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Abstract
The annual disposal of large quantities of Food Waste (FW) has led to increased
greenhouse gas (GHG) emissions and depletion of soil nutrients. Anaerobic Digestion (AD)
is a promising, cost-effective technology capable of producing energy and recovering
nutrients from this ever-increasing resource. However, some AD plants are running suboptimally as many process variables need to be optimised to maximise the biogas produced
from the process.
This paper aims to optimise Richgro’s AD facility, located in Jandakot Western Australia,
via the determination of; the inoculum’s ammonia inhibition threshold, optimal feed C:N
ratio, and optimal labile carbon (LC) and recalcitrant carbon (RC) ratio within the
supplemented carbon mixture, to maximise biogas production. Three bench-scale
experiments were conducted to assess the ammonia toxicity on the anaerobic inocula,
optimise the feed C:N ratio and determine the optimal labile and recalcitrant carbon contents
of the supplemented carbon source.
The results of this study indicate the inoculum has a high tolerance to ammonia due to the
previous acclimation of the methanogens and can withstand free ammonia concentrations of
480 mg NH3-N/L with no inhibition. Increasing the substrate C:N ratio to 29.00 lead to a
32.84 % increase in the biogas produced when the substrate was digested at mesophilic
conditions. Additionally, supplementing the feed with a mixture containing 50 % LC and 50
% RC will increase the conversion of volatile solids (VS) into biogas by 11.70 %.
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1. Chapter 1 – Introduction
In 2011, it was determined that 1.3 billion tons of food produced for human consumption
was wasted annually (FAO 2011). 97 % of this Food Waste (FW) ends up in landfill where it
anaerobically decomposes to produce methane (CH4), a Greenhouse Gas (GHG) 21 times
more harmful than Carbon Dioxide (CO2) (Stewart 2016). In Australia, currently, 7.5 million
tonnes of FW is produced annually, costing the Australian economy $8 billion per year and
contributing 3.5 % of the nation’s total GHG emissions (Torrisi 2014, Inside Retail 2017).
Additionally, FW contains large quantities of nutrients and if not returned back to the
agricultural land, can lead to their depletion in soils and disruption of the biological process
responsible for recycling nitrogen and phosphorous used in agricultural fertilisers
(Papargyropoulou, et al. 2014). Consequently, the production of energy and recovery of
nutrients from FWs not only constitutes an opportunity for commercialisation, but also a
necessity for sustainable agricultural operations. Anaerobic Digestion (AD) has shown
promise as a cost-effective method for waste treatment and production of renewable energy
from this high-moisture and energy-rich material (Xu, et al. 2017, Hoogwijk, et al. 2003).
However, AD is a complex biochemical process and many environmental conditions must be
regulated to obtain a consistently high quality and volume of biogas (Leung and Wang,
2016).
1.1. Project background/objective
Richgro believe their AD process located in Jandakot, Western Australia, is performing
sub-optimally due to high ammonia concentrations, low substrate carbon content and
suboptimal feed compositions. Consequently, this research project aims to:
1. Determine if Richgro’s AD process is experiencing excessive levels of ammonia
leading to decreased performance.
2. Determine the optimum carbon to nitrogen (C:N) ratio within the substrate
required to maximise biogas yield.
3. Determine the best labile and recalcitrant carbon fraction within the supplemented
carbon source to improve biodegradability of the biomass.
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2. Chapter 2 – Literature Review
2.1. Introduction
Diverting organic waste from landfill into the anaerobic digestion (AD) process is an
efficient method to produce electricity while producing a nutrient-rich wastewater (digestate)
by-product (Zhang, Yuan and Lu 2013). During AD, anaerobic microbes break down organic
matter into biogas, consisting mainly of CH4 (45-70 %) and CO2 (30-45 %) with small
amounts of hydrogen sulphide (H2S) (0-2000 ppm) and ammonia (NH3) (0-590 ppm)
(Korres, et al. 2013), which can subsequently be used for the production of heat and
electricity (Sheets, et al. 2015, Leung and Wang 2016). Biogas production is completed in
four successive biological processes, namely, hydrolysis, acidogenesis, acetogenesis and
methanogenesis (Nizami 2012). A number of process parameters govern the rate of biogas
production including; pH, hydraulic retention time (HRT), organic loading rate (OLR) and
temperature (Abdelgadir, et al. 2014). Additionally, the presence of toxic or inhibitory
substances can lead to the reduction in biogas production if present in significant quantities
(Chen, et al. 2014).
Ammonia is a well-known inhibitory substance produced from the decomposition of
proteins, urea and nucleic acids (Zhang, et al. 2017). The molecule is present as both ionised
(NH4+-N) and free ammonia (NH3-N) within digesters. Free ammonia is considered to be the
main cause of inhibition as it can passively diffuse into cells causing proton imbalances
and/or potassium deficiencies (Muller, et al. 2006, Koster and Lettinga 1984, Rajagopal,
Masse and Singh 2013). It has been reported that total ammoniacal nitrogen (TAN)
concentrations of 1500 – 3000 mg TAN/L, above pH 7.4, will introduce inhibition (Wang, et
al. 2012, Hassan, et al. 2017, Wang, et al. 2017). Additionally, high ammonia concentrations
can induce shifts in the metabolic pathway as acetoclastic methanogens are more susceptible
to inhibition than hydrogenotrophic methanogens (Wang, Zhang and Angelidaki 2016, Calli,
et al. 2003). Hydrogenotrophic methanogens consume hydrogen (H2) and CO2 to produce
CH4 and water and cannot consume acetate (Sarmiento, Leigh and Whitman 2011).
Consequently, the inhibition of acetoclastic methanogens leads to the increased abundance of
syntrophic acetate-oxidising bacteria which degrade acetate to H2, CO2 and formate
(Westerholm, Moestedt and Schnürer 2016). However, if given time, acetoclastic
methanogens have been reported to adapt to high concentrations of NH3-N thereby allowing
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them to operate even at extreme TAN concentrations (4 – 11 g TAN/L) (Koster and Lettinga
1988, Hashimoto 1986, Tian, et al. 2017).
High ammonia concentrations within digesters can result from inadequate management of
the Carbon and Nitrogen (C:N) ratio of the input substrate (Ward, Lewis and Green 2014).
Managing the input substrate C:N ratio is a method used for both optimising the production
of biogas and for stabilising the AD process (Mao, et al. 2015, Hassan, et al. 2017).
Optimisation of this ratio has been the focus of many researchers and it is generally agreed
the optimal C:N ratio for AD lies within the range of 20 – 30 (Yen and Brune 2007, Zhong, et
al. 2012, Wu, et al. 2010, Wang, et al. 2012, Chen, et al. 2017, Hassan, et al. 2017, Wang, et
al. 2014a, Yan, et al. 2015). However, due to the high protein content of FW, the C:N ratio is
often below the optimal value (Capson-Tojo, et al. 2016). Additionally, FW is highly
biodegradable due to its high labile carbon content. The labile carbon (such as carbohydrates,
proteins and lipids) undergoes rapid solubilisation leading to the production of large
quantities of volatile fatty acids (VFAs) (Kawai, et al. 2014). VFA accumulation can lead to
inhibition of methanogenesis and process destabilization as they can passively diffuse
through the cell membrane resulting in reduced microbial growth (Jiang, et al. 2013).
The co-digestion of FW with other waste streams, particularly lignocellulosic biomass
(straw and rice husk), has the capacity to improve the C:N ratio and overcome the rapid
acidification experienced by the mono-digestion of FW (Xu, et al. 2017). Haider et al. (2015)
reported, for the co-digestion of FW and rice husk, maximum biogas production was
experienced when the mixing ratio of the two substrates achieved a C:N ratio of 20.
Additionally, the co-digestion of the two substrates overcame the VFA accumulation, and no
alkali addition was required as reactors largly maintained their pH at the optimal range
naturraly (6.8 – 7.4). Yong et al. (2015) reported the optimal mixing ratio for FW and straw
was 5:1 which correlated to a C:N ratio of 30.9. Additionally, it was reported that the codigestion of the two substrates promoted straw degradation with increased cellulase activity
found for the digestion of all mixing rates compared to the mono-digestion of straw.
Alterations in the substrate, through co-digestion, influence the microbial community within
the digester and this can lead to changes in the dominant metabolic pathway (Lee, et al.
2009a). The microbial community within a digester is comprised of bacteria and archaea
which work together to break down the organic biomass (Venkiteshwaran, et al. 2015).
Watanabe et al. (2016) reported that the addition of suspended solids (containing cellulose) to
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an anaerobic membrane reactor caused the archaeal community to shift, reducing the
population percentage of acetoclastic methanogens from 70.3 % to 47.2 % and increasing the
population percentage of hydrogenotrophic methanogens from 25 % to 47.2 %. The
researchers reported that this community shift was due to the increase in hydrogen production
during the degradation of cellulose. Similarly, Suksong et al. (2016) reported that cellulolytic
bacteria (Ruminococcus sp. and Clostridium sp.) dominated the solid state AD of oil palm
biomass. Increasing the microbial community diversity by slowly increasing the
concentration of a substrate within a feedstock has also been shown to be feasible.

2.2. Anaerobic Digestion
AD is a naturally occurring biological process where microorganisms digest organic
material to produce methane and carbon dioxide (biogas) in the absence of oxygen (Monnet
2003). This process contains four major sequential steps:


Hydrolysis,



Acidogenesis,



Acetogenesis and



Methanogenesis

Each step is conducted by a unique consortium of microorganisms, which use intracellular
or extracellular enzymes to break down the various components of the biomass (Melville, et
al. 2014). The products of each previous phase are then used as the substrate for the bacteria
in the subsequent phase (Gerardi 2003), resulting in the formation of a complex
interdependent community of microorganisms which work synergistically to break down the
organic material. The process can be conducted in a single or multistage system. Multistage
digestion separates the acid forming and methanogenic phases (Nizami 2012). Fig 1 details
Richgro’s multistage AD plant, located in Jandakot Western Australia. Solid waste is
shredded and subsequently blended with the liquid waste in the blending tank. The mixed
waste is fermented for approximately 5 days in the fermentation tank and then pumped to the
two main digesters. Here the material is broken down, primarily into methane and carbon
dioxide, and is then pumped to the digestate storage tank. The biogas is pumped to a
combined heat and power (CHP) engine where heat and electricity is generated. The heat
generated from the CHP engine is used to maintain the temperature within the digesters at 37
– 38 oC, while the electricity is used to power the facility. The digestate produced is
dewatered and used as a fertiliser, while the separated liquid is added back to the blending
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tank. As AD is a sequential process, any inhibition or shift in a microbial community may
cause changes in the process efficiency and biogas production rate as the slowest step will
determine the overall rate of the process (Melville, et al. 2014).
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Figure 1: Process Flow Diagram of Richgro’s AD plant located at Jandakot, Western Australia. (Modified from Biogass Renewables Pty Ltd (2013))
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2.2.1.Factors Affecting the Microbial Community

