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Abstract

Low-rate covered anaerobic lagoons (CALs) offer the Australian red meat
processing (RMP) industry an attractive wastewater treatment option with the added
benefit of capturing methane-rich biogas that can be combusted to offset onsite fossil
fuel consumption. Whilst high-strength, high-fat wastewater generated by the RMP
industry provides excellent potential for biogas production, it also presents operational
problems and can reduce the performance of anaerobic digestion (AD) systems. Fats,
oils and greases, and other solids present in the wastewater are responsible for pipe
blockages, degradation of lagoon covers, inhibition of mass transfer of nutrients, and

sludge flotation and washout.

This thesis presents an investigation of pre-treatment on AD of high-fat waste
cattle slaughterhouse using dissolved air flotation (DAF) sludge as a standard
substrate. The first phase of work evaluated four pre-treatment options using
biomethane potential (BMP) tests. The pre-treatment methods assessed were
thermobaric, chemical, thermochemical and bovine bile as a novel bio-surfactant.

Phase 2 examined thermobaric pre-treatment in continuous digestion.

Under batch digestion, thermobaric pre-treatment demonstrated the greatest
improvement in the digestion process. Thermobaric pre-treatment was also the most
practical for implementation at slaughterhouses, with potential for heat-exchange to
reduce pre-treatment cost. Soluble chemical oxygen demand was enhanced from
16.3% in the control to 20.84% (thermobaric), 40.82% (chemical), and 50.7%
(thermochemical). Pre-treatment altered volatile fatty acid concentration by -64%
(thermobaric), 127% (chemical) and 228% (thermochemical). Lag phase was reduced
by 20% in the thermochemical group, and 100% in the thermobaric group. Specific
methane production (SMP) was enhanced by 3.28% (chemical), 8.32% (thermobaric),

and 8.49% (thermochemical) as a result of pre-treatment.

Bovine bile was dosed at arbitrary concentrations from 0.2-6 g/L. At 0.6 g
bile/L, methane yield increased by 7.08%. Doses above 2 g bile/L produced negative
impacts on SMP, kinetics and digestion profile. At 6 g/L bile produced a 6% decrease
in specific methane production and up to 79% additional inhibitory duration, delayed

time of peak methane production 74%, and slowed total digestion time 65%. Reaction



kinetics declined linearly with respect to bile addition, reaching half the control value
at 6 g/L bile concentration. Subsequent anaerobic toxicity assays using bile in the range
of 1-6 g/L revealed the inhibitory nature of bile at higher doses. Economic feasibility
assessment showed that, when compared to the current use of bile as a sale product to
pharmaceutical companies, the addition of 0.2 g bile/L to existing slaughterhouse

waste streams could increase the value of bile to 220% of its current sale value.

Based on the batch BMP results, thermobaric-treated substrate was used for
continuous digestion experiments. Thermobaric-treated DAF sludge combined with
abattoir wastewater was fed to lab-scale continuous stirred tank reactors (CSTR) for
49 days. While pre-treatment under batch digestion improved methane yield and
inhibition, methane yield was decreased by 12.1%, pH was consistently lower, and
H>S concentration was 56% higher on average in continuous digestion mode. Under
the conditions of this investigation, the benefits measured under batch digestion were
not reproduced under continuous digestion. This highlights the value of continuous

digestion experiments in evaluating substrates for industrial application.
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Introduction

Global processing of cattle has intensified consistently over the past 50 years,
increasing by 36.29 Mt from 27.69 Mt in 1961 to 63.98 Mt in 2013 (FAOSTAT 2015)
(Figure 1). While production has more than doubled, waste mitigation techniques have

lagged behind the ever increasing accumulation of waste.

Growth in global meat production

b\bb((é\/@/\"o/\‘o(\%oo%oo‘)oo%\b&’\QQQ")Q‘o@)\W
PFP I TIPS

Year

Figure 1: Growth in global meat production from 1961-2013 (FAOSTAT 2015)

Processing livestock is an energy and cost intensive process. An environmental
sustainability review of the Australian red meat processing (RMP) industry conducted
by AMPC and MLA (2010) revealed that 9.8 kKL of water was used to generate a single
tonne of hot standard carcass weight (tHSCW) during 2008-2009 and generated 8.7



kL of wastewater. Per tHSCW, this consumed 4108 MJ of energy from various
sources, and committed 11.3kg of solid waste to landfill, while greenhouse gas (GHG)
emissions averaged 554kg CO2.eq/tHSCW. Of total energy emissions, 67% were
related to electricity use, and 35% of emissions contributed by anaerobic wastewater
treatment (AMPC & MLA 2010). For the year of 2014-15, with 8.76 million cattle
harvested resulting in the production of 2.42 million tHSCW, the industry generated
approximately 20.8 gigalitres of wastewater, consumed 9.94 petajoules of energy,
committed 27.35 Mt of solid waste to landfill, and emitted 1.34 Mt of CO2-eq of GHG
emissions (AMPC 2015; Australian Bureau of Statistics 2016). The terms
‘wastewater’ and ‘waste’ will be used interchangeably in this thesis. Any

differentiation between solid and liquid waste will be clearly stated.

The Australian RMP industry is currently working on a range of measures in
an effort to reduce carbon pollution and improve energy efficiency through actively
seeking renewable sources of energy and water recovery. This has been largely in
response to a variety of factors including prolonged drought, tightened water
restrictions, increasing costs of water, fuel and energy, improved community focus and
environmental awareness, and rising GHG emissions (AMPC & MLA 2010). Several
knowledge gaps have been identified in which research is needed to reduce the
industry’s emissions and energy costs (AMPC & AMIC 2012). One of the
technologies identified as a potential solution reducing emission and energy costs is
anaerobic digestion (AD). It has been demonstrated that AD technology can play a
major role in waste management and the production of biogas in the abattoirs (Ortner
et al. 2014). The methane (CH4) produced can be combusted to generate heat and
electricity (CHP), or can be refined into renewable natural gas and transport fuels
(Stucley et al. 2012). In addition, AD can be used to manage waste and reduce GHG
emissions, and the digestate may be used or sold as a valuable organic fertilizer

substitute or soil amendment (Appels et al. 2011).

Red meat processors have embraced the uptake of AD systems to treat high-
strength wastewater and thereby reduce emissions. In Australia, AD systems typically
take the form of low-rate anaerobic lagoons, which are well suited to the vacant land
space available, with a move to covered anaerobic lagoons to capture methane and
reduce GHG emissions (CSIRO, 2010). While it has been noted that anaerobic lagoons

are not optimised treatment strategies, they are low-capital investments which can
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affect a large degree of organic degradation and methane generation (Jensen et al.
2014).

The high-strength wastewaters produced in Australian abattoirs tend to contain
high levels of fat, oil and grease (FOG) with values ranging between 5 and 4570 mg/L
in grab samples (McCabe et al. 2012). While AD is effective for the degradation of
many substrates, FOG present several challenges. Before waste reaches the digester,
FOG can adhere to pipe walls and begin accumulating to form blockages. In the case
of covered anaerobic lagoons, FOG typically has two fates; accumulation as fatty crust,
or hydrolysis and digestion to form methane. In the first instance, accumulation of
FOG, hair and cellulosic material from paunch float to the lagoon surface and coalesce
into increasingly thicker masses to form the crust. (UNSW 1998; Mayo 2011; McCabe
et al. 2013; White, Johns & Butler 2013). In the second instance, fat particles that are
hydrolysed to long-chain fatty acids (LCFA) may subsequently adhere to the surface
of the sludge microbes. These LCFA form a layer over the microbial surface,
producing reversible inhibition of mass-transfer between the microbes and the medium
(Long et al. 2012).

Australian abattoirs stand to benefit substantially if an appropriate pre-
treatment method can be developed to improve the bioavailability and subsequent
conversion of FOG to methane. McCabe et al. (2014) has shown that biogas
production can potentially vary tenfold depending on factors such as lagoon efficiency
and operational practices. With exception to anaerobic membrane reactor technology
(Dasa et al. 2016) and Lipothan reactor technology (ACS-Umwelttechnik 2017) which
are yet to be rigorously tested, no other AD system currently deals with FOG
effectively, typically the more sophisticated the anaerobic digestion technology, the

less capable they are of handling FOG loads (Appels et al. 2008; Jensen et al. 2014).
1.1 Brief overview of anaerobic digestion

Anaerobic digestion is a natural process by which a consortium of micro-
organisms operates synergistically to break down organics to produce biogas in the
absence of oxygen (Gerardi 2003). The four steps of anaerobic digestion include
hydrolytic, acidogenic, acetogenic and methanogenic activity (Figure 2; Appels et al.
2008). Biogas produced from this process consists primarily of methane (60-80%) and
carbon dioxide (20-40%) (Di Bella 2010).



Insoluble organic matter
(i.e. carbohydrate, protein, lipid)

Hydrolysis | Fermentative bacteria

Soluble organic matter
(i.e. Sugars, proteins, LCFA)

Acidogenesis ll Fermentative bacteria

Volatile fatty acids

Acetic acid %

Acetogenic bacteria

CH, + CO,
Acetoclastic methanogens Hydrogenotrophic methanogens

Figure 2: Stages of anaerobic digestion, modified from Appels et al. (2008).

For complex substrates, hydrolysis is the rate limiting step in the AD process
(Appels et al. 2008). The role of hydrolyic enzymes is to degrade large insoluble
carbohydrates, proteins and lipids to their soluble metabolites. Carbohydrates are
degraded from polysaccharides to di- or mono-saccharides, proteins break down to
amino acids, and lipids break down to form LCFA. The next stage of digestion,
acidogenesis, further degrades the products of hydrolysis to form volatile fatty acids
(VFA), hydrogen and carbon dioxide, and some other by-products. Acetogenesis
involves the degradation of VFA and alcohols to produce acetic acid, hydrogen and
carbon dioxide. These products are consumed by two groups of methanogenic archae
to produce methane. While acetoclastic methanogens consume acetic acid and produce
methane and carbon doixide, hydrogenotrophic archae utilise hydrogen and carbon
dioxide and produce methane (Appels et al. 2008), and some archae utilise both

pathways.



1.2 Characteristics of abattoir wastewater

The main types of wastes from abattoirs include organic solid wastes generated
during meat processing and wastewaters from washing at various stages of the process.
Australian RMP wastewater is generated at high volumes and characterised as having
high organic, fat and nutrient loading. Volumes are typically around 850kL/day with
organic content of 5700kg chemical oxygen demand (COD) per day (MLA 2002). In
Australia, a typical abattoir is defined as processing 150 tHSCW per day, equivalent
to 625 head of cattle (MLA 2002). Production is assumed to take place 5 days a week,
250 days per year, including boning and rendering (MLA 2002). While Johns (1993)
determined typical values for abattoir wastewater, case studies have reported pollutant
concentrations far greater than the typical (McCabe et al. 2013; UNSW 1998; Table
1). Abattoir wastewater becomes high-strength due to the accumulation of constituents
including blood, fat, paunch, protein and excrement in the water. The composition of
Australian RMP wastewaters may vary significantly from abattoir wastewaters in
other countries due to the fully integrated facilities in Australia which include
slaughter, boning and rendering processes at the same plant (Johns 1995). In contrast,
German abattoirs, for example, are required by law to perform rendering in an off-site
facility (UNEP & DEPA 2000). Furthermore, the high-strength wastewaters produced
in Australian abattoirs tend to contain high levels of FOG compared with their non-
integrated equivalents. For this reason, care must be taken when comparing reports
from various abattoirs around the world. While large integrated beef slaughterhouses
in the USA show excellent similarities with data from Australian abattoirs, Australian
abattoirs tend to generate higher volumes of higher-strength wastewaters than their
European counterparts (Johns 1995; MLA 2002). Although high-strength wastewaters
typically contribute well to biogas production, the FOG component tends to be
problematic (Wan et al. 2011).



Table 1: Concentrations of parameters of high-strength wastewater produced by
abattoirs.

Parameter Typical King Southern Meats Churchill
(mg/L) abattoir raw Island wastewater ex Abattoir
wastewater (beef) © DAF (sheep) @ (Beef) ©
BOD 1600-3000 3000 ~1/2 COD 163-7020
COD 4200-8500 7250 3100-11500 1040-12100
FOG 100-200 120 290-2670 5-2110
TSS 1300-3400 2000 1150-5700 457-6870
VSS n/a n/a 1040-5300 n/a
TN 114-148 450 180-440 296-785
NOXx n/a 0.01-0.12 n/a
NH4-N 65-87 250 18-135 23.8-349(
Total P 20-30 45 26.4-60 n/a
VFA 175-400 n/a 61-600 1020-1980
Alkalinity 350-800 n/a 340-700 70-906

@ Benefield (2001); ® Johns (Johns 1993); © White; Johns and Butler (2013); @ UNSW (1998); ©
McCabe et al. (2013); @ Value is for NH3-N; n/a indicates not available

BOD - biochemical oxygen demand; TSS — total suspended solids; VVSS — volatile suspended solids;
TN — total nitrogen; NOXx — nitrogen oxides; NHs-N —ammonium as nitrogen; P - phosphorus

1.3 Wastewater parameters associated with biogas production

The wastewater parameters which are of particular interest to this work are
those which could be logically associated with increased biogas production, including
COD, soluble COD (sCOD), volatile solids (VS), FOG, fat particle size, and VFA
(Appels et al. 2008; Nakhla et al. 2003; Pilli et al. 2011). Pre-treatments are often
assessed with respect to sCOD release and degradation (Amani, Nosrati &
Sreekrishnan 2010). As treatments rupture cells, the intracellular contents are released
into the extracellular medium, contributing to the soluble fraction of COD (Gronroos
et al. 2005). As a measure of pre-treatment impact on substrate degradation, SCOD
appears to be useful (Kim et al. 2003; Rincdn et al. 2013). However, while sSCOD may
increase in response to a pre-treatment, the relationship between sCOD and biogas
production is complex, and as such, does not necessarily indicate an increase in biogas
production (Carrere et al. 2010). Therefore, if biogas production is to be reported with
respect to sCOD degradation, further information must be collected to support
findings.

Although less commonly investigated as a measure of pre-treatment impact,
specific methane production is regularly reported with respect to VS added (Luste &
Luostarinen 2010). Also known as organic solids, VS is made up of carbohydrates,



proteins and fats, typically derived from organisms, but may also include artificial
organic compounds. Consequently, there is a strong correlation between VS
degradation and biogas production (Appels et al. 2008). Given this strong correlation,
measuring VS as an indicator of pre-treatment impact may be more valuable than
measuring sSCOD. However, while drying a sample for VS determination, there may
be an initial loss of volatiles such as alcohols and VFA. Due to the lack of
standardization in the reporting of pre-treatment impact on AD performance, this

chapter will cover the majority of common measurements.

This chapter is particularly focused on the degradation of FOG, either during
the pre-treatment process, or during the AD process as a result of pre-treatment. In
batch digestions, measurement of FOG content can be done before and after pre-
treatment, and post-digestion. Fat particle size reduction is another favourable
outcome of pre-treatment. A reduction in particle size increases the surface area to
volume ratio of the fat content, increasing the area susceptible to chemical and
enzymatic interaction (Mshandete et al. 2006). Logically, this should increase the rate
of methane production, but may result in temporary inhibition due to increased LCFA
concentration. Further degradation of LCFA will produce VFA, which are also of
interest as these are an end products of the acidogenic and acetogenic pathways of
anaerobic digestion, and a feedstock for methanogenic archaea. While VFA at
concentrations of 6.7-9 mM are toxic to methanogens, if a pre-treatment were capable
of degrading triglycerides and LCFA to VFA, the process could significantly enhance

reaction kinetics (Batstone et al. 2000).
1.4 Impact of fat, oil and grease in anaerobic digestion

The FOG component of high-strength wastes, such as those created in
abattoirs, can induce several problems including clogging of pipes, adhesion to sludge
causing both inhibition of mass-transfer of nutrients and sludge flotation with
subsequent washout (Girault et al. 2012; Long et al. 2012). Anaerobic lagoons can
receive large volumes of FOG and continue to function for long periods of time before
the lagoon fails. This is likely due to the lack of mixing in lagoons, allowing FOG to
float to the lagoon surface along with lignocellulosic material to form a fatty crust.

While this accumulation is far from ideal, a managed crust does offer some benefit in



odour reduction, pond insulation, and FOG locked up in crust is relatively unavailable
to cause process inhibition (AMPC 2012; Golder Associates Pty Ltd 2009).

In continuously fed anaerobic lagoons this process can be unsustainable, where
accumulation of FOG as crust outweighs FOG consumption. If FOG accumulation is
not monitored and dealt with accordingly, crust can accumulate to several meters thick
with surprising density as shown in Figure 3 (McCabe et al. 2013). Not only does this
make crust removal from large lagoons difficult and expensive, the issue of how to

deal with waste FOG after removal has not been addressed (Mayoh 2011).
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Figure 3: Section of crust removed from an anaerobic lagoon by an excavator after
desludging indicating crust thickness (McCabe et al. 2013).

In time, accumulation of crust on the lagoon surface heavily restricts the
functional volume of the lagoon through the generation of dead space, resulting in
short circuiting (Shilton & Harrison 2003). Figure 4 depicts a schematic diagram of
the impact of crust accumulation on the functional volume of an anaerobic lagoon.
Furthermore, the organic material itself is largely unavailable for degradation by the
anaerobic consortium, as very little surface area with respect to crust volume is
accessible by hydrolytic enzymes.
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Figure 4: lllustration of dead space contributed by crust and sludge volume resulting
in a large reduction in functional pond volume.

In addition to affecting the functional volume of a digester, covered anaerobic
lagoons suffer further complications due to FOG. Thick crust material can significantly
inhibit gas permeation and subsequently reduce gas capture by the cover (McCabe et
al. 2013). Cover materials that come into contact with FOG are subject to chemical
attack which can compromise the material integrity and result in ruptures, or gas
leakage (Golder Associates Pty Ltd 2009). As crust accumulates and thickens, such as
in Figure 4, floating raft-style covers can be flexed and bent out of shape,

compromising the ability of the cover to capture gas.

Alternatively, high rate systems with active heating and mixing bring microbes
into greater contact with FOG and LCFA. Subsequently, high rate AD systems that
utilise granular sludge are more sensitive to FOG loadings and are at a greater risk of
resulting failure than anaerobic lagoons (Jensen et al. 2015; Dereli et al. 2012). While
microbes can be acclimated to FOG loadings this is a typically slow process with the
time required to acclimate increasing with FOG loading (Fernandez, Sanchez & Font
2005). A move toward covered high rate anaerobic lagoon (CoHRAL) technology to
treat abattoir wastewater which incorporates novel waste water distribution and
settling systems is underway with the recent commissioning of the first COHRAL
system in the Australian RMP industry (Condon, 2014). The monitoring of this type
of system will be particularly useful in assessing the overall impact of FOG loading

and AD performance.

While anaerobic lagoons are currently considered the most suitable digester
type for handling wastes with high FOG content, new research into anaerobic

membrane reactor (AnMBR) technology has shown great promise in wastewater



treatment, especially in wastes with high FOG loads. Christian et al. (2011) reported
on the first two years of treating high-strength industrial wastewater at Ken’s Foods in
Massachusetts, USA. This AnMBR, the largest in the world in 2011, had a design of
475 m®/d with COD, BOD and TSS loadings of 39000 mg/L, 18000 mg/L and
12000 mg/L respectively. The AnMBR produced consistently high-quality effluent
with non-detectable TSS, and average COD and BOD concentrations of 210 and 20
mg/L, indicating removal efficiency of 99.4% and 99.9% respectively. Furthermore,
ANnMBR reactors have been loaded with COD in the order of 5-30 kg COD/m®/d, and
FOG loading of up to 4-6 kg/m® with removal rates of 97% and 100% removal
efficiency respectively (Dereli et al. 2012; Diez, Ramos & Cabezas 2012). However,
few investigations have involved large FOG loadings being treated using AnMBR
technology. Given that high-rate AD systems are typically sensitive to FOG loadings,
more research should be conducted to investigate the feasibility of FOG digestion
using AnMBR technology (Long et al. 2012).

1.4.1  Enhancing biogas yield through co-digestion

While FOG have typically been viewed as a problematic substrate they have
much to offer AD operations. Addition of FOG to an AD system has the potential to
significantly increase biogas production (Zhu, Hsueh & He 2011). When the
theoretical methane potential with respect to the stoichiometry of the macromolecules
is compared, lipids are capable of yielding more methane at 1014 L/kg VS than both
proteins at 480 L/kg VS and carbohydrates at 370 L/kg VS (Buswell & Neave 1930;
Wan et al. 2011). These theoretical values were supported by Labatut (2012), with
observed specific bio-methane yields ranging from 903.9-1101.2 L/kg VS for lipids,
302.5-407.3 L/kg VS for proteins and 191.8-359.3 L/kg V'S for carbohydrates digested
under mesophilic conditions. Indeed, co-digestion of substrates with FOG has
produced significant increases in biogas production. Li, Champagne, and Anderson
(2011) compared the biogas produced from digestion of waste activated sludge (WAS)
co-digested with FOG using BMP tests. While the WAS control produced 117 + 2.02
mL/g total volatile solids (TVS), the reactor co-digesting WAS with 0.35 g FOG at an
S:I ratio of 0.46 produced 418 + 13.7 mL/g TVS. This represents more than 350%
increase in biogas production attributed to the addition of FOG. Similarly, Silvestre et
al. (2011) co-digested sewage sludge with trapped grease waste. Not only did this

study result in increased biogas production by 138%, but found that acetic and B-
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oxidation syntrophic acetogenic activities were 2.5 and 3.75 times higher than the
initial inoculum respectively. This suggested that sludge could become acclimatised
to greater FOG loads over time, and that this could be an effective strategy for
improving fat degradation and reducing the inhibitory effects of LCFA. Table 2 lists
several investigations which support the conclusion that co-digestion with FOG can

significantly improve methane yields by considerable volumes.

Table 2: Effect of co-digesting substrates with FOG-rich co-substrates on methane

yield.

Sewage sludge Grease trap 278 m3/t VS 63 Luostarinen,
(100% VS) sludge (0% added Luste and
VS) Sillanpaa
(2009)
Sewage sludge Grease trap 463 m3/t VS 62 Luostarinen,
(54% VS) sludge (46% added Luste and
VS) (+66% CHgy yield) Sillanpaa
(2009)
Sewage sludge Grease trap 271 m3t VS 65 Davidsson et
(100% VS) sludge (0% added al. (2008)
VS)
Sewage sludge Grease trap 344 m3t VS 69 Davidsson et
(70% VS) sludge (30% added al. (2008)
VS) (+27% CHgy yield)
Pig slurry Waste sardine  0.43 m® CHa/m?® 72 Ferreira,
(100% v/v) oil (0% VS) digester/d Duarte and
Figueiredo
(2012)
Pig slurry (95%  Waste sardine 1.61md 70 Ferreira,
vIV) oil (5% VS)  CHi/mP/digester/d Duarte and
(+274% CHa4 Figueiredo
yield) (2012)
Poultry manure  Olive oil mill 0.43 L/(Vr/d) 74.1 Gelegenis et
(100% v/v) wastewater al. (2007)
(0% viv)
Poultry manure  Olive oil mill 0.52 L/(Vr/d) 71.8 Gelegenis et
(75% viv) wastewater CHy yield 1 21% al. (2007)
(25% viv)

Sewage sludge

(77% VS) waste (23 % (2011)
VS)
Municipal Thickened CHgs yield 1 195% Kabouris et al.
primary sludge WAS (31% (2009)
(21% VS) VS) and FOG
(48% VS)

Grease trap

CHa yield 1 138%

Silvestre et al.

Vr — Reactor volume; 1 - original value has increased, beyond 100%, by the given percentage.
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However, co-digestion is dependent on access to available waste streams.
Investigation of co-digestion using Australian abattoir wastewater is only in its infancy
and is noted to be a multifaceted issue which goes beyond simply sourcing feedstocks
for AD. The Australian RMP industry consists of medium to large enterprises which
are often not located within close proximity to other agro-industrial waste streams.
Subsequently, co-digestion is currently not an economically viable option for
Australian abattoirs. Thus, Australian RMP industries which employ biogas facilities
use abattoir wastewater as a monosubstrate. Ortner et al. (2015) exemplifies the
situation of developing a reliable monodigestion process using slaughterhouse waste
as the sole substrate. Beyond co-digestion, pre-treatment of FOG offers the next step

to enhancing the AD process.
1.5 Pre-treatment of substrates for anaerobic digestion

In the context of this work, pre-treatment refers to the treatment of the waste
or wastewater to enhance the availability of the substrate components to microbial
enzymes, and thereby improve the removal of organics, increase reaction Kinetics, and
or total biogas production (Figure 5). Substrate availability may be enhanced through
several mechanisms, resulting in liberation of sequestered organics, enhance surface
area to volume ratio, or hydrolysis of macromolecules. The two reactions of primary
interest are hydrolysis and -oxidation. As hydrolysis is the first reaction involved in
the degradation of complex substrates, this is general considered to be the rate limiting
step (Luo, Yang & Li 2012). However, for the degradation of substrates high in FOG,
LCFA degradation through [-oxidation is the slowest reaction, and controls the overall
degradation kinetics (Ma et al. 2015). There are several different pre-treatment
methods available to enhance digestion, including biological, mechanical, thermal,
chemical, enzymatic, and biochemical approaches (Appels et al. 2008; Nakhla et al.
2003). While this chapter contains collated literature data on various pre-treatment
methods, due to non-standardised reporting and great variability between research
projects, direct comparison is difficult. Although projects that report on methane and
biogas production are preferred, projects which report on other variables such as VS

and sCOD have been included as they are valuable to inform further research.
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Figure 5 illustrates the effect of pre-treatments on rate of anaerobic digestion
(i.e. reaction kinetics; pre-treatment b) and increase the methane yield (pre-treatment
c). Both effects will improve the operation of a biogas plant. However, depending on
when a BMP test is ended, different interpretations are possible: t1: pre-treatment b -
double the methane yield; t2: none of the pre-treatment methods increase methane
yield; t3: pre-treatment ¢ - increased the methane yield by 25% (Montgomery &
Bochmann 2014).

/N c) pre-treatment increases =1
methane yield .~

b) pre-treatment .
increases rate of AD L7

P a) substrate without
P pre-treatment

total methane production

t1 t2 t3

A4

duration of anaerobic digestion

Figure 5: Effect of pre-treatments on reaction rate and methane yield from anaerobic
digestion (Montgomery & Bochmann 2014).

