM acetate and 250
mM bicarbonate.
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4.3.2 Presence of thermophilic and mesophilic methanogens on grass
leaves
To test whether the presence of active methanogens on fresh turf grass is restricted to
thermophilic microbes, mesophilic incubations (30 oC) were also carried out and
compared to thermophilic ones. Turf grass samples tested above (Fig. 4.1) included
grass leaves, root, and surrounding soil. The current experiment also aims to test
whether grass clippings (grass leaves only) support the presence of live methanogens, as
it is largely grass leaves that are present in typical street verge collections of MSW in
suburban areas such as Perth.

After four days incubation of grass leaves, methane was produced under both
thermophilic and mesophilic conditions (Fig. 4.2). In comparison, the initial methane
production rate of thermophilic anaerobic digestion was two times higher than that of
mesophilic anaerobic digestion. However, the results clearly indicate that grass leaves
contain both thermophilic and mesophilic methanogens.

While methanogens are strictly anaerobes and highly sensitive to oxygen entry into
laboratory culture vessels, our study shows evidence of the presence of significant
numbers of viable methanogens on grass leaves that are exposed to air. This result is in
agreement with previous studies reporting that methanogens could survive under oxic
stress (Tang et al., 2004; Brioukhanov and Netrusov, 2007; Tholen et al., 2007; Charles
et al., 2009). Liu et al. (2008) compared the tolerance of different methanogenic strains
to oxic-desiccation in liquid and dried methanogenic cultures, which had been pre-dried
by centrifugation to pellets, then dried by a centrifugal evaporator. These methanogenic
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strains included Methanobrevibacter arboriphilicus, Methanoculleus olentangyi,
Methanosarcina mazei, Methanobacterium formicicum, Methanococcus vannielii and
Methanoplanus limicola. The authors reported that most of these methanogenic strains
could survive desiccation under an oxic atmosphere. However, survival rates were not
given. In non-quantitative experiments the pre-dried cultures of these methanogenic
strains had higher tolerance to oxic-desiccation than the same methanogenic strains in
enriched liquid cultures. Moreover, Tholen et al. (2007) even stated that
Methanobrevibacter cuticularis could be cultivated in the presence of oxygen by
making use of oxygen as electron acceptor using hydrogen as the electron donor at
fractions of up to 10% of the CH4 production rate.
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Figure 4.2: Comparative methane production during ten days incubation of 5 g
grass leaves as the sole inoculum of mesophilic () and thermophilic ()
anaerobic digestion in duplicate serum vials. All assays (40 mL working volume)
initially contained 30 mM acetate and 250 mM bicarbonate.
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4.3.3 Effects of blending grass leaves on methane production activity
Result of section 4.3.2 showed that grass leaves, which are fully exposed to air,
contained both viable mesophilic and thermophilic methanogens. It is not clear how
methanogens as obligate anaerobic microbes, can survive in an aerobic environment
such as grass leaves. Grass leaves are complicated in structure consisting of many
tissues such as mesophyll, vascular, and epidermis. It might be possible that
methanogens are protected by the grass tissue, perhaps allowing the existence of an
oxygen free micro-environment.

To test this hypothesis, grass leaves were blended for 15 min to damage the structure of
the leaves. By breaking the physical structure of grass, methanogens in grass leaves
would be exposed to oxygen. The methane produced from such blended grass leaves
was compared to that of fresh leaves as the positive control.

Results showed that methane was produced from both blended and fresh grass leaves as
the sole inoculum (Fig. 4.3A). The lag time and the initial methane production rate of
blended grass samples were 4 days and 0.28 L*L-1*d-1, respectively, which were
comparable to those of the control (Fig. 4.3A). This indicates that structural damage of
grass leaves by blending does not affect the rate of spontaneous methane production.
This rules out the possibility of the methanogens having been protected from oxygen by
the viable grass tissue.

It is possible that enzymes protecting against oxygen toxicity play a significant role in
the survival of methanogens on grass leaves. Oxygen toxicity protecting enzymes such
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as superoxide dismutase (SOD) and catalase might have provided enzymatic defense
against oxygen toxicity and facilitated the survival of methanogens on oxygen-exposed
grass leaves. Enzymes protecting against oxygen were also found in various groups of
methanogens and are thought to play an important role in microorganism survival after
oxygen exposure (Brioukhanov et al., 2000; Shima et al., 1999, 2001). When strict
anaerobic microbes are exposed to oxygen, a product of oxygen reduction, the
superoxide radical (O2-), is produced. Without immediate neutralization of O2- by
oxygen toxicity protecting enzymes, the superoxide radical, which is a strong oxidant,
will damage anaerobic microbes’ cells (Brioukhanov et al., 2007). Brioukhanov et al.
(2002) investigated the activity of catalase and SOD among Methanobrevibacter
arboriphilus, Methanosarcina barkeri Fusaro, and Methanosarcina barkeri during
different growth phases while hydrogen, methanol, and acetate, were used as energy
sources. The authors reported that catalase and SOD were found in all these
methanogenic species tested. Moreover, the enzymes activities measured in these
methanogenic cells were different depending on their energy source and growth stages.

To test for the presence of hydrogenotrophic and acetoclastic methanogesis, hydrogen
and acetate were monitored during the anaerobic incubations of grass turf. Within 24
hours of anaerobic incubation of grass leaves, hydrogen was produced and accumulated
to levels of approximately 0.5 L/L of both grass samples. Thereafter, the hydrogen
level in the biogas decreased (Fig. 4.3B, day 5), coinciding with the onset of methane
production suggesting that the initial methane was produced from H2 utilizing
methanogens. Residual acetate concentrations of both grass samples were over 135 mM,
which was four times higher than the initial acetate concentration added (30 mM). This
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observation indicates that acetate was initially not degraded into methane possibly due
to the absence or low numbers of acetoclastic microbes in grass leaf tested. Results of
this experiment lead to a hypothesis that acetoclastic methanogens present in turf might
be in other part of turf such as root or soil.
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Figure 4.3: Comparative methane production (A) and percent methane and
hydrogen gas in the biogas (B) of batch thermophilic anaerobic digestion
utilizing 125 g/L of fresh of grass leaves in duplicate serum vials. Legend (A):
Untreated leaves () and blended leaves (). Legend (B): closed symbols:
blended leaves, open symbols: untreated leaves. Percent CH4 , Percent H2
 in the biogas.
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4.3.4 Effects of drying grass leaves on methane production
Previous experiments confirmed that grass leaves could be effectively used as an
inoculum for the start up of methanogenic reactor. Also, methanogens carried by grass
leaves were tolerant to aerobic condition. From a practical aspect of using methanogens
from grass as an inoculum for thermophilic anaerobic digestion, it would be
advantageous if the grass leaves, to be used as the anaerobic inoculum, could be dried as
it can minimize transportation and storage expenses. The aim of this experiment was to
examine effects of oxic-drying of grass leaves on methane production during their
anaerobic incubation.

Drying grass leaves at room temperature and 37 oC did not affect potential methane
production compared to the control (fresh grass leaves). The lag times (4 days) and
initial methane production rates (about 0.2 L*L-1*d-1) of both dried grass samples were
similar to those of the control (Fig. 4.4A). This result supports previous research
reported by Charles et al. (2009). Charles et al. (2009) found that there were viable
thermophilic methanogens in fresh MSW (containing grass clippings), which was
collected from house verge weekly. Also, the lag time (4 days) and initial methane
production rate (about 0.2 L*L-1*d-1) of the powdered grass sample were comparable to
those of the control (fresh grass, Fig. 4.4A). The results suggest that drying grass could
be a good technique to prepare inoculum. However, effects of long-term storage on
methanogenic activity need to be tested to ensure successful start-up of thermophilic
anaerobic digestion by using dried grass. As in the results with dried and non-dried
grass, evidence of acetate degradation was not obtained within a period of two weeks of
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incubation (Fig. 4.4B) suggesting that methane is likely produced from
hydrogenotrophic methanogenesis.