The microbial community within an anaerobic digester is highly dependent on the
substrate characteristics (Zhou, et al. 2015, Yan, et al. 2015). Jung, Kim and Lee (2016)
reported that in the co-digestion of Ulva (Sea Lettuce) and Cheese Whey (a by-product of
cheese production), the bacterial community shifted away from its initial structure over the
experimental period as the mixing ratios changed. The archaeal community, however, had no
apparent structural change which is attributed to the narrow substrate range of methanogens
which dominate the archaeal community in AD systems. The microbial community is also
dependent on the environment within the digester (pH, the concentration of VFAs, NH4+-N).
Pore et al. (2016) have reported that there was a higher abundance of enzymes associated
with acidogenesis and a lower abundance of enzymes associated with methanogenesis in a
sour (an upset) digester compared to a healthy digester. The change in the enzyme
concentrations was the result of a decrease in the population of the methanogenic archaea and
an increase in the bacterial population as shown in Table 1. On returning to healthy operation,
the community shifted again, increasing the population of methanogenic archaea as
conditions became favourable for their growth. The healthy and sour levels of bacteria and
archaea present within the digester are shown in Table 1.
Table 1: Distribution of the microbial community of the initial, sour and healthy stage of AD
operation (Modified from (Pore, et al. 2016))
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2.2.2.Hydrolysis

During hydrolysis, fixed biopolymers such as fats, carbohydrates and proteins are
degraded to fatty acids, sugars and amino acids (Fig. 2) (Franke-Whittle , et al. 2014, Nizami
2012). hydrolysis is conducted by extracellular enzymes known as hydrolases (such as αamylase, amyloglucosidase, proteases, and lipases) which are produced by the hydrolytic
bacteria (Nizami 2012). Many researchers have regarded the hydrolysis step as the ratelimiting step in the AD process (Chen, et al. 2017, Jiang, et al. 2013, Ponsa, et al. 2008,
Vavilin , et al. 2008). However, Gerardi (2003) states that hydrolysis may only become the
rate limiting step when the substrate contains organic compounds which are poorly
biodegradable.
2.2.3.Acidogenesis

During acidogenesis, monomers produced during the hydrolysis step are broken down into
smaller chain volatile fatty acids (VFAs) such as acetic acid, propionic acid and butyric acid
(Fig. 2) (Nizami 2012). Acidogenesis is conducted by another set of extracellular enzymes
(such as Acetate Kinase, Butyrate Kinase and Butyryl-CoA:acetate-CoA transferase (Gabris ,
Bengelsdorf and Durre 2015)) produced by the acidogens and can result in the production of
ammonia (NH3), carbon dioxide (CO2) and hydrogen sulphide (H2S) as by-products (Nizami
2012). Two typical reactions that take place in acidogenesis are shown in equations Eq. 1
(acetic acid production) and Eq. 2 (butyric acid production) (Hornung 2014).
𝐶6 𝐻12 𝑂6 + 2𝐻2 𝑂 → 2𝐶𝐻3 𝐶𝑂𝑂𝐻 + 2𝐶𝑂2 + 4𝐻2

(𝐸𝑞. 1)

𝐶6 𝐻12 𝑂6 → 2𝐶𝐻3 𝐶𝐻2 𝐶𝐻2 𝐶𝑂𝑂𝐻 + 2𝐶𝑂2 + 2𝐻2

(𝐸𝑞. 2)

2.2.4.Acetogenesis

During the acetogenesis phase, the VFAs and any long-chain fatty acids (LCFAs)
produced in the hydrolysis and acidogenesis steps are oxidized to acetic acid, carbon dioxide,
hydrogen and water (Fig. 2) (Hornung 2014). Acetogenesis is a crucial step in the AD
process as larger VFAs, such as propionate and butyrate, cannot be directly utilized by
methanogenic microbials (Hornung 2014). The breakdown of VFAs is known as β-oxidation
and is shown in equations Eq. 3 (propionate β-oxidation) and Eq. 4 (butyrate β-oxidation)
(Hornung 2014).
𝐶𝐻3 𝐶𝐻2 𝐶𝑂𝑂𝐻 + 2𝐻2 𝑂 → 2𝐶𝐻3 𝐶𝑂𝑂𝐻 + 𝐶𝑂2 + 3𝐻2

(𝐸𝑞. 3)

𝐶𝐻3 𝐶𝐻2 𝐶𝐻2 𝐶𝑂𝑂𝐻 + 2𝐻2 𝑂 → 2𝐶𝐻3 𝐶𝑂𝑂𝐻 + 2𝐻2

(𝐸𝑞. 4)
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2.2.5.Methanogenesis

Finally, during methanogenesis, the acetate, carbon dioxide, and hydrogen are transformed
into methane (CH4), carbon dioxide (CO2) and water (H2O) (Fig. 2). The methanogenic step
is conducted by three key groups of methanogenic archaea known as acetoclastic
methanogens, hydrogenotrophic methanogens and methyltrophic methanogens (Gerardi
2003).
Acetoclastic methanogens convert the acetate to methane and carbon dioxide shown in
equation Eq. 5 (Hornung 2014, Gerardi 2003).
𝐶𝐻3 𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2

(𝐸𝑞. 5)

Hydrogenotrophic methanogens convert the hydrogen and carbon dioxide (generally in the
form of bicarbonate (HCO3-) or carbonate (CO32-)) to methane and water as shown by
equations Eq. 6 and Eq. 7 (Gerardi 2003).
4𝐻2 + 𝐻𝐶𝑂3− + 𝐻 + → 𝐶𝐻4 + 3𝐻2 𝑂

(𝐸𝑞. 6)

4𝐻2 + 𝐶𝑂32− + 2𝐻 + → 𝐶𝐻4 + 3𝐻2 𝑂

(𝐸𝑞. 7)

Methylotrophic methanogens produce methane by utilising organic compounds containing
the methyl (-CH3) group such as methanol, methylamine, and acetate (Gerardi 2003). The
degradation of these compounds can be seen in equations Eq. 8, Eq. 9 and Eq. 10,
respectively (Gerardi 2003).
3𝐶𝐻3 𝑂𝐻 + 3𝐻2 → 3𝐶𝐻4 + 3𝐻2 𝑂

(𝐸𝑞. 8)

4(𝐶𝐻3 )3 − 𝑁 + 6𝐻2 𝑂 → 9𝐶𝐻4 + 3𝐶𝑂2 + 4𝑁𝐻3

(Eq. 9)

𝐶𝐻3 𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2

(Eq. 10)

The majority of methane is produced by the degradation of acetic acid (acetoclastic
pathway), however, increasing the organic loading rate (OLR) to 3 kg

volatile solid /m

3

day or

higher can cause a significantly higher proportion of hydrogenotrophic methanogens to exist
resulting in hydrogenotrophic methanogenesis being the dominant pathway (Hornung 2014).
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Figure 2: Visual presentation of the Anaerobic Digestion Process. Modified from Clifford (2017a)
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2.3. Input Substrate C:N ratio
The C:N ratio of the input substrate, like pH, temperature, OLR, and retention time (Refer
to Appendix A), is considered to be one of the most important parameters when it comes to
the performance of AD processes (Hassan, et al. 2017). The ratio identifies nutrient levels
within the substrate (Mao, et al. 2015, Hassan, et al. 2017). The bacteria use carbon as an
energy source, and the nitrogen is utilised for cell growth (Leung and Wang 2016). A high
concentration of carbon leads to a decrease in cell growth and an increase in the time required
to degrade the organic material. A high concentration of nitrogen leads to the production of
large quantities of ammonia resulting in the inhibition of bacterial growth (Leung and Wang
2016).
The optimal C:N ratio for the AD of various substrates at mesophilic conditions lies within
the range of 20 – 30 (Yen and Brune 2007, Zhong, et al. 2012, Wu, et al. 2010, Wang, et al.
2012, Chen, et al. 2017, Hassan, et al. 2017, Wang, et al. 2014a, Yan, et al. 2015), however,
the optimal feedstock C:N ratio can deviate from this range; 31 (Yong, et al. 2015), 30.67
(Wang, et al. 2014a) and 15 (Romano and Zhang 2008). Table 2 lists the optimal C:N ratio
reported by various researching along with some of the various operating conditions. The
average feedstock C:N ratio for FW ranges between 16 – 22 (Haider, et al. 2015, Cho, Park
and Change 1995, Wang, et al. 2014a, Kim, Kim, et al. 2010) which is slightly below the
commonly reported optimal ratio (20 – 30). However, the C:N ratio of FW can deviate from
this range depending on the substrate; 11.4 (Brown and Li 2013), 28.9 (Ahamed, et al. 2015)
and 28.4 (Yong, et al. 2015).
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Table 2: Summary of results from various researchers for the optimal C:N ratio
Optimal C:N

Reactor Used

Substrate used

OLR

Temperature

Reference

20 and 25

CSTR1

Algal sludge + waste paper

5 gVSL-1day-1

Mesophilic

(Yen and Brune 2007)

20

Batch

Taihu blue algae + corn straw

N/A

Mesophilic

(Zhong, et al. 2012)

15

AMBR2

Onion juice

1.24 - 3.6 gVSL-1day-1

Mesophilic

(Romano and Zhang 2008)

31

Batch

FW + straw

N/A

Mesophilic

(Yong, et al. 2015)

20

Batch

Swine Manure + agricultural residues

N/A

Mesophilic

(Wu, et al. 2010)

Thermophilic

(Zeshan, Karthikeyan and

ratio

27

1

CSTR

FW + Fruit waste + green waste + office papers

-3

-1

Up to 10 kgVSm day

Visvanathan 2012)
25 – 30

Batch

Dairy waste + Chicken manure + Wheat straw
3

N/A
-3

-1

Mesophilic

(Wang, et al. 2012)

25.2

EGSB

FW

40 kg-COD m day

Mesophilic

(Chen, et al. 2017)

20 – 30

Batch

Wheat straw + goose manure

N/A

Mesophilic

(Hassan, et al. 2017)

1

-1

-1

25

CSTR

Wheat straw + goose manure

3 gVSL day

Mesophilic

(Hassan, et al. 2017)

11-15 AC:N

Semi-

Individual digestion of livestock manures,

Variable OLR depending on

Mesophilic

(Wang, et al. 2017)

agricultural wastes, and FW

substrate composition

Chicken manure + Dairy manure + Rice Straw

N/A (HRT = 15 days, working

Mesophilic

(Wang, et al. 2014a)

Thermophilic

(Wang, et al. 2014a)

Mesophilic

(Yan, et al. 2015)

continuous
26.6

1

CSTR

volume = 600 ml
30.67

1

CSTR

Chicken manure + Dairy manure + Rice Straw

N/A (HRT = 15 days, working
volume = 600 ml

29.5

Batch

Rice Straw

N/A

1) Continuously stirred Tank Reactor. 2) Anaerbic Mixed Biofilm Reactor. 3) Expanded Granular Sludge Bed
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Wang et al. (2017) have claimed that these variations of the optimal feedstock C:N ratios
may be due to the substrates containing various ratios of labile and recalcitrant forms of
carbon. Most biogas materials are organic wastes which are inherently rich in recalcitrant
carbon (e.g. hemicellulose, cellulose, and lignin) which has been proven to be hard to utilise
by anaerobic bacteria in a short retention time without pre-treatment (Wang, et al. 2017).
Consequently, Wang et al. (2017) have claimed that the feedstock C:N ratio should be
regarded as a measure of the total carbon and nitrogen within the substrate and the available
carbon and nitrogen (AC:N) (i.e. C:N excluding recalcitrant carbon) should be used to
monitor digester health.
2.3.1.Ammonia Inhibition