Biogas production Kkinetics are used to describe and evaluate the anaerobic
digestion of batch digestions by fitting the biogas production data to various kinetic
equations (Ghatak & Mahanta 2014). Ghatak and Mahanta (2014) compiled a list of
Kinetic equations developed by various researchers, and described the evolution of
kinetic equations from a simple linear equation, through logarithmic growth curves,
Gaussian equations, through to logistic growth equations and finally the modified
Gompertz equation. While these equations relay varying degrees of information to the
researcher, the modified Gompertz equation is quite comprehensive for batch
digestions. By curve fitting this equation to collected data, a researcher can reliably
measure the rate constant and lag phase of a digestion which, like most complex
substrates, produce a sigmoid curve of cumulative biogas production (Ghatak &
Mahanta 2014).
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This information is particularly useful for the investigation of co-digestion and
pre-treatment in which reaction rates can be improved through various mechanisms. It
is within the interests of an AD plant to enhance these reaction rates to produce as
much biogas in as short a time as possible. A decrease in lag phase is indicative of a
substrate which requires a lesser degree of hydrolysis from the AD consortium. This
reduction in las phase typically results in an overall reduction in time required to
complete digestion. This may allow an operator to decrease the hydraulic retention
time (HRT) of a reactor, and or increase the organic loading rate (OLR). An increase
in rate constant indicates that the substrate is more readily degradable due to pre-
treatment or co-digestion, and the rate of biogas production is increased, typically

resulting in shorter digestion times, and potentially, increased biogas yield.

Carlsson, Lagerkvist & Morgan-Sagastume (2012) reviewed pre-treatments in
literature applied to different substrate categories in lab-, pilot- and full-scale studies
as well as discussed in reviews (112 papers from 1978-2011). The pie-chart (Figure 6)
illustrates the number of times each substrate-type occurs in combination with a pre-
treatment; the total number of occurrences is larger than the number of articles since
several articles discuss more than one pre-treatment type. The bar-charts illustrate the
distribution among the different pre-treatments for each substrate-type. The literature
was selected so as to cover as many different types of substrates, pre-treated with as

many processes and/ or technologies as possible.
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Figure 6: Pre-treatments and substrates in the reviewed literature. Substrate pre-treatments
applied to different substrate categories in lab-, pilot- and full-scale studies as well as
discussed in reviews (112 papers from 1978-2011). The pie-chart illustrates the number of
times each substrate-type occurs in combination with a pre-treatment; the total number of
occurrences is larger than the number of articles since several articles discuss more than one
pre-treatment type. The bar-charts illustrate the distribution among the different pre-
treatments for each substrate-type. The literature was selected so as to cover as many different
types of substrates, pre-treated with as many processes and/or technologies as possible.)
(Carlsson, Lagerkvist & Morgan-Sagastume 2012).

1.5.1  Mechanical degradation of feedstocks

Mechanical pre-treatments are commonly used to enhance digestion of cellular
wastes such as sludges (e.g. WAS), cellulosics (e.g. crop waste), and other similar
wastes. The aim of these pre-treatments is to rupture the cell walls of the cellular
organisms in these feedstocks, a process which can be reduced from days to minutes
through mechanical pre-treatment (Kopp et al. 1997). High-pressure homogenisation
(HPH) and ultrasonication are two mechanical methods of potential benefit to FOG
digestion. More in-depth review of mechanical pre-treatments can be found in Paper
l.
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High-pressure homogenisation works by compressing and projecting waste at
high speed against an impact ring (Figure 7). The turbulence, cavitation and shear
stresses applied to the waste disintegrate the cells, releasing cellular contents into the
medium (Appels et al. 2008). While this technology has been successfully applied to
disintegration of algal biomass and heavily utilised in the field of sludge disintegration,
there is little available literature which considers HPH for pre-treatment of
lignocellulosic biomass or fatty substrates. While some investigations have assessed
the effect of HPH on substrates that are suitable for AD, they have focussed on the
impact to the substrate, and not on the AD process. Subsequently, it is unknown how

the changes in these substrates would impact a BMP test.
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Figure 7: Diagrammatic disintegration of waste activated sludge by high-pressure
homogenisation (Genizer 2009)

Ultrasonication has also been applied sparingly to FOG-rich substrates. The
mode of action of ultrasonication is more sophisticated than HPH. As ultrasound
waves propagate through the medium they create regions of compression and
rarefaction. Microbubbles formed in this process grow in successive cycles and reach
an unstable diameter at which they violently collapse in a process known as cavitation.
Cavitational collapse produces intense local heating and high pressure (around 5000°C
and over 500 atmospheres with a lifetime of a few microseconds) on a liquid-gas
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interface, and, turbulence and high shearing phenomena in the liquid phase (Erden,
Buyukkamaci & Filibeli 2010; Pilli et al. 2011). Furthermore, cavitation produces
highly reactive H* and OH" radicals which facilitate chemical reactions for destroying
organic materials. These chemical reactions are further favoured by the high
temperature and pressure generated at the site of cavitation (Dewil 2006). Table 3 lists
several mechanical pre-treatment methods and summarises the conditions and results
of numerous investigations.

Table 3: Mechanical pre-treatments, wastes treated, conditions, and results from the
literature.

Pre-treatment Substrate Results Reference
Ball mill
WAS e sCOD content 1 42% Baier and
e Gas yield 1 20-50% Schmidheiny
(1997)
High-pressure homogenisation
30 - 50 bar WAS e sCOD content 1 551%  Choi, Hwang and
e Soluble protein 1 86% Shin (1997)
e VS removal 1 11-15%
150 — 600 bar WAS e Biogas yield 1 30% Onyeche (2007)
600 bar WAS e Biogas yield 1 28-54% Engelhart et al.
(2000)

Mechanical jet
WAS, (30 bar) e sCOD content 1 500%  Nah et al. (2000)

Sonication
WAS e No improvement in VS Sandino et al.
removal (2005)
WAS e sCOD content 1 11-39% Khanal et al.
(2006)
6000 kJ/kg TS WAS e Hydrolysis constant (k) 1 Braguglia, Tomei
30-80% and Mininni
(2006)
120 MJ/kg TS Meat e Oil removal 1 55.9% Erden,
processing e COD removal 1 14.73% Buyukkamaci
effluent and Filibeli
(2010)
750 MJ/kg TS Meat e COD removal 1 76.74% Erden,
processing Buyukkamaci
effluent and Filibeli
(2010)
0.5W/mL,5 WAS e Particle size | 92% Biggs and Lant
min (1998)
0.1-0.4 W/mL, Municipal e Biogas yield 1 24% Cesaro et al.
30-60 min solid waste ¢ sCOD content 7 71.8% (2012)

1 - original value has increased, beyond 100%, by the given percentage.
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Table 3 continued.

Pre-treatment Substrate Results Reference
Sonication
2000 kJ/kg TS Waste vegetable ~ Organic content 1 Moisan (2012)
oil, 41932%
(emulsification)
Microwave
0.3-300 GHz, 15 WAS e sSCOD content 1 Park et al. (2004)
min 22%
CHg yield 1 79%
Electrical Field
8000 kJ/kg DS WAS Sludge digestion 1 Kopplow,
9% Barjenbruch and

Heinz (2004)
DS - Dry Solids; 1 - original value has increased, beyond 100%, by the given percentage.

1.5.2  Thermal hydrolysis

The concept behind thermal pre-treatment is to expose substrates to elevated
temperatures for long enough to promote chemical reactions and solubilisation of
larger biomolecules. While temperatures typically range between 150-220°C under
pressures of 600-2500 kPa, lower temperature pre-treatments have also been
investigated (Appels et al. 2008; Gavala et al. 2003). However, many European
researchers are required to adhere to the EC 1069/2009 regulation for the treatment of

animal by-products not intended for human consumption.

Thermal pre-treatment of WAS has been heavily investigated, while other
applications such as manure, abattoir waste, lignocellulosics and even algal biomass
have received little attention (Appels et al. 2008; Carlsson, Lagerkvist & Morgan-
Sagastume 2012; Cuetos et al. 2010; Mladenovska et al. 2006; Sims 2013).
Furthermore, there have been few investigations into thermal pre-treatment of FOG-
rich wastes. Fortunately, these investigations have yielded some encouraging results.
Hiraoka et al. (1985), pre-treated substrates high in triglyceride content, and measured
the decomposition of glyceride fatty acids to produce significant increases in acetic,
propionic, butyric and valeric acid following thermal pre-treatment. Subsequent
digestion displayed an increase in biogas production of 30%. Similar results were
measured by Wilson, Novak and Murthy (2009), with pre-treatment at 170°C vastly
enhancing acetic acid content of feed sludge. Equivalent increases in biogas production
have also been supported in research by Li and Jin (2015). Table 4 lists the conditions

and results of numerous investigations into thermal pre-treatment.
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Table 4: Thermobaric pre-treatments, wastes treated, conditions, and results from the
literature.

Thermobaric

70°C, 1-7 days WAS e CHj yield 1 19.8-85.9% Gavala et al.
(2003)
121°C, 30 WAS e Biogas yield 1 32% Kim, Ahn and
minutes Speece (2002)
121°C, 60 WAS e Biogas yield 1 20% Barjenbruch and
minutes Kopplow (2003)
170°C, 60 WAS e CH; yield 1 45% Valo, Carrere and
minutes Delgenes (2004)
170°C, 60 WAS e Biogas yield 1 49% Dohanyos et al.
seconds (2004)
175°C, 40 WAS e TSS removal 1 65% Graja et al.
minutes (2005)
130°C, 30 WAS e VSS/TSS ratio | 70-80% Bougrier,
minutes Delgenes and
Carrere (2006)
170°C, 30 WAS e CHy yield 1 51% Bougrier,
minutes Delgenes and
Carrere (2007)
110°C, 30 WAS e VVS/TSS ratio 1 464% Bougrier,
minutes Delgenes and
Carrere (2008)
135°C, 35 WAS ¢ SCOD content 1 34% Bougrier,
minutes Delgenes and
Carrere (2008)
190°C, 50 WAS e SCOD content 1 46% Bougrier,
minutes Delgenes and
Carrere (2008)
116°C, 38-73 WAS e VVSS/TVS ratio 1 383- Bougrier,
minutes 429% Delgenes and
Carrere (2008)
122°C, 20-90 WAS e VVSS/TVS ratio 1 306- Bougrier,
minutes 1410% Delgenes and
Carrere (2008)
128°C, 38-73 WAS e VVSS/TVS ratio 1 814- Bougrier,
minutes 1441% Delgenes and
Carrere (2008)
134°C, 55 WAS e VVSS/TVS ratio 1 1104% Bougrier,
minutes Delgenes and
Carrere (2008)
165°C, 30 WAS e Biodegradability 1 47- Mottet et al.
minutes 61% (2009)
170°C, 30 WAS e SCOD content 1 765% Wang et al.
minutes (2009)
100°C, 1 hour  Pig manure e Biogas yield 1 31% Rafique et al.
(2010)

1 - original value has increased, beyond 100%, by the given percentage.
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Table 4 continued.

Pre-treatment Substrate Reference
Thermobaric
133°C, 20 min, Slaughterhouse e Formation of refractory Cuetos et al.
>3 bar waste compounds. Unsuccessful (2010)
in enhancing
biodegradability of lipids
and nitrogen-rich waste
60, 80, 100°C WAS e Biogas yield 1 30% Ho (2010)
90-120°C, 50-  Kitchen waste e Retention time required  Li and Jin (2015)
70 minutes for acidification | 5 days
e Propionic acid was the
dominant VFA produced
e Biogas yield 1 31.7%
80°C, 1.5 Food waste e Methane yield 1 52%  Ariunbaatar et al.
hours e Extra yield can supply (2014)
energy required for pre-
treatment
Steam explosion
170 -230°C, 5 Salix e CHy yield 1 50% Estevez, Linjordet
— 15 minutes and Morken
(2012)
134°C Gravity ¢ SCOD content 1 4829- Gianico et al.
thickened 7987% (2013)
WAS e Total soluble nitrogen 1
2190%
e Soluble NH4*-N content
11371%
Dynamic e sSCOD content 1 2317- Gianico et al.
thickened 3289% (2013)
WAS e Total soluble nitrogen 1
3862%
e Soluble NH4*-N content
1 771%
220°C, 30 WWTP sludge e Biogas yield 1 80% Zheng et al.
e TS solubilised 1 55%
seconds (1998)
Hydrothermal
170-220°C, Poultry e TS loss of 73.1-77.2%  Park etal. (2017)
e TCOD loss of 57.8-
1.7-2.0 MPa,  slaughterhouse 68.3%
e COD solubility increased
30 minutes waste from 2.2% to 98.2%
e NH4"-N content 1
104.8%
e VFA content 1 405.7-
482.9%

1 - original value has increased, beyond 100%, by the given percentage.
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1.5.3  Acid and alkali and oxidative pre-treatments

Addition of acids and bases to AD feedstocks have been heavily investigated
across a range of substrates including sludges, wastewater treatment plant (WWTP)
residues, organic waste, plant residues and manures (Appels et al. 2008; Carlsson,
Lagerkvist & Morgan-Sagastume 2012). Acidic pre-treatment has been performed
using acids such as HCI, H2SO4, H3POs and HNOgz, and is indicated to be more
effective in treating lignocellulosic biomass (Zhen et al. 2017). The main mechanism
in this application is the acid hydrolysis of hemicellulose to release monomeric sugars
and soluble oligomers from the cell wall into the digestate, and thereby improving the
bioavailability of the substrate to exoenzymes and microorganisms (Zhen et al. 2017).
Conversely, alkali addition is generally more efficient at enhancing the AD process
(Jan et al. 2008). Beyond substrate degradation, alkali addition carries the added
benefits of improving the system buffering capacity, specific methanogenic activity,
and process stability (Zhen et al. 2017). Of the alkaline pre-treatments which have
been investigated, sodium hydroxide (NaOH) is the most effective for enhancing
organics hydrolysis and the AD process (Kim et al. 2003). NaOH aids in the
degradation of substrates through solvation and saponification, inducing
depolymerisation and cleavage of complex structure and subsequent solubilisation of

smaller molecular weight compounds (Zhen et al. 2017).

Sodium hydroxide pre-treatment has been optimised for the enhancement of
WAS digestion. Kim et al. (2003) determined that optimal dosing with NaOH was 7
g/L, bringing the solution to pH 12. The duration at which the substrate was held at
pH 12 was not mentioned. This pre-treatment increased sCOD content by
approximately 478% from 2250 mg/L to around 13000 mg/L. Digestion resulted in
greater sCOD removal from 1136 mg/L in the control to 4941 mg/L after treatment,
an increase of 335%. Degradation of VS was also improved from 20.5% up to 29.8%
in the chemically treated sample. Both biogas production and methane content
increased in response to the treatment, with increases of 13.4% and 12.8%

respectively.
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Alkali pre-treatment of pork fat has also been investigated. Massé, Kennedy
and Chou (2001) studied the effect of NaOH pre-treatment on the solubilisation and
size reduction of pork fat particles in abattoir waste. While sCOD was not impacted
by addition of 50-400 mEg NaOH/L, the authors measured a 73 + 7% reduction in
particle size at concentrations ranging from 150-300 mEg/L. Although the fat particles
were then smaller, they were still hydrophobic and would float on the surface of a
digester, unavailable for immediate consumption. However, this reduction in particle
size and subsequently increased surface area should increase the rate of degradation
due to exoenzymes produced by the sludge, or could be utilised to improve the
efficiency of subsequent pre-treatment methods, such as enzymatic pre-treatment.

This impact on degradation rate was noted by Battimelli, Carrere and
Delgenese (2009). These researchers investigated the effect of NaOH pre-treatment on
biogas production from fatty abattoir waste. While this pre-treatment affected little
change in the total biogas produced, it did slightly enhance the initial reaction kinetics.
These findings support the previous assertion that reduction of particle size due to
alkaline hydrolysis could be exploited for additional benefit through further pre-

treatment.

The third type of chemical pre-treatment is oxidative pre-treatments. These
methods involve the use of oxygen at temperatures of ~260°C and pressures of 10 MPa
(Amani, Nosrati & Sreekrishnan 2010). However, odour, corrosion and high energy
consumption restrict practical application of this process (Appels et al. 2008).
Alternatively, powerful oxidants including ozone (Ariunbaatar et al. 2014; Bougrier et
al. 2006), and peroxides peroxymonosulphate (POMS) and dimethyldioxirane
(DMDO) (Dewil et al. 2007), have also been investigated, with the latter being the
most promising options. Table 5 lists the pre-treatment conditions and results of

various chemical methods investigated in the literature.
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Table 5: Literature results for the effects of chemical pre-treatment on various

substrates

Pre-treatment Substrate Results Reference
Alkali
NaOH (1%),7d  Cattle dung e Digestibility 1 31-  Dar and Tandon
42% (1987)
¢ Biogas yield T 100%
NaOH, 130°C WAS e Biogas yield 1 20% Tanaka et al.
(1997)
NaOH, 0.01 N, 4d WAS e Improved sludge Saiki et al.
thickening (1999)
NaOH, 20-80 WAS e sSCOD content 1 31%  Chang, Ma and
mEqg/L, 25°C, 10 h Lo (2002)
NaOH, 45 mEq/L, WAS e sCOD content 1 28-  Heo et al. (2003)
25-55°C, 4 h 38%
NaOH 20 mEq/L, WAS * Biogas yield 1 83% Ray, Lin and
24 h Rajan (1990)
NaOH 7 g/L (175 WAS e sCOD content 1} Kim et al. (2003)
mEq/L) 31.7%
KOH WAS e sCOD content 1 Kim et al. (2003)
28.5%
Mg(OH)2 WAS e sCOD content 1 2.7%  Kim et al. (2003)
Ca(OH)2 WAS e sCOD content 1 7.2%  Kim et al. (2003)
CaO WAS e No observed Carballa, Omil
improvement and Lema (2004)
Oxidation
0.2 g O3/g COD Primary- e CHa yield 1 112% Weemaes et al.
secondary (2000)
sludge
0.16 g Os/g SS WAS e SS removed 1 22%  Battimelli et al.
(2003)
0.015-0.05 g Os/g WAS e TS removed 1 28%  Goel, Tokutomi
TS and Yasui (2003)
0.06 kg Os/kg TSS WAS e sCOD content 1 16%  Sievers, Ried and
Koll (2004)
0.190s/g TS WAS e No improvementin  Bernal-Martinez
TS removal et al. (2007)
0.068g0s/g TS  Food waste e Methane yield 1 8.7% Ariunbaatar et al.
(2014)
0.07 g Fe**/g H20», WAS e COD content 1 494% Dewil et al.
50g H202, 1 h (2007)
60 g POMS/kg DS, WAS e COD content 1 406% Dewil et al.
1h (2007)
660 mL DMDO/kg WAS e COD content 1 589% Dewil et al.
DS, 1h (2007)

N — Normality; SS — Suspended Solids; 1 - original value has increased, beyond 100%, by the given

percentage.
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1.5.4  Thermochemical pre-treatment

Several researchers have combined thermal and chemical pre-treatments to
produce more favourable results than either individual pre-treatment (Table 6). Again,
WAS is a prime candidate for thermochemical pre-treatment. Kim et al. (2003)
demonstrated the effects of thermochemical pre-treatment with 7g NaOH/L. This pre-
treatment enhanced COD solubilisation by 85.4% over the control, over 40% greater
than chemical pre-treatment alone, and increased VS reduction by 30% (Figure 8).
Furthermore, when Tanaka et al. (1997) treated WAS with 0.3 g NaOH/L at 130°C in
an autoclave for 5-200 minutes, they recorded an increase in VSS solubilisation of 40-
50% and an increase in methane production by greater than 200% over the control.
Valo et al. (2004) treated WAS at 170°C for 15 minutes in an autoclave and recorded
an increase in TS reduction of 59%, with 92% higher gas production. While pre-
treatment of WAS has been heavily investigated, there is little literature regarding
FOG pre-treatment. One exception to this is an investigation conducted by Li,
Champagne and Anderson (2013) in which co-digested FOG and kitchen waste were
pre-treated thermochemically. Pre-treatment enhanced biogas production by 9.9 +

1.5% over the control.
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Figure 8: sCOD removal efficiency and VS reduction rate for pre-treated WAS (Kim
et al. 2003).
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Table 6: Combined pre-treatments, wastes treated, conditions, and results from the

literature.
Pre-treatment Substrate Results Reference
Thermo-chemical
50-90°C, Lime WAS * VSS content 1 46% Vlyssides and
e CH4 yield 1 30% Karlis (2004)
Ca(OH)2for 1 h,  Pig manure e Biogas yield 1 86% Rafique et al.
70°C, 1 h, HCI (2010)
for2h
60°C, 0.6 mg WAS e sCOD content 1 157%  Dhar et al. (2011)
H202+1.5 mg e Soluble protein content
FeCla/mg S%, 30 1167%
min « Soluble carbohydrate
content 7 250%
e total VFA content 1
20%
e CHa yield 1 20%
e COD removal 1 10%
e sCOD removal 1 20%
NaOH 7 g, WAS e SCOD content 1 77.3%  Kim et al. (2003)
121°C, 30 min e VS removal 1 25.6%
o CHg yield} 34%
KOH 65 WAS e Biogas yield 1 54% Valo, Carrere and
mEg/dm3, 170°C, e SCOD 1 80% Delgenes (2004)
15 min e COD removal 1 71%
0.156 g NaOH/g « Biodegradation Battimelli et al.
VS, 3 hours improvement (2010)
60,120,150°C e Bioavailability increase
0.04 mol NaOH/g e Lipid hydrolysis Affes et al. (2013)
COD, 70°C, 1 efficiency 189%
hour e Increased
bioavailability of solid
fatty waste
pH 10, 55°C Waste e Biogas yield 1 9.9 + Li, C., Champagne,
kitchen oil 1.5% P. and Anderson,
and kitchen B. C. (2013)
waste
Chemical-mechanical
Lime, vacuum WAS e sCOD content 1 33% Abbassi (2003)
(0.02 bar), 30 min
Thermo-Enzymatic
120°C, 5 minutes,  Feathers e Methane yield 1 37- Salminen and
Alkaline 51% Rintala (2002)
endopeptidase, 2-
10g/L

KW — kitchen waste; 1 - original value has increased, beyond 100%, by the given percentage.
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1.5.5 Biological pre-treatment of AD feedstocks

Biological pre-treatment includes methods that utilise pre-digestion, enzymes
and bio-surfactants to enhance digestion (Table 7). Pre-digestion, involves two-stage
digestion - a digestion stage prior to the main digestion process. By subjecting the
waste to different digestion parameters prior to the main AD process, researchers aim
to improve the digestibility of the waste. Peng et al. (2014) investigated the use of an
oil-degrading Bacillus species. Prior to AD, oily wastewater was subject to a 24 hour
digestion with Bacillus. During this time, exoenzymes were released by the bacteria to
cleave triglycerides, diglycerides and LCFA, and increase the concentration of VFA
present. This results in greater contact between microbes and the VFA substrates,
significantly enhancing mass transfer of soluble nutrients into the sludge. This pre-
digestion process resulted in an increase in methane yield by 16%, and an increase in
the methane content of the biogas produced by 8% from 52-60%. However, unlike the

other forms of pre-treatment, pre-digestion is rarely reported in the literature.

As the focus of this work is on abiotic pre-treatments which alter the substrate,
as opposed to a series of digestions in which the inoculum is changed, this review will

not go into depth with respect to biological pre-treatments.

Table 7: Biological pre-treatments, wastes treated, conditions, and results from the
literature.

Pre-treatment Substrate Results Reference
Pre-digestion
30-35°C, 1-2d Cattle slurry e Biogas yield 1 17- Singh, Jain and
19% Tauro (1983)
e CH4 content 1 7-11%
Pre-hydrolysis

70°C Primary sludge e SS removal 1 12% Lu et al. (2008)
Aerobic digestion
bacterium type WAS e Biogas yield 1 50%  Hasegawa et al.
SPT2-1 (2000)
Geobacillus sp. WAS e Biogas yield 1 210%  Miah, Tada and
strain AT1 Yang (2005)

1 - original value has increased, beyond 100%, by the given percentage.
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Table 7 continued.

Results

Reference

Pre-treatment Substrate

Enzymatic

42°C,2d WAS

HRT 2 d WAS

Porcine pancreas  Lipid-rich dairy
lipase 0.5% w/v wastewater
and 10mM Ca?*,

pH 8 (1M
NaOH), 37°C, 4,

8,12,24h

Pancreatic lipase  Slaughterhouse

250 (PL-250), waste
25°C,5.5h
Lipase-producing Poultry
Staphylococcus  slaughterhouse
xylosus, 6 days waste

Bio-surfactant
BOD-Balance™,  Raw and high
100, 250 and 500  FOG rendering
mg/L wastewater

Biogas yield 1T 10%
CHg yield 1 60%

e Free fatty acid content
1 1240%
e Lipids hydrolysed 1
39.5+6.8%
¢ Glycerol content 1
65%
e Proteins hydrolysed 1
32.7%
e Biogas yield 1 162-
292%
COD removed 1 30-
40.9%
e 35% of fat hydrolysed
during pre-treatment
e Digestion time | 5%
More effective on beef fat

e Lipid degradation
correlated well with
sCOD increase.
Increased biogas yield

Raw:
¢ pCOD removal 1 59-
96%
¢ sCOD removal 1 74-
100%
High FOG:

e COD removal rate
coefficient 1 164-238%
+164-247% pCOD
removal rate coefficient

Mayhew et al.
(2003)
Davidsson et
al. (2007)
Mendes,
Pereira and de
Castro (2006)

Masseé,
Kennedy and
Chou (2001);

Masse and
Massé (2003)
Affes et al.
(2017)

Nakhla et al.
(2003)

pCOD — Particulate COD; 1 - original value has increased, beyond 100%, by the given percentage.
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1.55.1  Enzymatic pre-treatment of AD feedstocks

Use of enzymes to enhance hydrolysis of macromolecules, and thereby
enhance the AD process, has been under investigation for many years. Through this
method, enzymes specific to the type of substrate being degraded are used to cleave
macromolecules such as polysaccharides (e.g. with amylase enzyme), proteins (e.g.
with pepsin enzyme) and fats (e.g. with lipase enzyme) into their lower molecular
weight products, ideally to monomers. While enzymatic pre-treatment of FOG has
received the greater deal of research into FOG pre-treatment, the majority of enzymatic
pre-treatment research has been focused on cellular feedstocks (Higgins &
Swartzbaugh 1986; Nagle et al. 1992; Romano et al. 2009; Sonakya, Raizada & Kalia
2001). Cammarota and Freire (2006) have performed a review of hydrolytic enzymes
in the treatment of wastewater with high oil and grease content and conclude that
further investigation is needed to determine the efficacy of these pre-treatments to
improve degradation of the relatively recalcitrant and problematic FOG component of

dairy and slaughterhouse wastewater.