Figure 4.4: Comparative methane production (A) and residual acetate
concentrations (B) over two weeks incubation at 55 ○C of 125 g/L of various
forms of grass leaves as inocula in duplicate serum vials. Legend (A): fresh
grass leaves (), grass leaves dried at room temperature () and 37 ˚C (), and
powdered grass (). All assays initially contained 30 mM acetate and 250 mM
bicarbonate.
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4.3.5 Effect of desiccation and oxygen exposure on the survival of
methanogens
Figure 4.4 showed that drying of grass leaves for use as inoculum did not affect the
subsequent methane production upon anaerobic incubation of the dried grass. It is
possible that the methanogens on the grass have probably been in a desiccated state,
hence it is expected that drying of the support material (grass) does not further limit
their capacity to produce methane. These results suggest that it could be possible to
produce, and dry-store methanogenic cells as back-up large scale inoculum for
thermophilic anaerobic digesters. This leads to the question as to whether methanogenic
liquid cultures (e.g. from digesters) can survive exposure to oxygen when they are dried.

To address the above question, anaerobic culture taken from incubated grass turf
described above was centrifuged to a pellet and exposed to dry air in an oven at 37 ˚C
for two days. The main objective was to determine the option of methanogens
preservation in the presence of oxygen.

When the dried anaerobic culture was incubated at 55 ˚C, it produced methane gas at a
rate of 0.06 L*L-1*d-1 (over the first 3 days) which was 3 times lower than the positive
control which was not dried (Fig. 4.5). This suggests that drying methanogenic liquid
culture under oxygen exposure is an alternative technique for preparing dry-store
methanogenic inoculum although methanogenic activity will be decreased after
desiccation. This result is in agreement with previous results reported by Ueki et al.
(1997). Ueki et al. (1997) compared the number of methanogens in moist paddy soil
before and after air drying for 10 days. The authors reported that about 25% of
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methanogens in the wet soil remained viable during drying and after storing the dried
soil for 4 months.
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Figure 4.5: Comparative methane production of batch thermophilic anaerobic
digestion using 10 g of untreated methanogenic culture before () and after ()
air drying. Incubation was in duplicate serum vials initially containing 30 mM
of acetate.

4.3.6 Presence and extraction of acetoclastic methanogens in fractions of
turf
Results of section 4.3.2 and 4.3.4 showed that while methane was produced from the
thermophilic incubation of grass leaves acetate was not degraded and accumulated
during the two weeks of incubation. This suggests that acetoclastic methanogens are
not present in the grass leaves. However, in order to sustain the start-up of anaerobic
digestion, the presence of acetoclastic methanogens is required. Based on the results of
section 4.3.1, acetate was only degraded when whole grass turf including leaves and
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root with surrounding soil were incubated (instead of only grass leaves). This implies
that acetoclastic methanogens are mainly present in roots or surrounding soil. To test
this hypothesis, the presence of acetoclastic methanogens in the 2 different fractions of
grass turf (leaves, roots and soil) was investigated.

Results showed that methane formation occurred in both samples using either grass
leaves or roots with surrounding soil as a sole inoculum (Fig. 4.6A). However, acetate
was degraded only in the presence of the roots/soil fraction (Fig. 4.6B). This indicates
that hydrogenotrophic methanogens are present on the oxygen-exposed leaves whereas
acetoclastic methanogens are present in only turf soil. This result leads to a hypothesis
that acetoclastic methanogens are more oxygen sensitive than hydrogenotrophic
methanogens. This result is in agreement with a previous report (Tang et al., 2004).
Tang et al. (2004) studied the effects of aeration during the treatment of municipal solid
wastes on microbial population dynamics in thermophilic anaerobic reactors. The
results showed that the population of Methanosarcina in reactors decreased after
aeration whereas population of Methanoculleus increased based on analysis of the
library of 16S rRNA genes clones and the quantitative real-time PCR. Tang et al. (2004)
concluded that Methanoculleus, a species identified as a hydrogenotrophic methanogen,
had a higher tolerance to oxygen exposure as compared to Methanosarcina, which is a
acetoclasic methanogen.

The reason for the survival of acetoclastic methanogens in soil of grass turf could be
because of the presence of oxygen protected microniches in the soil in contrast to the
grass leaves, which are fully exposed to oxygen. In the last decade, many researchers
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have reported the presence of acetoclastic methanogens in soil, such as acidic peatland
soil (Steinberg and Regan, 2011) and dried rice paddy soil (Min et al., 1997; Watanabe
et al., 2006), which was hypothesized to provide anoxic habitats (Ueki et al., 1997).
Wagner et al. (1999) studied the effects of aeration on methane production from soil
particles containing methanogens. The authors stated that microscale anoxic areas were
formed in soil particles resulting in the survival of methanogens under oxic stress.
From a practical aspect of using methanogens from turf soil as an inoculum for
thermophilic anaerobic digestion, it would be beneficial if thermophilic methanogens
can be extracted for the purpose of preparing a concentrated inoculum. The effect of
separating methanogens from the grass by simple mechanical agitation was investigated.
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Figure 4.6: Comparative methane production (A) and acetate profiles (B) of
batch thermophilic anaerobic digestion using 100 g/L of grass leaves () or 300
g/L of root with surrounding soil of turf () as a sole inoculum in duplicate
serum vials. All assays (50 mL working volume) initially contained 80 mM of
acetate and the assay with grass leaves also contained 250 mM of bicarbonate.

The methanogens were extracted from the soil by wet extraction as explained in
Materials and Methods section. This resulted in 50 ml of extract per 30 g of soil. When
compared the methane production by untreated soil with that from the extracted
methanogens (Fig. 4.7), it can be concluded that methanogens in the turf soil could be
extracted by using a mechanical shaker. Under the assumption that the initial methane
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production rate corresponds to activity of active methanogens, the rate of methane
production from soil extract and the residual soil solution should be lower than that of
total untreated soil. However the extract and residual soil after extraction produced
similar methane production kinetics to the total untreated soil (Fig. 4.7).
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Figure 4.7: Comparative methane production from incubation of 600 g/L of
fresh turf soil (), 600 g/L of turf soil after extraction () and 50 ml of aqueous
soil extract from 600 g/L of turf soil () as inoculum in duplicate serum vials.
All assays (working volume 50 mL) initially contained 30 mM of acetate.

4.3.7 PCR amplification and Clone library analysis
For non-incubated blended grass samples, 29 PCR samples resulted in non specific
amplification. Of the remaining 21 fragment patterns from non-incubated blended grass,
four distinct sequences were revealed. These phylotypes were closely affiliated within
two orders: acetoclastic Methanosarcinales with 36% (18 of 50 clones) of the total
clones identified as 97% similar to Methanosarcina sp. and hydrogenotrophic
Methanomicrobiales with 6% (3 of 50 clones) of the total clones identified as 99%
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similar to Methanoculleus sp. For incubated blended grass samples, 8 PCR samples
resulted in non specific amplification. The majority of clones (45 of 53 clones) from
the incubated blended grass leaves had very similar fragment patterns. The associated
phylotype was placed within the order of hydrogenotrophic Methanomicrobiales with
99% sequence similarity to Methanoculleus sp.

We have demonstrated the presence of methanogens on the unincubated grass and a
difference in methanogen composition following incubation. The species identified
were most closely related to Methanosarcina sp. and Methanoculleus sp. In the
literature, these two thermophilic methanogenic genera have been found in a
thermophilic anaerobic reactor (Sasaki et al., 2006) and cow manure used for start-up of
thermophilic anaerobic digestion (Chachkhiani et al. 2004).

This study has confirmed and qualified earlier observations that viable thermophilic
methanogenic bacteria can be found on grass leaves and around the roots of turf grass.
It has further established that this natural start-up inoculum for thermophilic anaerobic
digesters can be “harvested” either as dried grass powder or extracted from the grass as
a viable inoculums. How this extract can be suitably preserved as a dry powder remains
to be established by further tests.

Aside from the finding that thermophilic methanogens on grass plants serve as an
inoculum for anaerobic digestion, the presented findings promise to have significant
impact on the understanding of methane release into the environment which is a rising
concern due to accelerated global warming.
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•

Firstly, according to existing knowledge the presence of methanogenic cells on
grassland can only be explained by methane production that must have occurred
during the growth of the existing cells. Where and under what conditions the
methanogens associated to grass have grown could not be answered by this
study and warrants further investigation.

•

Secondly, while it is unlikely that the methanogens on grassland produce
methane while in contact with air, they will readily produce methane as soon as
decaying processes occur such as after cutting of wet grass, exposure of hay to
rain, use of cut grass as mulch, composting of green waste including grass.

•

Thirdly, it is perceivable that upon digestion by grazing animals, in particular
ruminants, the ingested methanogens become active and contribute to elevated
methane emissions in the digestion system of grazers.

4. Conclusion
•

Thermophilic methanogens are present in various turf grass species.