Feedstock high in nitrogen reduces the C:N ratio in the AD process and can lead to an
excessive production of ammonia, resulting in high ammonium concentrations (Leung and
Wang 2016). Excess nitrogen can lead to process inhibition from ammonia which can occur
in both ionised (NH4+) and non-ionised (NH3) forms. However, free ammonia (NH3) is
considered to be more toxic than its ionised form (Koster and Lettinga 1984). Inhibition by
ammonia has been reported to occur at total ammoniacal nitrogen (TAN) concentrations in
the range of 1500 – 3000 mg TAN/L for pH above 7.4 (Wang, et al. 2012, Hassan, et al.
2017, Wang, et al. 2017) (Table 3). For concentrations above this range, ammonia has been
reported to be toxic irrespective of pH (Wang, et al. 2012, Hassan, et al. 2017, Wang, et al.
2017).
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Table 3: Table of reported inhibitory values for Ammonia toxicity for AD
Inhibitory

Methanogenic

Concentrations

inhibition

400-600 mg FA/L

N/A

Reactor

Substrate

OLR

SITDADS1

FW + fruit and vegetable

Ranged between 4

waste + green and paper

pH

Temperature

Reference

7.5-8

Thermophilic

(Zeshan, Karthikeyan and

3

and 10.7 kgVS /m day

Visvanathan 2012)

waste
45 mg FA/L

0%, concentration is

Batch

Glucose

N/A

the threshold
49 mg FA/L

27%

7.1-

Mesophilic

(Shi, et al. 2017)

Mesophilic

(Zhang, Yuan and Lu

7.4
Batch

Swine Manure

N/A

6.8

2013)
TAN >1.9 g/L

0%, concentration is

Batch

FW

N/A

6.55

Mesophilic

(Sheng, et al. 2013)

50%

Batch

FW

N/A

N/A

Mesophilic

(Ariunbaatar, et al. 2015)

31-35%

semi-

FW

0.3 gVSL-1 day-1

7.2-

Mesophilic

(Ariunbaatar, et al. 2015)

Mesophilic

(Wang, Zhang and

the threshold
TAN 3.8 g/L = 149
mg FA/L
TAN 850 mg/L

continuous
+

7 g NH4 -N/L

65%

Batch

7.4
Dairy manure

N/A

7.87.95

5.9 g-N/L = 0.75 g

38%

CSTR2

FA/L

Swine and cattle waste

N/A, HRT = 15 days

8.06

Angelidaki 2016)
Mesophilic

(separate)
+

1351 mgNH4 /L

0% suggested as

Batch

Ahring 1998)

Beet-sugar wastewater

N/A

7.5

Mesophilic

threshold.
5 g N/L =

0% suggested as a

685 g FA/L

threshold.

(Hansen, Angelidaki and

(Koster and Lettinga
1984)

3

UASB

Cattle Manure

N/A, HRT = 15 days

7.6

Thermophilic

(Borja, Sanchez and
Weiland 1996)

1) Stainless Steel Inclined Thermophilic Dry Anaerobic Digestion System. 2) Continuously Stirred Tank Reactor. 3) Upflow Anaerobic Sludge Blanket Reactor
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Free ammonia (NH3) is more toxic than its ionised form (NH4+), and inhibitory ammonia
concentrations cannot simply be represented with TAN concentrations, as the free ammonia
concentration will change with fluctuations of pH and temperature (Borja, Sanchez and
Weiland 1996). To complicate the matter, reported values for the inhibitory concentrations of
free ammonia vary widely; 45 mg/L (Shi, et al. 2017), 49 mg/L (Zhang, Yuan and Lu 2013),
400-600 mg/L (Zeshan, Karthikeyan and Visvanathan 2012), 685 mg/L (Borja, Sanchez and
Weiland 1996). These remarkably large variations in the reported inhibitory concentrations
can be attributed to bacterial acclimation. Acclimated bacteria have been shown to operate at
very high concentrations without jeopardising the safety of the digester (Yenigun and
Demirel 2013). Yang. (2011) reported that there are two mechanisms by which the
methanogens can acclimatise to high NH3-N concentrations. Methanogens may repair
damaged enzyme systems to adjust to the high ammonia concentrations and/or, large
populations of bacteria which are capable of developing enzyme systems capable of
degrading the toxic compounds are grown to deal with the increasing NH3-N concentrations.
2.3.2.Carbon Availability

The total C:N ratio provides a general characteristic of a substrate. However, this value
cannot accurately describe the components of the substrate which can be utilised by
anaerobic microorganisms (Wang, et al. 2017). Since various biogas materials will contain
different levels of recalcitrant and labile organic carbon components, the optimal feedstock
C:N ratios obtained from AD will likely be very different to the original total C:N ratio
(Wang, et al. 2017).
2.3.2.1.

Labile Organic Carbon

Labile organic carbon (LOC) is characterised by how easily it is degraded by the microbial
processes. LOC molecules include, but are not limited to, carbohydrates, proteins, lipids,
nucleic acids and pigments (Hendrickson, et al. 2002). Enzymes produced by hydrolytic
bacteria, such as amylases, proteases, and lipases (Parawira 2011), break down
polysaccharide, proteins, oils and fats (Nizami 2012). While LOC is beneficial to AD, high
fractions run the risk of acidification due to its rapid hydrolysis and formation of volatile fatty
acids (Kawai, et al. 2014). High quantities of undissociated VFAs can lead to inhibition of
microbial growth by passing through the cell membrane causing proton imbalances within the
cell (Jiang, et al. 2013). High concentrations of dissociated VFAs can reduce the pH of the
AD system causing indirect inhibition on methanogens (McCarty and McKinney 1961).
Kawai et al. (2014) reported that while labile organic carbon is an important organic
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component which assists in increasing the methane production rate, high concentrations can
destabilise the AD process.
2.3.2.2.

Recalcitrant Organic Carbon

Recalcitrant organic carbon (ROC) is resistant to microbial degradation by anaerobic
bacteria which results in the accumulation of ROC in the digestate. ROC molecules include
non-hydrolysable lipids and lignocellulose (Tambone, et al. 2009). Lignocellulose mainly
comprises of cellulose, hemicellulose, and lignin which are cross-linked making it very
resistant to microbial degradation (Sun, et al. 2016b). Cellulose is a chain of β-D-glucose
(C6H10O5) molecules linked by β-1,4 covalent bonds (Fig. 3A) (Kolpak and Blckwell 1976).
The chains form fibrils through hydrogen bonding (Berg, Tymoczko and Stryer 2002)
making the fibril hard to digest. The cellulase enzyme breaks down the insoluble cellulose
polymer into glucose (Parawira 2011), cellobiose (biopolymer of β-1,4 covalently bonded
glucose units) and cellodextrins (glucose polymers of varying lengths) (Carere, et al. 2008).
Hemicellulose is a highly branched heteropolysaccharide (Fig. 3B) which consists of a
variety of sugars. The groups extending off the main backbone of the structure prevent it
from forming crystalline structures (Pauly, et al. 2013). Hemicellulose is hydrolyzed by
enzymes such as xylonases, xylobiase and other hemicellulolases or cytases to arabans,
mannans, xylans glucans and galactans (Ghosh, Henry and Christopher 1985).
Lignin (Fig. 3C, Fig. 3D) is contained within the cell walls of secondary thickened cells
making them rigid and increasing water impermeability (Vanholme , Demedts, et al., Lignin
Biosynthesis and Structure 2010). Soft and hard wood varieties of lignin exist with the two
forms having different relative abundances of p-coumaryl, coniferyl, and sinapyl alcohols
(Bruijnincx and Weckuysen 2010). Soft wood lignin consists of approximately 90% coniferyl
alcohols while hard wood lignin has roughly equal proportions of coniferyl alcohol and
sinapyl alcohol. The molecule serves as a biochemical barrier preventing the majority of
biomass to bioenergy conversion processes by microbials (Sawatdeenarunat, et al. 2015).
However, recently the bacteria Tolumanas lignolytica sp. nov. has been found to produce
enzymes (oxidase and peroxidase) allowing the degradation of lignin under anaerobic
mesophilic conditions (Billings, et al. 2015) which allow it to be utilised by other anaerobic
organisms.
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Many pre-treatment techniques have been employed to increase the degradability of ROC
substances including, mechanical milling, steam explosion, hot water washing, acid and
alkali pre-treatments and ammonia fibre expansion, however, due to economic and
environmental factors, these methods are generally not adopted (Sawatdeenarunat, et al.
2015).
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Figure 3: Structure of A) Cellulose (Van 2010) B) Hemicellulose (Clifford 2017b) C) Soft wood lignin (Bruijnincx and Weckuysen 2010) D) Hard wood
lignin (Bruijnincx and Weckuysen 2010)
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2.3.3.Carbon Availability Influence on Microbial Community

Changes in substrate composition will alter the microbial community within an anaerobic
digester (Lee, et al. 2009a). Some ROC, such as cellulose and hemicellulose, has the potential
to be degraded to methane. Suksong et al. (2016) reported that cellulolytic bacteria
(dominated by Ruminococcus sp. and Clostridium sp.) dominated the solid state AD of oil
palm biomass with a feedstock input C:N ratio of 30. Clostridium sp. is capable of degrading
cellulose to glucose and cellobiose while Ruminococcus sp., produces extracellular enzymes
(exoglucanases and endoglucanases) which break down cellulose and hemicellulose. The
dominant archaea shows that acetoclastic and hydrogenotrophic pathways dominate for
methane production (Table 4) (Suksong, et al. 2016). Similarly, Watanabe et al. (2016)
reported that the addition of suspended solids (containing cellulose) to an anaerobic
membrane reactor caused the archaeal community to shift from acetoclastic methanogenesis
to the hydrogenotrophic pathway. The community shifted from an initial composition of
70.3% acetoclastic methanogens and 30% hydrogenotrophic methanogens to 47.2%
acetoclastic methanogens and

47.2% hydrogenotrophic methanogens. This archaeal

community shift is represented in Fig. 4. The bacterial community shift is shown in Fig. 5.
Table 4: Dominant Archaea reported by Suksong et al. (2016) for the three types of feed substrate
used

Substrate

Dominant Archaea

Empty fruit bunches and

Desulfurococcus sp., Methanospirillum sp., Methanosarcina

oil palm fronds

sp., and Methanomassiliicoccus sp

Oil palm trunk

Methanocaldococcus sp., Methanospirillum sp.,
Methanoculleus sp., and Methanospirillum sp

Figure 4: Microbial Diversity distribution of Archaea (A) no suspended solids (B) suspended solids
contained (Modified from Watanabe et al. (2016))
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Figure 5: Microbial Diversity distribution for bacteria (A) no suspended solids (B) contains
suspended solids. (Modified from Watanabe et al. (2016))