Hydrolysis of pork and beef fat through enzymatic pre-treatment has been
demonstrated by Masse, Massé and Kennedy (2003). This investigation involved the
pre-treatment of abattoir waste with pancreatic lipase 250 (PL-250) at 25°C for 5.5
hours. Pre-treatment alone resulted in the hydrolysis of 35% of fat, while subsequent
digestion achieved 80% reduction in neutral fat and LCFA concentration 5% faster
than the controls. Methane content of biogas was unaffected by PL-250 pre-treatment.
Furthermore, Massé, Kennedy and Chou (2001) have stated that PL-250 is more

effective in the treatment of beef fat particles than treating pork fat particles.

Mobarak-Qamsari et al. (2012) investigated the effect of enzyme extract
preparation from Pseudomonas aeruginosa on synthetic dairy wastewater with 1000
mg/L total fat content. A treatment of 10% v/v with a lipase activity of 0.3 U/mL was
effective in enhancing removal efficiency of COD by 24%, and biogas production after
13 days of digestion by 102%. The researchers noted that these results indicate
potential to accelerate the digestion of FOG in the AD process. Mendes, Pereira and
de Castro (2006) also investigated enzymatic pre-treatment of lipid-rich dairy
wastewater. The lipase used was a crude preparation of porcine pancreas lipase with

activity of 1770 U/mg solid. Treatment with enzyme at 0.5% w/v affected increases in
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lipid hydrolysis, free fatty acid content, glycerol content, protein hydrolysis, COD
removal and biogas production by 39% + 6.8%, 1240%, 65%, 35.45% + 5.45%, and
227% + 65% respectively.

1.5.5.2 Biochemical emulsification of AD feedstocks

Bio-surfactants are typically used to pre-treat wastes high in FOG. These
substances contain both hydrophilic and hydrophobic structural components which
facilitate interactions between polar and non-polar compounds (Liu et al. 2015), in this

instance, fatty residues and the aqueous digestate.

A study by Nakhla et al. (2003) evaluated a cactus-derived bio-surfactant,
‘BOD-balance’, in the treatment of FOG-rich rendering wastewater prior to AD. With
a dose of 500 mg/L, BOD-balance affected reductions in tCOD and sCOD of 63.42%
and 73.21% respectively, an improvement of 29.71% and 36.07% respectively over
the controls. When trialled at full-scale, the addition of BOD-balance at 130-200 mg/L
affected a dramatic increase in biogas production and a drop in pH (amended with
sodium bicarbonate). The concentration of FOG and COD decreased by 84.6 and
40.9% respectively, and COD removal efficiency was noted to have increased from
20% to 64%. Furthermore, the authors of Nakhla et al. (2003) note that the
concentrations of bio-surfactant used in this study are very high due to very high FOG
content, as well as past accumulation of FOG in the digester. Accordingly, long-term
dosage may be lower than employed in this study. While biogas production was not
reported, methane content was measured to be 73%.

1.6 Relative performance of pre-treatment options

A number of factors need to be considered when selecting a pre-treatment
technology, including the relative performance, advantages / disadvantages of each
technology, and associated costs. Although pre-treatment has the potential to improve
anaerobic digester performance in the Australian RMP industry, there is significant
variation in biogas production reported in the literature for each technology (Poschl,
Ward & Owende 2010). Major sources of variation can be categorised as reporting,
digester, pre-treatment, and feedstock variations.

A general assessment of the advantages and disadvantages of different pre-

treatment methods with respect to a specific substrate are presented in Table 8. It is
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important to note that the advantages and disadvantages listed in Table 8 are relative
to the substrate being treated. Without standardised reporting, the current state of the
literature does not allow for any reasonable degree of comparison of pre-treatment
methods across substrates.

Table 8: Advantages and disadvantages of pre-treating WAS with different

technologies (originally adapted from Taherzadeh et al. (2008); Hendriks and Zeeman
(2009); further modified from Montgomery and Bochmann (2014)).

Mechanical
Milling e Increases surface area e Increased energy demand
¢ Makes substrate easier to handle ¢ High maintenance costs /
o Often improves fluidity in digester sensitive to stones etc.
High-pressure e Increases surface area e High heat and energy
homogenisation « Organic solvent free method demand
o Well established technology on large e Complex equipment
scale required
Ultrasonication® e Increases surface area e Increased energy demand
e Increased methane production e Probes require replacement
e No chemical addition every 1.5-2 years
¢ Low maintenance cost
Thermal
Hot water e Increases the enzyme accessibility ¢ High heat demand
¢ Only effective up to certain
temperature
Steam explosion ¢ Breaks down lignin and solubilises ¢ High heat and electricity
hemicellulose demand
¢ Only effective up to certain
temperature
Extrusion e Increases surface area e Increased energy demand
¢ High maintenance cost /
sensitive to stones etc.
Chemical
Acid ¢ Enhances organics hydrolysis ¢ High cost of acid
e Corrosion problems
e Formation of inhibitors,
particularly with heat
Alkali e Enhances organics hydrolysis e High alkali concentration
o Reduces fat particles in digester
e High cost of chemical
Ozonation e Destruction of pathogens
o Flexible operation
Biological
Microbial e Low energy consumption e Slow
¢ No lignin breakdown
Enzymatic e Low energy consumption e Continuous addition
required
e High cost of enzyme
Bio-surfactant e Dissolution of lipids e High cost of bio-surfactants
e Less toxic than anionic surfactants e Low commercial
production

@ Appels et al. (2008); ® Focus is on lipids; Saharan, Sahu and Sharma (2011)
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Assuming standardised reporting of methane production, it remains difficult to
produce a blanket energy assessment for pre-treatments. Every industry brings with it
a unique and challenging feedstock — Some of these include plant residues including
but not limited to lignocellulosics and pulps, WAS, municipal WWTP, manures from
livestock and poultry, FOG from kitchen waste, grease trap waste and oily products,
meat processing effluent, vegetable waste, slurries, offal, biosolids, cheese whey and
algal wastes (Dereli et al. 2012; Dhorgham, Sakthipriya & balasubramanian 2012;
Graja et al. 2005; Heo et al. 2003; Kopplow, Barjenbruch & Heinz 2004; Li & Jin
2015; Martinez-Soza et al. 2009; Massé, Kennedy & Chou 2001; Methanogen Ltd.
2010; Mladenovska et al. 2006; Taherzadeh & Karimi 2008; Zhu, Hsueh & He 2011).
Each of these substrates varies in composition (Labatut, Angenent & Scott 2011).
Within each industry, wastes are still subject to significant variation between
individual processors (UNSW 1998). In the RMP industry, variation will include the
degree of primary treatment, including the number, size and efficiency of screens,
DAF, contra sheers, screw presses, sterilisation and rendering (AMPC 2012). Other
factors that will impact waste include the degree of product recovery; size of a
slaughterhouse; water: waste ratio (i.e. dilution - not to be confused with moisture
content); species processed; and operating climate, and differences down to the week,
day and shift (Bauer 2011). Each waste source presents a novel characteristic profile
— carbohydrate: protein: lipid ratios, VS, TS, alkalinity and VFA content to name a
few (Alkaya & Demirer 2011). The impact of individual pre-treatment methods across
a range of feedstocks will vary due to the nature of the feedstock (Kim et al. 2003).
Unless the goal is to compare the effect of a static pre-treatment method across
feedstocks, it is unsuitable to compare the impact of multiple pre-treatment methods
unless the substrate is controlled. Furthermore, pre-treatment methods between
researchers can vary significantly. Consequently, this becomes a determination of
what parameters are most effective within a pre-treatment type on a specific feedstock.

Prior to digestion, pre-treatment may be applied at the discretion of the
operator. Pre-treatments, as discussed, include thermal, chemical, thermochemical,
mechanical and biological methods which are more or less suitable given the
application (Figure 6). Not only may a pre-treatment be unnecessary, one risk of pre-
treatment is that by increasing the amount of available compounds, a digester may
experience inhibition (Poschl, Ward & Owende 2010). This is a real potential, for
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example, in high-protein wastes with ammonia formation, and FOG-rich wastes which
break down to potentially inhibitory concentrations of LCFA and VFA (Batstone et al.
2000; Chen, Cheng & Creamer 2008). Furthermore, the degree of impact of a pre-
treatment depends on the waste that the pre-treatment method is applied to (Engelhart
et al. 2000). As a result of pre-treatments being targeted to a specific waste source, it
is difficult in the case of a review to draw appropriate material together for a reasonable

comparison.

Following pre-treatment, digestion methods also vary significantly. Digesters
are divided into either low-rate or high-rate systems. Low-rate anaerobic systems
include batch digestions, plug-flow reactors and lagoons and typically require a high
hydraulic (5-120 days) and solids retention time. Alternatively, high-rate anaerobic
systems include up-flow anaerobic sludge blanket (UASB), continuous stirred tank
reactors (CSTR), expanded granular sludge bed (EGSB) and AnMBR systems among
others (Appels et al. 2008; Dereli et al. 2012; van Lier 2008). These systems are heated
to either the mesophilic or thermophilic optimum temperatures of ~37°C and ~55°C
respectively, and receive active stirring or mixing. These high-rate systems typically
involve a de-coupling of the solids and hydraulic retention time and as such, can treat
equivalent volumes of wastewater with a HRT ranging from hours to days (Dereli et
al. 2012). Several things need to be taken into consideration when comparing energy
yield here. An important factor to consider is that some pre-treatments actively
improve reaction Kinetics without impacting total biogas production (Labatut,
Angenent & Scott 2011). Energy production must then be compared as a function of

time, not simply total methane produced.
1.7 Merit of pre-treatment methods in abattoir waste in Australia

Australian abattoirs stand to benefit substantially if an appropriate pre-
treatment method can be developed to improve the bioavailability and subsequent
conversion of FOG to methane. While no anaerobic digestion system currently deals
with FOG effectively, typically the more sophisticated the anaerobic digestion
technology, the less capable they are of handling FOG loads.

With the increasing popularity of overseas technologies being introduced to
Australian RMP plants it is important to note that the quality and biodegradability of
the effluent is key to maximise performance of these AD technologies. This is
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particularly important in light of the high strength nature of the waste water and
volumes produced in this industry. This is quite significant when the scale of capital
investment is considered which can be regarded as one of the largest inhibitors of
uptake of foreign AD technologies. The use of cost-effective pre-treatments to improve
the biodegradability of the wastewater will enable additional energy recovery with a
concomitant reduction in GHG emissions. The actual energy balance and costs is
dependent on a number of factors highlighted in the previous section. Further research
is needed to fully understand the economics of AD systems to meat processors. The
value of biogas, recovered non-renewables, treated water, and GHG mitigation to a
meat processor must be understood in order to put forward a strong financial case for
an AD system. Only once this is known, can an AD system and subsequent pre-

treatment of wastes for AD be valued.

Researched and speculated actions of the pre-treatment of effluents rich in fats
and oils from several origins presented in this chapter show new and promising
applications for the enhancement of the AD process. Of all the pre-treatments
discussed, ultrasonic, thermochemical and biochemical have shown greatest potential
in the degradation of high fat waste water in addition to some studies describing the
degradation of fats and oils by alkaline/acid/enzymatic hydrolysis. The greatest
increase in biogas production covered in this chapter was 227% + 65% using
enzymatic pre-treatment of lipid-rich dairy waste; however, it should be noted that
several articles investigating pre-treatment methods which do not concern themselves
with AD and biogas production have been reviewed. Regardless, there is evidence
from these investigations that these pre-treatment methods affect considerable
substrate degradation, and are subsequently worth investigation as pre-treatment
methods for FOG-rich AD substrates. Although carbohydrates and protein are
relatively easily digested, the challenge is to develop a pre-treatment method which
greatly improves FOG digestion to produce methane, and developing a digestion
protocol to optimally include FOG to improve biogas production while limiting the
inhibitory impacts associated with FOG-rich substrates.

Treatment efficiency and nutrient recovery of waste streams can also be
optimised through treatment of separate fractions of the waste stream (Deng et al.
2014). Aptly, Jensen et al. (2014) suggest that this concept be investigated in cattle

abattoirs, with treatment of individual waste streams. While this may indeed result in
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a greater degree of organic removal and nutrient recovery, this could be a relatively
expensive operation compared with digestion of a combined waste. However, this
could also provide excellent conditions by which FOG could be separated from the
primary waste streams, perhaps by dissolved air floatation, pre-treated and suitably

introduced to an AD system.
1.8 Summary of the literature

The Australian RMP industry is under pressure to reduce GHG emissions and
optimise energy consumption. Wastewater produced from fully integrated abattoirs in
Australia is high-strength and FOG-laden and contributes significantly to abattoir
GHG emissions. Although pre-treatment of wastes such as lignocellulosics and WAS
are commonplace, investigation of pre-treatment of FOG for AD is relatively rare.
Given the significantly higher theoretical methane content of FOG over carbohydrates

and proteins, it is surprising that FOG are only now being considered for pre-treatment.

Despite the fact that FOG has the potential to significantly enhance biogas yield
from AD systems, FOG can also produce several problems. Pre-treatment may be
critical in reducing problems caused by FOG, including pipeline blockages, adhesion
to sludge, and inhibition of mass transfer of nutrients, problems which ultimately lead
to anaerobic lagoon failure. However, there is potential that pre-treatment may worsen
problems, in particular inhibition of mass-transfer due to LCFA adhesion to sludge.
This may be overcome by diluting pre-treated fatty substrates with co-substrates.
While it remains to be seen whether pre-treatment of FOG is economically viable,
investigation must first be conducted to identify suitable pre-treatment methods for an
optimised process. Once a process is optimised, FOG digestion will help to ease the
impact of rising electricity and water prices in industry, as well as reduce GHG

emissions.

This chapter highlights several knowledge gaps in the literature. There is a
distinct lack of standardisation when reporting on AD investigations. This makes
meaningful comparison across the literature a difficult task. Also prominent is the lack
of investigations that focus on FOG-rich wastes, regardless of the potentially enormous
benefit from enhanced methane production. Once standardised reporting has been
established across the literature, it will be possible to produce a reliable cost/benefit

analysis to better advise industry on the best course of action to provide optimal
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digestion of their waste, and subsequently, optimal methane production. While there
are some investigations into pre-treatment of FOG-rich wastes, further research is
needed to understand the mechanisms by which pre-treatments impact the FOG
component of wastes — investigations which would benefit greatly from standardised
reporting. There is little-to-no literature which advises industry on how to handle crust
material once it has accumulated. While AnMBR reactors represent a possible solution
to digest FOG-rich wastes and avoid the complications associated with crust
formation, more research is needed to understand the fate of FOG in these reactors.
These knowledge gaps need to be addressed in order to improve performance and
further the development of AD technology through industrial uptake.

1.9 Objectives of the study

The comparative review of various pre-treatments revealed that there is merit
in applying these methods to high-fat slaughterhouse waste in an effort to increase AD
performance and overcome associated operational issues. Hence the research
described in this thesis was concerned with evaluating pre-treatments to improve the

performance of high-fat abattoir wastewater in an anaerobic digestion system.
The scope of this investigation encompassed two main objectives:

e To compare the biochemical methane potential of high-fat slaughterhouse
waste when subjected to four different pre-treatment methods, namely
chemical, thermobaric, thermochemical and bovine bile (as a novel bio-
surfactant);

e To apply the best pre-treatment as deemed from the results of BMP tests and
assess continuous anaerobic digestion performance of high-fat slaughterhouse

waste in a lab scale study.
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Methodology

To address the objectives, the experimental design followed a 2-phase, 5-stage
approach (Figure 9). For full methodology refer to Papers II, Il and IV in
Appendices B-D.

Stage 1: Wastewater characterisation Phase 1:
Initial
assessment
Stage 2: Pre-treatment of wastewater
Stage 3: Comparative assessment of pre-
treatment using batch BMP

Stage 4: Monitoring of continuous anaerobic

digestion
Phase 2: Extended

monitoring of

anaerobic digestion Stage 5: Assessment of anaerobic digestion in
under continuous

operation

Figure 9: General outline of project experimental design.

a continuous bio-reactor

The first phase (stages 1-3) represented the initial assessment of pre-treatment
effect on the substrate using BMP testing, while phase 2 (stages 4-5) was concerned
with assessing the performance of the substrate using a single pre-treatment under
continuous digestion. In stage 1, waste materials were characterised to provide a
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baseline to measure the effect of pre-treatment on the substrate. Stage 2 involved
application of pre-treatment to the substrate, and subsequent analysis of substrate
characteristics to measure change due to pre-treatment. Under stage 3, substrate was
subject to BMP testing and results were analysed for the effect of pre-treatment on
specific methane production and digestion profile (i.e. change in reaction kinetics,
inhibition finish time). To conclude phase 1, the most promising pre-treatment was

selected for use in continuous digestion experiments.

Phase 2 involved continuous digestion experiments, the next progression after
BMP analysis in investigating a substrate for suitability in anaerobic digestion. This
progression allowed for regular feeding intervals, with control over hydraulic retention
time, organic loading rate, and the ability to investigate the health of the digestion
system with respect to pH, VFA concentration, and buffering capacity. Stage 4
involved monitoring of continuous digestion of pre-treated high-fat abattoir waste in a
BioReactor Simulator (BRS; Figure 10; BioProcess Control, Sweden). During this
stage, anaerobic reactors were operated for 70 days. Monitoring included daily
substrate addition, digestate collection, and regular analysis. Biogas flow rate and
volume was measured in real time. pH was measured daily, while biogas composition,
VFA, total alkalinity, total and volatile solids, ammonium content, and fat, oil and
grease content were measured twice weekly. Stage 5 was conducted in parallel to stage

4, and involved the critical analysis of the data collected in stage 4.
2.1 Methodology overview

This overview of methodology contained in this section is to supplement the

detailed information provided in Papers 11-1V.
2.1.1  Inoculum, substrate and bile collection

For Papers Il and 1V, inoculum was collected from the recirculation pump
servicing a covered anaerobic lagoon as a nearby cattle slaughterhouse. For Paper 111,
inoculum was sourced initially from the same site as for Paper 11, but due to on-site
complications, inoculum quality was compromised, and was no longer capable of
achieving the benchmark of 80% in the microcrystalline cellulose control as specified
by Verein Deutscher Ingenieure (2006). An alternate inoculum was sourced from a

wastewater treatment plant prior to sludge thickening. Once collected, inoculum was
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transferred back to the laboratory and incubated at 37°C until use, typically 4-10 days
later.

The substrate used in Papers I1-1V was DAF sludge sourced from a nearby
cattle slaughterhouse. DAF sludge was collected from the weir of a DAF unit treating
green stream waste - a collection of paunch wash, tripe wash, boning, stick water, bone
chip and render waste. In Paper IV DAF sludge was combined with green stream

waste. Substrate was transferred back to the laboratory and stored at 4+1°C until use.

Bile was collected from below the kill floor of the red meat processing plant.
During the slaughter process, the animal is eviscerated, and the gall bladder is removed
from the liver. The gall bladder is slashed and bile is drained into a collection drain
which exits above a 1 m? intermediate bulk container (IBC). Bile for these experiments
was collected from this drain, above the IBC. Bile was transferred back to the lab on
ice and stored at 4+1°C until use. While bile was dosed per unit of reactor volume in
Paper 111, supplementary table 2 at the end of Appendix C shows these dosage
calculated as bile addition per unit of FOG.

2.1.2  Biochemical methane potential

Batch BMP tests were conducted using the Automated Methane Potential Test
System Il (AMPTS 11) in accordance with the guidelines set forth in VVerein Deutscher
Ingenieure (2006). No trace elements, vitamins or nutrients were added to digesters in
addition to what is contained in the substrate. While BMPs are conventionally
performed at an inoculum to substrate ratio (ISR) of 2:1 on the basis of VS, an ISR of
3:1 was used in this work. This ratio gave good results in preliminary experiments,
reducing inhibition and foaming, and providing a margin by which to avoid
overloading with fatty or inhibitory substrates. Gas produced by the reactors is passed
through scrubbers of 3M sodium hydroxide, designed to remove carbon dioxide from
the gas. Scrubbed gas passes to flow cells in a data acquisition instrument (DAI) which
measures the amount of volumetric methane and produces an output corrected to
standard temperature and pressure (0°C, 1 atmosphere) and is corrected for moisture
content. Results are captured as normal millilitres (mLx CHa), corrected for VS load,
and reported as SMP (mLn CHa/g VS).

As digesters are loaded on basis of VS, the masses of substrate and inoculum
loaded into digesters has not been reported. These values were considered
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inconsequential, as inoculum and substrate VS content is can be dynamic across a
broad range, and reporting masses would make reproduction of the work difficult.
However, given the reported inoculum and substrate VS, as well as the ISR and final
mass of the reactor liquid, the following equations (1) and (11) can be used to calculate

the masses added.
M=MRr/(((VSI/ISR)/VSs)+1) 1)
Ms=Mgr-M, 2

Where M; is the inoculum mass, Ms is the substrate mass, Mr is the reactor
liquid mass, VSs is the % VS of fresh matter of the substrate, V'S, is the % VS of the
inoculum fresh matter, and ISR is the inoculum to substrate ratio on basis of VS.

As the VS content of a substrate can be altered as a result of pre-treatment, it
was important that reactors be loaded based on the VS content of the untreated
substrate. This allowed for any change in BMP resulting from pre-treatment to be
accounted for. For Paper 111, supplementary table 1 lists the TS and VS content of the

inocula and substrates as a percentage of fresh matter.
2.1.3  Curve fitting and reaction kinetics

Results from BMP tests were assessed for reaction Kinetics using two
equations; a growth curve logistic equation (Equation 3), and a modified Gompertz
Equation (Equation 4; Ghatak & Mahanta 2014). Curves were fitted to the data to

acquire rate constants and lag periods using SciPy optimisation curve-fit routine.

_ Bo
T 14e—k(t-to) (3)

From equation 3, B is the cumulative specific methane potential (SMP; mLy
CHa/g VS) at time t (days); Bo is the maximum SMP achieved by end of digestion; k
is the rate constant; To is the time at which maximum production rate occurs. The

function is weighted using standard deviation to achieve a better fit.
Ue

From equation 4, B is the cumulative SMP at time t; BO is the maximum SMP

achieved by end of digestion; U is the kinetic constant of methane production rate; A
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is the duration of lag phase in days, used here to represent inhibition. Equation is
unweighted.

2.1.4  Continuous digestion

While batch digestions are effective at determining the specific methane
potential of a substrate, they do little to elucidate the long-term sustainability of an
anaerobic digester treating the substrate in question. Continuous digestion experiments
are the next progression after batch BMP experiments. These systems allow
researchers to investigate the large-scale application and potential of a substrate.
Substrates for continuous digestion should be chemically analysed for macromolecule
content, total organic carbon, total nitrogen, as well as a suite of elements including
phosphorus, sulphur, iron, nickel, cobalt, molybdenum, tungsten, manganese, coper,

selenium and zinc (Schmidt et al. 2014).

Continuous digesters are controlled for temperature, stirring/agitation, and
experiments are designed with an OLR and HRT in mind to simulate industrial
performance. Under these conditions, reactors can be acclimatised to new substrates,
and their OLR and HRT can be modified over time to optimise biogas yield while
maintaining a high degree of substrate degradation. Reactors can be fed continuously,
or at regular intervals, and digestate is collected from the reactors as a result.

Regularly collected digestate allows for process monitoring, in which pH,
VFA, alkalinity, ammonium, and various other parameters can be measured to assess

digester performance.

Continuous digestion experiments were conducted using the BRS system
(Bioprocess Control, Sweden; Figure 10). This system consists of 6x2 L bioreactors
(BR), temperature controlled by a thermostatic water bath, and stirred by an agitation
system attached to the reactor. Gas produced by the system is measured automatically
by the DAI flow cells in an accompanying water bath. Each flow cell sends data to the
database (DB), which is then accessed by the user through the website. Data is stored

remotely on file storage for later access.

By operating continuous digesters in lab-scale, researchers can simulate the
operation of large-scale industrial reactors. These digesters are typically temperature
controlled, stirred systems in which the OLR, HRT and solids retention time (SRT)

40



can be controlled more strictly than in an industrial application. For the continuous
digestion work outlined in this thesis, a HRT of 8 days was used to emphasise the
effect of the pre-treatment by rapidly turning over the digestate with fresh substrate.
Furthermore, SRT was decoupled from HRT by allowed sludge to settle prior to
digestate collection. This allowed for a retention of active biomass within the digester
and consequently promoting degradation. Continuous systems also allow for regular
measurement of key parameters to observe for changes in digester performance. These
parameters include pH, VFA, alkalinity, ammonium, VS and TS, COD, FOG, and any
other parameters a researcher may be interested in.

v
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Figure 10: Visual representation of the BioReactor Simulator (Strémberg et al. 2012).
BR — Bioreactor; DAI — Data Acquisition Instrument; DB — Database; FS — File

storage.



Results & Discussion

3.1 Review of pre-treatments used in anaerobic digestion and their potential

application in high-fat cattle slaughterhouse wastewater

The literature review presented as Paper | was required to identify
technologies and methods which showed particular promise in the treatment of
substrates which contain high concentrations of FOG. Paper | identified that, while
fatty material has a large potential to generate methane, the problems associated with
utilising such feedstocks in anaerobic digestion tend to be more of a hindrance than a
benefit. As a consequence, very little research has been conducted on the pre-treatment
of fatty substrates, and instead research has tended to lean toward co-digestion (Li,
Champagne, & Anderson 2013). The exploration of pre-treatment methods and
technology in this chapter enabled the research to focus on technologies which were
considered more likely to be viable candidates in which pre-treatment would generate
a favourable outcome. Accordingly, thermobaric, chemical, thermochemical,
ultrasound, enzymatic and bio-surfactant methods identified as potentially beneficial
pre-treatment methods. Due to expense of enzymatic pre-treatment was excluded from
further investigation, and while ultrasonic pre-treatment was investigated,
complications with the equipment prevented publication of the results. Consequently,
thermobaric, chemical, thermochemical and bio-surfactant pre-treatments were

utilised in work moving forward.
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3.2 Evaluation of chemical, thermobaric and thermochemical pre-treatment on

anaerobic digestion of high-fat cattle slaughterhouse waste

Stoichiometry and co-digestion experiments in the literature both indicated that
addition of fat in anaerobic digestion systems can increase methane yields. However,
fat is a generally problematic material. Pre-treatment has potential to not only reduce
the problematic aspects of fat addition, but also further increase methane yields. While
a large body of work exists concerning the pre-treatment of a wide range of substrates,
there has been little work regarding the pre-treatment of high-fat waste, with particular
rarity in the context of RMP waste. Paper | identified 6 pre-treatment categories that
have potential to enhance biogas yield. From these, thermobaric, chemical,
thermochemical, and bio-surfactant pre-treatment methods were used to pre-treat high-

fat abattoir waste prior to anaerobic digestion.