•

Two main groups of methanogens, hydrogenotrophic and acetoclastic
methanogens, are present in grass lawn. While only hydrogenotrophic
methanogens were present on grass leaves; acetoclastic methanogens were
mainly present in the root and surrounding soil.

•

Blending and drying grass leaves in an oxic-environment does not affect the
methanogens viability.

•

Aqueous extraction with shaking can extract some methanogens from soil
into the aqueous phase.
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Chapter 5
Investigation of the Possible Origin of
Thermophilic Methanogens Present in Turf

5.1. Introduction
Results of Chapter 3 and 4 show that turf contained both thermophilic acetoclastic and
hydrogenotrophic methanogens which are major groups of methanogens.

These results

indicated that turf can be a suitable low cost source of themophilic methanogens and used as
inoculum for start-up of thermophilic anaerobic digestion. However, the reason for the
presence of methanogens in turf remains unclear.

Methanogens are obligate anaerobic

microbes. So, the presence of oxygen sensitive thermophilic methanogens in turf is unusual
and requires further investigation.

Different potential sources of methanogens were hypothesized and investigated. The first
hypothesis is that methanogens might have been present on the grass seed before germination
and the grass seed would be the carrier for distribution of methanogens to the grass
lawn. Moreover, many researchers have reported that soil, especially paddy soil, contains a
rich supply of methanogens (Min et al., 1997; Grobkopf et al., 1998, Conrad et al
2006). This leads to a hypothesis that methanogens would have been in the soil before grass
seed germination. To test these hypotheses, this chapter investigated methanogens in three
grass seed species (Pennisetum clandestinum, Festuca arundinacea, and Cynodon dactylon)
which are generally supplied in Perth and bush soils within Murdoch University. These bush
soil samples have neither been disturbed nor altered by lawn in any way. Turf collected from
lawn located in Murdoch University was tested as a positive control.
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Another possible origin of methanogens present in grass lawn is groundwater. The emission
of methane from groundwater has been well documented in the literature (Watanabe et al.,
2008). Furthermore, unconfined groundwater is the main supply of water used for lawn
irrigation of households and turf suppliers in Perth, Australia. For these reasons, it is
reasonable to hypothesize that groundwater may contain methanogens and acts as a carrier
for the distribution of methanogens from sub-surface sources and aquifer to the grass lawn.

5.2. Materials and Methods
5.2.1. Samples Collection and Preparation
5.2.1.1 Potential Sources of Methanogens
A number of potential origins of thermophilic methanogens, as described in the
introduction above, were tested. Pennisetum clandestinum, Festuca arundinacea, and
Cynodon dactylon grass seeds were obtained from a local grass seed supplier
(Symonds seed).

Bush soil was collected from different locations in Murdoch

University, Perth, Western, Australia. Groundwater was collected from a water bore
located in Murdoch University campus, and households located in Perth. For turf
irrigated by scheme water only, fresh turf was collected from Perth households using
scheme water only.

5.2.1.2 Concentration of biomass from groundwater
In order to concentrate microorganisms in groundwater, 2 L of groundwater was
filtered through a 0.2 μm filter paper (Whatman). The filtered residue on the filter
paper containing the concentrated biomass and was then incubated anaerobically as
inoculum at 55 °C.
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5.2.2. Experimental design and analysis
All experiments were conducted in 100 mL serum vials (Wheaton) sealed with butyl rubber
stoppers and aluminum crimps. Experiments were performed in duplicate and conducted at
55 ˚C. All experiments were set up, monitored and operated as explained in Section 3.2.2.
The VFA and methane concentrations in biogas were analyzed by gas chromatography as
described in Section 3.2.3.

5.2.3. Culture medium and carbon source
Culture medium was used in all experiments for adjusting working volume and was prepared
as outlined in Section 4.2.2. Acetate, as carbon source, and sodium bicarbonate (NaHCO3),
as buffer, were added into culture medium before adjusting working volume in all
experiments.
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Table 5.1: Summary of inoculum types, their treatment methods, and initial bicarbonate
concentrations used in experiments.
Experiment

5.3.1

5.3.2

5.3.3

Types of inocula

Treatment
method

Bicarbonate
added
(mM)

Experimental
duration
(Days)

Final
working
volume
(mL)

15 g of a mixed turf
grass species
10 g of different grass
seeds
15 g of different bush
soils

None
None

100
100

20
20

30
30

None

100

20

30

sterilized concentrated
biomass from 2 L of
ground water collected
from the bore of
Murdoch University

Filtration and
autoclave for
20 min

0

10

30

non-sterilized
concentrated biomass
from 2 L of
ground water collected
from the bore of
Murdoch University

Filtration

0

10

30

non-sterilized
concentrated biomass
from 2 L of
ground water collected
from the bore of house
hold

Filtration

0

10

30

15 g of turf soil collected
from different turfs
irrigated by scheme
water

None

0

22

50

5 g of grass leaves
collected from different
turfs irrigated by scheme
water

None

250

22

50

Remark: The different concentrations of bicarbonate used in Table 5.1 depended on possibly
available carbon contained in each different types of inocula.
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5.3. Results and Discussion
5.3.1. Grass Seed and Soil as Potential Sources of Thermophilic Methanogens
Present in Turf
With the exception of the positive control, there was an absence of methane production from
any of the incubated grass seeds and bush soil samples (Fig. 5.1). This indicates that all grass
seeds and bush soil samples tested in this experiment did not contain thermophilic
methanogens.

Accumulative Methane
Production (L/L)

6
5
4
3
2
1
0
0

5

10

15

20

Incubation Time (Days)

Figure 5.1: Methane production in duplicate serum vials during three weeks of incubation at
55 ˚C with: 15 g of turf grass (positive control)(); and 10 g of different grass seed species
(Pennisetum clandestinum, Festuca arundinacea, and Cynodon dactylon) (X), 15 g of bush
soil collected from different bushes in Murdoch University (X), which all producing no
methane. All assays contained 30 mM acetate and 100 mM bicarbonate.

98

5.3.2. Groundwater as a primary source of methanogens present in grass lawn
The incubated filters from the filtration of Perth groundwater (Bush Court, Murdoch
University) (showed evidence of methane production from after thermophilic incubation with
acetate.(Fig. 5.2). This implies that groundwater contains thermophilic methanogens
suggesting that groundwater would be one of the thermophilic methanogenic sources present
in grass lawn.
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Figure 5.2: Methane production in duplicate serum vials during ten days incubation at 55 ˚C
of concentrated biomass of 2 L groundwater collected from the bore in: Murdoch University
(sterilized (negative control) () and non-sterilized ()) and a private household located in
Perth (). All assays contained 30 mM of acetate. The initial pH of all assays was 8.
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5.3.3. Investigation of thermophilic methanogens in grass lawn irrigated by
scheme water
Soil and grass leaves of grass lawns irrigated by scheme water led to methane production
(Fig. 5.3). Despite the different amounts of methane production between samples, the
methane generation clearly indicates that grass lawn irrigated by scheme water also contained
thermophilic methanogens.

Results of this experiment led to an interesting question as to why lawn irrigated by scheme
water also contained thermophilic methanogens. One possible explanation could be that
groundwater is normally used for grass cultivation by local turf suppliers. Hence, it is
possible that thermophilic methanogens were initially present in the grass cultivated by turf
suppliers which persisted when planted in the household settings. This possibility of
propagation of methanogens with the growing turf lawn should be further investigated by
growing grass from seeds and irrigating only by methanogen free water.
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Figure 5.3: Comparative methane production of batch thermophilic anaerobic
digestion using 15 g of turf soil (A) or 5 g of grass leaves (B) as a sole inoculum.
Turf was collected from grass lawns of house holds which irrigated by scheme water:
household 1 () and 2 (♦) located in South Perth and household 3 (∆) and 4 (□)
located in North Perth in duplicate serum vials. All assays (50 mL working volume)
contained 80 mM of acetate initially.
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5.4 Conclusions
-

Bush soil and grass seed (species: Pennisetum clandestinum, Festuca arundinacea,
and Cynodon dactylon) are not the origin of methanogens.