Jia et al. (2016) have reported that it is possible to enrich a microbial community, which
has no lignocellulose specificity, to enable it to degrade cellulose to methane completely. The
increase in the tolerance to cellulose was due to the increase in the population of the bacteria
Clostridiales (6.8% - 80%) with Ruminococcus being the most abundant (41% - 57%) (Jia, et
al. 2016). These bacteria are involved in the degradation of lignocellulose materials (Sun , et
al. 2016a). The archaea shifted from Methanosarcinales (dominant archaea in the seed
inoculum) to Methanobacterium after the enrichment (Jia et al., 2016). This change in the
microbial community will change the digestate characterisation.
2.3.4.Effect of the C:N ratio on digestate composition

The AD process produces digestate which has a low C:N ratio resulting in a high
concentration of directly available nitrogen (Guster, et al. 2005). This makes the digestate
excellent to be used as a fertiliser in agriculture (Hornung 2014). However, while the
digestate has a high concentration of available nitrogen, a high concentration of LOC can
result in nitrogen immobilisation. Alburquerque, de la Fuente and Bernal (2012) reported that
highly unstable and easily biodegradable materials within the digestate give rise to large
amounts of CO2 and loss of N-fertiliser value due to nitrogen immobilisation. Similarly,
Kirchmann and Laundvall (1993) reported that there was a significant correlation between the
initial fatty acid concentration (easily biodegradable carbon) within the digestate and the
amount of nitrogen immobilised (R2=0.97). This fraction of LOC has also been reported to
impart a phytotoxic effect inhibiting plant growth (Abdullahi, et al. 2008).
In contrast, a more stable digestate containing less biodegradable components is more
effective as a fertiliser and does not need any pre-treatment before it can be used for soil
amendment (Alburquerque, de la Fuente and Bernal 2012). Marcato et al. (2009) reported
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that the use of stabilised organic matter for organic amendment should be less disturbing for
the soil microflora and there will be less competition for nutrients and oxygen between crops
and soil bacteria than if raw waste was used. Consequently, the soil amendment properties of
the digestate are highly dependent on its LOC:ROC fraction contents (Tambone, et al. 2009).
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2.4. Conclusion
The optimisation of the feedstock C:N ratio not only maximises the biogas yield and
quality of the digestate, but also keeps the microbial community healthy. Numerous studies
have been conducted to locate the optimal C:N ratio; however, many researchers have
reported varying optimal values. This is likely due to the different LOC:ROC ratios present
within the feed substrate. Research has shown that the two forms of carbon can cause changes
in the biogas production rate, the digestate characterisation and shifts in the microbial
community when their ratios are changed.
Therefore it is necessary to conduct research which not only examines the effect of the
LOC:ROC fraction on the biogas production rate but also the on the microbial community.
The change in the functional gene diversity with changing LOC:ROC fractions should be of
particular importance as they depict the changes in the present metabolic pathways. Another
important aspect which should be examined is the change in the digestate characterisation
relative to both the change in the LOC:ROC fraction and the acclimating microbial
community. The ratio required to minimise the pre-treatment the digestate needs before
agricultural use should also be examined as this could provide valuable information to reduce
pre-treatment costs.
2.4.1. Proposed research
In order to achieve the project objectives in the allocated timeframe, a series of benchscale experiments were conducted in this study designed to:
1. Assess the ammonia toxicity on the inocula,
2. optimise the feed C:N ratio, and
3. optimise the ratio of labile and recalcitrant organic carbon present within the
supplemented carbon source.
Three hypotheses have been constructed for this study:
1. The inoculum is expected to have a high tolerance to free ammonia as it has been
acclimated to high ammonia levels.
2. The optimal C:N ratio will fall within the commonly reported ratio in the literature
(20 – 30).
3. The addition of RC will result in a synergistic effect, increasing the biogas
production rate.
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3. Chapter 3 – Methods
Three experiments were conducted in this study. The first was to determine if the system
was currently under inhibition by ammonia as an inhibited system will require a larger C:N
ratio to mitigate the inhibition effects (Wang, et al. 2014b). The second experiment was
conducted to determine the optimal the C:N ratio of the system while the final experiment
was conducted to determine the effect the recalcitrant component has on the optimal ratio.
3.1. Substrate and Inoculum
Three substrates were prepared for the three experiments. Substrate one (S1) consisted of a
pure acetic acid solution of a concentration of 1g/ml. Substrate two (S2) consisted of mixed
waste obtained from the Blending Tank (BT1) at Richgro’s two-phase Mesophilic Anaerobic
Digester treating FW in Jandakot, Western Australia. BT1 was subsequently supplemented
with various quantities of starch to evaluate the C:N ratio; 15.17 (no starch), 20, 25, 30 and
35. Substrate three consisted of mixed waste obtained from Richgro’s Blending Tank (BT2)
and was supplemented with specific quantities of pre-made mixtures containing various ratios
of Wheat Straw (WS) and starch to adjust the LC:RC ratio within the feed while maintaining
the C:N ratio at its optimum (~29.00). A breakdown of the composition and C:N ratio of the
Blending Tank feed used in S2and S3 are shown in Table 5. A break down the carbon and
nitrogen contents of all substrates used is detailed in Table 6.
Two types of inoculum were obtained from Richgro’s AD facility; aerobic activated
sludge from the Fermentation Tank (I1) (Sample point 2) and anaerobic activated sludge
obtained from the Digestate Tank (I2) (Sample point 3) (Refer to Fig. 1 for sample point
locations). The macro and micronutrients present within the anaerobic inocula used in this
study are detailed in Table 7.
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Table 5: Percent composition of the Blending Tank Feed used in S1 and S2

Substrate Contents
FW
Cereal crop
Liquid mix
Bread
Fruit and Veg
Bleaching Earth
Dairy
Soft drink/Brewery
Animal Residues
%C (dry weight)
%N (dry weight)
C:N

% of BT1
16.65
4.90
4.70
1.47
2.15
1.96
0.78
24.29
43.10
54.62
3.60
15.17

% of BT2
16.65
4.90
4.70
1.47
2.15
1.96
0.78
24.29
43.10
48.8
2.91
16.77

Table 6: The reported Carbon and Nitrogen contents of the various substrates used in this study

C (%)
Experiment 1
Acetate
Experiment 2
Blended Waste
Starch
Experiment 3
Blended Waste
Starch
Wheat Straw

N (%)

C:N

Other

-

-

-

-

54.62
41.20

3.6
0.04

15.17
1030

41.78
58.76

48.80
41.20
43.30

2.91
0.04
0.41

16.77
1030
105.61

48.29
58.76
56.29

Page 24

Table 7: Various macro and micronutrients present within the anaerobic inocula used in this study

Nutrients present within the digestate
(Total)
Calcium
Copper
Cobalt
Nickel
Potassium
Magnesium
Iron
Manganese
Sodium
Sulphur
Zinc
Total Nitrogen
Total Phosphorous
Ions Present
Chloride
Ammonia-N
Nitrate
NOx-N

Exp1

Concentration (mg/L)
Exp2

Exp3

730
2.6
0.1
0.24
1,300
57
550
6.4
1,300
460
26
5,300
790

730
2.6
0.10
0.24
1,300
57
550
6.4
1,300
460
26
5,300
790

1,400
3.0
0.06
0.29
1,400
170
820
8.5
1,400
320
27
5,300
760

1,100
2,700
1
1

1,100
2,700
1
1

1,200
3,700
<1
<1

3.2. Analytical Methods
3.2.1. Chemical Characterisation
The Carbon (C) and Nitrogen (N) content of the input material were determined by hightemperature combustion on a TruMAC CNS analyser (Leco Corp; Castle Hill, NSW
Australia). Total elemental composition (Ca, Mg, Na, K, S, P, Al, Cd, Co, Cr, Cu, Fe, Mn,
Mo, Ni, Sb, Se, Zn) was determined via the SW-846 EPA Method 3051A (1998) and
analysed by inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo
Scientific iCAP 6000 Series). Measurements of NH4+-N were carried out using kit methods
via a photometer (Spectroquant Move 100). The individual VFAs (i.e., acetic, propionic,
butyric acid) were quantified via GC equipped with a flame ionization detector (GC-FID)
(GC2014, Shimadzu, Japan) with a capillary column (ZB-Wax Plus column 30 m length 0.25
mm inner diameter 0.25 mm film thickness, Phenomenex, USA).
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3.2.2. TS and VS analysis
Total solids (TS) and Volatile solids (VS) was measured using standard methods (APHA
1995). A porcelain evaporation dish was cleaned with acid and placed in a furnace at 550 oC
for 30 min to remove any volatiles. The dish was reweighed prior and after the sample was
added. The dish containing the sample was then placed in an oven at 105 oC for 3 hours and
subsequently cooled for 20 min at room temperature in a desiccator prior to reweighing. The
TS was subsequently calculated. The VS content within the samples was determined by
placing the evaporation dish containing the TS in a furnace at 550 oC for 20 min. After
cooling in a desiccator, the sample was subsequently weighed, and the VS was calculated by
subtracting the remaining sample weight from the TS mass calculated.
3.2.3. Automatic Methane Potential Test System (AMPTS II)
Biogas production was quantified using the AMPTS II (Fig 6), and AMPTS v5.0 software.
The system was developed for the real-time measurement of the rate of biomethane
production during the anaerobic digestion of any organic biomass at a laboratory scale
(Badshah, et al. 2012). The system consists of three main units, the water bath (i), gas
scrubbers (ii), and a gas flow tipping meter (iii). The water bath incubation unit can hold up
to 15 glass vessels (500 ml) which contain the substrate and anaerobic inoculum and
maintains the vessels at the desired temperature. The media in each bottle is slowly mixed by
a rotating mixing rod which is powered by individual motors. The gases produced from each
vessel are passed to individual 80 ml vials containing 3 M sodium hydroxide (NaOH) which
absorbs any non-methane gases. The methane is then passed through to the Gas Flow Tipping
Meter unit which measures the volume of methane produced from each vessel. The
measuring unit works on the principle of liquid displacement and buoyancy. A digital signal
is generated when a pre-defined volume of gas flows through the device. The signal
generated is sent to an integrated data acquisition system which records the result.
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Inoculum + Substrate
Biogas Sample

(ii)

Alkali
Absorption
Bottle

(iii)

Gas Flow
Tipping Meter

Data Collection
System

(i)

Figure 6: AMPTS II Schematic (Modified from Lü et al. (2016))
3.2.4.Statistics

All tests were performed in triplicate and expressed as the mean±standard error. An
analysis of variance (ANOVA) was conducted via R studio and used to test the significance
of results. All results will a P value <0.05 were considered to be significantly different. A
more detailed analysis examining the significance of the variance between the control and the
rest of the treatments was conducted using the Tukey method. Refer to Appendix B for a
description of the Tukey method. The code used to determine the mean, standard deviation
and standard error is detailed in Appendix B.
3.2.5.Calculations

The equilibrium model reported by Ariunbaatar et al. (2015) was used to calculate the free
ammonia concentration from the ionised ammonia concentration (Eq. 11).