It was hypothesised that application of these pre-treatments to a FOG-rich
substrate would aid in the anaerobic degradation of the substrate. Paper Il documents
the investigation of thermobaric, chemical and thermochemical pre-treatment of DAF
sludge, and subsequent batch BMP testing. DAF sludge is a high-fat cattle
slaughterhouse waste stream that is generally sent to a rendering plant for conversion
into tallow, and is of identical chemical composition to the fat which remains
uncaptured by fat-removal technology. Results from this investigation were therefore
considered translatable to pre-treated fat on-site. The effect of pre-treatment on the
substrate was assessed by measuring COD solubilisation and VFA formation. BMP
testing was conducted to assess methane production and the effect of pre-treatment on
the digestion profile with respect to inhibition, rate kinetics, equivalent digestion time,

and total digestion time.
3.2.1  Thermobaric pre-treatment

The results reported in Paper Il were encouraging. The effect of thermobaric
pre-treatment was in accordance with the alternative hypothesis that thermobaric
treatment aided in the anaerobic digestion of high-fat abattoir waste. SCOD, reported
as a percentage of total COD, increased from 16.3% to 20.84%, an indication that
larger, insoluble macromolecules have been hydrolysed to lower molecular weight,
and soluble products. As hydrolysis is the rate limiting step for complex
macromolecules in anaerobic digestion (Appels et al. 2008), this should reduce lag
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phase inhibition. Indeed, BMP testing produced a digestion profile completely free of
lag-phase inhibition. Although the rate constant was reduced in the thermobaric
treatment, linear digestion began 5 days earlier than the control, resulting in much
greater methane yield at all times during digestion. Total digestion time was increased
from 12 days to 14 days in the thermobaric treatment, allowing for an increase in
methane yield by 8.32%. However, the thermobaric treatment achieved equivalent
methane yield to the controls by roughly day 9, around 25% earlier than the controls.
When considered for continuous digestion, this presents the operator with 2 options.
In an industrial context, if the primary interest is to reduce organic content, an operator
could allow this digestion to continue to completion at 14 days and achieve the 8.32%
increase in methane yield. However, the thermobaric trials required only 9 days to
break even with the final yield achieved by the controls at day 12. Therefore, the
thermobaric trials required 5 days to achieve only 8.32% extra methane yield. If the
primary interest is to produce energy, a reduction in HRT would take advantage of
much greater reaction kinetics in the thermobaric treatment, utilising the 5 day period
to gain much more methane (i.e. 440 mL) than completing digestion (77 mL) (Table
9). Alternatively, given that the system is capable of degrading the same amount of
organics in a reduced time-frame, increasing the OLR would allow for much greater
methane yield to be achieved within the original 12 day completion time of the control.
This, in effect, is similar to decreasing the HRT. Similar results were reported by Li
and Jin (2015) in which thermal pre-treatment reduced the retention time necessary for

acidification by 5 days.

In industrial application, it is common for OLR to be dictated by volumetric
throughput, not by adjusting the organic content in the waste stream. Consequently,
OLR and HRT tend to be linked, and an increase in OLR coincides with a decrease in
HRT. An economic analysis of thermobaric pre-treatment indicated that active heating
of the substrate would not be economically viable. However, heat exchange would
significantly reduce the cost of active heating, and would improve the economic
viability of such a pre-treatment.
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Table 9: Effect of pre-treatments on substrate and AD parameters.

Treatment Thermal Chemical Thermochemical Bile 0.6
g/L

SMP +8.32% +3.28% +8.49% +7.08%
Lag phase -100% 0% -20% 0%

Rate constant ! - ! -5.66%
sCOD +4.50% +31.9% +34.40% 0%
VFA -64% +27% +128% 0%

Teo -16.67% -16.67% -8.33% -12.12%

TrIN +8.33% 0% +8.33% +3.03%

Teq — Time required to achieve a methane yield equivalent to the control at Trin

While methane yield and reaction kinetics were influenced positively by pre-
treatment in this investigation, economic assessment produced a less favourable
outcome. Pre-treatment with sodium hydroxide would result in a net loss of 51% of
operating cost. With respect to thermobaric pre-treatment, economic assessment
indicated that, depending on water content, losses ranged from 97% to 61% of
operating cost. However, this assessment was based entirely on active heating, and
ignored potential for heat-exchange, or for the value of minimising problematic
interactions with fatty material. Consequently, there may be value in thermobaric pre-

treatment, and these outcomes could be supported by further investigation.

There remains some concern about the reaction vessel used in these
experiments remaining sealed during the thermobaric pre-treatment. Schott bottles are
designed so that under sufficient pressure, the lid will become loose to release the
pressure to prevent the glass bottle from exploding. Under the conditions of
thermobaric pre-treatment (121°C, 15 psi, 20 min.), if the seal of the reaction vessel
became compromised, loss of VFA would be inevitable, and result in a loss of biogas
potential. Similar losses in organic content were measured by Park et al. (2017), in
which following pre-treatment at temperatures ranging from 170-220°C under 1.7-2.0
MPa respectively, TS was reduced from 20.4% wi/w in the untreated substrate to 6.1-
7.2% w/w, and TCOD was reduced from 26.8 g/L to 8.5-11.3 g/L following
hydrothermal pre-treatment. In this instance, the researchers note that following pre-
treatment, the residual steam was discharged from the reactor, and reaction products
were removed. This could be solved by acquiring a pressure vessel and performing

pre-treatment such as in Wilson and Novak (2009)
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It would also have been valuable to assess the effect of pre-treatment on the
species of LCFA and VFA produced as a result of pre-treatment. Wilson and Novak
(2009) demonstrated that LCFA respond better to thermobaric pre-treatment with
increasing degree of unsaturation. Furthermore, the authors also demonstrated that
fatty acid with a higher degree of unsaturation degrade to form more acetic and
propionic acids, while saturated fatty acids tend to produce more valeric, caproic and
heptanoic acid (Wilson & Novak 2009). As approximately half of the LCFA found in
beef tallow is unsaturated, and the majority of this is only mono-unsaturated, it is likely
that a large degree of valeric, caproic and heptanoic acid may have been produced by
the pre-treatment process. While the results of research into the inhibitory effect of
various species of VFA vary, it is clear that the health of a reactor cannot be defined
by a generic VFA concentration (Franke-Whittle et al. 2014).

3.2.2  Chemical pre-treatment

The performance of the chemical pre-treatment was consistent with the
alternative hypothesis, that pre-treatment would enhance anaerobic digestion of the
high-fat substrate. Soluble COD was increased from 16.3% to 48.2% (Table 9). This
increase in soluble organics is likely due to the saponification of fatty material to form
sodium salts of LCFA, although Kim et al. (2003) demonstrated a significant capacity
for chemical pre-treatment with sodium hydroxide to solubilise protein. Treatment had
also degraded organics to yield VFA, indicated by an increase in VFA by 27%. Pre-
treatment reduced inhibition by approximately 1 day, and similar to the thermobaric
pre-treatment, achieved an equivalent yield to the control 2 days faster. Total digestion
time was prolonged by 1 day, for a methane vyield increase by 3.28%. This
improvement lends the same benefits as discussed with respect to thermobaric pre-
treatment, regarding OLR and HRT.

3.2.3  Thermochemical pre-treatment

The effect of thermochemical pre-treatment was consistent with the alternate
hypothesis that pre-treatment would improve the anaerobic digestion of high-fat
abattoir waste. Like the chemical treatment, SCOD was increased from 16.3% to
50.7% (Table 9). The combination of chemical and thermal aspects greatly improve
VFA content by 128%. These results indicate that saponification of the fats, and

solubilisation of protein has occurred, as in the chemical trial, with the enhanced
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hydrolysis seen in the thermobaric trial. Lag-phase inhibition was reduced by 20%,
with a distinct increase in the rate of gas production. However, it appears that the
chemical component of the thermochemical treatment limits the ability of the thermal
component to reduce inhibition. Total digestion time was extended by 2 days for an
increased methane yield by 8.49%. Thermochemical treatment achieved the final yield
of the control around 1.5 days in advance, opening up the opportunities with respect

to adjusting HRT and OLR to increase yields under continuous digestion.

3.24 Economic assessment of chemical, thermobaric and thermochemical

pre-treatments

A simple economic assessment was conducted for chemical, thermobaric and
thermochemical pre-treatments in Paper Il. A number of assumptions were made for
the simple economic assessment. First, the assessment considers ongoing costs, but
not the capital required for infrastructure. Secondly, the flow-on effects that pre-
treatment may have on digester operation, such as greater treatment efficiency, impacts
on crust accumulation and sensor fouling, etc., are not considered here. Thirdly, the
value of extra heat generated from CHP, is not considered here.

The economic assessment for the chemical pre-treatment based on the
application of 7 g NaOH/L as used in this study. Sodium hydroxide pellets could be
purchased for $467 Australian dollars (AUD) per 1000 kg, enough to treat 143 m? of
FOG-rich waste. With an improvement in biogas yield of 3.28%, this would be worth
AUD $185 as electricity, or AUD $229.60 to offset natural gas. This is insufficient to
cover the cost of sodium hydroxide, and is likely not an economically viable pre-

treatment option.

Experimentally, thermobaric pre-treatment yielded an extra 8.32% methane
yield. Treating 143 m® of FOG-rich waste, the same volume of waste as determined in
the chemical pre-treatment, this would yield an extra 28172 MJ. Converting to
electricity with 40% efficiency provides 3130 kWh. The value of this as electricity is
AUD $470, and used to offset natural gas would be worth AUD $230. However, the
cost of performing this pre-treatment is heavily dependent on the water content of the
waste. With a specific heat capacity of 4.18 J/g/°C, water is energetically expensive to
heat, and the economics of the pre-treatment could be improved through dewatering.

For instance, with a moisture content of 85.44%, 117.2 MWh of electricity would be
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required to heat 143 m® of material from 40 to 100°C. At an estimated cost of AUD
$0.15/kWh, this would cost AUD $17580. In contrast, if 90% of the moisture content
were removed, the cost to heat would be around AUD $3045. These calculations
highlight that active heating of the material is not a viable option to take advantage of
the effects of pre-treatment in this situation. However, utilisation of waste heat from
CHP or from other plant processes could significantly reduce the need for active

heating, and improve viability of thermobaric pre-treatment in an industrial setting.

Like the thermobaric and chemical pre-treatments, the economic viability of
thermochemical pre-treatment is subject to the cost of heating and the cost of sodium
hydroxide. Given that these separate treatment methods are not viable,
thermochemical treatment will also require either cheaper cost of treatment, or better

return on investment to become economically viable.

3.25 Limitations and future work

e Batch digestion

The work presented in this section represents a small fraction of the potential
work in this field, and there are many other pre-treatment options that may produce
benefits under BMP testing. From the literature review, ultrasound, enzymatic,
microwave and advanced oxidative techniques pre-treatments were also identified as
having potential to enhance the anaerobic digestion of high-fat substrates.
Furthermore, there have been a host of microbial bio-surfactants identified, which may
be valuable pre-treatment options for high-fat substrates. Each of these experiments
should investigate a range of pre-treatment conditions, i.e. a range of temperatures,
doses/concentrations, energy inputs, exposure time, etc. to find the optimal conditions

for treatment.

With respect to the thermobaric, chemical and thermochemical pre-treatment
methods which were the focal point of Paper Il, these methods should be further
investigated to identify the optimal conditions for these pre-treatments to be conducted
under. In particular to chemical pre-treatment, although sodium hydroxide has been
identified as the most effective alkali for the degradation of waste activated sludge,

other alkalis could be tested to determine the best chemical for the degradation of lipid.
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¢ Quantitation of free fatty acid liberation from bound fatty acids

Quantitation of the degradation of bound fatty acids (e.g. triglycerides,
diglycerides) to free fatty acids (FFA) is useful to understanding the effect of a pre-
treatment. This is difficult to achieve, as methods typically cleave LCFA from glycerol
prior to derivatisation to fatty acid methyl esters, and are thereby inappropriate for
extracting FFA. Likely due to the specific nature of the experiment, these tests are not

performed commercially in most instances.

Attempts were made in this study to extract free fatty acids from a mixture of
free and bound fatty acids. Known quantities of water and lard were mixed to simulate
an environmental sample. Aqueous samples were acidified to below pH 2 with acid.
Attempts were made with both hydrochloric and sulphuric acids. Following
acidification, the lipid soluble fraction was extracted in hexane. Extraction of free fatty
acids from the hexane was attempted with base. Attempts were made with both 0.1 M
sodium hydroxide, and 0.1 M potassium hydroxide. The aqueous layer was collected
and acidified to below pH 2, and lipids were extracted into the hexane. Solvent was
evaporated under a compressed air stream, and vacuum dried in a desiccator with
sodium hydroxide pellets. Dried sample was trans-esterified with 14% boron tri-
fluoride in methanol for 24 hours at 50-55°C. Samples were analysed using a Shimadzu
GC-2010 gas chromatograph with mass spectrometer GCMS-QP2010 plus gas
chromatograph mass spectrometer, with an RTX-5 capillary column (30 m x 0.25 mm
X 0.25 pum, serial number 801339)

Recovery of the free fatty acids proved difficult. Attempts to analyse FFA
extracted from lard, as a more controlled material, and later DAF sludge, produced
insufficient signal-to-noise ratios for the peaks to be detected, indicating a failure in
the extraction process. Repeated failures to achieve FFA extraction from a mixed
sample led to seeking to outsource the method to a commercial lab. While lipid
profiling is common in commercial laboratories, the separation and quantitation of
FFA and bound fatty acids is not routinely performed. The concept of separating FFA
from bound fatty acids was consequently abandoned in favour of producing lipid

profiles as a far simpler, yet much less informative alternative.

Although lipid profiles were produced, quantitation of the fatty acids of interest

was difficult. Commercial analysis of the LCFA standard was performed using a 100m
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column. By comparison, a 30m column was used for these analyses. While separation
of peaks for the most part was good, separation of C18:1, C18:2 and C18:3 was not
possible. Attempts to achieve peak separation included decreasing the temperature
ramp rate surrounding the elution time of these fatty acids, and introducing isothermal
periods at the expected elution times. Despite several attempts to achieve peak
separation, all efforts were ineffective.

An effort should be made to separate bound fatty acids (i.e. tri-, di-, mono-
glycerides) from free fatty acids in environmental samples. This would help to
determine how effective a pre-treatment is at degrading fatty substrates, and learn how
the fats are degraded with respect to pre-treatment. Furthermore, this would help to

discern how pre-treatments aid or detract from the AD process.
e Particle size analysis

Determination of particle size, particularly micellar diameter is of particular
interest with respect to FOG pre-treatment. One aspect of FOG which makes digestion
difficult is the property of hydrophobicity and the tendency for lipids to group together,
as either clumps or micelles. This grouping reduces the surface area to volume ratio of
the mass of fat, and consequently reduces the area available for enzymatic cleavage to
occur. Particle size analysis aids in the understanding of the mode of action of the pre-
treatment, or whether a method has been effective at improving the degradability of
the substrate. Particle size analysers were considered for this study but were not

available.

3.3 Bovine bile as a bio-surfactant pre-treatment option for anaerobic digestion of

high-fat cattle slaughterhouse waste

In addition to the thermobaric, chemical and thermochemical pre-treatment
methods investigated in Paper 11, Paper | also identified bio-surfactant addition as a
potentially viable pre-treatment method. Bile is a novel bio-surfactant which in vivo
acts to improve the surface area-to-volume ratio of lipids for the purpose of improving
the rate of enzymatic degradation of these lipids to long-chain fatty acids, and
subsequently, volatile fatty acids. It was this action for which bile was considered for

pre-treatment for the anaerobic digestion of high-fat abattoir waste.
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Paper I11 investigates the use of bovine bile as a novel bio-surfactant to aid in
the anaerobic digestion of DAF sludge. As the pre-treatment is novel, a suite of doses
were determined arbitrarily, however, inspiration was drawn from Nakhla et al. (2003)
with their use of ‘BOD-balance’, a bio-surfactant extracted from cacti that yielded
favourable outcomes. It was hypothesised that the addition of bile to high-fat abattoir
waste would benefit the anaerobic digestion process. This would be realised in an
improvement to the digestion profile of the high-fat waste, measured by either a
decrease in inhibition and digestion time, an increase in reaction kinetics, or an
increase in methane yield. Three individual digestions were performed to collect the
data for this investigation, and highlighted that the effect of pre-treatment on the
anaerobic digestion process depends significantly on the composition of the substrate

and quality of the inoculum.

The effect of bile dosed at 0.2-1 g/L was consistent with the alternate
hypothesis that bile addition would enhance the anaerobic digestion of high-fat abattoir
waste. While there was no improvement in the digestion profile, an increase in
methane yield of 7.08% was measured with a bile dose of 0.6 g/L. Addition of bile
showed no improvement in solubilising COD, nor did it increase VFA content (Table

9). The mode of action was likely emulsification of fatty material.

Bile dosed at 0.2-1 g/L with sludge acquired from a WWTP, treating substrate
with a DAF sludge with very high fat content produced a significant increase of up to
7.08%. Conversely, bile dosed at 1-6 g/L with sludge acquired from a red meat
processing facility treating a DAF sludge with relatively low fat content produced
negligible influence with 1-2 g bile/L. At concentrations of 3-6 g/L, bile produced
inhibition that increased exponentially with increasing dose. Reaction kinetics
declined linearly with increasing dose, declining to half the control value with a dose
of 6 g bile/L. Lag-phase inhibitory duration increased by up to 79%, time required to
achieve peak methane production was delayed by up to 74%, and total digestion time
was slowed by up to 65%. At a dose of 6 g bile/L, methane yield was reduced by 6%.

An anaerobic toxicity assay was also performed to assess the effect of bile
dosed at 1-6 g/L to reactors digesting cellulose as a standard substrate. Although
WWTP sludge was used for the toxicity assay, the results of the high-dose BMP were

replicated, albeit to a lesser extent.
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3.3.1  Economic assessment of bile pre-treatment

The economic viability of using bile as a bio-surfactant was briefly assessed.
In comparison to the current use of bile as a sale product to pharmaceutical companies,
the addition of 0.2 g bile/L to existing slaughterhouse waste streams could increase the
value of bile, through biogas production, to 220% of its current sale value. In contrast
with the pre-treatment options trialled in Paper Il, bile was the only option which

produced a positive economic outcome under the conditions outlined in Paper 11.

3.4 Impact of thermobaric pre-treatment on the continuous anaerobic digestion of

high-fat cattle slaughterhouse waste

The results of Papers Il and 111 formed the basis for the next stage of work,
Paper 1V, in which bile, chemical, and thermochemical pre-treatments were
eliminated as viable options for pre-treatment of DAF sludge. Low-dose bile produced
up to 7.08% increased methane yield, while high-dose bile pre-treatment resulted in
decreased methane yields, reduced reaction kinetics, and increased inhibitory effect.
While chemical treatment enhanced methane vyields, the increase was minor in
comparison to that obtained by thermobaric and thermochemical pre-treatments
options. Although the thermochemical pre-treatment produced marginally more
methane than the thermobaric pre-treatment, the addition of sodium hydroxide
appeared to be a largely ineffective component of the pre-treatment process.
Subsequently, thermobaric pre-treatment, with an increase in methane yield by 8.32%,
and 100% reduction of inhibition, was selected to progress to continuous digestion
experimentation (Paper V).

While the simple economic assessment was not favourable for thermobaric
pre-treatment, the reduction in treatment time and increased rate of methane
production may allow for more consistent use of gas-fired boilers, and offset

consumption of coal, or other fossil fuels to yield a positive economic outcome.

It was hypothesised that thermobaric-treated DAF sludge would improve
substrate utilisation under continuous digestion conditions, resulting in either
increased methane yield and/or increasing substrate degradability (Paper I1). While
an increase in methane potential would be a good outcome, an increase in substrate

degradability appeared to be the most beneficial aspect of the thermobaric treatment.
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This would allow for more regular feeding intervals (i.e. a reduced HRT), or
conversely, an increase in OLR, and subsequently a higher daily rate of gas production.

Thermobaric pre-treatment of DAF sludge and subsequent digestion in CSTR
reactors was not beneficial to the digestion process. Treatment resulted in reduced
biogas and methane yields by approximately 12%, which may be a result of VFA loss
during pre-treatment. Such losses were also exhibited by Park et al. (2017). Reactors
digesting thermobaric-treated DAF sludge experienced greater instability in pH, VFA
and VFA:TA ratio, greater accumulation of FOG, and a higher production of hydrogen
sulphide. VFA content was higher in the reactors receiving thermobaric-treated
substrate over the first 30 days, which may be a result of a more readily degradable

substrate, and contributed to a consistently lower digester pH over the first 44 days.

H>S concentrations were 56% greater on average, indicating a greater
degradation of protein in the thermobaric-treated substrate. The increased FOG and
decreased OLR produced with the fresh batch of substrate from day 34 onward caused
the digesters to fail by day 43. Addition of Mg(OH). rapidly recovered digester pH,
biogas production and significantly reduced H»S concentrations. Extraction of fully-
mixed effluent samples from day 48 onward induced a critical loss of active biomass,
ultimately causing digester failure. It is possible that the addition of trace elements to
the reactors could have both improved reactor stability and prolonged digestion under
the conditions of this experiment (Schmidt et al. 2014). It was speculated that the large
variations seen in substrate characteristics between all stages of investigation played a

large role in influencing the effect of pre-treatment.

3.5 Limitations and future work

e Continuous investigations

In comparison to the batch digestion, while work performed in Paper Il
yielded encouraging results, application of thermobaric-treated DAF sludge to
continuous digestion was not beneficial. Such conflicting results have been reported
previously. For example, Schwede et al. (2013) thermally treated microalgae and
produced a 185% increase in methane yield under batch conditions. However, under
continuous digestion, an increase of only 108% was recorded. Similarly, Zhang, Su
and Tan (2013) measured on average 29% less methane produced from substrate

digested in continuous systems when compared with batch systems.
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Although simple BMP tests give a good indication of the amount of biogas and
methane that can be ultimately produced from a substrate, these tests do not accurately
reproduce the conditions of a large-scale AD system under continuous or continuous
operation (Carrere et al. 2016). Given that laboratory investigation to understand a
substrate’s biogas potential is critical in making business and design decisions
regarding the implementation of AD technology, it is important to consider the
limitations of BMP tests, and the advantages and shortcomings of batch and

continuous digestion investigations.

As shown in Paper Ill, bile under BMP testing has potential to increase
methane yield up to 7.08% at a dose of 0.6 g/L. At the more conservative dosage of
0.2 g bile/L, which is also the more viable dosage for industry, the measured increase
was reduced to 5.71%. At this more modest increase, through the generation of
methane, the value of bile is 220% greater than current use as a sale product.
Investigation of bile addition under continuous digestion conditions should be
conducted to assess the viability of bile addition in a full-scale industrial system.
Promising candidates from BMP investigation of other pre-treatment options should
also be subjected to continuous digestion experimentation. If steady state digestion is
achieved, researchers should look to vary the OLR and HRT to achieve optimal
digestion conditions. Digester effluent should be regularly analysed for the

accumulation of VFA species and other inhibitors.
e Quantitation of VFA produced from hydrolysis of lipid

Quantitation of VFA species using GC-FID was conducted early in the project
as a way of measuring VFA as acetic acid equivalence. At the time, there was no
interest in measuring the quantities of individual VFA, but more interest in generating
VFA as an indicator of the pre-treatment enhancing hydrolysis. It is now understood
that VFA play a role in digester inhibition, and can be used as an indicator for digester
failure, but the inhibitory concentration of these VFAs is a subject of ongoing research.
For future research, it would be preferable to quantify the degradation of individual

macromolecules to VFA such as was performed by (Wilson & Novak 2009).
e Control over substrate characteristics

Research into, and operation of AD systems, is heavily influenced by the

variation and inconsistency in substrates and inocula (Schmidt, McCabe & Harris
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2018). The nature of uncontrolled industrial samples influenced by on-site activities
and fluctuations undermines the quality of research outcomes. Waste characteristics
vary considerably, as demonstrated in Paper 1, and are subject to variation with
respect to species slaughtered, seasonal change, weekly, daily, and even between shifts
(Bauer, 2011). Due to these sources of variation, substrate and inoculum characteristics

can vary significantly at any given time.

Control over industrial substrate characteristics is a difficult problem to
overcome. Some approaches to substrate control include: Composite sampling,
collecting large grab samples, and using a synthetic substrate. Composite sampling
aims to limit variation between grab samples by collecting material at intervals, or with
respect to flow volume, throughout the day. While this produces a more consistent
substrate, the variation is not eliminated, but may allow for more consistent
experimentation throughout a long-term investigation, where multiple batches of
substrate are needed. In contrast, for short-term experimentation, depending on the
research question, it may be suitable to collect a large grab sample. While this ensures
that sub-sampling from this well-mixed grab sample will yield reproducible results,
eventually, the batch will be either depleted, or become overgrown with contaminating
organisms, and subsequent grab samples will likely vary greatly from the previous.
Finally, these issues can be solved through production of a synthetic substrate.
However, producing a synthetic substrate is more difficult than the previous options.
Importantly, the synthetic substrate should be as identical to the real substrate as
possible, so that results are relatable to industry. Therefore, production of a synthetic
substrate should begin with characterisation of the substrate which is to be mimicked.
Carbohydrate, protein and lipid content should be matched, and effort should be made
to provide identical macromolecular constituents, as for instance, different lipids are
more degradable, while others are more inhibitors. Beyond this, the synthetic substrate
must contain micro-nutrients/trace elements for continued support of the microbial
community. For a complex waste stream such as an abattoir wastewater, this may be
achieved simply by adding bovine blood in a controlled manner. The result is a
substrate which can be reproduced with minimal variation over numerous batches, and,
once the recipe is created, should be simple to create in a timely and cost-effective
manner. It would have been greatly beneficial to analyse substrate characteristics for
total carbon, total nitrogen, phosphorus and sulphur, as well as trace elements
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including iron, zinc, nickel, cobalt, copper, selenium, tungsten, molybdenum and

manganese.