-

Ground water in Perth is one possible origin of methanogens in turf, but not the only
one as also scheme water irrigated lawn serves as inoculum from thermophilic
methanogenesis.
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Chapter 6
Overcoming sodium toxicity by utilizing yeast extract and
grass leaves as co-substrate during the start-up of batch
thermophilic anaerobic digestion
6.1. Introduction
Anaerobic digestion of wastes, in particular solid wastes, results in the solubilization of organic
and inorganic salts. The inhibitory effect of accumulating salts on the methanogenic microbiota
in the anaerobic digester is a problem that is not well understood. One of the ions that always
accumulates and that has been shown to be toxic to methanogenic Archaea is sodium.
Although sodium is essential for bacterial growth (Dimroth and Thomer, 1989), high sodium
concentrations increase osmotic stress that can result in decreased cell activity and cell
plasmolysis (Uygur, 2006). The occurrence of high sodium concentrations in an anaerobic
reactor can generally be attributed to a high sodium concentration in the influent waste stream or
sodium addition during operation of the digestion process. As a result of using sodium salts as
an additive in a unit process such as food or bio-diesel production, organic waste high in sodium
are generated. Industries, such as the seafood processing industries, utilize raw materials
containing high sodium salts resulting in the generation of a salty wastewater. High sodium
concentrations in an anaerobic digester can also arise from the addition of alkaline solution in the
form of sodium hydroxide (NaOH), sodium carbonate (Na2CO3) or sodium bi-carbonate
(NaHCO3) to neutralize acidity during start-up and operation.
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Although anaerobic digestion of saline wastewaters such as effluents from tannery industries
(Lefebvre et al., 2006), seafood-processing (Omil et al., 1995) and oil and gas production (Ji et
al., 2009) have been studied, solutions to the problem of inhibitory high sodium salts are still
limited. One way of tackling the sodium salts problem, is by allowing the anaerobic sludge to
acclimate to high sodium concentrations (Vyrides et al., 2009), but this technique requires time
for the methanogens to adapt to the saline conditions which in turn results in a prolonged period
before the anaerobic reactor can achieve its full-loading capacity. Mendez et al. (1995) stated
that a start-up period of nine months was required for the adaptation of anaerobic sludge to
effectively treat saline seafood-processing wastewater. The use of halophilic methanogens as an
inoculum has also been reported as an approach to deal with high sodium salts problems (Riffat
and Krongthamchat, 2007). However, in a practical sense, it may be difficult to obtain halophilic
methanogens for anaerobic reactors located very far from the sea. This will lead to high cost of
transportation. One possible organic compound, which can cause antagonism of sodium
toxicity, is glycine-betaine (GB) (Yerkes et al., 1997; Vyrides et al., 2010). GB
(CH3)3N+CH2COO-), also known as betaine, is a trimethylated derivative of glycine (Rudulier
and Bouillard, 1983). GB is one of the “compatible solutes” involved in osmoregulation at high
osmotic pressure in many plants (Oishi and Ebina, 2005) and halophilic methanogens (Robertson
et al. 1990; Lai and Gunsalus, 1992). Compatible solutes are soluble organic compounds, not
involved in normal cell metabolism (Yerkes et al., 1997), although high concentrations of these
solutes are accumulated within bacterial cells that are under salt stress. However, using GB to
decrease sodium toxicity in commercial-scale anaerobic digesters would be too costly.
The research described in this chapter originated from observations that thermophilic anaerobic
digestion can be started up successfully in the presence of high sodium bicarbonate
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concentrations (330 mM) added to avoid early build-up of volatile fatty acids (Chapter 3 and 4).
It therefore appears that factors present in this type of digestions mitigate the usually observed
inhibition by salt. To test if plant material (grass leaves) contributes to overcoming salt
inhibition, thermophilic digestion of acetate was carried out with turf soil as source of
methanogens and grass leaves as co-substrate. Compounds present in grass leaves such as
betaine and potassium were investigated as a possible cause of overcoming sodium toxicity.
Moreover, yeast extract was also tested to decrease sodium toxicity in this chapter.

6.2. Materials and Methods
6.2.1 Inoculum sources and grass leaves
Results of Chapter 4 demonstrated that turf soil was a reliable source of thermophilic
methanogens and suitable to be used as inoculum to start-up thermophilic anaerobic digestion.
In this chapter turf soil was used as thermophilic methanogenic inoculum in all experiments.
Leaves and soil were collected from a grassy area at Murdoch University, Perth, Australia
except, in case of experiment 6.3 where different turf grass species served as the inocula. After
removing grass leaves and the main grass roots the soils were used immediately as thermophilic
anaerobic inoculum. All experiments were carried out in 100 mL serum vials with 10 or 15 g of
turf soil and 40 or 50 mL of culture medium described in section 4.2.2 (80 mM Na-acetate, 250
mM, NaHCO3, both resulting in a total of 7.8 g Na+/L). One-hundred g/L of fresh grass leaves
was added to test for reduction of sodium toxicity where applicable. For mesophilic tests, 40 mL
of mesophilic anaerobic sludge (soluble chemical oxygen demand =1541 mg/L, total solids =
32.3 g/L, total suspended solids = 29.0 g/L, volatile solids = 24.3 g/L, and volatile suspended
solids = 24.2 g/L) was used as inoculum and the final working volume was adjusted to 60 mL
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with culture medium. Mesophilic anaerobic sludge was collected from the Woodman Point
Wastewater Treatment Plant treating municipal wastewater located in Perth, Western, Australia.

6.2.2 Culture medium, carbon source and Sodium concentrations
To adjust the working volume of serum vial, culture medium, sterilized grass juice (chemical
oxygen demand 3331 mg/L or filtered grass juice were used. When necessary, the pH of culture
medium was adjusted to 7.5 ± 0.2 with 1 M HCl. The composition of culture medium was
described in section 4.2.2.
Acetate, as carbon source, and sodium bicarbonate (NaHCO3), as buffer and the main source of
sodium ions, were added as dry salts after adjusting the working volume, but before degassing.
To test the effect of elevated levels of sodium ions on thermophilic methane production, a
concentration of 1.8 g Na+/L resulting from using sodium acetate (80 mM) as carbon source
(control), and a strongly inhibitory concentration (McCarty, 1964) of 7.8 g Na+/L = 330 mM
were selected. The pH of all tests was adjusted to 7.5 ± 0.2.

6.2.3 Preparation of sterilized grass leaves, sterilized grass juice, filtered grass
juice, and ash from grass leaves

Mix-species of grass leaves were collected at least 2 cm above the soil profile to minimize
contamination by the soil. To prepare sterilized grass leaves, 5 g of grass leaves were autoclaved
at 120 ○C for 40 min.
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To prepare sterilized grass juice (chemical oxygen demand = 3331 mg/L), 5 g of fresh grass
leaves and 50 mL of culture medium were blended with a mechanical blender (DēLonghi, model
DBL740) for 15 min. The grass residue was removed from the grass juice by filtering through
cloth with pore size of 1 mm and the filtrate was sterilized by autoclaving at 120 ○C for 40 min
or by filtration through a 0.2 μm filter paper (Whatman).
To prepare a solution of ash from grass leaves, 5 g of grass leaves was combusted in a furnace at

550 ○C for 24 h. The ash was dissolved in 50 mL of culture medium and neutralized by addition
of 1M HCl.

6.2.4 Experimental design
Experiments were conducted in duplicate 100 mL serum vials (Wheaton) sealed with butyl
rubber stoppers and aluminum crimps at 55 ˚C or the mesophilic experiment at 37 ˚C. All
experiments were set up, monitored and operated as explained in Section 3.2.2.

6.2.5 Analysis
The VFA and methane concentrations in biogas samples were analyzed by gas chromatography
as described in Section 3.2.3. Betaine in grass leaves was analyzed by ChemCentre, Perth,
Western Australia, a nationally accredited analytical laboratory. Betaine present in grass leaves
was analyzed by using a combination of liquid chromatography and mass spectrometry (LCMS). For grass extraction, 0.25 g of grass leaves sample was extracted with 10 mL of 50%
methanol. After filtration, the extracted grass solution was transferred to HPLC for LC-MS
analysis. HPLC was done with a Zorbax Eclipse Plus C column (18 4.6 x 50 mm, 1.8 µm) and a
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pump system (Agilent 1260 Infinity Binary Pump System). The mobile phase consisted of 10
mM ammonium formate pH 3 (A) and acetonitrile (B). MS analyses were carried out on Triple
Quad LCMS operating in electro-spray ionisation (ESI) mode. Analytical data was acquired in
Multiple Reaction Monitoring (MRM) mode (precursor ion 118, product ion 59, positive ion
mode). After the LC and MRM protocols were selected, standard curves were determined. Five
different concentrations of betaine were prepared and analyzed by LC-MS/MS to generate the
standard curves using linear regression lines.
Total solids (TS), volatile solids (VS), total suspended solids (TSS), volatile suspended solids
(VSS) and chemical oxygen demand (COD) were analysed according to the American Public
Health Association (2005).