[𝑁𝐻 3 − 𝑁] =

𝑇𝐴𝑁 ∗ (

𝐾𝑎
)
10−𝑝𝐻

(𝐸𝑞. 11)

𝐾𝑎
( −𝑝𝐻
)+1
10



𝑇𝐴𝑁 = 𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑚𝑜𝑛𝑖𝑎𝑐𝑎𝑙 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 (𝑚𝑔/𝐿)



𝐾𝑎 = 1.097 × 10−9 at 35o C



[𝑁𝐻 3 − 𝑁] = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑚𝑚𝑜𝑛𝑖𝑎



𝑝𝐻 = 𝑆𝑦𝑠𝑡𝑒𝑚 𝑝𝐻

Eq. 12 was used to determine the mass of the supplemental carbon source which was
required to increase the C:N ratio to its required values. Its deravation is shown in Appendix
B.
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𝑀𝑆𝐶 =

𝐶
𝑁%𝐵𝑊
𝐶
1
𝐶%𝐵𝑊
(𝑁 ∗ 100
∗ 𝑀𝐵𝑊 ) − 𝑁 ∗ ( 𝐶
∗ 100
∗ 𝑀𝐵𝑊 )
𝐵𝑊
𝑇
𝑁 𝐵𝑊
(
)

(𝐸𝑞. 12)

𝑁%𝑆𝐶
𝐶
1 𝐶%𝑆𝐶
𝐶
𝑁𝑇 ∗ ( 𝐶 ∗ 100 ) − (𝑁𝑆𝐶 ∗ 100 )
𝑁𝑆𝐶


C:N = Carbon Nitrogen ratio



SC = Supplement carbon source



C% = Percent carbon in dry component



BW = Blended Waste



N% = Percent nitrogen in dry component



T = Total (SC+BW)



M = Dry Mass

3.3. Experiment 1 - Ammonia Inhibition
Refer to Fig 7 for a graphical representation of Experiment 1. Five glass reactors (T1, T2,
T3, T4, T5) with working volumes of 400 ml were filled with the anaerobic inoculum (I2).
Reactors were supplemented with 2.5 ml, 11.2 ml, 20.28 ml and 29.18 ml of a 0.5g NH4Cl/ml
to increase the NH4+-N concentration within reactors T2, T3, T4 and T5 to 3750, 7500, 11250
and 15000 ppm respectively. All reactors were fed with 2 ml of 1 g/ml acetic acid solution so
all systems were adequately fed to ensure the microbes will not become substrate limited.
Samples were taken for NH4+-N analysis. All reactors were then sealed and purged with CO 2
to ensure anaerobic conditions. At the end of the digestion period (5 days), the pH of each
reactor was recorded, and samples were taken for VFA, TS and VS analysis. All treatments
were run in triplicate.

Figure 7: Flow diagram for Experiment 1
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3.4. Experiment 2 - C:N ratio optimisation
Refer to Fig 8 for a graphical representation of Experiment 2. S1 was supplemented with
various quantities of starch to adjust the C:N ratio of the feed to 15.17 (no starch), 20, 25, 30
and 35 (Table 5). Five glass reactors, each with a working volume of 600 ml, were loaded
with respective volumes of aerobic inoculum (I1) and the substrate to achieve a substrate to
inoculum (S:I) ratio of 2 while maintaining similar VS loading within each reactor. The
experiment was run for a total of 15 days. During this time, the temperatures of the reactors
were allowed to equalise with the environment. Samples were taken after each recording of
pH for VFA testing and analysis via GC. Vessels were shaken before each sample was drawn
to ensure the contents were thoroughly mixed. Once the treatment time was complete, final
samples were taken for TS, VS, and VFA analysis. All treatments were run in triplicate.
Table 8: Composition of the substrates

Treatment
Volume of
Mass of
Resultant Feed TS% VS%
(Target C:N
Blended Waste
Starch added C:N ratio
ratio)
Feed (ml)
(g)
C1 (15.17)
500
0
15.17
13.56 11.93
C2 (20.00)
500
25.719
19.36
16.48 15.13
C3 (25.00)
500
52.323
26.49
19.46 18.22
C4 (30.00)
500
78.992
29.00
22.09 20.95
C5 (35.00)
500
105.629
31.50
25.23 24.10
Digestion of the aerobic fermentation product was carried out in fifteen glass vessels with
working volumes of 400 ml. 200 ml of anaerobic inoculum (I2), obtained from Richgro’s
digester tanks, was decanted into the 15 glass vessels. 200 ml of the contents of each reactor
from the fermentation experiment were decanted into the vessels. The reactors were then
quickly sealed with rubber stoppers and purged with CO2 to ensure anaerobic conditions. The
volume of biogas produced was monitored via an Automatic Methane Potential Test System
(AMPTS II). Once all treatments were complete, final samples were taken for TS and VS. All
reactors were run until methane production ceased.
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Figure 8: Flow diagram for Experiment 2
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3.5. Experiment 3 - LC:RC ratio optimisation
Refer to Fig 9 for a graphical representation of Experiment 3. Starch and WS were mixed
to attain LC:RC ratios of 100:0, 75:25, 50:50, 25:75 and 0:100. These mixtures were then
used as a carbon supplement for the Blended Waste (S2), obtained from Richgro’s Blending
Tank, to increase the C:N ratio to 27.5. A lower C:N ratio was chosen than the optimal
(29.00) due to a shortage of WS. Table 7 details a breakdown of the contents of the various
substrate mixtures. The mixtures were blended to ensure a homogeneous mixture. Similar to
Experiment 1, five glass reactors, with working volumes of 600 ml, were loaded with
respective volumes of aerobic inoculum (I1) and the mixed substrate to attain an S/I ratio of 2
while maintaining similar VS contents within each reactor. The WS was absorbing large
quantities of water within the reactors, so 100 ml of DI water was added to each reactor to
mitigate these effects. The initial pH was recorded, and samples were taken for VFA analysis.
The experiment was run for a total of 15 days. Again, the reactor temperatures were allowed
to equalise with the environment. The pH of the reactor contents was monitored every 1 – 2
days, with samples also being extracted for VFA analysis and subsequently analysed via GC.
The vessels were shaken before samples were drawn to ensure the contents were thoroughly
mixed. After 15 days, samples were taken for TS, VS and VFA analysis. All treatments were
run in triplicates.
Table 9: Breakdown of the mixture contents

Mixture
M1
M2
M3
M4
M5

WS (g)
0
16.9179
35.7299
56.7729
80.4689

Starch (g)
64.2648
50.7537
35.7299
18.9243
0

Blended Waste C:N ratio
Volume (ml)
500
27.5
500
27.5
500
27.5
500
27.5
500
27.5

LC%/RC%
100/0
75/25
50/50
25/75
000

The digestion experiment was carried out in the same manner as the second stage of
Experiment 2.
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Figure 9: Flow diagram for Experiment 3
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4. Chapter 4 – Results
4.1. Ammonia Inhibition
A one way ANOVA determined that a significant difference between the final
accumulated methane yields at different NH4+-N concentrations was present (Fig. 10B)
(p<0.001). A further post hoc Tukey HSD detailed that, compared to the control with the
lowest NH4+-N concentration (3400 ppm), there was a 31.88% decrease in CH4 production at
an NH4+-N concentration of 8366 ppm (p<0.001) and 38.14% decrease 10166 ppm
(p<0.001). Total TS breakdown after digestion decreased with increasing NH4+-N
concentration (Table 10) (p < 0.001) with concentrations of 6133 ppm, 8366 ppm and 10166
ppm resulting in an 18.69 %, 46.05 % and 61.07 % reduction in the TS breakdown relative to
3400 mg NH4+-N/L. An 11.21 % increase in the breakdown of VS was observed when the
NH4+-N was increased from 3400 ppm to 10166 ppm. A decrease in the pH (p = 0.011) was
experienced when the NH4+-N concentration was increased to 10166 ppm, however, at other
concentrations tested there was no significant change.

Figure 10: Accumulated biogas produced for the 5-day anaerobic digestion of Acetate at varying
NH4+-N concentrations. A) Methane production rate during digestion period. B) Final accumulated
methane at the different NH4+-N concentrations
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Table 10: Final pH, TS and VS of the digested material at different Ammonium Concentrations

Ammonium Concentration (ppm)
3400
4066
6133
8366
10166

TS% Final
3.28±0.06
3.28±0.05
3.89±0.06
4.78±0.06
5.28±0.01
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VS % Final
1.24±0.02
1.22±0.02
1.18±0.03
1.21±0.03
1.10±0.01

pH
8.11±0.03
8.01±0.006
7.85±0.074
7.83±0.012
7.80±0.015

4.2. C:N Ratio Optimisation
Analysis determined the concentration of accumulated VFAs increased with increasing
C:N ratio (Fig. 11) (p = 0.0156). Further analysis revealed that, relative to the control (C:N of
15.17), the total VFA concentration increased by 7.74 % (p=0.037) and 7.75 % (p=0.020) for
C:N ratios 26.49 and 29.00 respectively. The initial pH of all treatments varied significantly
(p < 0.001), however, there was no significant difference in the final pH between different
input substrate C:N ratios (p = 0.09271) (Table 11). No variation in VFA composition profile
was observed relative to acetic acid (p = 0.5032), propionic acid (p = 0.5033), and butyric
acid (p = 0.2772). An increase in TS reduction (Fig. 12A) of 34.94 %, 65.33 %, 62.83 % and
57.86 % was experienced when the C:N ratio was increased to 19.36 (p < 0.001), 26.49 (p <
0.001), 29.00 (p < 0.001) and 31.50 (p < 0.001) respectively. A 26.27% decrease in the VS
(Fig. 12A) reduction was experienced at a C:N ratio of 31.50 compared to the control.

Figure 11: VFA Concentration after the 16-day Fermentation experiment. A) Acetic Acid
Concentration. B) Propionic Acid Concentration. C) Butyric Acid Concentration. D) Final Acid
Concentrations for all Treatments
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Table 11: Initial and final reactor pH

C:N
ratio
15.17
19.36
26.49
29.00
31.50
Average

Initial reactor
pH
3.80±0.068
3.63±0.045
3.55±0.047
3.47±0.020
3.38±0.031
-

Final reactor
pH
3.83±0.078
3.80±0.026
3.75±0.017
3.76±0.021
3.75±0.006
-

Acetic
Acid

Propionic
Acid

Butyric
Acid

91.42%
91.14%
91.51%
91.35%
91.39%
91.36%

7.01%
6.95%
7.06%
7.08%
7.11%
7.05%

1.56%
1.77%
1.58%
1.57%
1.63%
1.62%

Figure 12: TS and VS reduction percent, relative to the initial TS and VS loaded, for the end of
hydrolysis and digestion. A) TS and VS reduction after hydrolysis. B) TS and VS reduction after
digestion

The biogas yield after 30 days of digestion of the aerobic fermentation product increased
with increasing input substrate C:N ratio (p < 0.001) (Fig. 13). A post hoc Tukey HSD (refer
to Appendix B) revealed that there was an 18.82 % (p < 0.001), 31.34 % (p < 0.001) and
32.84 % (p < 0.001) increase in the biogas yield when the input substrate C:N ratio was
increased from 15.17 to 26.49, 29.00 and 31.50 respectively. No variation in the biogas yield
between substrate C:N ratios 29.00 and 31.50 was observed (p = 0.958). Additionally, no
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variation in TS (p = 0.2626) or VS (P = 0.0667) reduction between difference C:N ratios was
observed (Fig. 12B).