With a desire for reproducibility in mind, creation of a synthetic substrate was
considered to overcome this problem. However, AD systems were considered too
complex to consider all of the biological necessities to create a sufficiently suitable
synthetic substrate. Instead, Baxter beef flavoured dog food was trialled in this project
as a synthetic substrate for a continuous digestion experiment, with the aim of
increasing fat content by adding lard to determine the critical point before digester
failure due to FOG loading. At this point lard was to be reduced to a sustainable loading
and the substrate was to be pre-treated to commence the second stage of the
experiment. Unfortunately, following lard addition, digesters immediately began to
fail, and despite considerable effort, the digesters were unrecoverable. While the goal
was to determine the impact of pre-treatment on the digestibility of the lipid fraction,
this substrate was considered too far removed from slaughterhouse waste, and the
change to DAF sludge was made for experiments detailed in papers IlI, 11l and

submitted manuscript 1V.

With respect to inoculum consistency, weather events, shock loadings,
feedstocks and operational inconsistencies significantly impact anaerobic sludge
quality. Consequently, a number of inoculum sources were utilised throughout this
project, and made comparison of results difficult.

In order to limit this variation, and consequently improve future data quality
and confidence in the results, effort should be made to produce both a controlled
inoculum and substrate. Consistency in inoculum quality could be controlled by
producing sludge in-house with controlled substrate addition, temperature control,

stirring and monitoring.
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Conclusions

This investigation demonstrated that anaerobic digestion of high-fat abattoir
waste can be enhanced through pre-treatment under batch conditions. Batch digestion
of DAF sludge pre-treated with 0.2-1 g/L bile, chemical, thermochemical, and
thermobaric pre-treatment each produced beneficial outcomes in the AD of high-fat
abattoir waste. The most significant improvements were achieved through thermobaric
pre-treatment, with an 8.32% increase in methane yield, a complete elimination of lag-
phase inhibition, and equivalent yield to the control achieved 3 days earlier. The results
using thermobaric pre-treated DAF sludge under continuous digestion were contrary
to those achieved under batch digestion. Unlike earlier work, continuous digestion did
not show increases in specific methane production but revealed important information
related to the negative impacts that a heterogeneous, high-fat slaughterhouse waste has
on anaerobic digestion performance. Under continuous digestion, thermobaric pre-
treatment resulted in reduced methane yield by 12.1%, a consistently lower pH, and
56% increased hydrogen sulphide content. This reduction in methane yield is
speculated to be due to loss of volatile organics during the pre-treatment process given
the lack of a pressure vessel. The study was carried out using varying levels of fats,
oils and greases at different organic loading rates and highlighted the importance of
close process control and monitoring, particularly when the substrate is used in mono-
digestion rather than co-digestion. It has been concluded that while pre-treatment can

have significant benefits to the digestion process, consistency and quality of sludge
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and inoculum are essential elements in deriving benefit from pre-treatment.
Consequently, industries which experience great variation in substrate characteristics
should take great care in sampling and subsequent analysis of substrates for the
planning of AD installations.
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» We review pre-treatment options applicable to wastewater high in fats and oils.

« The unique characteristics of abattoir wastewater are summarised.

» Pre-treatments are evaluated for their potential to improve anaerobic digestion.

« Appropriate pre-treatment technologies are considered on the basiz of performance.
« Limitations and future research opportunities in this area are presented.
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treat various waste streams. The central focus on cattle slaughterhouse wastewater stems from the prob-
lemartic nature of high fat. oil and grease (FOG) present in Australizan red meat procezzing (RMEF) waste

WaLET.

Fully integrated abattoirs such as those operating in Australia typically produce wastewaters that camy

:‘?‘L:mk: high FOG loads of 100-4000+ mg/L While excessive levels of fat can be inhibitory to the AD process,
._,mnfmic digesticn these fats contain & very high theoretical methane potential of 1014 L CH,/kg W5 when compared with
Lipid carbohydrates at 370 L CH,/kg VS and proteins at 740 L CHy kg VS However, due to the hydrophobic
Bicmethans potential and inhibitory nature of fat. oil and grease, accessing this methane potential is difficult. This article serves
Abattric as a review of the literature in the field of pre-treatment of wastewarsrs and subsequent anasrobic diges-
Pra-treatroent tion with the gozl of increasing biogas yisld, with an emphasis on digestion of wastes high in fat, oil and

grease. This review covers mechanical pre-treatments including high-pressure homogenisation, ultrason-
icarion and electrokinetic disintegration, and other forms of pre-treatment including thermal, chemical,
thermochemical, and enzymatc hydrolyzis, and biochemical emulsification. Biolagical pre-treatments,
also kmown as pre-hydrolysis and two stage digestion are briefly revigwed. The most significant consid-
erations for selecting a pre-treatment technology are the energy balance and costs. Therefore, this review
will also provide @ commentary on the advantages and disadvantages of the pre-treztment methods
revigwed and conclude by evaluating their relative worth in pre-treating FOG.
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1. Introduction

Global processing of cattle has intensified consistently over the
past 50 years, increasing by 3629 Mt from 27.69 Mt in 1961 to
B398 Mtin 2013 [1] (Fig. 1) While production has more than dou-
bled, waste mitigation techniques have lagged behind the ever
inereasing accurnulation of waste.

Processing livestock is an energy and cost intensve process. An
environmental sustainability review of the Anstralian red meat
processing (RMP) industry conducted in 2000 revealed that
9.8 kL of water was used to generate 2 single tonne of hot standard
carcass weight (tHSOW) during 2008-2009 and generated 8.7 k1 of
wastewater, This consumed 4108 M] of energy from various
sources, and committed 113 kg of solid waste to landfill, while
greenhouse gas (GHG) emissions averaged 554 kg COp/tHSOW. OF
total energy emissions, B7% were related to electricity use, and
35% of emissions contributed by anaerobic wastewater treatment
[2].

The Australian BMP industry 15 currently working on a range of
measures in an effort to reduce carbon pollution and improve
energy efficiency through actively seeking renewable sources of
energy and water recovery. This has been largely in response to a
variety of factors including prolonged drought, water restrictions
and rising water costs, rising fuel and energy costs, increased com-
munity focus, and GHG emissions. Several knowledge gaps have
been identified in which research is needed to reduce the

Growth in global meat preduction
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Fig. 1. Growth in global meat produection from 1961-2013 [1].
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industry's emissions and energy costs [3]. One of the technologies
identified as a potential solution reducing ermission and energy
costs 15 anzerobic digestion (AD). It has been demonstrated that
AD technology can play a major role in waste management and
the production of biogas in the abattoirs [4]. The methane
produced can be combusted to generate heat and electricity
[CHP], or can be refined into renewable natural gas and transport
fuels [5]. In addition, AD can be used to manage waste and reduce
greenhouse gas ernissions, and the digestate may be used or sold as
a valuable organic fertilizer substitute or soil amendment [6].

Red meat processors have embraced the uptake of AD systems
to treat high-strength wastewater and thereby reduce emnissions.
In Australia, AD systems typically take the form of low-rate anaer-
obic lagoans, which are well suited to the vacant land space avail-
able with a move to coversd anasrobic lagoons to capture methane
and reduce GHG emissions [7]. While it has been noted that anaer-
obic lagoons are not optirmised treatment strategies, they are
lerwv-capital irvestrnents which can affect 2 large degree of organic
degradation and methane generation [S].

The high-strength wastewaters produced in Australian abattoirs
tend to contain high levels of fat, oil and grease (FOG) with values
ranging between 5 and 4570 mg/L in grab samples [9). While AD
is effective for the degradation of mamy substrates, FOG present sev-
eral challenges. Before waste reaches the digester, FOG can adhers
to pipe walls and begin the accurmulating to form blockages. In
the case of covered anaerobic lagoons FOG typically has two fates:
accurnulation in fatty crust or hydrolysis and digestion to form
methane. It has been observed that 2 large portion of the fathy mate-
rial fAoats to the liguid surface along with cellulosics from paunch
material to form a fatty crust [10-13). Fat particles that are hydrol-
ysed to long-chain fatty acids (LCFA) may subsequently adhere to
the surface of the sludge microbes. These LCFA form a layer over
the microbial surface, producing reversible inhibition of
mass-transfer bebwesn the microbes and the mediom [14].

Australian abattoirs stand to benefit substantially if an appro-
priztz pre-treatment method can be developed to improve the
bioavailability and subsequent comversion of FOG to rethane.
MeCabe et al. [15] has shown that biogas production can poten-
tially vary tenfold depending on factors such as lagoon efficency
and operational practices. While no current AD systern currently



&2

Table 1
Concentrations of parameters of high-strength wast=water produced by abattoirs.

PW. Harris, BE McCobe (Applied Energy 155 (2015) 580-575

Parameter [mg/L) Eesidential-strength®

Typical abattoir raw wastewater

King Island [beef]

Sputhern Meats wastewater

Chuarchill abattoir [be=f®

[all meats)? =x DAF [sheep)?
BOD 100-400 1800-3000 3000 ~1j2 COD 163-7020
oo 4200-3500 7250 3100-11,500 1040-12,100
FOC 50-150 100-200 120 290-2670 5-2110
155 100-400 1300-3200 2000 1150-5700 457-6370
vss nla nja 1040-5300 aja
™ 114-143 430 180-440 20E-735
M nfa 0m-012 ET
NH,-N 65-E7 250 1B-135 23 E-340°
Total P 20-30 45 26.4-60 ala
VFA 175-400 nfa &1-500 10201580
Alkalinmizy 350-800 nfa 340-700 70-306
n/a indicates not available.

* Ben=feld [19].

‘: Johas [18]

® Whise et al. [13].

4 UNSW [10].

= MeCabe ez al [12].
T Walue is for NHz-N.

deals with FOG effectively, typically the more sophisticated the
anaerobie digestion technology, the less capable they are of han-
dling FOG loads [16,58].

In the context of this review, pre-treatment does not refer to the
actien of sereens, dissolved aie flotation systems, contra shears and
serew presses which act to caprure and separate solids from the
waste streams. Here, pre-treatment refers to the treatment of the
wastewater to enhance the svailability of substrates to microbes
and thereby improve the removal of organics and increase reaction
kingtics and or total biogas production. The aim of this seview is to
identify available methods that have commaonly been used to treat
various substraces thae may translate well to FOG pre-trestment,
including but not limited to, waste activated sludge (WAS), kitchen
waste and grease trap sludge. Biological pre-treatments, also
known as pre-hydrolysis and bwo-stage digestion, are briefly
reviewed, as this process is concerned with changing the inoculum
as opposed to changing the waste feedstock to enhance digestion.
Pre-treatment of FOG is rarely investigated, fypically in the form of
enzymatic pre-treatments, and little comparison bebween the
effects of vardous pre-treatment types has been reported. This
review investigates several forms of pre-treatment in their ability
to enhanece methane production. Where possible, investigatons
into pre-treatment of FOG or high-fat substrates are cited in pref-
erence to investigations which treat substrates more removed
from abattoir wastewater. The most significant considerations for
selecting 2 pre-treatrment technology are the energy balance and
costs. Therefore, this review will also provide some preliminary
commentary on the advantages and disadvantages of the
pre-treatment methods reviewed and conclude by evaluating their
relative worth in pre-treating FOC.

2. Characteristics of abattodr wastewater

The main types of wastes from abattoirs include orgamic selid
wastes generated during meat processing and wastewaters from
washing at various stages of the process. Australian RMP wastew-
ater is generated at high volumes and characterised as having high
argarie, fat and nutrient loading. Velumes are typically around
850 kL/day with organie content of 5700kg COD/day. In
Australiz, a typical abattoir is defined as processing 150 tHSOW
per day, equivalent to 625 head of cattle. Production is assumed
to take place 5 days a week, 250 days per year, including boning
and rendering [17]. While Johns [12] has deterrmined typical values

for abattoir wastewater, case studies have reported pollutant con-
centrations far greater than the typical [12,10]; Table 1) Abattoir
wastewaber becomes high-strength due to the accumulstion of
constituents including blood, fat, paunch, protein and excrement
inn the water. The composition of Australian EMP wastewaters
gy vary significantly from abattolr wastewaters in other coun-
tries. This is due to the fully integrated facilities in Australia which
include slaughter, boning and rendering processes at the same
plant [20]. In contrast, German abattoirs, for example, are required
by law to perform rendering in an off-site facility [21]
Furthermore, the high-strength  wastewaters produced in
Australian abattoirs tend to contain high levels of FOG compared
with their non-integrated equivalents. For this reason, care must
be taken when comparing reports from various abattoirs around
the world, While large integrated beef slaughterhouses in the
USA show excellent similarities with data from Anstralian abat-
toirs, Australian abattoirs tend to generate higher wvolumes of
higher-strength wastewaters than their Furopean counterparts
[20,17]. While high-strength wastewaters typically contribute well
to biogas production, the FOG component tends to be problematic
[22].

3. Wastewater parameters associated with biogas production

The wastewater parameters which are of particular interest to
this review are those which could be logically associated with
increased biogas production, incuding soluble COD {<COD), vola-
tile solids (Vs), FOG, fat particle size, and wolatle fathy acids
(WFA) [1623.24]. Pre-treatments are often a2ssessed with respect
to $C0D release and degradation [25]. As treatments rupture cells,
the intracellular contents are released into the extracellular med-
um, contributing to the soluble fraction of COD [26]. As & measure
of pre-trestment impact on substrate degradation, sCOD appears to
be useful. Hevewer, while sC0D may increase in résponse to a
pre-treatment, the relastionship beteeen sCOD and biogas produc-
Hon 15 complex, and as such, does not necessarily indicate an
incresse in biogas production [27]. Therefore, if biogas production
15 ko be reported with respect to sCOD degradation, further infor-
mation must be collected to support fndings.

Although less commonly investizated as a measure of
pre-treatment impact, specific methane production s regularly
reported with respect to degradation of V5 [28]. Also known as
organic solids, VS is made up of carbohydrates, proteins and fats,
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typically derived from orgarmsms, but may also include artificial
organie compounds. Consequently, there Is 2 strong correladon
between VS degradation and biogas production [16]. Given this
strong correlation, measuring VS as an indicator of pre-treatment
impact may be more valuable than measuring sCOD. Due to the
lack of standardization in the reporting of pre-treatment impact
on AD performance, this review will cover the majority commen
MEasuUrernents.

This review is particularly focused on the degradation of FOG,
either during the pre-treatment process, or during the AD process
as a result of pre-treatment. Measurement of FOG content can be
done before and after pre-treatment, and post-digestion. Fat parti-
cle size reduction is another frvourable outeome of pre-treatment.
A reduction in partcle size increases the surface area to volume
ratio of the fat content, increasing the area susceptible to chermnical
and enrymatic interacton [29]. Logically, this should increase total
methane production, but may result in termporary inhibition due to
increased LCFA content. Further degradaton of LCFA will produce
VEA, which are alsa of interest as thess are an end product of the
acidogenic and acetogenic pathrazys of anzerobic digestion, and a
feedstock for methanogenic bacteria While VEA at concentrations
of 6.7-9mM are toxic to methanogens, if a pre-treatment were
capable of degrading triglycerides and LCFA to VFA, the process
could significantly enhance reaction laneties [30].

4. Impact of fat, oil and grease in anaerobic digestion

The fat, oil and grease component of high-strength wastes, such
as those created in abattoirs, can induce severz] problems includ-
ing clogging of pipes, adhesion to sludge causing both inhibibon
of mass-transfer of nuteients and sludge fotation with subsequent
washeut [31,14]. Covered anzerobic lagoons suffer further compli-
cations, with FOG reacting with cover materials to compromise the
material integrity, inhibition of gas permeation and therefors cap-
ture by the conver. This crust material can significantly reduce the
effective volume of the digester and is largely unavailable to the
anaerobic consortium 2s wvery litHe is accessble by hydrolybe
ETIZYTIES.

Anzerabic lagoons can recedve large wvolurmes of FOG and con-
tinue to function for long periods of time before the lagoon fails,
This is likely due to the lack of mixng in a lagoon, allowing FOG
to float to the lagoon surface along with lignocellulosic material
to ferm a fatty erust. The secumulation of crust on the lagoon sur-
face heavily restricts the functional volume of the lagoon in time,
through the generation of dead space, resulting in short circuiting
[32]. Fig. 2 depicts a schematie diagrarn of the impact of crust accu-
mulation on the functional volume of an anaercbic lagoon. In a
continuously fed anaerobic lageon this process is unsustainable,
and accumulation of FOG a5 crust has typically outweighed FOG
consurnption. If FOG accurnulation is not menitored and dealt with
accordingly, crust can accurnulate to several meters thick with sur-
prising density as shown in Fig. 3 [12]. Mot enly dees this make
cleaning from large lagoons difficult and expensive, the issue of
hewy to deal with waste FOG after removal has not been addressed

Faitty crust
Inlat pi

N -7

y
Dutlat ploa

n,

Anazrobicsludgs Wastewater pathway [Functional volume|

Fig. 2. Nlusiration of dead space contributed by crust and sludge volume resulting
in a large reduction in funcdonal pond volume.
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Fig. 3. Section of crust removed from an ansercbic lagoon by an excavatar after
desludging indicating crust thickness [12]

[11]. While this accumulation is far from ideal, 2 managed crost
dees offer some benefit in odour reduchon, pond insulation, and
FOG locksd up in crust is relatively unavailable to cause process
inhibition [33.34].

Alternatively, high rate systems with sctive heating and mixing
bring microbes into greater contact with FOG and LCFAL
Subsequently, high rate AD systems are more sensitive to FOG
loadings and are at 2 greater risk of resulting failure than anaerobic
lagoons [35]. While microbes can be acclimated to FOG leadings
this is a typically slowr process with time required to acclimate
increasing with FOG loading [36]. A move towards covered high
rate anaerobic lagoon [COHRAL) technology to trest abattoir waste
water which incorporates nowel waste water distribution and set-
tling systems is underway with the recent commissioning of the
first lagoon in Australia [37]. The monitoring of this type of system
will be particularly useful in assessing the overall impact of FOG
loading and AD performance.

While anzerobic lagoons are currently considersd the most
suitable digester type for handling wastes with high FOG content,
new research into anzerobic membrane reactor [AnMER) technol-
oy has shown great promise in wastewater treatrnent, especially
in wastes with high FOG loads. Christian et al. [28] reported on
the first two years of treating high-strength industrial wastewater
at Ken's Foods in Massachusetts, USA This AnMBR, the largest in
the world in 2011, has a design 473 m3/d with COD, BOD and
T55 loadings of 39,000 mgL, 18,000 mg/L and 12,000 mg/L respec-
tively. The AnMBR produces consistently high-quality efluent with
non-detectable T35, and average COD and BOD concentrations of
210 and 20 mg/1, giving remeovals of 39 4% and 99 9% respectively.
Furthermore, AnMEBR reactors hawve been loaded with COD in the
order of 5-30 kg COD/m?/d. and FOG lnading of up to 4-6 kg/m®
with removal rates of 97% and 100% remewal efficiency respec-
tively [35.39]. However, few imvestigations hawe invelved large
FOG loadings being treated using AnMER technology. Given that
high-rate AD systems are typically sensitive to FOG leadings, more
research should be conducted to investigate the feasibility of FOG
digestion using AnMER technology [14].

4.1. Enhancing Elogas yield through co-digestion

While FOG have typically been viewed 23 a negative influence
they have much to offer AD operatons. Addition of FOG to an AD
system has the potential to significantly increase biogas produc-
tion [40]. When the theoretical biochernical methane potential
(BMF) of macromolecules is comparsd, lipids are capable of
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Table 2
Effect of co-digesting substrates with FOC-rich co-substrates an methane yield.
Co-substrates Feed ratio
Seveage sludge and greass trap sludge 100:0
54:45
Sewage sludge and greass trap sludge 100:0
70:30
Pig shury and waste sasdine oil 100:0
95:5
Poultry manurs and alive-oil mill wastevwater 100:0% whv
725K wiv
Seveage sludge and greass trap waske FTAINE

H, volume CH, % Eeference

27EmPt WS added 63 Lupstarinen =t al. [45]
452 mt VS added 62

(4663 CH, yield)

271 =%/t VS added BS Davidsson =t al [46]
344 mt VS added 62

[+27% CH, yi=ld)

0.43 m® CHajm” digestard 72 Fezreira et al. [47]
1.61 m" CHy/m® /digestes/d 70

[+274% CH, yi=ld]

AT L Lgid) 741 Cel=genis et al. [48]
Q.52 L Led] 718

[+21% CH, yisld)

+138% CH, yisld Silvestre e al. [44]

yielding more methane at 1014 L/kg VS than both proteins at
740 Likg vs and carbohydrates at 370 Lkg vs [41,22]. These theo-
retical values were supported by Labatut [42 ], with observed speci-
fic biomethane yields ranging from 9039 o 11012 Lke Vs for
lipids, 302 5-407 3 L'kg VS for proteins and 191 8-3533 1 ke W5
for carbolpedrates digested under mesophilic conditions. Indeed,
co-digestion of substrates with FOG has produced significant
increases in biogas production. Li et al [42] compared the biogas
produced from digeston of WAS with WAS co-digested with
FOG using BMF  tests. While the WAS control produced
1M72202mlfg TvS (total wolatile solids). the reactor
co-digesting WAS with FOG produced 418+ 137 mljg TVS. This
represents more than 350% increase in biogas production attribu-
ted to the addition of FOG. Similarly, Silvestre et al [44]
co-digested sewwage sludge with trapped grease waste. Not only
did this study result in increased biogas producton by 138%, but
found that acetic and F-oxidation syntrophic acetogene achvities
were 2.5 and 3.75 times higher than the initial inoculum respec-
tvely. This suggested that sludge could become aeclimatised to
greater FOG loads owver time, and that this could be an effective
strategy for improving fae degradation and reducing the inhibitory
effects of LCFA. Table 2 lists several imvestigations which support
the conclusion that co-digestion with FOG can significantly
improve methane yields by considerable velumes.

Hewegwer, co-digestion is dependent on aceess to available
waste strgams. Investigation of co-digestion using Australian abat-
toir wastewater 15 only in its infancy and 135 noted to be a mulei-
faceted issue which goes bevond simply sourcing feedstocks for
AD. The Australian EMP industry consists of medium to large
enterprises which are often not lecated within cloge proximity to
ather agro-industrial waste streams. Subsequently, co-digestion
is currently not an econormically viable option for Australian abat-
toirs. Thus, Australian RMP industries which employ biogas facili-
Hes use abattolr wastewater as 2 monosubstrate. Ortner et 2l [49]
exemplifies the situation of developing 2 reliable monodigestion
process using slaughterhouse waste as the sole substrate. Beyond
co-digestion, pre-treatment of FOG offers the next step to enhanc-
ing the AD process.

5. Pre-treatment of substrates for anaerobic digestion

In the context of this review, pre-treatrnent refers to the treat-
ment of the wastewater to enhance the availability of substrates to
microbes and thersby improve the removal of organics and
increase resction kinetics and or total biogas production.
Substrate availability may be enhanced through several mecha-
nisms, resulting in liberation of sequestered organics, enhance sur-
face area to volume ratio of, or hydeolysis of macromelecules. To
achieve these goals, pre-treatments typically aim to enhance

hydrolysis, the rate-liriting step of the AD process [50]. There
are several different methods available to achieve this, including
biclogical, mechamnical, thermal chemical, enzymatic, and bio-
chernical approaches [16.23). While this review containg collated
literature data on wvarious pre-treatment methods, due to
non-standardised reporting and  the great variability within
betwreen  research  projects, direct comparison 15 difficult
Altheugh projects that report on methane and biogas production
are preferred, projects which report on other variables such a5 vs
and $C0D are valuable to inform further research.

Fig 4 illustrates the effect of pre-treatments on rate of anzerobic
digestion (1e. reaction kinetics: pre-treatment b} and increase the
methane yield { pre-treatment ). Both effects will improve the oper-
ation of a biogas plant. However, depending on when 2 BMP test i3
ended, different interpretations are possible: t1: pre-treatment b
double the methane vield: £2: none of the pre-treatment methods
increase methane yield: t3¢ pre-treatment ¢ increases the methane
yield by 25%, but pre-treatment b has no effect [51].

Carlsson et al [52] reviewed pre-treatments in literature
applied to different substrate categories in lab-, pilet- and
full-seale studies 2 well as discussed in reviews {112 papers from
1978 to 2011). The ple-chart (Fig 5) illustrates the number of times
each substeate-type occurs in combination with a pre-treatment:
the total number of occurrences is larger than the number of arti-
cles sinee several articles discuss more than one pre-treatment
type. The bar-charts illustrate the disteibution among the different
pre-treatments for each substrate-type. The literature was selected
50 43 to cover as mary different types of substrates, pre-treated
with as many processes andfor technologies as possible.

& (c) pre-treatment increases

methane yield
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Fig. 4. Effect of pre-treatments on rate of anae=robic digestion and increase the
methane yield [S1]
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Fig. 5. Reviewed pre-tr=amments in litzrature appli=d to diffrent substrate categories in lab-, pilot- and full-scale studi=s as well as discussed in revizws [112 papers from

1876-2011) [52].

Table 3

The effect of various pre-treatment methods on substrases.
Fra-treatment Substrate Treatment Effact Spurce

Conditons Time

Ultrasonic Waste vapstable oil 2000 k] kg TS WA +41,832% organic content [emulsification) Mlpizan [53]
Thermal WAS 60, 20 and 100°C Mot disclosed +30% biogas produced Ha [24]
(Themical WAS 7 g NaOH(L Heot disclosed +31 7% sCOD content Kim =t al [50]
Thermo-chemical Waste kitchen oil + KW pH 10, 55 °C Stirred 20 min +8.5 2 1.5% biogas produced 1§ et al [55]
Biochemical FOC S00mg/L HA +B7 + 13X sCOD removal Nalchla er al [23]

KW - kitchen waste; sCOD — soluble chemical oxygen demand; TS - total solids.

Table 3 gives an indication of some of these pre-treatment
methods applied to substrates, with an emphasis on FOG-rich
wastes. It 15 important to note that the effects of various
pre-treatrnents have not been reported in a standard format As
such, while investigations have been conducted using various
pre-treatment methods, it 1s difficult to compare their impact in
terms of albering biogas vield.