108

Table 6.1: Summary of types of inocula, their co-substrates, acetate and bicarbonate
concentrations used, total sodium ion concentrations added in experiments 6.3.1-6.3.8
Experiment

6.3.1
6.3.2

6.3.3

6.3.4

Types of
inoculum

Turf soil
Turf soil
Turf soil

Turf soil
Turf soil
Turf soil
Mesophilic
sludge
Mesophilic
sludge
Mesophilic
sludge
Various turf
grass species
Turf soil
Turf soil
Turf soil

Turf soil

6.3.5

Turf soil

Turf soil
Turf soil

6.3.6

Turf soil
Turf soil
Turf soil

6.3.7

Turf soil
Turf soil

Type of
additive for
reduction of
sodium toxicity

Acetate
concentration
added (mM)

Bicarbonate
concentration
added (mM)

Final
working
volume
(mL)

0
250
250

Final
sodium ion
concentration
added
(g Na+/L)
1.8
7.8
7.8

None
None
Yeast extract
(0, 0.1, 1, 10
mM)
None
None
5 g of grass
leaves
None

80
80
80

80
80
80

0
250
250

1.8
7.8
7.8

50
50
50

80

0

1.8

60

None

80

250

7.8

60

5 g of grass
leaves
Various grass
species
None
None
50 mL of
sterilized
grass juice
50 mL of
filtered grass
juice
10, 20, and 50
mM of
potassium salt
Ash from 5 g of
grass leaves
5 g of sterilized
grass leaves
8 mM of
glucose
5 and 10 mM of
methanol
50 mL of
sterilized
grass juice
0, 1, 5, 10 mM
of betaine
None

80

250

7.8

60

80

250

7.8

40

80
80
80

250
250
250

7.8
7.8
7.8

40
50
50

80

250

7.8

50

80

250

7.8

50

80

250

7.8

50

80

250

7.8

50

80

250

7.8

50

80

250

7.8

50

80

250

7.8

50

80

250

7.8

50

80

250

7.8

50

50
50
50

109

Table 6.2: Summary of objectives and rationales for each experiment
Experiment

Objective of testing

6.3.1

To compare effects of sodium concentrations (1.8 g Na+/L as positive control
and 7.8 g Na+/L as negative control) on methane production

6.3.2

To examine the antagonistic effects toward sodium inhibition in thermophilic
anaerobic digestion by varying yeast extract concentrations

6.3.3

To examine the antagonistic effects toward sodium inhibition in thermophilic
and mesophilic anaerobic digestion by grass leaves

6.3.4

To investigate whether the decrease in sodium inhibition due to microorganisms
on grass leaves or compounds within the leaves

6.3.5

To test whether the reduction in sodium toxicity imparted by grass juice due to
inorganic substances such as antagonistic cations (i.e. potassium)

6.3.6

To test effects of glucose and methanol (readily degradable organic substrates
present in the grass juice) on improving methanogenesis from acetate

6.3.7

To test effects of glycine-betaine present in various grass species on sodium
toxicity in thermophilic anaerobic digestion

Remark

6.3. Results and Discussion
6.3.1 Effect of sodium concentration on methane production during the start-up
of thermophilic anaerobic digestion
In the presence of 1.8 g Na+/L, approximately 1.53 L/L of methane was produced, which is
comparable to the expected theoretical methane production (1.9 L/L) from the acetate (80 mM)
(Fig. 6.1). The spontaneous methane production at 1.8 g Na+/L confirms the previous
observations (Chapter 5) that sufficient thermophilic acetate degrading methanogenic consortia
are present in turf grass soil to enable a swift start-up of thermophilic anaerobic digestion.

110

Methane production and acetate degradation was completely inhibited in the presence of 330
mM (7.8 g Na+/L).
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Figure 6.1: Effect of sodium concentration (1.8 (∆) and 7.8 g Na+/L, (▲)) on thermophilic
methane production (A) and acetate conversion with 15 g/50 mL of turf soil as inoculum (B).
Results are averages from duplicate tests (50 mL).
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6.3.2. Antagonistic effect towards sodium inhibition in thermophilic anaerobic
digestion by yeast extract

Yeast extract (YE) is the resulting substance from the lysis of yeast cells and the removal of the
cell walls. It contains vitamins and a variety of organic compounds such as amino acids,
pyrimidines, and purines (Wilkins and Chalgren, 1976).

The stimulatory effect of YE on

methane production has been documented (Gonzalez-Gil et al., 2003). It can therefore be
suggested that YE may be used to stimulate methanogenic growth under high sodium stress.
However, there has been limited research associated with the decrease of sodium inhibition in
anaerobic digestion by YE. To enhance this knowledge, this experiment aims to examine the
antagonistic effects toward sodium inhibition in thermophilic anaerobic digestion by varying YE
concentrations.

The enhanced acetate conversion was reflected by improved methane production. However, at
higher YE concentration YE was also used as substrate for methane production (Fig. 6.2). The
presence of 1 and 10 g/L of YE enabled significant acetate degradation despite high
concentrations of sodium ion (7.8 g Na+/L) (Fig. 6.2). Without YE addition, acetate was not
degraded during three weeks of anaerobic incubation. These results provide clear indication that
YE additions at concentrations 1 and 10 g/L can stimulate acetate degradation in thermophilic
anaerobic digestion under high salts stress.

YE contains many organic compounds which may have potential to cause reduction of sodium
toxicity. Glycine-betaine (GB), a component of YE (Roberton et al., 1990), has been reported in
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the literature to decrease sodium toxicity (Vyrides et al., 2009), and may play a significant role in
the decreased sodium toxicity observed by the addition of YE. Robertson et al. (1990) incubated
Methanogenium cariaci in an acetate medium containing YE. The authors reported that, under
high salts stress, Methanogenium cariaci had the capacity for uptake of GB from YE and to
accumulate it in the cell. Moreover, Vyrides et al. (2009) found that GB was the most significant
compatible solute leading to a decrease in sodium toxicity. Based on discussion above, it is
possible that GB present in YE caused the decrease of sodium toxicity in the current study.
However, it is not cost effective to use yeast extract as a co-substrate in commercial scale
anaerobic digestion. In the interest of cost effectiveness, further investigation is required to
determine alternative low-cost materials.
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Figure 6.2: Effects of different concentrations of yeast extract: 0g /L (○), 0.1 g/L (Х), 1 g/L (□),
and 10 g/L (■) on methane production (A) and acetate degradation (B) of batch thermophilic
anaerobic digestion of acetate in the presence of 7.8 g Na+/L in duplicate serum vial (15 g of turf
soil used as the inoculums). All assays (50 mL working volume) initially contained 80 mM of
acetate.
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6.3.3 Decrease of sodium toxicity in mesophilic and thermophilic anaerobic
digestion by utilizing grass clippings
The addition of mix-species of grass clippings caused a five-fold increase in total methane
produced (Fig. 6.3A) compared to the control that contained non-inhibitory sodium (1.8 g/L
sodium) and no grass clippings (Fig. 6.3A). This increased methane production resulted from
the grass clippings providing additional substrate for methane production (Fig. 6.3A). As
expected, a test with just grass clippings and no acetate showed also high levels of methane
formation (Fig. 6.3A).
In mesophilic experiments with grass leaves as a co-substrate, sodium toxicity on methanogenic
acetate degradation was also reduced (Fig. 6.3C and 6.3D).
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Figure 6.3: Effect of turf grass clippings and sodium ions on methane production and acetate
degradation during thermophilic (A and B) and mesophilic (C and D) batch anaerobic digestion
with 15 g/50 mL of turf soil as inoculum in duplicate serum vials. Additions: 80 mM of sodium
acetate (1.8 g Na+/L) (▲), 80 mM of sodium acetate + 250 mM of sodium bicarbonate (7.8 g
Na+/L) (○), 80 mM of sodium acetate + 250 mM of sodium bicarbonate + 5 g/50 mL of grass
clippings (7.8 g Na+/L) (■), and in the absence of sodium acetate but the presence of grass
clippings (5 g/50 mL) with 330 mM of sodium bicarbonate (7.8 g Na+/L) ().
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The fact that in the absence of grass clippings, more methane was formed than expected from
acetate conversion alone can be explained by residual organics present in the inoculum
(anaerobic digester sludge). Leaves of Stenotaphrum secundatum, Cynodon dactylon, and
Zoysia japonica as co-substrates also enabled thermophilic methanogenesis in the presence of
7.8 g Na+/L (Fig. 6.4).