Figure 13: Accumulated biogas produced over the 30-day digestion of the aerobic fermentation
product with varying C:N ratios. A) Accumulated biogas over time. B) Total biogas yield for all C:N
ratios
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4.3. Carbon Fractionation
The aerobic fermentation of the Blended waste supplemented with various carbon
mixtures (M1-M5) consisting of various quantities of labile and recalcitrant forms of carbon
resulted in the production of VFAs (Fig. 14). The total accumulated VFAs produced
increased with increasing WS content in the input substrate (p < 0.001) (Fig. 14D). Further
analysis detailed that there was an increase in the total accumulated VFAs, relative to the
control (M1), by 20.23 % (p = 0.011) and 51.35 % (p < 0.001) for LC:RC compositions M4
and M5 respectively.

Figure 14: Final VFA Concentration after the 16-day Fermentation experiment with the various
LC:RC compositions. A) Acetic Acid. B) Propionic Acid. C) Butyric Acid. D) Final Acid
Concentrations for all Treatments

Varying the composition of the supplemented carbon led to a change in the composition of
the VFAs produced (p < 0.001) (Table 12). A 1.97 % increase (p = 0.0357) in the fraction of
VFAs present as acetic acid, relative to M1, was experienced when M4 was used as the
supplemented carbon source. The use of M5 as the supplemented carbon source led to a
0.258 % (p = 0.0013) reduction in the acetic acid fraction and a 10.88 % increase in the
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propionic acid fraction (p < 0.001). No variation in the fraction present as butyric acid was
observed with varying LC:RC fractions within the supplemented carbon mixtures.
Table 12: Percent composition of the VFAs tested

Substrate Mixture
M1
M2
M3
M4
M5

Acetic Acid
83.77%
84.75%
85.12%
85.42%
83.56%

Propionic Acid
12.65%
12.01%
11.78%
11.75%
14.03%

Butyric Acid
3.57%
3.24%
3.11%
2.84%
2.41%

Analysis of the biogas production (Fig. 15) details that there is a significant difference
between treatments relative to the total accumulated biogas (p = 0.02501) (Fig 15B). Further
analysis revealed that there was a 12.41 % decrease in total accumulated biogas between
treatments M1 and M5 (p = 0.0142) with no significant change relative to other treatments.
Peak biogas production was achieved at 0.5 – 1.0 days for all treatments. An analysis of the
peak biogas production rates (Fig. 15C), relative to M1, has revealed a reduction of 18.9%,
44.85 %, 50.89 % and 64.64 % for treatments M2, M3, M4, and M5 respectively (p < 0.001).
An 11.70 % increase in the biogas produced per VS reduced was experienced when M3 was
used as the carbon supplement relative to M1. An analysis of the TS broken down after
digestion (Fig. 16A) detailed a 12.31% and 13.90 % reduction in TS breakdown when M3
and M5 were used as carbon supplement sources, relative to M1, respectively. An ANOVA
revealed no significant variation in the VS reduced after digestion was observed.

Page 39

Figure 15: A) Accumulated biogas over the digestion time. B) Total biogas yield for all LC:RC
compositions. C) Biogas flow rate over the active period. D) Total specific biogas yield per gVS
reduced during digestion

Figure 16: TS and VS Reduction after the digestion of Blended Waste supplemented carbon
supplements containing various LC:RC ratios. A) TS% Reduction. B) VS% Reduction
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5. Chapter 5 – Discussion
5.1. Ammonia Inhibition
The anaerobic system was tested for potential inhibition by ammonia (NH3-N) as an
inhibited system will require a higher C:N ratio to mitigate the inhibition effects (Wang, et al.
2014b). The study showed that the addition of NH4Cl resulted in a reduction in the
accumulated biogas produced (Fig. 10), which is in agreement with other studies (Zheng, et
al. 2015, Wang, Zhang and Angelidaki 2016). The highest NH4+-N concentration experienced
a drop in pH from 8.11 (3400 ppm) to 7.80 (10166 ppm). The systems were tested for VFAs
as their accumulation can result in a drop in pH (Shi, et al. 2017). However, the concentration
of acetic, propionic and butyric acid were below the detection limits, and VFA accumulation
cannot explain the pH drop. Since Ammonia in aqueous solutions can only exist in two
forms, firstly as ionised ammonia (NH4+-N) and secondly as free ammonia (NH3-N) (Körner,
et al. 2001), the drop in pH is believed to result from the dissociation of the NH4+-N(aq) ion.
The dissociation can be expressed via Eq 13.
+
𝑁𝐻4+ (𝑎𝑞) ↔ 𝑁𝐻3 (𝑎𝑞) + 𝐻(𝑎𝑞)

(𝐸𝑞. 13)

The concentration of NH3-N present in the solution can be calculated via the model
detailed in Eq. 11 (Ariunbaatar, et al. 2015). The concentrations of free ammonia calculated
using Eq. 11 are detailed in Table 12.
Table 13: Calculated Ammonia Concentrations

Ammonium (ppm)

pH

Ammonia (ppm)