5.1. Mechanical degradaton of feedstocks

Mechanical pre-treatments are commonly used to enhance
digestion of cellular wastes such as sludges (eg WAS), cellulosics
(e crop waste), and other similar wastes. The aim of these
pre-treatrnents are to rupture the cell walls of the cells in these
feedstocks, a process which can be reduced from days to minutes
through mechanical pre-treatroent  [56). This  branch  of
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pre-treatrients requires the action of units such as, but not lirmited
to, stirred-ball mills [SBM), high-pressure homogenisers (HFH)
ultrasomicators, and less commaenly, umts which emit microwaves
and electrical felds. while SBM is not expected to be effectve
in pre-treating FOG, HPH has been applied to dairy milk with some
encouraging results, and therefore s the mechanical pre-treatment
which will be covered in this review. Table 4 at the end of
this section lists seweral mechanical pre-treatment methods
and surnmarises the conditions and results of numerous
investigations.

5.1.1. High-pressure homogenisation

Popular in large-scale operations, HPH works by compressing
waste and projecting at high speed against an impact ring. The tor-
bulence, cavitation and shear stresses applied to the waste disinte-
grate cells, releasing cellular contents into the medium (Fig. 6:
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Table 4

Mechanical pre-treatments, wastes treated, conditions, and results from the liverature.

Pre-treatment Pre-treatment conditions
Ball mill WAS
HFH 30-50 bar
150-500 bar
500 bar
Mdechanical jet WAS, (30 bar]
Sanication WAS
WAS
WAS, 5000 k]/kg TS
Mleat processing =flueat, 120 M]/kg T3
Mleat processing sfuent, 730 M]ke T3
WAS, 0.5 WL, 5 min
Mlunicipal solid veaste, 0.1-004 WimL, 30-60 min
Mlicrowave WWAS, 0.3-300 CHz, 15 min
Electrical fisld WAS, 8000 kj kg D5

FResults Erference

+42% sC0D content Baier and Schrmidheiny [57]
+20-50% gas produced

=551 sC0D content Choi =t al. [SE]

<+BEX soluble protein

+11-15 V5 remowval

+30% biogas produced Omyeche [53]

+28-54% biogas produced Engelhart ec al. [80]

<500% s00D comt=nt Nazh et al. [61]

Mo improvement in V3 removal
+11-39% sC0D content
<+30-50% hydrolysiz constant value
+55.9% oil removed
+14.73% COD s=rmoved
=78.74% COD rermoved
52X particle size
<24 biogas produced
=71.8% 00D cont=nt

Sandino et &l. [62]
Khanal et al [63]
Braguglia et al. [54]
Erden =t al. [55]

Biggs and Lant [85]
Cesaro et al [67]

=22% =000 content Pariz =t al. [GE]
<73% (Hy produced
0% shedge digestion Eopplow =t al. [£5]
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Fig. 6. Diagrammatic disintegration of waste activated sludge= by high-pressure
homog=nisation [70].

[70.16]. While this technology has been successfully applied to dis-
integration of algal biomass and heavily utilised in the field of
sludge disintegration, there is little available literature which con-
siders HPH for pre-treatment of lignocellulosic biomass or fatty
substrates. Cho et al. [S8] investigated the ability of HPH to disrupt
bacterial cells in sludge, assessed on the basis that the majority of
the bacterial eytoplasm consists of protein, and subsequent release
of protein was caused by cellular diseuption. Pressures of 0.5, 1,2.3
and 5 MPa were irvestigated for their ability to increase protein
concentration. Afber 2 single treatment, protein concentration
increased significantly. Each sample was treated a further four
Hrnes at the norminated pressure, and assessed for protein concen-
tration following each treatment. Protein concentration continued
to increase for each subsequent treatment After the full fve
treatments, protein concentration increased from 14% untreated,
to 35%, 55%, 75%, 30% and 36X in the 0.5 MPa. 1 MPa, 2 MPa,
30P2 and 5 MPa treatments respecwely. Ched et al. [53] also
report on the efect of a single treatment event on the concentra-
ton of sCOD, total organic carbon (TOC) and alkalinity as mg of
caleiurn carbonate (mgCaC0:z) as a representation of system
buffering capacity. After a single treatment at 5 MPa, the average

concentrations increased from: $COD - 152 mg/L to 1250 mgL:
TOC - S0mg/l to 1010mg(l; and alkalinity - 279 to
280 mgCaCo,/L.

High-pressure homogenisation operations have also been con-
ducted at much greater pressures. Engelhart et al_ [60] investigated
the effect of HPH under pressures including 5 MPa, 30 MPz and
B0 MFPa on the disintegration of excess sludge Disintegration was
quantfied by measuring COD release and oxygen consurnption,
while other notable measurements include total solids (TS), W5
and ammonium-nitrate [NHi-N). As seen with Chod et al. [5E),
Engelhart et al. [60] also measured an increase in several treatrent
parameters with increasing pressure. Release of COD increased
from 41+09% in the 5MFa treatment to 21.7 +4.8%, and
434+11.2% in the 30 MPa and 60 MPz2 treatments respectively.
Oxyen  consumption  also  increased with  pressure  from
6.6+ 1.4% in the 3 MPa treatment, to 41.0+ 15.4% and 79.2 + 4 6%
in the 30 MPa and &0 MFPa treatments respectively. Ammomurm-
nitrate measurerments indicating the digestion of protein indicated
that protein liberation increased significantly with greater pres-
sures. The 5 MPa treatment resulted in ammmonium-nitrogen pro-
duction of BE7249mg/l, while the 3I0MPa and &0MPa
treatments produced 1992 +129.0 mg/L and 2903 = 117.7 mg/L
respectively. Initially, total and wvolatile solids were not signifi-
cantly impacted by these treatments. However, once subject to
digestion, Vs degradation was enhanced up to 25%, resulbing in a
higher specific biogas production by 12% with respect to VS elim-
inated. Interestngly, while there is no literature that inmvestgates
the use of HPH as a pre-treatment for FOG-rich wastes, HPH is
widely used for treatment and emulsification of dairy products.
Hayes and Kelly [71] investigated the effect of HPH on raw whele
bovine milk en globule size among other properties. Fat globules in
milks treated with HPH (50-200 MPa) were significantly smaller
than those in comventonally-homogenised samples. Howeever,
subsequent investigation suggested that achieving low fat globule
size was more dependent on having the fat in a liquid state when
exiting the primary homogenisation vabee than the sctual
homogenisation pressure. However, Thiebaud et al. [72] investi-
gated impacts of HPH on dairy milk, and determined that HPH
reduces the particle size of fat globules in dairy milk Particle size
reductions of 79%, 83% and 90% were measured at 4 °C, 14 °C and
24 °C respectively under a treatment pressure of 200 MPa (Fig. 7).
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Fig. 7. Effect of hompgenization pressure o the size distribution of fat globules in
milk, at an inlet temperature of 4 °C: 0.1 MPa (Coatral) (=), 100 MPa [--], 150 MPa
[} 200MPa [A] 250 hiPa (), and 300MPa [0). Clustering was not cheerved at

any homogenisation pressure used [72]

While sorme investigations have assessed the «ffect of HPH on
substrates that are suitable for AD, they have been focussed on
the impact to the substrate, and not on AD. Subsequently, it 1s
unknown how the changes in these substrates would impact the
BMP achievable through digestion

512 Ultrasonic pre-freatment

Like HPH, ultrasonication has also been applied sparingly to
FOG-rich substrates. The mode of acton of ultrasonication appears
t0 be more sophisticated than SBM and HFH. As ultrasound waes
propagate throogh the medium they create regions of compression
and rarefaction. Microbubbles formed in this process grow in sue-
cessive cycles and reach an unstable diarneter at which they vio-
lently collapse in a process known as cavitation. Cavitational
collapse produces intense local heating and high pressure (zround
5000 *C and ower 500 atmospheres with a lifetime of a few
microseconds) on a liquid-gas interface, and, turbulence and high
shearing phenomena in the liquid phase [6524]. Furthermore, cav-
rtation produces highly reactive H' and OH radicals which facilitate
chemical reactions for destroving organic materials. These chemi-
cal reactions are further favoured by the high temperature and
pressure generated at the site of cavitation [73].

While sonication is effective in the degradation of mamy cellular
wastes, including for example crop silage, wheat, hay and sludge
[53.24,74], there are few investigations which report on the effect
of sonication on FOG digestion [55]. Moisan [52] investigated the
effects of ultrasonication on paper sludge, switch grass, hay, wheat
straw and FOG as spent vegetable oil. For each instance, sonicated
substrates released more organic carbon into solution than unson-
icated substrates. This offect was exageerated in the case of oil
treatment While the treatment of paper sludge, switch grass,
hay, and wheat steaw result in the degradation of cells and the
release of organic contents inko the solution, the effect of treatment
on ol was to create an ernulsion. Unsonicated, the ail-water solu-
tiony presented an organie carbon content of 48322079 mg/L
Following sonication, the solution was creamy in texture and pre-
sented an organic carbon content of 2031 £ 151 mg/L. The author
noted that this effect is due to the dissolubon of long-chain fatty
acids in the water, and that this may have influenced the AD results
obtaned. Biogas production for the sonicated and unsomicated
samples were measured, the sonicated sample produced a much
greater rate of biogas production owver the first 250 h of digestion.
Beyond 250h, the producton of biogas from the sondcated
FOG mirrored that of the unsonicated oil By 825 b, unsonicated
oil produced biogas equivalent to 1.56 m¥/kg Vs, and sonicated
FOG produced 1.66 (kg VS at an assumed CH, content of G0%.
Sirmlarly. Li et al. [55] reported that not only was oltrasonic
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pre-treatment ineffectve in enhancing biogas production, but such
pre-treatrient introduced inhibitory effects on FOG co-digestion.
Howewver, the results by Moisan [53] suggest a possible procedural
exploit which may be taken advantage of to degrade FOG more
guickly in low-retention digesters. The extreme temperatures
and pressures generated during cavitational collapse, aided by
the formation of H' and OH' radicals create an environment which
wiould favour degradation of FOG to LCFA and VFA. This would
explain the early spike in biogas production, which tapered off to
ultirnately produce similar biogas yields as seen by Moisan [53].
Saifuddin and Fazlili [75] investigated ultrasonic pre-treatment
of 2% palm 01l mill efluent [POME] in distilled water. Samples of
200 mL were sonicated at 20 kHz and 100W for 10 and 30 min.
Sonication for 30min at 0.2 W/ml affected an 18% increase in
500D from 11% to 29% and increased methane production by
18% from 37 ml to 44 ml These treatments were later combined
with mcrowae treatment for more encouraging results (Fig. 2).

5.1.3. Pre-treatment of feedstocks wsing microwave and electrokinetic
disinfegration

Microwave pre-treatrent operates by irradiating a sample with
an oseillation frequency 0.3-300 GHz. The alternating electric field
by microwave irradiation canses rapid alignment and realignment
of dipeles in & polar solvent, with continuous repetiions generat-
ing friction, and thereby local heat generation [75). Microwaves
are reported as effective for solubilising sludge, household arganic
waste, energy crops/plant residues, food industry waste and man-
ure, and is generally considered effective in enhancing biogas pro-
duction from AD [52.76]. Altheugh it s possible that the heat
generated from microwave pre-treatment may result in thermal
hydrolysis of FOG, mitrowave pre-teeatment of FOG-rich waste i
rarely investigated.

saifuddin and Fazlili [75] investigated the effects of microwave
pre-treatment oo palm oil mill effluent. While POME contained a
high FOG content of 4000 mg/L, POME was diluted to 2% TVS in dis-
tilled water, samples were irradisted using a 2450 MHz, 700W
microwave oven for 3 and 7 min. The 3 roin treatroent consurned
252 L/l of sludge, and produced increases in temperature from
10°C te 534°C, in sCOD content from 11% to 21% and in
BODS/sC0D ratio from 044 to 0.56, and an increase in methane
production by 57% from 37 mL to 58 mL. Irradiaton for 7 min con-
surmed 582 KL and increased temperaturs from 10 to 91.8°C
sCOD from 11% to 45%, and BOD:/sCOD ratic from 0.44 to 093,
Both the 3Imin microwave, and the 10min  ultrasonic
pre-treatment mentioned previoushy were combined for treatment
of a single sample. The total input energy for this treatment was
372 KL of sludge. By combining pre-treatment methods, methane
production was increased by 164% from 37 mL to 98 mL {Fig. 8]

The effect of combined microwave-ultrasonic pre-treatment on
the anzerobic bicdegradability of primary shudge and excess acti-
vated sludge was investigated by Yeneneh et al. [77]. Microwave
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treatment was conducted at 2450 MHz, 8300 W for 3 min. followed
by ultrasonication with a density of D4 W/mL 20% amplitude,
150W intensity, pulse of 55/5 for § min. Pre-treatment produced
an increase in methane yield in both primary sludge and excess
activated sludge trials, with increases from 7.9 to 11.9 mlfg 00D
(+30.6%) and 20.7 to 656.5 ml/g/tCOD (+221%) respectively. While
this microwave-ultrasonic pre-treatment method has been effec-
tive in microbial cell-based substrates, it is difficult to extrapolate
these results to other substrates.

Electrakinetic disintegration is mainly used for the treatment of
sewage sludge, The process aids AD by breaking apart flocs and
aggregates which are formed by negatively charged molecules on
microbial extracellular polymeric substances that result in the for-
mation of ioenic bonds with cations. These lonic bonds are dis-
rupted through the application of an electrical field, breaking
apart the flocs Furthermore, it 15 also likely that electrical fields
disrupt eells by changing the charge of the cell membranes
Electrical fAelds have been applied in pre-treatment to several sub-
strates. However, positive outcomes appear to be restricted to
sludge and manure wastes [52] As is 2 recurring theme among
the mechamcal pre-treatment methods, the effects of electroki-
netic pre-treatments on FOG have not been investigated.

5.2, Thermal hydralysis

The concept behind thermal pre-treatment is to expose sub-
strates to elevated temperatures for long enough to promote
chemical reactions and solubilise larger biomolecules. While temn-
peratures typically range between 150 and 220 °C under pressures
of 600-2500 kP2, lewer temperature pre-treatments have been
investigated [16.78]. Many European researchers are required to
adhere to the EC 10692009 regulation for the treatment of animal
by-products not intended for human consumption. Thesmal
pre-treatment of WAS has been heavily investigated, while other
applications such as manure, abattoir waste, lignocellulogsics and

even algal biomass have received little attention [16.52,79-81].
There have been few investigations into thermal pre-treatment of
FOG-rich wastes. Fortunately, these investigations have yielded
some encouraging results. Hiraoka et al [82]. pre-treated sub-
strates high in triglyeeride content and measured the decomposi-
ton of ghyceride fatty acids to produce significant increases in
acetic, propionic. butyric and wvaleric acid following thermal
pre-treatment. Subsequent digeston displayed an increase in bio-
gas producton of 30%. Similar results were measured by Wilson
et al [83], with pre-treatment at 170 “C wastly enhancing acetic
acid content of feed sludge. Eguivalent increases in biogas produc-
tion have also been supported in research by i and Jin [84). Table 5
lists the conditions and results of numerous investigations into
thermal pre-treatment.

5.3 Acid ond olkali ond oxidative pre-treatrents

Addition of arids and bases to AD feedstocks have been heavily
immeestgated across a range of substrates including sludges,
wastewater treatment plant residues, organic waste, plant residues
and manures [16,52]. While acid hydralysis hac been investigated
using sulphuric and hydrochlorde aeids, the additon of zlkalis are
mare efficient at enhancing the AD process [99]. Of the alkaline
pre-treatments which have been investigated, sodium hydroxide
(MaOH] is the most effective for enhancing organics hydralysis
and the AD process [S0).

Kim et al [50] determined that optimal dosing of WAS with
sodium hydrosdde was 7 g/L NaOH, bringing the solution to pH
12. The duration at which the substrate was held 2t pH 12 was
not mentioned. This pre-treatment increased <COD content by
spproximately 478% from 2250mgfl to arcund 13,000 mg/L
Digestion resulted in greater sCOD removal from 1136 mg/L in
the contrel to 4941 mg/L, an increase of 335%. Degradation of Vs
was also improved from 20.5% up to 29.8% in the chemically trea-
ted sample. Both biogas producton and methane content

Table 5

Thermal pre-treatments, wastes treated, conditions, and results from the Heesatere.
Pre-trectmant Fre-treatment conditions Fazults Refarence
Thermal WAS, 70°C, 1-7d +18.8-55.0% (H; producsd Cavala =t al [TE]

WAS, 121 °C, 30 min
WAS, 121 *C, 80 min
WAS, 170 “C, 80 min
WAS, 170°C, 80 =

WAS, 175 °C, 40 min
WAS, 130 L, 30 min
WAS, 170 “C, 30 min
WAS, 110°C, 30 min
WAS, 135 °C, 35 min
WAS, 190 -C, 50 min
WAS, 116°C, 33-73I min
WAS, 122 %C, 20-90 min
WAS, 128 °C, 33-73 min
WAS, 124 °C, 33 min
WAS, 165 T, 30 min
WAS, 170 “C, 30 min
Pig manure, 100°C 1 h
Slaughteshouse wasts, 133 °C, 20min, *3 bar

Salix, 170-230°C, 5-15min
Cravity thickened WAS, 134°C

Steamn explosion

Dymamic thickened WAS

220°C, 30

+37% biogas produced
+206 biogas produced
+45% [H, produced
+40% biogas produced
+A5% T55 removal

T0-B0E VESTES ratio
+51% CH, produced
+454% FVE[T5E ratio
+34% 500D content
+46% =000 convent
+3E3-425% FY5/TV3 ratio
+30E-1410K FVETVS ratio
+814-1441% FVETVS ratio
+1104% FVSTVE ratio
+47-81% biodegradability
+765% sC0D content
+31% biogas produced
Formation of refractony compounds.
Unsuccessful in enhancing biodegradability
of lipids and nitrogen-rich waste
4508 methane produced
+4E23-72E7X sCOD content
+2120% total soluble nitrogen
+1371% scluble NH:-N content
+2317-32E3% sCOD cont=nt
+3B82X total solubl= nitrogen
+771% soluble NH;-N content
+B0% bingas produced
+35% T5 solubilized

Kim =t al [E5)

Barjenbruch and Kopplow [EE]
Valo ex al. [87]

Dohdnyos et al [85]

Craja et al [E3]

Bougrier =t al. [30]
Bougrier =t al [91]
Bougrier =t al [52]

Mottet ez al. [33]
Wang et al. [34]

Rafique eral [95]
Cuwetos et al [79]

Estever et al. [96]
Clanioo eral [37]

Zheng =t al. [25]

90



B Moris, B MoCcbe/ Applied Energy 155 (2015) 580-575 582

increased in response to the treatment, with increases of 13.4% and
12.2% respectively.

Massé et al [100] inwestigated the effect of alkaline
pre-treatment on the solubilisation and size reduction of pork fat
particles in abattoir waste. While sCOD was not impacted by addi-
tion of 50-400meq MNaOH(L the authors measured a 73 =7%
reducton in particle size at concentrations ranging from 150 to
300 mEq L Although the fat particles were then smaller, they were
sHll hydrophebic and would float on the surface of a digester,
unavailable for immediate consumption. However, this reducbon
in particle size and subsequently increased surface area should
increase the rate of degradation due to exoenzymes produced by
the shudge. or could be utilised to improve the efficiency of subse-
quent pre-treatment methods, such as enzymatic pre-treatment.

This impact on degradation rate was noted by Battimelli et al.
[101]. These researchers investigated the effect of NaOH
pre-treatment on biogas production from fatty abattoir waste.
While this pre-treatment affected little change in the total biogas
produced, it also enhanced slightly the initial reaction kinetics.
These findings support the previous assertion that reduction of
particle size due to alkaline hwdrolysis could be exploited for addi-
tional benefit through further pre-treatment.

Onadative pre-treatments can imvolve the use of oxygen at tem-
peratures of ~-260°C and pressures of 10 MFa. However, odour,
corrosion and high energy consumption restrict practical applica-
tien of this process [16]. Alternatively, powerful exidants including
ozone, and peroxides peroxgymonosulphate (POMS) and dimethyl-
dioxirane (DMDO], with the latter being the most promising
optons. Table 6 lists the pre-treatment conditions and results of
various chemical methods investigated in the Hterature.

5.4 Thermocherival pre-treatthent

Several researchers hawve combined thermal and chemical
pre-treatments to produce more favourable results than either
individual pre-treatment [Table 7). Again, WAS is a prime candi-
date for thermochemical pre-treatment. Kim et al [50] demon-
strated the effects of thermochemical pre-treatment with 7 g
MaOH/L This pre-trestment enhanced COD solubilisation by
35.4% over the control, and over 40% greater than simple chemical
pre-treatment and inersased VS oreducton by 30% (Fie 90
Furthermore, when Tanaka et al [103] treated WAS with

recorded an increase in V35 solubilisation of 40-30% and an
increase in methane production by greater than 200% over the con-
trol. Valo et al. [87] treated WAS at 170 °C for 15 min in an auto-
clave and recorded an increase in TS reduction of 39%, with 92%
higher gas production. While pre-treatment of WAS has been heav-
ily investigated, there is little literature regarding FOG
pre-treatment One exception to this is an imvestigation conducted
by LI et al. [55] in which co-digested FOG and kitchen waste were
pre-treated thermochemically. Pre-treatment enhanced biogas
production by 9.9 + 1.5% over the control.

5.5. Biological pre-treatrhent of AD feedstocks

Bivlogical pre-trestrment  includes methods  that  utlise
pre-digeston, enmymes and bio-surfactants to enhance digestion
[Table 8). Pre-digestion, involves two-stage digestion - & digestion
stage prior to the main digestion process. By subjecting the waste
to different digestion parameters prior to the main AD process,
researchers aim to improve the digestibility of the waste. Peng
et al [126] investigated the use of an oil-degrading Bueillus species.
Prioe to AD, eily wastewsater was subject to 4 24 h digestion with
Bacillus. During this time, excenzymmes were released by the bacte-
fia to cleave triglycerides, diglyeerides and LCFA, and increase the
concentration of VFA present. This results in greater contact
between microbes and the VEA substrates, significantly enhancing
mass transfer of seluble nutdents into the sludge This
pre-digeston process resulted in an increase in methane yield by
16%, and an increase in the methane content of the biogas pro-
duced by 8% from 52 to 60X However, unlike the other forms of
pre-treatment, pre-digestion is rarely reported in the literature.

5.5.1. Enoymatic pre-treatment of AD fesdstocks

Using enzymes to enhance hydrolysis of macromalecules, and
therebny enhance the AD process has been under investigation for
mary yvears, While enzymatic pre-treatment of FOG has recedved
the greater deal of research into FOG pre-treatment, the majority
of enzymatic pre-treatrment research has been focused on cellular
feedstocks [127-130]. Camumarota and Freire [131] have per-
formed a review of hydrolrbic enzymes in the treatment of
wastewater with high oil and grease content and eonclude that
further investigation is needed to determine the efficacy of these

0.2 gNaDH/L at 130°C in an autoclave for 5-200min, they pre-treatments o improve  degradation of the relatheely
Tabile &
Chemical pre-tr wastes used, and results from the literature.

Pre-treatment Pre-trestment conditions Resulis Fisfmrence

Alkeali Cattle dung, MaOH [1%], 7d +31-42% digestibiliny Dar =t &l [102]

WAS, NaDH, 130°C

WWAS, NaOH, O M, 44

WAS, NaDH, 20-30 mEq(L, 25 °C, 10h
VWAS, NaOH, 45 mEg/l. 25-55“C 4k
\WAS, NaOH 20mEg(L. 24 h

WAS, NaOH 7 g/L (175 mEq/L)

WAS, KOH

WAS, Mg{OH),

WAS, Ca[0H

WAS, Cad

Primary-secoadary sludge, 0.2 g/z COD
WAS, [.16 gjg 55

WAS, 0015005 gig TS

WAS, 0,06 kgllg TS

WAS, 01 gz TS

WAS, 007 g P (g HaDz, 50g HaOn 1 h
WAS, 60 5 POMS/kg 05, 1 b

WAS, 680 mL DMDO{kg D5, 1 0

Onddation, orons

+100% biogas produced

420% biogas produced Tanaka et al [103]

Improved sludge thickening Saild et al. [104]
431% £00D content Chang et al [105]
+2E-38% 500D contznt Heo et al. [106]
+83% biogas production Ray =t al [107]
431.7% 500D content Kim et al. [50]

+2B.3% sCOD content
+2.7% sC0D content

7.1 500D content

Neo observed improvement

+112% CH, produced

+2% 535 removed,

+2E% TS remaved

+18% 50D content

Ne improvement in TS removal
+484% CO0D content

+406% COD content

+5E5% C0D content

Carballa et al. [108]
Weemaes et al. [109]
Battimelli et al. [110]

Coel et al [111]

Pilli =t al. [112]
Bernal-Martinez ez al [113]
Dewil et al. [114]
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Table 7

Combined pre-treatments, wastes treated, conditions, and nesults from the Steratars.

Pre-treatment Pre-treatment conditions

Thermo-chemical WAS, 50-390 °C, Lime

Fig manure, CalOH}z for 1 b, 70°C. 1k, BO for 2k
WAS, B0 °C, 0.6 mg Hz0z £ 1.5 mg Fellajmg 5° |, 30min

WAS, NaOH 7 g 121 °C 30min

WAS, KOH 65 mEg/dm®, 170 °C, 15 min

Chemical-rmechanical WAS, ime, vacuum [0.02 bar], 30 min

Eesults Eeference

+4E% VES contert

+30% CH, produced

+36% bingas production
+157% 300D content

+167% soluble protein content
+250% solutle carbohydrate content
+20% total WFA contert

+20% methane produecs=d
+10% COD removal

+20% =[O0 removal

+77.3% =000 content

+235.6% WS remaval

+34% (H, praduced

+34% biogas producsd

+B0X =200

+71% COD removed

Viyssides andBarlis [115]

Eafique =t al. [35]
Dihar et al [116]

Kim et al. [50]

Valo et al. [E7]

+33% 00D content Abbassi [117]
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Fig. 9. 500D removal effidency and V5 reduction rate for pre-treated WAS [50].

recalcitrant and problematic FOG component of dairy and slaugh-
terhouse wastewater.