The concept of co-digestion to decrease sodium toxicity during the anaerobic digestion of cow
manure has already been described. Fang et al. (2011) studied the effects of co-digestion of desugared molasses (DM), containing high concentrations of sodium and potassium ions, with cow
manure. The authors reported that methane yield from anaerobic digestion of a mixture 15%
DM in cow manure was 190 ml-CH4/gVS-added, which was approximately 50% higher than that
of a mixture of 15% DM in water. Reasons as to which compounds in cow manure caused this
effect were not given. The results of the current study point to the possibility that digested grass
residue present in cow manure could play a role in the decrease of sodium toxicity in the above
study.
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Figure 6.4: Effect of different turf grass species Cynodon dactylon (▲), Zoysia japonica (),
Stenotaphrum secundatum (♦) on methane production and acetate conversion (80 mM) during
batch thermophilic anaerobic digestion with 10 g/40 mL of turf soil as inoculum in the presence
of 7.8 g Na+/L). Controls contain 100 g/L of grass leaves without acetate (■) and with acetate (80
mM) without grass leaves (○). All assays (40 mL) were in duplicate.

6.3.4 Effects of sterilized grass juice and filtered grass juice on methane
production in presence of high sodium concentration
Since fresh grass leaves contain significant numbers of thermophilic methanogens (Chapter 4), it
was necessary to investigate whether the decrease in sodium inhibition was due to
microorganisms on grass leaves or compounds within the leaves.
Again, at 7.8 g Na+/L, there was no methane production when acetate was used as the sole
carbon source , while in the presence of sterilized grass juice, significant methane was produced
(2.5 L/L)(Fig. 6.5A) during three weeks of incubation. Filtered grass juice enabled acetate
driven methanogenesis in the presence of sodium (7.8 Na+/L)(Fig. 6.5A). This suggests that
chemical species in the grass rather than microorganisms on the grass leaves were responsible for
alleviating sodium toxicity.
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Figure 6.5: Effect of co-digestion of 80 mM acetate without (□) and with sterilized grass juice
(○) or filtered grass juice (▲) on methane production (A) and acetate degradation (B) of batch
thermophilic anaerobic digestion in the presence of 7.8 g Na+/L in duplicate serum vials. 15 g/50
mL of turf soil served as the inoculum.
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6.3.5 Effects of potassium and ash from grass leaves on sodium inhibition in
anaerobic digestion
To test whether the reduction in sodium toxicity imparted by grass juice was due to inorganic
substances such as antagonistic cations (i.e. potassium), the ash of 5 g of grass leaves was tested
and found to not overcome the described sodium inhibition of methanogenic acetate conversion
(Fig. 6.6). Also potassium salt additions of 10, 25, and 50 mM were not able to counteract the
sodium inhibition (80 mM) (Fig. 6.6).
It can be concluded that inorganic compounds in grass leaves and, in particular potassium, are
not responsible for the antagonistic effects towards sodium toxicity in the current study. This is
in disagreement with previous work reported by Kugelmam and McCarty (1964) who showed
that adding potassium (6 g K+/L) to an anaerobic digester, in the presence of 6 g Na+/L, led to an
increase in acetate degradation from 90 to 95%.
Müller et al. (2005) suggested that inorganic ions, mainly potassium are absorbed and
accumulated in the cytoplasm of bacteria to balance the external osmotic pressure. However, the
authors also stated that this mechanism required a long time period for the adaptation of
intercellular enzymes to high salt concentrations. Vyrides et al. (2010), while examining the
effect of potassium on the sodium toxicity of batch mesophilic anaerobic digestion at a sodium
chloride concentration of 35 g/L, found that, after the addition of potassium ions, approximately
one month was required for significant methane production to resume.
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Figure 6.6: Effect of potassium chloride (10, 25, and 50 mM) (○), ash from 5 g of grass leaves
(○) and 5 g of sterilized grass leaves (●) in the presence of 7.8 g Na+/L on methane production
during batch thermophilic anaerobic digestion with 15 g/50 mL of turf soil as inoculum in
duplicate serum vials.

When testing for the minimum concentration of grass extract needed to overcome sodium
toxicity, it was found that an extract concentration of 10% (extract of 5 g of grass in 50 mL of
medium) had the full effect while the addition of 1% or 0.1% extract had no significant effect
(data not shown).

6.3.6. Effect of anaerobic co-digestion of acetate with either glucose or methanol
to decrease sodium toxicity in anaerobic digestion
The above results pointed to solubilized organic substance(s) that could be responsible for
overcoming sodium toxicity. To test whether readily degradable organic substrates present in the
grass juice or its hydrolysis products, could act as a co-metabolite improving methanogenesis
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from acetate, additional substrates (glucose and methanol) were tested as co-metabolites, but
neither was able to suppress the sodium toxicity (Fig. 6.7).
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Figure 6.7: Effects of 50 mL of sterilized grass juice (■), 8 mM of glucose (○), 5 and 10
mM of methanol (○) on methane production of thermophilic anaerobic digestion using
turf soil as an inoculum in the presence of 7.8 g Na+/L in duplicate serum vials. All
assays (50 mL working volume) initially contained 80 mM of acetate.

6.3.7 Effects of glycine-betaine (GB) on sodium toxicity in thermophilic anaerobic
digestion
Vyrides et al. (2010) investigated the effects of different GB concentrations (0.1 and 1 mM) on
the decrease in sodium toxicity (35 g NaCl/L equivalent to about 13. 8 g Na+/L) during batch
anaerobic digestion using sewage sludge as an inoculum and found that the amount of methane
produced were approximately three times higher when GB was added. GB is present in various
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plant species in particular halotolerant plants (Ashraf and Foolad, 2007) and has also been found
in some turf grass species (Marcum and Murdoch, 1994).
Results showed that in the presence of 7.8 g Na+/L sodium, methane was produced particularly
in the presence of 10 mM glycine betaine (Fig. 6.8). As about 3.5 mol of methane can be formed
per mol of glycine betaine (CH3)3N+CH2COO-), the anaerobic digestion of the 10 mM glycine
betaine could potentially result in about 0.86 L/L of methane gas.
Previously, Yerkes et al. (1997) included GB in batch mesophilic anaerobic digestion seeded
with enriched cultures of Methanosarcina (1850 mg/L) and Methanothrix (1350 mg/L) and
found that GB at concentration 1 to 10 mM were effective in increasing methane production in
the presence of sodium concentrations (about 17 g Na+/L). The mechanism of salinity tolerance
by GB was explained by (Robertson et al. 1990). GB is accumulated in cell membrane fraction
of bacterial cells. Under osmotic pressure, GB enable act as an osmoregulator resulting in
reducing water loss from bacteria cell and balancing of osmotic pressure between internal and
external cells of bacteria (Lai and Gunsalus, 1992).
The analysis of the GB content of fresh grass leaves showed a GB content of 3.9 mg g-1. This
concentration would have provided a theoretical concentration of 3.3 mM in the digestion assays
that included grass leaves. Such a concentration would have been in the range resulted in a
decrease of sodium toxicity.
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Figure 6.8: The effect of 1.8 g Na+/L without betaine (x) as positive control and 7.8 g Na+/L
with betaine: 0 (○), 1 (□), 5 (∆), and 10 mM (●) on methane production during the start-up
period of batch thermophilic anaerobic digestion with 15 g/50 mL of turf soil as inoculum in
duplicate serum vials.

6.4. Conclusion
Grass clippings are a cost-effective material to decrease sodium toxicity in mesophilic and
thermophilic anaerobic digestions. Different chemical species in grass extract could contribute
to overcoming sodium toxicity and this study indicates that glycine-betaine could be one of
them. Further research is needed to identify which other compounds in grass leaves help
overcome sodium toxicity during anaerobic digestion.
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Chapter 7
Conclusions and Recommendations

The difficulty in start-up of thermophilic anaerobic digestion has been a significant drawback
for widespread application of global thermophilic anaerobic digestion. The availability of a
suitable thermophilic anaerobic inoculum was reported as one of the most important factors
for successful start-up process. The scarcity of existing thermophilic anaerobic digesters as a
source of inoculum is a further obstacle in the adaptation of thermophilic anaerobic digestion
in some areas. To overcome the shortage of anaerobic inoculum, a main aim of the current
study is to identify suitable sources of thermophilic anaerobic inoculum. Results of Chapter
3 showed that municipal solid wastes collected in the metropolitan area of Perth could be
used as thermophilic anaerobic inoculum for start-up. Further investigation could narrow
down that turf, a common component of municipal solid waste, was an important source of
acetoclastic methanogens.