3400

8.11±0.03

480

4066

8.01±0.006

456

6133

7.85±0.074

476

8366

7.83±0.012

620

10166

7.80±0.015

704

Inhibition by NH3-N has been reported to occur at total ammoniacal nitrogen (TAN)
concentrations in the range of 1500 – 3000 mg TAN/L for pHs above 7.4 (Wang, et al. 2012,
Hassan, et al. 2017, Wang, et al. 2017). However, it is important to note that ammonia
toxicity measurements consider the levels of both ammonium and free ammonia (Lay, Li and
Noike 1998) as inhibition can occur from both the ammonium ion and free ammonia.
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Rajagopal, Masse and Singh. (2013) reported that there are two mechanisms by which
ammonia can inhibit methanogens. The NH4+-N ion may inhibit methane producing enzymes
directly or, the hydrophobic NH3-N molecule may passively diffuse into cells causing proton
imbalances or potassium deficiencies. This mechanism is detailed in Fig. 17 Appendix B.
While NH4+-N can inhibit methanogenesis, the NH3-N fraction is considered to be the
main cause of inhibition (Muller, et al. 2006, Koster and Lettinga 1984). High NH3-N
concentrations will lead to an imbalance between the acid producing and acid utilising
microorganisms. This consequently results in a reduction in reactor stability and final
accumulated methane yield, or in a continuous system, results in a reduction in the steady
state methane yield (inhibited steady state) (Hansen, Angelidaki and Ahring 1998, Chen,
Cheng and Creamer 2008). Ammonia inhibition can also lead to complete process failure,
resulting from an accumulation of VFAs to a point where the buffering capacity of the
digester is compromised, resulting in a drop in pH below 6 and loss of methane production
(Sun , et al. 2016a).
The maximum NH3-N concentration experienced by the tested inoculum in this study,
where no inhibition occurred, was 480 mg/L, 12 times larger than the reported lower limit.
Above 480.49 mg NH3-N/L inhibition occurred with a 38.14 % reduction in methane yield
when the NH3-N concentration was increased by 46.44 % above the inhibitory threshold.
Slight or no inhibition at NH3-N concentrations similar to what was experienced in this study
have also been reported by other researchers; 337.4 mg NH3-N/L (co-digestion of solid
slaughterhouse waste and organic fraction of municipal solid waste) (Cuetos, et al. 2008), 400
mg NH3-N/L (digestion of sewage sludge) (Duan, et al. 2012) and 700 mg NH3-N/L
(digestion of manure) (Angelidaki and Ahring 1994). The high tolerance to NH3-N
experienced in this study is likely due to the previous acclimation of the inoculum used.
Acclimation is the phenomenon whereby the methanogens become tolerant to ammonia,
allowing them to remain active even at high TAN concentrations which would be toxic to
acclimatised cultures (Sung and Liu 2003). Several other studies have reported acclimation of
methanogens to TAN concentrations exceeding 3 g TAN/L (Hansen, Angelidaki and Ahring
1998, Sung and Liu 2003, Ariunbaatar, et al. 2015, Borja, Sanchez and Weiland 1996). Yang.
(2011) reported two mechanisms by which the methanogens acclimatise to high NH3-N
concentrations. Methanogens may repair damaged enzyme systems to adjust to the high
ammonia concentrations and/or, large populations of bacteria which are capable of
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developing enzyme systems capable of degrading the toxic compounds are grown to deal
with the increasing NH3-N concentrations.
A decrease in the total TS breakdown after digestion was also experienced with increasing
NH4+-N concentration; suggesting a reduction in the rate of hydrolysis with increasing TAN
concentrations. However, Fernandes et al. (2012), Guerrero et al. (1999) and Hansen,
Angelidaki and Ahring (1998) all reported no hydrolysis inhibition was observed at NH3-N
concentrations of; 957 mg/L (Cellulose and Tributyrin digestion), 660 mg/L (Waste Water
digestion) and 750 mg/L (Swine Manure digestion). A study conducted by Sun et al. (2016)
found the increased concentration of ammonia decreased the rate of methane production
which leads to the reduction in the rate of syntrophic reactions leading to its production. This,
along with the increase in lignocellulosic biomass fed to the reactors, leads to the decrease in
the TS breakdown and provides an explanation for the decreased TS breakdown experienced
in this study.
Acetoclastic methanogens (Methanosarcinaceae spp. and Methanosaetaceae spp.) have
been reported to be more sensitive to high NH3-N concentrations than hydrogenotrophic
methanogens (Methanomicrobiales spp., Methanococcales spp., Methanocellales spp.,
Methanobacteriales spp. and Methanopyrales) (Wang, Zhang and Angelidaki, Ammonia
inhibition on hydrogen enriched anaerobic digestion of manure under mesophilic and
thermophilic conditions 2016, Calli, et al. 2003). Borja, Sanchez and Weiland (1996)
reported, for the thermophilic anaerobic digestion of cattle manure in an Upflow Anaerobic
Sludge Blanket (UASB) reactor (pH 7.9 – 8.0), the specific growth rate of acetoclastic
methanogens was halved at ammonia concentrations of 4 gTAN/L (395.42 mg NH3-N/L),
while growth rates of hydrogenotrophic methanogens was halved at 7.5 gTAN/L (691.99 mg
NH3-N/L). Subsequently, these differences in inhibitory concentrations for different types of
methanogens will lead to metabolic pathway shifts from the acetoclastic to the
hydrogenotrophic with increasing TAN concentrations. This pathway shift was observed by
Zhang, Yuan and Lu (2013) when the NH4+-N concentration was increased to 10 g NH4+N/L, during the mesophilic anaerobic digestion of swine manure at pH 7.0. Other researchers
have also experienced this metabolic pathway shift at various ammonia concentrations;
>3500 mg TAN/L (swine waste digestion) (Angenent, Sung and Raskin 2002), 2.8 – 4.57 g
NH4+-N/L (Acetate digestion) (Fotidis, Karakashev and Angelidaki 2014), 5.17 – 5.93 g
NH4+-N/L (Chicken Manure digestion) (Ziganshin, et al. 2013).
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Acclimation assists in preventing this pathway shift from acetoclastic to hydrogenotrophic
methanogenesis. Fotidis et al. (2013) conducted a study to determine the effect of the
ammonium and acetate concentration on the methanogenic community in a thermophilic
digester digesting acetate. The results showed that, upon acclimation, the community clearly
shifted from syntrophic acetate oxidation (SAO) (production of H2, CO2 and CH2O2 from
acetate (Westerholm, Moestedt and Schnürer 2016)) and subsequent hydrogenotrophic
methanogenesis to acetoclastic methanogenesis. The results from previous researchers
indicate a high probability of a pathway shift from acetoclastic methanogens to
hydrogenotrophic methanogens in the inocula tested in this study. Further testing will need to
be conducted to determine if that pathway shift occurred at the NH4+-N concentrations
reached in this study or if higher concentrations are required, resulting from the potential
acclimation of the inocula.
The inoculum used in this study was expected to have a high tolerance to NH 3-N as it has
previously been exposed to high TAN concentrations. The results support the hypothesis,
indicating no inhibition by ammonia was experienced at NH3-N concentrations 12 times
larger than those reported by researchers testing un-acclimatised inocula. Consequently, the
inoculum tested in this study is believed to not be under inhibition by ammonia until the NH3N concentration raises above 480 mg/L.
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5.2. C:N Ratio Optimisation
5.2.1. Effect of C:N ratio on Hydrolysis
The aerobic fermentation of the Blended Waste supplemented with Starch resulted in the
production of various quantities of VFAs (Fig. 11). VFAs are some of the main by-products
of acidogenesis (Parawira, Murto, et al. 2004) and mainly consist of acetic acid, propionic
acid, and butyric acid (Ahn, et al. 2010). This study showed that increasing the C:N ratio of
the feed increases the concentration of accumulated VFAs; however, there is no change in the
composition profile (Table 10). The VFA concentration, TS reduction and VS reduction were
maximised when the C:N ratio of the input substrate was between 26.49 and 29.00. Other
researchers have reported optimal C:N ratios for fermentation which deviate from those
reported in this study.
Jia et al. (2013) reported the production of short-chain fatty acids (SCFA) from the codigestion of waste activated sludge with perennial ryegrass maximised when the input
substrate C:N ratio was 20. The composition of the accumulated VFAs varied substantially
with C:N ratio, contradictory to this study. The results of this study show that acetic acid
remained the dominant VFA at all C:N ratios with an average percentage of 91.36 %. While
in the study conducted by Jia et al. (2013), the percentage of acetic acid dropped from 48.65
% to 3.39 % when the C:N ratio decreased from 26 to 14.
Similarly, Rughoonundun, Mohee and Holtzapple (2012) reported optimal VFA
production occurred when the C:N ratio was in the range of 13 – 25 for the fermentation of
wastewater sludge and bagasse. However, within this range, the composition of the VFAs
varied substantially. acetic acid remained the dominant VFA at all C:N ratios tested,
however, butyric acid was present in much higher quantities and consisted of approximately
15% of the total VFAs, considerably higher than reported in this study (1.62 %). The
variations in the VFA compositions reported by other researchers, and from this study, can be
attributed to the different substrates used for fermentation. Substrates with the same C:N ratio
made up of different kinds of external carbohydrate substrates lead to large variations in acid
production (Guo, et al. 2015).
The pH of all reactors was uncontrolled and all C:N treatments subsequently approached
the same final pH (3.8). It has been reported the operational pH limit for fermentation is 4.0;
below this pH the activity of all microorganisms is inhibited (Hwang, et al. 2004). Jiang et al.
(2013) reported, for the fermentation of FW (C:N = 13.45) at 35 oC, VFA production was
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maximised at a pH of 6.0 with a 131.03 % increase in accumulated VFAs compared to when
the pH was 5.0 and 902.54 % compared to when it was uncontrolled. Similarly, Wang et al.
(2014) reported that for the fermentation of FWs, the production of VFAs was optimised
when the pH was maintained at 6.0 when either anaerobic or aerobic inoculum was used.
Moreover, the research also showed the use of anaerobic inoculum increased the production
of VFAs from FW fermentation compared to aerobic inoculum at all retention times and pHs
tested. This indicates that the production of VFAs from the inoculum used in this study can
be enhanced by raising and maintaining the pH to 6.0 and can be further enhanced by
converting to anaerobic conditions.
5.2.2. Effect of C:N ratio on Biogas Production
After aerobic fermentation, samples with differing C:N ratios were assessed for CH4
potential by digesting them for 30 days at mesophilic conditions (Fig. 12B and Fig. 13).
Maximum biogas production was achieved at a C:N ratio of 29.00 – 31.50. At these ratios a
maximum of 32.84 % increase in the biogas yield was experienced compared to when the
C:N ratio was 15.17. This increase in the biogas yield can be attributed to the
supplementation of carbon into the anaerobic system. Since microbes utilise carbon 25 – 30
times faster than nitrogen during anaerobic digestion, a C:N ratio of 20 – 30 is required for
optimal performance (Yadvika, et al. 2004).
Increasing the C:N ratio past its optimum will consequently lead to a reduction in the
biogas yield. NH3-N is an essential nutrient required for bacterial growth (Yenigun and
Demirel 2013) and increasing the ratio past the optimal will limit the nitrogen available to
the microbes resulting in a reduction in reactor stability, performance, staggered microbial
growth and microbial washout (Leung and Wang 2016, Panichnumsin, et al. 2010). Lee et al.
(2009) reported, for the co-digestion of kitchen garbage and excess sludge, an NH4+-N
concentration of 220 – 700 mg/L at 35 oC made methanogenesis unsuccessful.
Panichnumsin et al. (2010) reported, for the mesophilic co-digestion of cassava pulp with
pig manure, C:N ratios higher than 59 led to the deterioration of the reactor due to rapid VFA
accumulation and insufficient buffering capacity. Additionally, methanogenesis became
unsuccessful at these extremely high C:N ratios. These phenomena are consequences of a
reduction in microbial growth due to ammonium deficiency. Similarly, Yong et al. (2015)
reported the mesophilic co-digestion of FW and straw was optimised at a C:N ratio of 30.9.
Above this ratio, a reduction in both the biogas yield and methane content was experienced.
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While a reduction in biogas was not experienced due to high C:N ratios in this study, the
results reported by Panichnumsin et al. (2010) and Yong et al. (2015) indicate a continual
increase in the C:N ratio past its optimum will ultimately lead to a reduction in the biogas
yield and reactor stability.
VS destruction after digestion did not vary with increasing C:N ratio and remained
between 91 % – 94 % for all treatments, indicating very high VS removal efficiencies for all
treatments. Cho, Park and Change (1995) reported, for the two-phase digestion of mixed
Korean FW with a C:N ratio of 16, 90 % of the VS was destroyed after digestion. Similarly,
Mohan and Bindhu (2008) reported a VS destruction of 94 %, for the two-phase digestion of
kitchen waste with a C:N ratio of 26.3 at an OLR of 8 kg/m3day. Additionally, the singlephase digestion of the kitchen waste had a reduced VS removal efficiency of 79 %. Lower
VS removal efficiencies for the single-phase digestion of Korean FW (81%) and chicken
manure mixed with cattle slurry (81 %) were also reported by (Zhang, et al. 2007) and
(Callaghan, et al. 1999) respectively. These results indicate that the large VS removal
efficiencies experienced in this study can be attributed to the high efficiency of the two-phase
digestion system, compared to a single phase system.
Raising the C:N ratio, through supplementation with Starch, ultimately lead to an increase
in the biogas yield. Optimal performance was obtained at a C:N ratio between 29.00 – 31.50
resulting in a 32.84 % increase in the biogas produced over the digestion period. This data
supports the hypothesis, indicating the optimal C:N ratio lies within the optimal range (20 –
30) reported by many researchers (Yen and Brune 2007, Zhong, et al. 2012, Wu, et al. 2010,
Wang, et al. 2012, Chen, et al. 2017, Hassan, et al. 2017, Wang, et al. 2014a, Yan, et al.
2015).
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5.3. Carbon Fractionation
5.3.1. Effect of Carbon Fractionation on Hydrolysis
The Blended Waste supplemented with carbon mixtures containing various quantities of
Starch (labile) and WS (recalcitrant) (M1-M5) were aerobically fermented for 16 days. The
fermentation subsequently resulted in the production of VFAs (Fig. 14). WS consists mainly
of 33.7 % - 40 % Cellulose, 21 % -26 % Hemicellulose and 11 % – 22.9 % Lignin (Khan and
Mubeen 2012). These three polymers are classified as lignocellulosic biomass and are
associated with each other in a hetero-matrix (Bajpai 2016). It is this association which
presents both physical and chemical barriers for the biodegradation of lignocellulosic
material (Malherbe and Cloete 2002). Interestingly, this study showed that increasing the
fraction of WS within the supplemented carbon increased the concentration of accumulated
VFAs after fermentation. VFA production was maximised when WS was the sole carbon
supplement (Fig. 14D).
The Blended Waste used in this study contains large quantities of FW and animal residues
(Table 4). Consequently, there is a potential that the co-fermentation of these waste forms
with WS had a synergistic effect, leading to increased production of VFAs. Synergism may
arise from the dilution of inhibitory intermediates, the addition of valuable nutrients
(resulting in increased biodegradability of the substrate), or change in the microbial
community that results in an enhanced metabolism (Ebner, et al. 2016). Kim, Han and Shin
(2004) aimed to produce hydrogen through the co-fermentation of FW and sewage sludge.
They reported that when FW was supplemented with 13% – 19 % sewage sludge, hydrogen
production was maximised due to the balancing of the carbohydrate/protein ratio. Similarly,
Zheng et al. (2017) reported positive synergies for the production of lactic acid when FW
being co-fermented with Sophora flavescens residues at a ratio of 1.5:1. At this ratio, a sixfold increase in lactic acid production was experienced compared to when Sophora flavescens
residues were solely digested. Many other researchers have reported the occurrence of
synergism resulting from the co-digestion of various substrates leading to increased break
down of the organic matter (Dennehy, et al. 2016, Vivekanand, Eijsink and Horn 2011, Misi
and Forster 2001, Macias-Corral, et al. 2008, Yun, et al. 2015). The results from past studies
indicate that synergism was present during the fermentation of BW supplemented with
carbon mixtures containing WS resulting in increased VFA production.
Previous studies have also shown that changes in the substrate composition could lead to
shifts within the microbial community during fermentation, leading to variations in the
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production of VFAs. Li et al. (2014) reported that, in the co-fermentation of straw and swine
manure, straw degrading microbes (phylum Synergistetes, genera Pelotomaculum and
Syntrophomonas) were detected in higher abundances than when manure was solely
fermented. Additionally, Li et al. (2014) detailed that propionic acid was the most prevalent
VFA in the slurry, likely due to the straw attached Fibrobacter and slurry associated
Clostridium XI. While propionic acid was not the dominant VFA in this study, its increasing
concentration with increasing WS loading indicates the increasing population of propionate
producing microbials. Wu et al. (2016) reported co-fermenting FW with excess sludge, at a
ratio of 5:1, lead increased VFA production to 867.42 mg COD/g-VS from 314.57 (sole FW)
and 168.38mg COD/g-VS (sole excess sludge). Additionally, the co-fermentation of the two
waste