Hydrolysis of pork and  beef fat  through enzymatic
pre-treatment has been demonstrated by Masse et al. [125]. This
imvestigation involved the pre-treatment of abattoir waste with
pancreatic lipase 250 (PL-250) at 25°C for 5.5 h. Pre-treatment
alone resulted in the hydrolysis of 35% of fat, while subsequent
digestion achieved 30% reduction in neutral fat and LCFA concen-
tration 3% faster than the comtrols. Methane content of biogas
was unaffected by PL-250 pre-treatmment Furthermore, Massé
et al. [100] have stated that PL-250 is more effective in the treat-
ment of beef fat particles than treating pork fat particles.

Mobarak-Qamsari et al. [132] investigated the effect of enzyme
extract preparation from Pssudomonos aeruginosa on synthetic
dairy wastewater with 1000 mg/L total fat content A treatment
of 10% vhv with 2 lipase activity of 03U/mL was effective in
enhancing remaval efficiency of COD by 24%, and biogas produe-
tHon after 13 days of digestion by 102%. The researchers noted that
these results indicate potential to accelerate the digestion of FOG
in the AD process. Mendes et al [124] also investigated enzyvmatic
pre-treatment of lipid-rich dairy wastewater. The lipase used was a
crude preparation of porcine pancreas lipase with activiby of
17700/ mg solid. Treatment with enzyme at 0.5% wiv affected
increases in lipid hydrobesis, free fatty 2cid content, glyceral con-
tent, protein hyedeolysis, COD removal 2nd biogas production by
39 = 6.8%, 1240%, 65%, 3545 =545%, and 227 = 63% respectively.

5.52. Biocherical emulsificadon of AD feedstocks

Bic-surfactants are typically used to pre-treat wastes high in
FOG. A study by Nakhlz et al. [23] evaluated BOD-balance in the
treatment of FOG-rich rendering wastewater prior to AD. With a
dose of 500 mg/L, BOD-balance affected reductions in tCOD and
SCOD of 63.42% and 73.21% respectively, an improvement of
29.71% and 26.07% respectively over the controls. When trialled
at full-seale, the addition of BOD-balance at 130-200 mg/L affected
2 dramatic increase in biogas production and a drop in pH
(amended with sodium bicarbonate). The concentration of FOG
and COD decreased by 34.6% and 409% respectively. and COD
removal efficiency was noted to have increased from 20% to 54%.
Furthermore, the authors also note that the concentrations of
big-surfactant vsed in this study are wery high due to very high
FOG content, as well as past accumulation of FOG in the digester.
Accordingly, long-term dosage may be lower than employed in this
study. While biogas production was not reported, methane content
was measured to be T3E

6. Relative performance of pre-treatment options

A number of facters need to be considersd when selectng a
pre-treatment  technolegy including the relative performance,
adwvantages/disadvantages of each technology and the costs
Although pre-treatment has the potental to improve anserobic
digester performance in the Australian red meat processing indus-
try. there & significant variation in biogas production reported in
the literature for each technology [133]. Major sources of variation
can be categorised as reporting, digester, pre-treztment, and feed-
stock variations.

A general assessment of the advantages and disadvantages of
different pre-trestment methods with respect to a specific sub-
strate are presentzd in Table 90 It i5 important to note that the
advantages and disadvantages listed in Table 9 are relative to the
substrate being treated. Without standardised reporting, the cur-
rent state of the literature does not allow for any reasonable degree
of comparison of pre-treatment methods across substrates.

Assurning standardised reporting of methane production, it
remains difficult to produce a blanket energy assessment for
pre-treatments. Bvery industey brings with it a umique and chal-
lenging feedstock - Some of these include plant residues ineluding
but not limited to lignocellulosics and pulps, WAS, municipal
WWTP, manures from lvestock and poultry, FOG from kitchen
waste, grease trap waste and oily products, meat processing efflu-
ent, vegetable waste, slurries, offal, biosolids, cheese whey and
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Eiclcgical pre-treatments, wastes treated, conditicns, and resplts from the literature.

571

Pre-treatment
Pra-digestion

Pre-topdrolysis
Aerabic digestion

Enzymatic

Bio-surfactant

Pre-treatment conditions
Cattle slurmy, 30-35°C, 1-2 4

Primary sludge, 70°C

WAS, bacterium type SPT2-1
WAS, Ceobeoilis sp. strain AT1
WAS, 42°C 2d

WAS, HRT 2d

Lipid-rich dairy wastewater, pordine pancreas lipase
0L5% wefv and 10 mM Ca™, pH B (1 M MaOB), 37 °C, 4, B. 12 24h

Slaughtarhowss veasts, pancreatic lipase 250 (FL-250), 25 °C, 550

Baw and high FOL rendering wast=watber,
BOD-Balance™, 100, 250 and 300 mg/L

Results

+17-19% biogas produced
+7-11% CHq content

=+12% 55 removal

+50% biogas produced
+210% biogas produced

+10% bicgas produced

+50% CH, produced

+1240% bree fatty acid conte=nt

+35.5 = 68X lipids kydrolysed

+65% glycerol content

+321.7% proteins hydrolysed

+162-252% biogas produced

+30-409% CDD removed

35X of fat lydralysed during pre-trearment
More effective on beef fat

Faw:

+58-96% pLOD removal

+74~100% sCOD rermoval

High FOC:

+154-238% 00D remmoval rabe cosfhcient
+184-247% plOD removal rane cosfficient

Feference
Singh et al. [118]

Luetal [115]
Hazegawa =t al. [120]
Mizh et al [121]

Mavhewr eral [122]

Davidszen ez al. [123]

Mendes et al [124]

Mazse at 2l [125]

Nakhla =t al [23]

Table 9

Advantages and disadvartages of pre-treating WAS with diferent techraologies (originzlly adapted from Taherzadeh and Karimi [134]; Hendriks and Zeeman [135]; furthes
medified from Montgomery and Bochmarmm [51])

Process

Mechanical
Milling

High-pressure homogenization

Ultrasonication”

Thermeal

Advantages

Incr=ases surface area

Increazes surface area

Increazes surface area

Mo chemicz] additon
Low maintenance cost

Crganic solvent fre= method
Well established technology on large scals

Makes substrate easier to handle
Often improves fuidity in digester

Incz=ased methane production

Disadwantages

» Increased en=rgy demand
+ High maintznance costs/sensitive to stones =tc.

+ High heat and energy demand
+ Complex squipment required

# Increased epergy demand
+ Probes require replacement every 1.5-2 years

Hok water [TDH])
Steam explosion

Extrusion

Chemical
Arid
Oronation

Bialegieal
Microbial
Enrymatic

Bio-surfactant®

.

Incr=ases the snzyme accessibility
Ereaks down lignin and sclubilizes hemicellulozs

Incz=ases surface area

Enhanc=s organics hydrolysis

Enhanc=s organics hydrolysis
Feduces fat particles
Destruction of pathogens
Fl=xible operation

Low energy consumption
Low energy consumption

[issalution of lipids
Less boocic than amionic surfactants

» High heat demand

# Omnly effective up to certain temperature

« High heat and electricity demand

+ Only effective up to certain temperature

#+ Incr=ased epergy dermand

# High maint=nance cost/sensitive to stones st

» High ozt of acd

«+ Carrosion problems

« Formation of inhibitors, parScularly with heat
# High alkali concentration in dig=st=r

+ High cost of chemical

= Slow

« Nao lignin bo=akdown,

« Contimuous addition required
# High cost of enzyme

« High cost of bic-surfactants
# Lowr commercial production

 Appels et al [15].

* Focus is on lipids; Saharan =t al. [138].

algal waskes [35,127,89,106,69,84,138,100,139,80,134,40). Each of
these substrates varies in composition [140]). Within each industry,
wastes zre still subject to significant variation between indnidual
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processars [10]. In the RMP industry, variabon will include the
degree of primary treatment, including the number, size and ff-
clency of screens, DAFs contra sheers, screw presses, sterilisation
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and rendering [33]. Other factors that will impact waste include
the degree of product recovery: size of a slaughterhouse; water:
waste ratio [1e. dilution - not to be confused with moisture con-
tent); species processed: and operating climate. Each waste source
presents a novel characteristic profile - carbohydrate: protein:
lipid ratios, V5. TS, alkalinity and VFA content to name a few
[141]. The impact of individual pre-treatment methods across a
range of feedstocks will vary due to the nature of the feedstock
[50]. Unless the goal is to compare the effect of a static
pre-treatment method across feedstocks, it 15 unsuitable to
compare the impact of multiple pre-treatment methods unless
the substrate is controlled. Furthermore, pre-treatment methods
between researchers can wvary significantly. Consequently, this
becomes a determination of what parameters are most effective
within a pre-treatment type on a specific feedstock

Prior to digestion, pre-treatment may be applied at the discre-
tion of the operator. Pre-treatments, as discussed, include thermal,
chemical, thermochemical, mechanical and biological methods
which are more or less suitahle given the application (Fig 5] Not
only may a pre-treatment be unmecessary, one risk of
pre-treatment 15 that by increasing the amount of available com-
pounds, 2 digester may experience inhibition [133] This is a real
potential, for example, in high-protein wastes with ammonia for-
mation, and FOG-rich wastes which break down to potentially
inhibitory concentrations of LCFA and VFA [30,142]. Furthermone,
the degree of irnpact of 2 pre-treatment depends on the waste that
the pre-treatment method 15 applied to [60]. As a result of
pre-treatments being targeted to a specific waste source, it 15 diffi-
cult in the case of a review to draw appropriate materal together
for a reasonable comparison.

Following pre-treatment, digestion rethods also vary signifi-
cantly. Digesters are divided into either low-rate or high-rate sys-
teme. Low-rate anaerobhic systems include bateh digestions,
plug-floar reactors and lagoons and typically require 2 high
hydraulic {5-120 days) and solids retention time Alternatively,
high-rate anaerobic systermns include up-flow a2naerobic sludge
bed (UASB), continuous stirred tank reactors (CSTR), expanded
granular shudge bed [EGSE) and AnMEBR systems among others
[16.35,142]. These systems are heated to either the mesophilic or
thermophilic optimum temperatures of ~37 “C and ~55 “C respec-
tively, and receive active stirring or mixing. These high-rate sys-
teme typically imalve 2 de-coupling of the solids and hydraulic
retention time and as such, can treat equivalent wolumes of
wastewater with 2 hyedraulic retention time (HET) ranging from
hours to days [35]. Several things need to be taken into considera-
Hon when comparing energy vield here. An important factor to
consider is that some pre-treatments zctively improve reaction
kingtics without impacting total bisgas production [140]. Energy
production rmust then be compared as a functon of time, net sim-
ply total methane prodoced.

7. Merit of pre-treatment methods in abattoir wastewater in
Australia

Australian asbattoirs stand to benefit substantially if an zppro-
priate pre-treatment method can be developed to improve the
bioavailability and subsequent conversion of FOG to methane
While no anaerohic digeston system currently deals with FOG
effectively, typically the more sophisticated the anaerobic diges-
ton technology, the less capable they are of handling FOG loads.

with the increasing popularity of overseas technologies being
intreduced to Australian EMP plants (eg [37]) it is important to
note that the quality and biodegradability of the effluent is key
to maximise performance of these AD technologies. This is partic-
ularly important in light of the lugh strength nature of the waste

water and volumes produced in this industry. This is quite sigmfi-
cant when the scale of capital investment is considered which can
be regarded as one of the largest inhibitors of uptake of foreign AD
technologies. The use of cost-effective pre-treatments to improve
the biodegradabilibey of the waste water will enable additional
energy recovery with 2 concomitant reducton in GHG emissions.
The actual energy balance and costs is dependent on a number of
factors highlighted in the previous section. Further research is
needed to fully understand the economics of AD systems to meat
processors. The value of biogas, recovered non-renewahles, treated
water, and GHG mitigation to & meat processor must be under-
stond in order to put forward a strong fAinancial case for an AD sys-
tem. Only once this 15 known, can an AD systern and subsequent
pre-treatment of wastes for AD be valued.

Researched and speculated actions of the pre-treatment of
effluents rich fats and oils from several origins presented in this
review show new and promising applications for the enhaneement
of the AD process. Of all the pre-treatments discussed, ultrasonic,
thermochemical and biochemnical has shown greatest potential in
the degradation of high fat waste water in addition to a few studies
describing the degradation of fats and oils by alkalineacid/enzy-
matic hydrolysis. The greatest increase in biogas production cov-
ered in this review was 227 + 5% using enrymatic pre-treatment
of lipid-rich dairy waste: howewer, it should be noted that seweral
articles investigating pre-treatment methods which do not concern
themselves with AD and biogas production have been reviewed.
Regardless, there is evidence from these investigations that these
pre-treatment methods affect considerable substrate degradation,
and are subsequently worth investigation as pre-treatment meth-
ods for AD substrates. Although carbobyrdrates and protedin are rel-
atrvely easily digested, the challenge is to develop a pre-treatment
method which greatly improved FOG digestion to produce
methane. and developing a digestion protocol to optimally include
FOG to improve biogas production while limiting the inhibitory
impacts associated with FOG-rich substrates

Treatment efficiency and nutrient recovery of waste stoeams
can also be optimised through treatment of separate fractons of
the waste stream [144]. Aptly, Jensen et al [E] suggest that this
concept be investigated in cattle abattoirs, with treatment of indi-
vidual waste streams. While this may indeed result in a greater
degree of organie removal and nuteient recevery. this could be a
relatively expensive operation compared with digestion of a com-
bined waste. Henwever, this could also provide excellent conditions
by which FOG could be separated from the primary waste streams,
perhaps by dissolved air floatation, pre-treated and swtably intro-
duced to & AD system.

8. Conclusions

The Australizn EMP industry is under pressure to reduce GHG
emissions and optimise energy consumpbon Wastewater pro-
duced from fully integrated abattairs in Austealiz is high-strength
and FOG-laden and contributes sigruficantly to abattoir GHG emis-
sions. Altheugh pre-treastment of wastes such as lignocellulosies
and WAS are commonplace, investigation of pre-treatment of
FOG for AD is relabively rare. Given the significantly higher
theoretical methane content of FOG over carbohydrates and
proteing, it 15 surprising that FOG are only now being considered
for pre-treatment.

Despite the fact that FOG has the potential to sigmficantly
enhance biogas yield from AD systems, FOG can also produce sev-
eral problems. Pre-trestment may be critical in reducing problems
caused by FOG, including pipeline blockages, adhesion to sludge,
and inhibiton of mass transfer of nutrients, problems which ulti-
mately lead to anaerobic lagoon failure. However, there is potential
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that pre-treatment may worsen problems, in parbeular inhibibon
of mass-transfer due to LCFA adhesion to sludge. This may be over-
come by diluting pre-treated fatty substrates with co-substrates.
While it remains to be seen whether pre-treatment of FOG is eco-
nomically viable, investigation must first be conducted to identify
suitable pre-treatment methods for an optimised process. Once a
process is optimised, FOG digestion will help to ease the impact
of rising electricity and water prices in industry, 25 well as reduce
GHG emissions.

Thus review highlights several knowledge gaps in the literature.
There is 2 distinet lack of standardisation when reporting on AD
irvestigations. This makes meaningful compansen across the liter-
ature a difficult task. Also prominent is the lack of investigations
that forus on FOG-rich wastes, regardless of the potentially enor-
mous benefit from enbanced methane production. Onee standard-
1sed reporting has been established across the literature, it will be
possible to produce a reliable cost/benefit analysis to better adwvise
industry on the best course of action to provide optmal digeston
of their waste, and subsequently, optimal methane production.
While there are some imvestigatons into pre-treatment of
FOG-rich wastes, further research 15 needed to understand the
mechanisms by which pre-treatments impact the FOG component
of wastes - investigations which would benefit greatly from stan-
dardised reporting. There is little-to-no literature which advises
industry on how to handle crust material once it has accumulated.
While ANMER reactors represent a possible solotion to digest
FOG-rich wastes and avoid the complicatons associated with crust
formation, more research is needed to understand the fate of FOG
in these reactors. These knowledge gaps need to be addressed in
order to improve performance and further the development of
AD technelogy through industrial uptake.
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ABSTRACT

Fgywards:
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Abarttoir

Biomethanse potenial

Alleli
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Dissolved air flotasion sludge

This work aimed to enhance the anaerobic digestion of fat-rich dissolved air flotation (DAF) sludge through
chemical, thermobaric, and thermochemical pre-treatment methods Soluble chemical cxygen demand was
enhanced from 16.5% in the control to 20.64% (thermobaric), 40.82% (chemical), and 50.7% (thermochemical].
Pre-trmatment zlt=red volatile fatty acid concentration by —64% (thermobaric), 127% (chemiczl) and 223%
(thermochemical). Eacly inhibition was reduced by 20% in the thermochemical group, and 100% in the ther-
mobaric group. Specific methane production was snhanced by 3.28% (chemical), B.32% (thermobaric], and
E.49% (thermochemicall as a resul: of pre-treatment. Under bawch digession, thermebaric pre-treatment de-
monstrated the great=st improvement in methane yield with respect to degree of pre-teatment applied.
Thermobaric pre-treatment was 2lso the most viable for implementation at slaughterhouses, with pot=ntial for
heat-exchange to reduce pre-treatment cost. Further investization into long-term impart of pre-treatments in
semi-continuous digestion experiments will provide additional evaluation of appropriate pre-treatment options

for high-far slanghterhouse vrastawater.

1. Introduction

The Austrzlisn red mest processing industry consist of more than
150 slaughterhouses which for the financial year of 2013—4 produced
20,8 gigalitres of unireated wastewater (AMPC, 2015; Australian
Bureau of Seatistics, 2016). This wastewster contzined high con-
centrations of pollutants, with average concentrations of 2657 and
1780 mg L~ for biochemicsl coygen demand (BOD) and far, oil &nd
gresse (FOWG) respectively (AMPC, 2015]. As = result, 37 kilotonmes of
FOG entered waste streams. Subsequently, this waste requires several
trestment interventons prior to discharge to sewsge (Busdllo-
Lecompte & Mehrvar, 2015; McCabe et al, 2013).

A comprehensive list of primary, secondary and tertisry treament
technologies used by Australian red meat processors is published by
Meat and Livestock Australis (MLA, 200Z). Primary treatment options
listed include static and rotsry screens, screw presses, dissolved air
fotetion (DAF), and collection pits. These optdons can result in sig-
nificant reductions in wastewster pollutant concentrations.

Secondzry treatment involves biclogicsl treatment &s either aerobic
ar snaerchic digestion, or 3 combinztion of both. Anserobic digestion
(AD) is a four-stage process which involves the action of microbes to
digest orgenic weste to produce bioges — & combination of typicelly
20-50% cerbon dioxide, and 50-50% methene gas. The capture of

= Correspanding awthior.
E-mud oddvess: Pater Harrisdusg.edwan (P.W. Harxis).

ch 2017 79
in revised form ZE July 2017; Accepted 29 Taly 2017

ety dalarg 10 1016/ b
Received 13 Tune 2007; Receiv
Available anline D3 Auguss 2017

methane from Austrelian slanghrerhouse wastewster via anasrobic di-
gestion has gained momentum over the past two decades (IEA, 2015]).

In order for AD systems to perform optimelly, it is essentisl to focus
on process stability. Control over influsnt stream is necessary to reduce
the frequency and magnitude of shock loedings, and regulete FOG
loading. In Anstrelisn slsughterhouses, recovery of FOG for sale as
tallow is key for value adding. Following recovery of FOG as tallow, the
remaining fat often collects in the amserobic digesters. There are a
number of potentizl drawbacks to FOG addition to AD feedstocks, in-
cluding digester foaming, pipe blockages, clogging of gas collection and
handling systems, crust formstion, sludge flotetion and weshout, and
digester inhibition (Long et al.,, 2012).

While these drewbacks have been scknowledged, FOG remains a
potentially desirable substrate due to a relatively high theoretical me-
thene potentizl of 1014 L per kg of volatile solids (WS] when compared
with protein and carbohvdrate at 4801 kg VS~! and 3701 kg V51
respectively (Buswell &MNesve, 1930; Verein Dewtscher Ingenieure,
2006; Wan et a1, 2011). Consequently, resesrch hes been focused on
mechenisms to enhance FOOG bioavailsbility, while avoiding digester
inhibition (Chen et al | 2008). Many reseerch projects hawve utlized co-
digestion to varying degrees of suocess, producing encouraging results.
For example, Gelegenis et al. (2007) combined pouloy menure with
olive-oil mill wastewater ar 31 v/v and yielded 21% more methsne

9hLE52d, @ 2017 The Authors. Published by Elsevier Lid. This is an open access article under the O0 BY-NC-ND license (hitp:/Sereativec mmons.arglicenses BY-NC-ND/ A0,
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then the poultry menure control, while Davidsson et sl (2008) ob-
served & 9-27% increase in methane yield when adding 10-30% grease
trep sludge on & VS basis respectively. While co-digestion in Australiz
has received little investigetion, the country iz actvely pursuing re-
search in this ares (Asials et al, 2014).

Alrernatively, various pre-trestment methods have been identified
=nd used to good effect in the degradation of waste activated sludge
(WAS] prior to anasrobic digestion (Appels et al, 2008]. Pre-treatments
are simed at sugmenting hydrolysis, the rate limiting step, by im-
proving the surface sres to volume ratio of the substrates (Carrere et al.,
2015). Methods such as thermobaric, chemical and bio-surfaetznt all
gchieve this increase in swrface ares to volume ratio of orgamics to
varying degrees (Kim et al | 2003; Li & MNodke, 1992; Mounsimne et =l
2003). Hydrolysis could also be enhanced by improving conditions for
chemical reacdons to ooour, of introducing reagents that allow hydro-
lysis to oecur more rapidly. For instance, thermobaric treament will
increzse the rate st which hydrolysis occurs, while sodium hydroxdde
produces 3 szponificetion resction o cleave long-chain farty zeids
(LCFA) from glycerol (Mouneimne et g1, 2003).

While much of the resezrch on pre-tresmments of high FOG sub-
strates has centred on WAS, no studies hewve been performed on the
effect they Thave on zlasughterhouss wastewster to  dste
(Herris & MeCabe, 2015). This paper presents the results of three pre-
trestment methods, namely chemical, thermobaric, =nd thermo-
chemical, eonducted on slaughterhouse DAF sludge as a first step in
evelusting its effectivensss in enhancing enezerobic digestion.

2. Materials and methods
2.1, Imoculum and substrate

The inoculum wes anasrobic sludge sourced from & covered anae-
robic lzgoon &t 2 local sl=ughterhouse. 5Sludge was stored im 2n in-
cubator 2t 37 = 1°C for 5 days prior to use. The DAF sludge used as
substrate is the concentrated FOG residues collected by the dissolved air
filtration unit. This material was used for its high FOG content and is
representstive of the ferty material entering the znasrobic digestion
system of red mest processors. Substrate wes collected 25 a 21 grab
sample from the DAF of & local red meat processing plant. Samples were
immediately retwmned to the leboratory and stored at 4 "C. DAF sludge
was stirred to achieve homogeneity before portioning waste into bottles
for pre-trestment, or into re=ctors for digestion. The following DAF
sludge cherscteristics were measured: pH, total solids (TS), V5, total
chemical oxygen demand (TCOD), soluble chemieal oxygen demend
(8COD), FOG, volatle fatty =zcids (VFA), messured as =cefic scid
equivalence per litre (HAcEg L~%) (Takle 1}

2.2, Pre-treatments for DAF sludge

Pre-treatment options were selected based on reported resesrch
which use WAS as a3 substrate (Li et al., 2015). For this current study,
methods were selected that were expected to produce a positive impact
on the degradstion of FOG component of the wastewster
(Harris & McCabe, 2015)

Chemical pre-treatment using 7 g NeOH/L was sdapted from Fim
et 2l (2003) end =llowed to react with the substrate for 24 h prior to
digestion. Thermoberic pre-reatment was conducted using sn auto-
clave at 121 "C for 30 min, and allowed to cool for 24 h before use (Fim

Table 1

Characreristics of inoeehim and untreated DAF shedge wused in this workiD - not determined.
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etal , 2003). Thermochemics] treatment was a combination of chemical
and thermochemicsl trestment, with NeOH addition prior to auto-

claving.
2.3 Biochemical methane potential testing

Tests were conducted using the Automsted Methene Potential Test
System II (AMPTS I; Bioprocess Control, Lund, Sweden). Inoculum and
substrate were added st a ratio of 3:1 respectively on the basis of V& to
avoid overloading the inoculum. Substrate wes portioned based on
weight, and rinsed into resctors with distilled water. Final reactor vo-
lume was approximetely 400 mL of liguid with the remeining volume as
head space in 2 500 mL Schott bottle. Reactors were maintsined st a
constent tempersture of 37 = 1.5°C in a water bath. Seven sets of
triplicate were tested, including a sludge blenk, cellulose control, raw
wastewster control and five trestment groups. Carbon dicxide was re-
moved from the biogas using 3 M sodium hydroxide serubbers, znd
resulting methane was messured by the AMPTS II gas measurement
umit and corrected for stendard tempersture and pressure [(0°C znd
1 gim.). Digestions were considered finished on the day that daily
biogas production wes less than 1% of the total yield [Verein Deutscher
Ingenieure, 2008).

2.4 Cost and emergy calculofions

The results of the lsb-scale investigations detailed in this paper were
used in 2 preliminary eveluation of the treatment options for suitability
in & red meat processing context. For the aszessment of cost, this section
will mot consider initizl capital investment required to fzcilitzte on-
going pre-trestment. Alternetively, this seetion will foeus on the ap-
proximate on-going cost of pre-treatment and the anticipated benefits,
&5 well 25 =5sess the sppropristeness of the pre-trestment operation on-
site at & red mesat processing facility. For the celeulation of finencial
values, the waste parameters messured in this investigation will be
utilized, 2 combined heat and power (CHF) unit with electricel con-
version efficiency of 40% will be assumed, and =n electricity cost of
90.15 AUD kWh ! &nd = natural gas cost of $8.15 AUD GJ? will be
used (AEMO, 2017). This does not take into account the use of heat
from the CHP unit. Purthermors, this work doss not consider the flow-
on benefits to the AD system that may be established as a result of pre-
tresmment, as further work using semi-continuous digesters is nesded to
identify such benefits.