Results of Chapter 4 showed that turf contained both acetoclastic and hydrogenotrophic
methanogens. However, viable acetoclastic methanogens were present only in turf soil. To
gain insights into the methanogenic community in turf, the polymerase chain reaction (PCR)
technique relying on the amplification of 16S rRNA was carried out. Results showed that
Methanosarcina sp. and Methanoculleus sp. were the two main thermophilic methanogens
present in turf.

The start-up of thermophilic anaerobic digestion was greatly enhanced by using grass leaves.
This study showed that two advantages were gained from using grass turf as seed; 1) the
available methanogens which were regularly found on the leaves and surrounding soil and 2)
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the grass extract itself, which was shown to overcome sodium toxicity. This observation
could be of significance for the digestion of wastes high in sodium for example, seafood and
fish processing and salty cheese whey wastewater. Results of further investigations showed
that betaine present in grass leaves played a significant role in decreasing of sodium toxicity
in anaerobic digestion.

Overall, turf which is a common component of municipal solid waste collected in the
metropolitan area of Perth is an important source of thermophilic anaerobic inoculum. The
application of turf is not only as thermophilic anaerobic inoculum but also as co-substrate to
reduce sodium toxicity in anaerobic digestion.

Recommendation for future research
In the current study, synthetic wastewater (acetate solution) was used as a main carbon
source. In practice, there are various types of wastewater such as saline wastewater, livestock
wastewater, palm oil mill wastewater. So, prior to using turf as inoculum for practical startup of thermophilic anaerobic digester, it is essential to examine starting up by using real
wastewater as carbon source instead of only acetate solution.

Although the finding of the current study showed that turf could be used as an inoculum, this
approach has only been tested in lab-scale experiments. So, testing of the start-up of pilot
scale anaerobic digesters is necessary prior to this approach being applied to the start-up of
commercial anaerobic digesters.

The current study investigated source of thermophilic methanogens which are the main
anaerobic microbes in the last stage of anaerobic digestion. In anaerobic digestion, organic
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compounds are firstly degraded by different microbial groups: hydrolytic, acidogenic, and
acetogenic bacteria to acetate and hydrogen prior to be being converted to methane.
Therefore, having those microbes in inoculum are essential to ensure successful start-up and
operation of anaerobic digestion. For example, results of the current study showed that
vigorous stirring led to inhibition of degradation of propionate to acetate. So, future research
should investigate possible sources and proper conditions for growth of propionate degrading
bacteria that are the main microbes for propionate degradation in anaerobic digestion.
Although results of the current study showed that rapid start-up of thermophilic anaerobic
digestion was achieved within a week by using turf as seed, in the presence of substrates
(hydrogen + CO2 and acetate) there was lag-time about 3-4 days before starting methane
production. Results of this study could not explain causing of such lag-time. So, further
researches are required to enhance knowledge and achieve shorter start-up period.

According to results of section 4.6, anaerobic microbes in turf soil could be extracted by
simply using shaking technique. If the extracted anaerobic microbes can be preserved and
stocked for start-up process, this will be beneficial for practical operation of anaerobic
digestion. So, further research regarding to anaerobic microbial extraction and preservation
techniques to enhance efficiency of anaerobic digestion is required. For example, research
responding to the methods of preparing and preserving dried powders of grass containing
methanogens would be more beneficial for operators in term of start-up and recovery options
of failure thermophilic anaerobic digester.

Due to time limitation, the reason behind presence of methanogens in turf soil was not
clearly clarified yet. Results of this study showed that there was no methanogenic activity
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when soil from a non-turf site was tested. To enhance insightful knowledge, origin of
methanogens in turf soil needs to be clarified.

The current study found that groundwater was a possible origin of thermophilic methanogens
present in turf irrigated by ground water. On the other hand, thermophilic methanogens were
also present in turf irrigated by scheme water. So, the origin of methanogens in grass lawn is
still not completely understood leading to further research to provide a deeper understanding.

Presence of methanogens in turf may be resulted from distribution of thermophilic
methanogens via air. For example, methanogens transported from composting process via air
to other environments reported in literature. This statement was not addressed yet in this
study due to time limitation. Investigation of this statement in future research is interesting to
clarify the origin of methanogens present in turf.

Based on finding of the current study, grass lawn contains both viable hydrogenotrophic and
acetoclastic methanogens. Since methanogens are obligate methane producers, they multiply
by producing methane. Methane is a significant greenhouse gas which is approximately 23
times more potent than carbon dioxide. This raises a significant question that needs to be
investigated about the possible green house gas effects caused by methane released from
grass lawn, grass composting, wet haystacks, the silage process of grass.

Thermophilic methanogens present in turf were identified as Methanosarcina sp. and
Methanoculleus sp.. Generally, methanogenic community will contain many species of
methanogens. So, result of the recent study is likely not present the true methanogenic
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community composition. This requires other quantitative molecular works to clarify the
structure of methanogenic community in turf.

Moreover, based on the real-time PCR data, a quantitative insight into changes of
methanogenic community during start-up period can be clarified. Unfortunately, the protocol
optimization of quantitative real time PCR in the current study was not achieved. This needs
a further protocol optimization for the quantitative PCR assays to obtain proper result. So,
future work would be the calibration standards for the quantitative PCR assays to quantify
methanogens present in turf.

Betaine present in grass leaves was narrowed down to be a significant compound causing
decrease of sodium toxicity. However, concentration of GB directly released by degradation
of grass leaves needs to be investigated in future research to confirm the range of GB
concentration resulting in a decrease of sodium toxicity. Results of section 6.6 suggested that
apart from betaine, grass leaves might contain other compounds that can reduce sodium
toxicity. So, further research is required to clarify this claim. Moreover, the maximum
sodium ion concentration tested in the current study was 7.8 g Na+/L. It is recommended that
higher concentrations of sodium ion should be tested in further work in order to find out the
limitation of utilizing grass leaves to decrease sodium toxicity.