streams

raised

the

abundance

of

hydrolytic

and

acidogenic

bacteria

(Clostridium, Sporanaerobacter, Tissierella and Bacillus) and led to the suppression of the
methanogen Anaerolineae. These results indicated that varying the composition of the
substrate through co-fermentation would lead to a shift in the microbial community within
the fermenter, suggesting a shift likely occurred during this experiment.
5.3.2. Effect of Carbon Fractionation on Biogas Production
After aerobic fermentation, the samples with varying LC:RC fractions within the
supplemented carbon were assessed for their methane potential by digesting them for 20 days
at mesophilic conditions. The results of the digestion are detailed in Fig. 15 and Fig. 16.
Interestingly, the increased fraction of WS in the supplemented carbon mixture only led to a
decrease in the final accumulated biogas produced when WS was the only supplemented
carbon source (12.41 % reduction). Rapid production of biogas was observed on the first day
of digestion (Fig. 15C). The treatment which had Starch as the only form of supplemented
carbon (M1) produced the most biogas on the first day of digestion. Step reductions in the
biogas produced with decreasing labile fractions of the supplemented carbon were
experienced. A study conducted by Converti et al. (1999) found that the rate of the digestion
of two separate substrates, starch mixed with hemicellulose and vegetable waste mixed with
sewage sludge, was always limited by the hydrolysis of the lignocellulosic fraction.
Additionally, the digestion of lignocellulosic material led to the production ligninic and
cellulosic by-products which could lead to inhibition. Converti et al. (1996) reported that
furfural, 5-hydroxymethylfurfural, and 2-hydroxymethylfuran are inhibitory products formed
from the hydrolysis of cellulose, while phenols are formed from lignin hydrolysis. The
researcers also reported that concentrations of phenols higher than 8 mM nearly completely
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suppresses methanogens. These results indicate the step reductions in the maximum biogas
production rate are due to the rapid utilisation of the Starch in the early days of digestion.
Additionally, the hydrolysis of the lignocellulosic fraction may have led to the production of
inhibitory product. Whether or not these products inhibited the process is unclear and further
testing is required to determine if inhibition is present.
The digestion of BW supplemented with M3 yielded the largest volume of gas per VS
reduced (Fig. 15D), with no significant change in the volume of biogas produced relative to
M1. This phenomenon suggests a community shift within the digesters resulting in a more
efficient conversion of volatile matter to biogas. Merlino et al. (2012) reported microbial
communities change to adapt to different biomasses. In particular, compositional features of
the biomasses played an important role in the changes to the archaeal community. Similarly,
Lin et al. (2012) reported that in the co-digestion of FW and fruit and vegetable waste, the
mixing ratio between the two substrates was an important factor which affected the archaeal
community structure. Additionally, the composition of the products produced from
acidogenic phase significantly affected the archaeal community shift and methane yield.
These results support the proposition that the increase in the biogas yield per gram VS
reduced reported in this study was due to a community shift leading to increased efficiency in
the conversion of VS to biogas.
There is also potential, like in fermentation, for synergism to arise from the addition of
WS to the BW. Marcias-Corral et al. (2008) reported that when cow manure was co-digested
with the organic fraction of municipal solid waste (OFMSW), at a mixing ratio to achieve a
C:N ratio of 20, the methane produced per dry ton of waste increased by 364.86 % compared
to when cow waste was solely digested. Co-digestion of the cow manure with cotton gin
waste also increased the methane produced (135.14%), although lower than when OFMSW
was used. Similarly, a study conducted by Yong et al. (2015) found the co-digestion of FW
and Straw yielded an increase in both the biogas generated and the methane content when the
mixing ratio was 5:1 (FW:Straw). This yielded a 39.5 % increase in the total methane
produced compared to sole FW digestion, and a 149.7 % increase compared to sole Straw
digestion. However, in this study, no variation in the total accumulated biogas produced from
digestion was experienced until WS was the sole supplemented carbon, which led to a
reduction in total accumulated biogas by 12.41 %. While the results reported by MarciasCorral et al. (2008) and Yong et al. (2015) indicated that the co-digestion of waste forms led
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to synergy resulting in increased biogas production, no synergistic effect was experienced in
this study.
Fractionating the supplemented carbon source with recalcitrant and labile forms of carbon
ultimately lead to variations in the total accumulated biogas, and biogas produced per VS
reduced. The data presented in this study does not support the hypothesis as biogas
production did not increase with WS content in the supplemented carbon mixture. However,
biogas production per VS reduced increased when labile and recalcitrant carbon forms were
present as 50/50 of the supplemented mixture.
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6. Conclusions and Recommendations
This study aimed to optimise Richgro’s AD process via the determination of; the
inoculum’s ammonia inhibition threshold, optimal feed C:N ratio, and the optimal LC:RC
ratio within the supplemented carbon mixture to maximise biogas production. It was
determined that the inoculum has a high tolerance to ammonia having an inhibition threshold
of 480 mg NH3-N/L. At the maximum NH3-N concentration experienced (704 mg/L) the
system continued to steadily produce biogas, however, with a 38.14 % reduction in total
accumulated biogas. The optimal C:N ratio was different for fermentation and digestion
having an optimal range of 26.49-29.00 and 29.00-31.50 respectively. Consequently, to
maximise VFA and biogas production, the optimal C:N ratio is 29.00. Finally, supplementing
the BW with a mixture containing 50/50 LC:RC will increase the biogas produced per VS
reduced.
6.1. Recommendations for increased process performance
It is recommended that nitrogen input of the digesters be reduced as the inoculum is right
on the threshold for inhibition. This can be achieved by reducing digestate recirculation and
diluting the feed nitrogen with carbon sources, such as Wheat, fruit and vegetables, Rice
husk, and oat straw. These methods can also solve the low C:N ratio within the feed. By
diluting the nitrogen within the feed with carbon sources, the C:N ratio is subsequently
increased, leading to larger methane yields and increased reactor stability. If this carbon
source is supplemented with 50% of the carbon as a recalcitrant source and the final 50% as a
labile source, such as starch, increased biogas per VS reduced can be achieved.
6.2. Future work
It is recommended that pH optimisation experiments for both fermentation and digestion
be conducted to examine how the system will perform at different pH values, particularly the
inocula used for digestion as it is currently sitting on the threshold for inhibition by ammonia.
A reduction in the pH of the reactors will reduce the NH3-N concentration and reduce the risk
of inhibition. Additionally, examining how LC and RC forms digest if the fermentation stage
is bypassed should be examined. This will determine if LC can be added directly to the
digesters allowing RC to be the only carbon form fermented allowing increased retention
time and subsequently, increased breakdown.
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Appendix A
Operational Conditions
The operational conditions of the Anaerobic Digester directly affect the efficiency of the
process making the monitoring and control of these parameters vital to maintain a healthy
system (Moletta n.d.). These parameters include pH, temperature, organic loading rate,
retention time (Abdelgadir, et al. 2014). The pH is fundamental to the AD process as it
directly affects the rate of hydrolysis and acidogenesis by manipulating the activities of the
enzymes produced by the bacteria (Jiang, et al. 2013). The single-stage operation (all stages
of AD are carried out in a single digester tank) of an anaerobic digestion system is carried out
at a pH of 6.8-7.4 (Hornung 2014) while two-stage operation is carried out at pH of 6
(hydrolysis/acidogenesis) and 7 (acetogenesis/methanogenesis)

(Ghosh, Henry and

Christopher 1985, Leung and Wang 2016).
While the pH at which AD can take place has a narrow range, the process can be
conducted at various temperature regimes. Anaerobic digestion can be conducted at
psychrophilic (12-18oC), mesophilic (25-40oC) or thermophilic (50-55oC) conditions (Leung
and Wang 2016, Hornung 2014), though mesophilic and thermophilic conditions are the
preferred ranges (Leung and Wang 2016). Thermophilic digestion exhibits faster utilisation
rates of organics however digestion is more unstable compared to mesophilic temperatures
(Bouallagui, et al. 2004). Mesophilic conditions are characterised by higher stability but
result in a decrease in the methane production rate (Mackie and Bryant 1995, Mao, et al.
2015). The organic loading rate (OLR) is also an important parameter as it defines the
amount of volatile solids (digestible material) being fed into the reactor per day (Babaei and
Shayegan 2011). Increasing the OLR will increase the methane production rate to an extent
as overfeeding can lead to a decrease in volatile solids reduction (Torkian and Eqbali 2003)
and an accumulation of volatile fatty acids. Jiang et al. (2013) demonstrated that at high
OLRs the operation of AD systems are highly unstable as the activity of the
hydrolytic/acidogenic bacteria reaches unsustainable levels leading to rapid accumulation of
volatile fatty acids and a drop in pH.
While the OLR is concerned with the rate of feeding, the retention time is concerned with
the average time the substrate remains within the reactor. The retention time consists of both
solids retention time (SRT) and hydraulic retention time (HRT). The HRT is highly
dependent on the substrate composition, bacterial population and reactor conditions
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(Melville, et al. 2014). Decreasing the HRT can result in volatile fatty acid accumulation due
to washout of the slow growing volatile fatty acid utilizing microbials (Baek , et al. 2015).
Increasing the HRT can result in ineffective utilization of the digester components (Lawrence
and McCarty 1969). The SRT is dependent on the same parameters as HRT and it is accepted
that it should be longer than the HRT (Melville, et al. 2014).
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Appendix B
Tukey method:
An ANOVA can determine if your results are significantly different, however, it can’t tell
you where those differences lie. This is the purpose of the post-hoc Tukey HSD. The Tukey
test compares all possible pairs of means to examine significance of variance and can be
calculated using Eq. 13 (Glen 2016).
𝐻𝑆𝐷 =
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(
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)
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NH3 Diffusion

Figure 17: Mechanism for the passive diffusion of NH 3 through the microbial cell wall (modified
from Kayhanian (2010))

The mechanism for inhibition by free ammonia (NH3-N) is detailed in Fig. 17. The NH3-N
molecule diffuses through the cell wall and converts to NH4+-N, leading to proton imbalances
within the cell. The cell, combats this by using a proton pump to “draw in” H+ ions to
equalise the proton imbalance.
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Code used for Statistics

summarySE <- function(data=NULL, measurevar, groupvars=NULL, na.rm=FALSE,
conf.interval=.95, .drop=TRUE) {
library(plyr)
# New version of length which can handle NA's: if na.rm==T, don't count them
length2 <- function (x, na.rm=FALSE) {
if (na.rm) sum(!is.na(x))
else

length(x)

}
# This does the summary. For each group's data frame, return a vector with
# N, mean, and sd
datac <- ddply(data, groupvars, .drop=.drop,
.fun = function(xx, col) {
c(N = length2(xx[[col]], na.rm=na.rm),
mean = mean (xx[[col]], na.rm=na.rm),
sd = sd

(xx[[col]], na.rm=na.rm)

)
},
measurevar
)
# Rename the "mean" column
datac <- rename(datac, c("mean" = measurevar))
datac$se <- datac$sd / sqrt(datac$N) # Calculate standard error of the mean
# Confidence interval multiplier for standard error
# Calculate t-statistic for confidence interval:
# e.g., if conf.interval is .95, use .975 (above/below), and use df=N-1
ciMult <- qt(conf.interval/2 + .5, datac$N-1)
datac$ci <- datac$se * ciMult
return(datac)}

Page 72