In the current study, sodium ion in forms of sodium bicarbonate and sodium acetate was used
as main sodium source. In practice, sodium ion is present in saline wastewaters generated
from different sources (food processing and tanning and textile industries). So, the use of
grass leaves to decrease sodium toxicity needs to be tested in treating those saline
wastewaters.
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Appendix 1
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Figure 3.7: Methane production in duplicate serum vials during four weeks of
incubation at 55˚C with 3 g of: turf grass (sample 1 (------) and 2 (――));
and mixed tree leaves: sample 1 and 2 (), mixed tree bark: sample 1 and 2 (),
dry soil from 3 separate locations of Murdoch University campus (away from
lawn): sample 1 and 2 (), mixed vegetable waste including banana peel, carrot,
potato, mushroom, and dust from a household vacuum cleaner: sample 1 and 2
() which all producing no methane. All assays contained 30 mM acetate and
100 mM bicarbonate.
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Figure 3.8: Comparative methane production (A) of 15 g of a mixture turf grass
species taken from: Murdoch University (sample 1 (------) and 2(——)), local
Perth turf supplier (sample 1 (------) and 2 (——)), and household located in East
(sample 1 (---◆---) and 2 (―◆—)) and South Perth (sample 1 (------) and 2
(―—) and acetate concentrations after four weeks incubation (B) in duplicated
serum vials (sample 1 () and 2 ()). All assays (40 mL working volume) contained
30 mM acetate and 250 mM bicarbonate.
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Figure 4.1: Comparative methane production (A) and residual acetate concentrations (B)
over four weeks of incubation in duplicate serum vials of different grass turf species at
concentrations of 250 g/L (sample 1 () and 2 ()). Legend A: Cynodondactylon (sample 1
(---▲---) and 2 (—▲―)), Zoysia japonica (sample 1 (------) and 2 (—―)),
Stenotaphrum secundatum (sample 1 (---◊---) and 2 (―◊—)) and turf (sample 1 (------) and
2 (—―)), and mixed soil (away from grass lawn): sample 1 and 2 (Х) from Murdoch
University. All assays (40 mL working volume) initially contained 30 mM acetate and 250
mM bicarbonate.
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Figure 4.3: Comparative methane production (A) and percent methane and hydrogen gas in
the biogas (B) of batch thermophilic anaerobic digestion utilizing 125 g/L of fresh of grass
leaves in duplicate serum vials. Legend (A): Untreated leaves (sample 1 (------) and 2
(—―)) and blended leaves (sample 1 (------) and 2 (—―)). Legend (B): closed
symbols: blended leaves, open symbols: untreated leaves. Percent CH4 , Percent H2 
in the biogas.
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Figure 4.4: Comparative methane production (A) and residual acetate concentrations (B)
over two weeks incubation at 55 ○C of 125 g/L of various forms of grass leaves as inocula in
duplicate serum vials (sample 1 () and 2 ()). Legend (A): fresh grass leaves (sample 1
(------) and 2 (—―)), grass leaves dried at room temperature (sample 1 (------) and 2
(—―)) and 37 ˚C (sample 1 (------) and 2 (—―)), and powdered grass (sample 1
(------) and 2 (—―)). All assays initially contained 30 mM acetate and 250 mM
bicarbonate.
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Figure 4.5: Comparative methane production of batch thermophilic anaerobic
digestion using 10 g of untreated methanogenic culture before (sample 1 (------)
and 2 (—―)) and after (sample 1 (------) and 2 (—―)) air drying.
Incubation was in duplicate serum vials initially containing 30 mM of acetate.
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Figure 4.6: Comparative methane production (A) and acetate profiles (B) of batch
thermophilic anaerobic digestion using 100 g/L of grass leaves leaves (sample 1
(------) and 2 (—―)) or 300 g/L of root with surrounding soil of turf (sample 1
(------) and 2 (—―)) as a sole inoculum in duplicate serum vials. All assays
(50 mL working volume) initially contained 80 mM of acetate and the assay with
grass leaves also contained 250 mM of bicarbonate.
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Figure 4.7: Comparative methane production from incubation of 600 g/L of fresh turf
soil (sample 1 (------) and 2 (—―)), 600 g/L of turf soil after extraction (sample 1
(------) and 2 (—―)) and 50 ml of aqueous soil extract from 600 g/L of turf soil
(sample 1 (------) and 2 (—―)) as inoculum in duplicate serum vials. All assays
(working volume 50 mL) initially contained 30 mM of acetate.
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Figure 5.1: Methane production in duplicate serum vials during three weeks of incubation at
55 ˚C with: 15 g of turf grass (positive control): sample 1 (------) and 2(—―); and 10 g
of different grass seed species (Pennisetum clandestinum, Festuca arundinacea, and Cynodon
dactylon): sample 1 and 2 (X), 15 g of bush soil collected from different bushes in Murdoch
University: sample 1 and 2 (X), which all producing no methane. All assays contained 30
mM acetate and 100 mM bicarbonate.
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Figure 5.2: Methane production in duplicate serum vials during ten days incubation
at 55 ˚C of concentrated biomass of 2 L groundwater collected from the bore in:
Murdoch University (sterilized (negative control): sample 1 and 2 (), non-sterilized
(sample 1 (------) and 2 (—―)) and a private household located in Perth
(sample 1 (------) and 2 (—―)). All assays contained 30 mM of acetate.
The initial pH of all assays was 8.
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Figure 5.3: Comparative methane production of batch thermophilic anaerobic digestion using
15 g of turf soil (A) or 5 g of grass leaves (B) as a sole inoculum. Turf was collected from
grass lawns of house holds which irrigated by scheme water: household 1 (sample 1 (------)
and 2 (—―)) and 2 (sample 1 (---◆---) and 2 (―◆—)) located in South Perth and
household 3 (sample 1 (------) and 2 (—―)) and 4 (sample 1 (------) and 2 (—―))
located in North Perth in duplicate serum vials. All assays (50 mL working volume)
contained 80 mM of acetate initially.
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Figure 6.1: Effect of sodium concentration (1.8 (sample 1 (------) and 2 (—―)) and 7.8
g Na+/L, (sample 1 (---▲---) and 2 (—▲―))) on thermophilic methane production (A) and
acetate conversion with 15 g/50 mL of turf soil as inoculum (B). Results are averages from
duplicate tests (50 mL).
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Figure 6.2: Effects of different concentrations of yeast extract: 0g /L (sample 1 (------) and
2 (—―)), 0.1 g/L (sample 1 (---Х---) and 2 (—Х―), 1 g/L (sample 1 (------) and 2 (—
―)), and 10 g/L (sample 1 (------) and 2 (—―)) on methane production (A) and
acetate degradation (B) of batch thermophilic anaerobic digestion of acetate in the presence
of 7.8 g Na+/L in duplicate serum vial (15 g of turf soil used as the inoculums). All assays
(50 mL working volume) initially contained 80 mM of acetate.
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Figure 6.3: Effect of turf grass clippings and sodium ions on methane production and acetate
degradation during thermophilic (A and B) and mesophilic (C and D) batch anaerobic
digestion with 15 g/50 mL of turf soil as inoculum in duplicate serum vials. Additions: 80
mM of sodium acetate (1.8 g Na+/L) (sample 1 (---▲---) and 2 (—▲―)), 80 mM of sodium
acetate + 250 mM of sodium bicarbonate (7.8 g Na+/L) (sample 1 (------) and 2 (—―)),
80 mM of sodium acetate + 250 mM of sodium bicarbonate + 5 g/50 mL of grass clippings
(7.8 g Na+/L) (sample 1 (------) and 2 (—―)), and in the absence of sodium acetate but
the presence of grass clippings (5 g/50 mL) with 330 mM of sodium bicarbonate (7.8 g
Na+/L) (sample 1 (------) and 2 (—―)).
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Figure 6.4: Effect of different turf grass species Cynodon dactylon (sample 1 (---▲---) and 2
(—▲―)), Zoysia japonica (sample 1 (------) and 2 (—―)), Stenotaphrum secundatum
(sample 1 (---◆---) and 2 (―◆—)) on methane production and acetate conversion (80 mM)
during batch thermophilic anaerobic digestion with 10 g/40 mL of turf soil as inoculum in the
presence of 7.8 g Na+/L). Controls contain 100 g/L of grass leaves without acetate (sample 1
(------) and 2 (—―)) and with acetate (80 mM) without grass leaves (sample 1 (------)
and 2 (—―)). All assays (40 mL) were in duplicate.
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Figure 6.5: Effect of co-digestion of 80 mM acetate without (sample 1 (------) and 2
(—―)) and with sterilized grass juice (sample 1 (------) and 2 (—―)) or filtered grass
juice (sample 1 (---▲---) and 2 (—▲―)) on methane production (A) and acetate degradation
(B) of batch thermophilic anaerobic digestion in the presence of 7.8 g Na+/L in duplicate
serum vials. 15 g/50 mL of turf soil served as the inoculum.
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Figure 6.6: Effect of potassium chloride (10, 25, and 50 mM): sample 1 and 2 (○),
ash from 5 g of grass leaves: sample 1 and 2 (○) and 5 g of sterilized grass leaves
(sample 1 (------) and 2 (—―)) in the presence of 7.8 g Na+/L on methane
production during batch thermophilic anaerobic digestion with 15 g/50 mL of turf
soil as inoculum in duplicate serum vials.
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Figure 6.7: Effects of 50 mL of sterilized grass juice (sample 1 (------) and 2 (—―)), 8
mM of glucose: sample 1 and 2 (○), 5 and 10 mM of methanol: sample 1 and 2 (○) on
methane production of thermophilic anaerobic digestion using turf soil as an inoculum in the
presence of 7.8 g Na+/L in duplicate serum vials. All assays (50 mL working volume)
initially contained 80 mM of acetate.
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Figure 6.8: The effect of 1.8 g Na+/L without betaine (sample 1 (---x---) and 2 (—x―) as
positive control and 7.8 g Na+/L with betaine: 0 (sample 1 (------) and 2 (—―)),
1 (sample 1 (------) and 2 (—―)), 5 (sample 1 (------) and 2 (—―)), and 10 mM
(sample 1 (------) and 2 (—―)) on methane production during the start-up period of
batch thermophilic anaerobic digestion with 15 g/50 mL of turf soil as inoculum in duplicate
serum vials.
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