2.5, Analytical methods

Various paremeters were investigated on anserchic sludge end DAF
sludge prior to digestion. VE and TS wers analysed using 3 modification
to standard method 25405 with a 20h residence time =t 105°C
(Standard methods for the examination of water & wastewater, 2005).
Volstile fatty scids were snslysed using photometric messurement of
Merck volatile organic acid test Kits (Cat. No. 101809) and FOOG content
was messured using a Wilks Infracal 2 analyser. Totzl COD wes mea-
sured using Merck test kits following a dilution series. Soluble chemical
oxygen demand was determined wsing centrifugation at 13,000g for
10 min &nd subsequent photometric measurement of the supermstant
with Merck test kits both before and after biochemicsl methene po-
tential (BMF) investigstion.

sampla pE TE (%) S (2 VE/TE (3] TooD (gL Y sCOD (gL FOG (mgL ¥ VEA(mg LY
Inoculum 532 26 = 000 1.9% = 0.0 7E.41 = 0.02 D D ND ND
Subswats 418 1455 = 081 1421 = 0.59 5T.57 = 0.01 205 EER] FO000 2400

e
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2.6, Sratistical anabyses

Ome factor anslysis of varance (ANOVA) was used to detect a dif-
ference between trisls. Due to small szmple size, the non-perametric
equivalent, the Fruskal-Wzllis test was employed in an attempt to im-
prove the resolution of the statistical investigation. In the event that
both the ANOVA snd Krusksl-Wallis tests were significant with
P = 0.05, T-tests were used to further investigate betwean groups with
the non-peremetric Mann-Whimey test used to help account for low
semple sizes. The T-test outcome hes been reported where statistical
zignificant was identified. Standard devistions sre provided for values
with n grester than 1.

3. Results and discussion

2.1, Qualitative gffects of pre-treatment on DAF sludge

Pre-treatment produced varying effects on substrate consistency,
from ecresting 3 more gelatinous product in the thermochemieal snd
chemical treatments, to & more liquid &nd particulate substrate in the
thermobaric trestment. In perticular, this had implications for the
uniform portioning of thermobarie substrate into digesters.

3.2. Effect of pre-treatment on COD solubilisafion

Thermobaric treatment slightly enhanced COD solubility from
16.3% to 20.84%. Kim et al. (2003) reported similar resnlts with SCOD
incressed from 2.1% wo 17.6% following thermobaric treatment.
Thermochemicsl pre-tresmment produced the grestest chamge, in-
cressing the soluble fraction of COD from 16.3% to 50.7% (Table 2).
This was indicative of the hydrolysis and subsequent solubilisetion of
arganic residues in the DAF sludge.

Solubilisation of COD wes also enhanced following chemical pre-
trestment with 7 g L~* N2OH. Chemical pre-tresmment incressed SCOD
content from 16.3% to 48.2%. Similar results were reported by Fim
et 21, (2003] in which WAS trested with sodium hydroxide exhibited an
incresse in 800D from 3.1% to 39.8%. Karlsson (1990) further supports
this outcome with an incresse in% SCOD from approximately 13% wo
35% when trested with NaOH =t pH 11 &t 90 °C. In contrast, when
similar treatment wes attempted by Mazsé et 2l [(2001) vsing sodium
hydroxide at concentretions of 2-16 g L™t on pork slaugheerhonse
waste, the suthors reported no increase in SCOD after & reaction time of
four hours. However, average size of fat particles was reduced to
73 = 7% of the initial average. It is likely that, as the resctions were
performed at room tempersture, the surface area for reacton was poor.
A modest increase in reection temperature to melt apart the fat globules
may heve yielded 2 greater impact on SCOD. Massé et al [(2001) slso
discuss the results of Karlsson (1990), in which it was reported that
MN=0OH was far more effective st hydrolysing proteins than lipids, and
cite this 85 the mechanism by which 5C0D is increased in similar pre-
trestment investigations. Results by Kim et sl (2003) support the
findings that NaOH is effective &t solubilizing protein, bur do not ela-
borate on its efiect specifically on Lipids.

Table 2
Comparative effects of pre-reatments oa SC0D, VFA and specific methane potantal.

Treatment sCon (mgl~h WFAD (mgi™h saPily kg vs ™
Coatral 35,000 &400 TI9 £ 4
Thermoharic A5,000 2300 EIZ + 5T
Chemical 147,500 14510 783 = B
Thermechemical 158,000 20976 E2Z = 11

Ay
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3.5 Volatle farty acids production from pre-treamment

Thermochemicsl treatment incressed VFA content by 4+ Z23%,
chemical treamment incressed VFA content by +127%, while a loss of
VFA content by -64% wes messured in the thermobaric treatment
(Table Z}.

In contrast to Wilson et al. (20091, & lerge decrease in VFA content
was measured after thermobaric meatment of the substrate. This can
possibly be explained by loss of voletiles during the autoclswing pro-
cess, 85 the vessel sesl msy have become compromised under the in-
tensity of the surtoclaving process. However, under the conditions of
this experiment, similar losses should have been observed in the ther-
mochemical trestment.

The increase in VFA content produced by the chemical and ther-
mochemical groups was etributed to the addition of sodium hydroxide.
Similar results were obtained by Mouneimne et =l (2003) in which
solid fatty residues from a westewster treatment plant were degraded
using sodinm hydroxide and potassium hydroxide to yield VFA. This
result demonstrated that tresting with sodinm hydroxide effectively
enhanced hydrolysis of mecromolecules to form organic acids. VFA
liberation was greater in the thermochemicsl trestment possibly due to
elevated tempersmure increasing the rate of both saponification and
steam hydrolysis. This suggests that the majority of VFA production
from sodivm hydroxide addition ocowred post-autoclaving.

3.4 Biochemical methane potenfial of treated DAF siudge

Anzerobic sludge was assessed for activity wsing 2 cellulose control,
which achieved 80% of its theoretical specific methene production
(SMP) by dey & Thermobaric-trested DAF sludge produced =n
849 + 1275% grester than the control (P = 0.0821); the chemical
treatment group enhanced the SMP of DAF sludge by 328 = 0.81%
(P = 0.05); and the thermochemiczl trestment group 8.32 = 1.40%¢
(P = 0.05; Table Z).

The increzse in SCOD =nd VPA concentration obzerved in the che-
mical (+321.9% SCOD, +127% VFA, +328% SMP) and thermo-
chemircal [+34.4% SCOD, +228% VFA, +8.3Z% SMP) meatments
provided the basis that improvement in digestion parameters such as
methane production or reaction kinetics should gecur (Kim et 2l 2002,
Results obtzined from the thermobaric reatment [+ 4.54% SCOD, -64%
VFA, +5.49% SMP) appear to contradict this concept. Subsequently,
positive relationships betwesn SCOD or initial VFA concentradon, and
methane production or resction kinetics were not demonstrated under
the conditions of this experiment.

3.4.1. Thermobaric pre-reatment of DAF shedge

Although displeying the greatest variability, thermobaric treatment
performed best in BMP testing (Fiz. 1). While it iz possible thet ther-
mobaric trestment of lipid-rich wastes to form inhibitory concentra-
tions of LCFA could occur, such inhibition was not observed in this
experiment. The lag period of 5 days in the control group was not ob-
served, indicsting that the thermoberic treatment produced effective
hydrolysis that did not result in inhibition (Fig. 1). These results are
supported by Wilson et al. (2009) whe reported similar resulis in which
thermobaric trestment of lipids did not produce LCFA at previously
reported inhibitory levels.

Time required to degrade the pre-trested substrate was similar to
the control. However, the thermobaric trestment had produced
equivalent gas volume as the controls by approximately day 9, effec-
tively improving digestion time by 3days (Fig. 1). Furthermore,
Gisnico et al. (2013) suggested that the incressed organic solubilisstion
resulting from thermoberic pre-treatment had likely converted a frac-
tion of recaleitrant meterial to 32 more degradable form. This explana-
tion supports the grester production of methene in the thermobaric and
thermochemical groups.
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3.4.2 Chemical pre-treatment of DAF sludge

Chemical treatment was expected to saponify the lipid component
aof the DAF sludge, and subsequently induce LCFA inhibition (Wilson
et al, 2009]). However, treatment did not extend the lag period ex-
hibited in the control group, &nd even appeared to reduce any in-
hibitory impact (Fig. Z). While treated resctors completed digestion
after 12.67 = 0.58 days, methane production equivalent to the contral
was schieved by dey 10, effectively reducing digestion time by 2 days.

242 Thermochemical pre-tremment of DAF sludge

Thermochemical-trested DAF sludge performed similar to thermo-
baric and chemicel trestments. While the SMP was comparable to
thermobaric-treated DAF sludge, the digesters stll experienced a 4 day
lzg period (Fig. 2). The profile of rate of gas production retzins the
inhibitory phase in the first 4 days of digestion, after which the profile
sppesrs to follow more comparable to the thermobaric treament
(Fig. 3). Methane production in the treatment group was equivalent to
the control group end point by day 11, producing an effective im-
provement in digestion time by 1 day.

3.5, Implications for use of pre-tremments in sloughterhouwse ndustrial
applications

2.5.1. Chemical pre-treatment
While pre-treamment with 7 g N=OH L~ demonstrated a high de-
gree of COD solubilisstion, the economic outcome of increasing

Specilic methane production (el CH, g7 ¥Sh

Dave
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i) Fig. 1. Specific methame production and flow rates for
comirals and thermobaric treated DAF sludge measured
during biochemical methane potential tess. (4vg = =D;
Comized 2 = 3, thermobaric o = &)
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methane production was minimsl at 3.28%. Sodium hydroxdde pellets
could be purchased for approximstely S467 AUD per 1000 kg
Assuming infrastructure were in place to remove residual FOG from
waste streams to be made svailable for pre-trestment, this would allow
for the trestment of 143 m* of FOG-rich weste. With en improvement of
3.28%, this would be worth §185 AUD as electricity, or could offset
natursl gas worth 522960 AUD. This is insufficient to cover the cost of
sodium hydroxide pre-treatment snd is likely not a visble option.
Furthermore, following pre-trestment, this material would likely re-
quire neutralisation with &cid prior to dosing to the anzerobic digester.
However, this does not take into account the flow-on effects of greater
tresmment efficiency, and the effects on anaerobic digester operstion.

3.5.2 Thermobaric pre-frectment

Given the 5.32% increase observed from thermochemical pre-
trestment, and & loed of 143 m* of FOG-rich waste would generste sn
extra 28172 MJ. Converting to electricity with a 40%% conversion effi-
ciency provides 3130 kWh. The velue of thiz as electricity is $470 AUD,
and used to offset naturs] gas would be worth $230 AUD.

The cost of performing this trestment iz heevily dependent on the
water content. With = specific hest capacity of 4.18J g~ * "C™ %, water is
energetically expenszive to heat, snd the economics of the weatment
could be improved through dewstering (Table 2). With a TS content of
14.56, end a water content of 85.44%, 117.2 MWh of electricity would
be required to hest 143 m® of material from 40 to 100 °C. At an esti-
mated cost of 50.15 AUD EWh '1, this would cost $17530. In conirast, if

s Fig. 2. 5pecific methane preduction and flow mmms for
R ceaitrals and chemical-aeated DAF sludge measured during
43 biochemical methane potential test. (Avg = 50y n = 2
- 00 —
=
18 8
0
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2
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Labny S} Fig. 3. Specific methane production amd flow rames for
b . ) comitrals and thermochemiczal DAF shudge measured during
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Table 3
Scenarios identifying estimates on the energy required to heat fatty waste from 40 to
100 °C based oo different levels of da-watering.

Watar comtent
g5.44% TmMe  SD% IO 10% D%
vohmme treated (m3) 142 1042 9182 E3.22 348z 032
Volume of water (m3) 17718 10010 7150 4291 1430 0
volums of fat (m3) 203z 2032 2032 052 203z 032
VE (W) 1421 1E87  2Z1ET  3zai4 SESR 100,00
Ilass treated (£ 140 1ia o0 = 3z 18
Nlass of fat traated (t) 18 1E 1E 18 1E 18
Specific beat capacity (kI 3.ET 3m 370 348 290 240
kg
Requizad heating (M5)* 31557 27018 15Ee1 12TIE 3615 I1E3
hIWh naeded 117z 973 715 458 3 TE

* spacific heat capacity of tallow obtained from Cameo Chemical (1999).
® Enargy required to heat substratz from 40 to 100 degrees Calsiuz,

Q0% or 100% of water were removed, the cost to heat would be sround
£3045 AUD and $1170 AUD respectively.

These caleulstions highlight that active heating of the materisl is
not a vieble option to teke advantage of the effects of pre-treatment in
this situstion. Utilisaton of heat-exchange from CHP, or from other
plant processes, such as re-using waste hest from the stacks could =ig-
nificantly reduce the nesd for zctive heating, and improve viability of
thermobearic pre-trestment in an industrial setting.

3.5.5. Implication summary

Thermobaric pre-reatment is the most visble option for the pre-
treatment of DAF sludge under the conditions of this investigaton. Pre-
trestment efficacy can be grestly enhsnced through reascnable dews-
tering to limit the emount of heat wasted heating water, and utlisation
of hest exchenge to reduce active heating costs. Utilisation of CHP
technology will further improve the economics of thermaobaric pre-
trestment.

4. Conclusions

This work identifies that methane yields can be enhanced by 3.28%,
and 8.49% by chemical and thermochemical treatments respectively.
SCOD =nd VFA concentrations can zlso be greatly incressed. Early in-
hibition was reduced by thermochemicsl (-20%) and thermobaric
(-100%) pre-treatments. Preliminary assessment of economic viebility
identified thermobaric &s the most vieble pre-treatment technology for
industrizl application under the conditions of this invesdgstion

i

Thermoberic pre-trestment efficacy can be grestly enhanced through
utiliserion of heat exchenge, and substrete dewatering. CHP technology
could further improve the economics of thermobaric pre-trestment.
Semi-continuous investigetions are necessary o Zzess on-going bene-
fits of thermabaric pre-treated DAF sludge.
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ABSTRACT

Foppwards

Biochamical mathane potental
Abattair

Dissolved air flotasion
Anaerobic toxddiy assay
Ichibittan

Bovine bile was ass=ssed 23 2 novel bio-surfactant pre-treztment to enhance anaerchic digestion of lipid-rich
dizzolved air [lotztion [DAF) sludge using biochemical methanes potential (BMP]) tests. Bile vwas dosed at arhitrary
concentrations from 0.2-6 g/L. At 0.6 g bile/L, methane yield increased by 7.08%. Doses zbove 23 bile/L
produced negative impacts on SMF, kinetics and digestion profile. At 6 g/L bile produced 2 6% decosaz= in
specilic methane production znd uwp to 79% additional inhibitory duration, delzyped tme of peak methane
production by up to 74%, and slowed total digestion time by up to §5%. Reaction kinetics declined linearly with
rezpact to bile addition, reaching half the control valus at & g/L bile concentration. Subseguent anascobic
towicity assays between 1 and 6 g bile/L cevealed that bil= has an inhibitory effect under BMP testing at these
higher doses. The economic vizbility of using bile as a bis-surfactant was assessed. In comparizon to the current
e of bile 25 2 sale product to pharmaceutical companies, the addition of 0.2 g bile/L to existing slaughrerhouse
weaste streams could increase the value of bile to 220% of its cusrent sale value. The promising results of hile
domed at 0.6 g/L under BMP testing warrant further investigation into long-term impact of bile pre-treatments of
high-fat slaughterhous= wastewater in semi-continuous digestion experiments.

1. Background & introduction

The high concentrations of fat, oil and gresse (FOG) in red meat
processing (RMP) water can be problematic in anserobic digestion (AT
systems. Lipids affect digesters in many ways, including pipe blockages,
crust formation and short-circuiting, sludge flotetdon end washout, =nd
reversible inhibition of mass-transfer of mitrients induced by long-chain
famy acids (LCFA) [1]. This is particularly relevant when sludge is less
=sctive; situstions where slaughterhouse weste is used in monodigestion
ar the AD technology does not incorporate temperaiure control end
stirring. While FOG may be difficult to utilise as & substrate, sltering the
material with pre-trestment prior to entering an AD system may im-
prove its bio-zvailabiliy, &nd reduce esither the frequency and or se-
verity of complications [2].

Pre-treatment of a substrate involves the application of a treatment
to the substrate prior to digestion in an sttempt to improve substrate
degradability [2]. The desired effect of this is to improve blogas yields,
while improving or meintaining stzble digester operation. While there
have been many investigetions into the pre-trestment of waste act-
vated sludge, lipid pre-trestment hes been & largely undeveloped fi=ld
[4,5]. Pre-treamment options of particular interest include thermaoberie,
chemical, thermochemical, ulrasound, and bicchemicel methods. Of

= Correspanding awthior.

these, biochemical methods heve been investigated the le=st, and lit-
erature regarding bio-surfactant pre-trestment methods is scarce [2].
Bio-surfactants are naturally-derived, typicelly non-toxie, and bio-
degradable surfece active agents which improve the solubility of lipids
into an agueous solution, thereby incressing the interaction between
microbizl enzymes and lipids, and consequently enhancing hydrolysis,
the rate-limiting step of an=erobic digestion [6-2]. However, this slso
increzses the risk of fosming [9,10]. Ssharan et =l [E] identfied a
number of potentizl bio-surfactants derived from microbiological and
plant sources, slthough few heve been investigated for application in
anasrobic digestion. Some successful applications of bio-surfactants
include use of ‘BOD-balance’ by Makhls et al [11], which is a combi-
nation of bio-surfactent and enzyme used by Damasceno et =1 [12].
Investigation of BOD-balance by Wekhla er al [11] =5 = pre-trest-
ment to aid in the digestion of wastewater high in FOG yielded pro-
mising resules. With & dose of 500 mg BOD-belance,/ L, the researchers
measured no change in chemical ooygen demand (COD) solubilisation
following pre-trestment, but did record 2 significent improvement in
particulate COD (FCOD] soluble COD (SCOD) degradation. Bio-surfac-
tant addition incressed PCOD removal by 96%, and SCOD by 100%,
while =lso increasing COD  biodegradstion rate coefficient of
154-238%. The zuthors note that the increese in PCOD removal is dus

E-ma] oddresses: Fater. Harrisiusg.edo.an (P.W. Harris), Thomas Schoddt@husg.eduwan (T, Schomide), Benadette MoCabe fusgaduan (8.0 MoCaba).
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to & reduction in surface tension induced by the big-surfactant, which
helps solubilize hydrophobic organics, inchuding FOG and colloidals
[11]. Unfortunately, there was litfle focus on methane production
during the imvestdgstion by Nekhls =t sl [11]. Howewver, it was noted
that bio-surfactznt addition eppesred to reduce methene yield.

Bile iz = namiral product which is formed in the liver and stored in
the gall bledder. It is & by-product of mest processing, and while there
are pre-existing merkets in cosmetics, pharmeceuticals and biological
mediz [13], bile mey be of value in enhancing the anzerobic digestion
of high-fat wastes 2nd aid in the operation of on-site AD systems in red
mest processing plants. fn vivo, bile 2ets &5 8 surfactant to reduce large
fat globules into smaller globules and thereby increzse the surface ares
to volume retio, consequently increasing the surfece ares aveilzble for
enzymatic degradstion.

This zrticle presents novel work conducted using bovine bile as a
bio-surfactant pre-treamment of high-fat cartle sleughterhouss. The aim
of the waork was to sssess the effectiveness of bile, a readily available by
product of meat processing, in enhencing snasrobic digestion of zbat-
toir wastewater using batch biochemical methane potentisl (BMP) tests.

2. Materials and methods
2.1, Imoculum and substrate

Three batches of inoculs were ussd in this experiment The in-
oculum for the first BMP test using bile at 1-6& 271 was collected from
the sludge recirculation pump servicing &n snzerobic digester at a red
mest processor. Due to unforeseen operstional issues &t the inidal site
of inoeulum collection, the quality of the inoculum decreased markedly,
=nd in subsequent testing was no longer able o produce > 800 of
theoretical methene potential within 10 days when digesting cellulose.
Consequently, subssquent batches of inoculum were collected from =
Tew Source at 3 westewater treatment plant, prior to sludge thickening.
Two separste semples were collected to conduct the second EMP testing
bile at 0.2-1 g/L, and =n =nasrobic toxicity assay (ATA). Sludge was
immediately transported back to the lzb and stored in an incubator at
37

The substrate was dissolved air flotation (DAF) sludge, a con-
centrated source of FOG residuss produced by the DAF process that is
representetive of the fetty material entering the anaercbic digestion
system of red meat facilities [14]. Substrete was collected from the
outlet of 2 DAF unit, and refrigerated at 4"C untl use. Avieel micro-
erystelline cellulose powder was used as a conitrol substrate to measure
sludge actvity.

Eile was collected fresh from the sbattoir and refrigerated at 4°C
until use. The characteristics of the inocula, substrates and bile used in
this investigetion are presented in Table 1.

Table 1
Characteristics of inocula, DAF sludge, callulese and bile used in digestions.

[H VS5 (% of T5) oD (mgL) FOG (mg1)
Low-doss HMP: 0.2-1.0 g bila/L
Inoculam T4 62.01 jiad o]
DAF sludge 4.40 83T 459,000 E5,000
High-dose BUIP: 1-5 5 bile/T
Inoculam E.EG TEEE jiad ]
DAF sludge 413 9582 459,800 10,500
Anaerohic Toxicty Assay
Inoculom T4 TEAL e i)
Calhulase ND 9538 e D
Bio-sarfactant
Eile 674 817 jiad o]

WD = nat determined; BMF = Biochemica] methane patential; ATA = Anaerchic tcadcity
amsay.
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2.2 Pre-treament of DAF sludge

Bile was dosed to reactors immediately prior to beginning the BEMP
digestion. Concentrerions for bile addition were determined arbitrarily
due to the novelty of the pre-trestment. Consequently, bile was dosed
0.2 04,006, 0.8 1,2, 3, 4,5and 6 g/L of final liguid volume prior to
commencing the BMF test. Bile characteristics are presented in Table 1.

2.3, Biochemical methane potential and anaoerobic foxicily assay

BMP tests were conducted using the Automated Methane Potential
Test System II (AMFTS II; Bioprocess Control, Lund Sweden). Final
reactor volume was 400 mL, with an inoculum to substrate ratio of 3:1
based on volatile solids (V5] to =void overloading. Resctor temperature
was meintzsined ar 37 = 1.0°C in 2 water barh. Biogas was scrubbed of
carbon dioxide using 2 M sodium hydroxide, and resulting methane was
measured by the AMPTS I gas measurement unit Cellulose controls
were used to confirm sludge activity of > 20% of its theoreticsl max-
imum [15], and = bile control was used to sccount for methane yisld
from bile V5. Digestions were considered complete on the day that daily
methane production dropped below 1% of the total methsne produe-
tion [Trrd) [15]. Resules are reported 25 normal millilires (mlxy), nor-
malised to 0°C =2nd 1 atm and corrected for water vepour.

An anaerchic toxicity assay was performed to elucidate the non-
specific, overall inhibitory effect of high-dose bile addition. The ATA
was performed using the AMPTS IT as above, with cellulose 25 a stan-
dard substrate and bile was dosed st 1, 2, 3, 4, 5 and 6g/L of final
reactor volume. Inoculum to substrate retio was 3:1 10 be consistent
with the EMPs. Kinetic anelysis was used to quantify the effect of bile
eddidon on methane formation rate kinetics, and inhibition with re-
spect to lag phase, delay in reaching peak methene producton, and
time required to complete digestion (Table 2).

2.4, Analytical methods

Parameters included: pH, VS and totzl solids (TS) using standard
method 2540G [16]. COD was measured using Merck colorimetric test
kit ype 5000-20000mgz CODVL with a Spectrogquant Pharo 100
spectrophotometer. FOG content wes messured using 8 Wilks Infracal
II, with sample workup similar to the user manual Briefly, sample
materisl was acidified using HCI to pH = 2, shaken, mixed 10:1 with
hexane, and shsken zgain for 1 min. Emulsifisd hydrophobic compo-
nent was extrected =nd centrifuged at 12000z for 5min to brezk the
emulsion. Hexsne component was measured on the Wilks Infracal 1T
O&G umit. Samples requiring dilution for COD (1 in 10, V/V) and FOG
(1 in 100-1000, ¥/ V] gnalysis were diluted with distilled water prior to
spplicstion to the anslytical method.

2.5 Kinetic analysis

Kinetic anslysis was spplied to the collected data to determine the
rate constant (k, U} of linear gas production end better estimate the lag
period [0 for each treamment to &ssess the degree of inhibiton due to
bile pre-treatment. Two eguations were fitted to the datas to acguire
values for rate consiznts end lag pericds. Eq. (1) was & standard growth
curve logistic function, while egustion 2 was a modified Gompertz
equation [17]. Equatons were fitted using SciP'y optimization curve-fit
routine [18]. In order for the equations to be applied, date must fit 2
sigmoid shape. With exception to the cellulose and controls, sigmoid-
shaped graphs were achieved by excluding datz obtzined from d=ys
03, with day 4 considered to be day 0 for subsequent curve fitting. This
offset was then added back to the equation cutputs to obtain the true
value for variables such as inhibitory period and time of maximum
production.

Eq. (1]): Growth curve logistic equation

107



P.W. Hizris et al

By

E= 1+ g ki-g)

1
From Eq. (1) B iz the cumulative specific methane potentsl (SMP; mL
CHy/g VE) &t tme t (days); By is the maximum SMP schieved by end of
digestion; k is the rate constant; ty is the time at which maximum
production rate occurs. The function is weighted using stzndard de-
viation to achieve a better fit.

Eq. (2): Modified Gompertz equation [17].

21

From eguetion (2} B is the cumulative SMP at time t; B, iz the max-
imum SMP achieved by end of digestion; U is the kinetic constant of
methane production rate; A iz the duration of lag phase in days, used
here to represent inhibition. Equation is unweighted.

= S
E =B J ey

2.6. Statistical analyses

Ome factor analysis of varance (ANOVA) was used to detect a dif-
ference between groups in EMP tests. Due to small sample sizes of
n = 3, the non-parametric equivelent, the Kruskal-Wallis test was em-
ployed in an sttempt to improve the resolution of the statisticsl in-
vestigation. In the event that both the ANOVA and Krusksl-Wallis tests
were significant with P = .05. T-tests were used to further investigate
between groups, with the non-paramerric Mann-Whimey test used to
help account for low sample sizes. Where P values ere given, all four of
these tests have returned = significant result, and the T-test result has
been reported.

3. Results and discussion
3.1. Biochemical methane potentinl of bile-treared DAF shedge

2.1.1. BMP of DAF siudge treated with bile ar 0.2-1 /T docage

Addition of bile at 0.2-1 /L improved biogas production from the
outset of digestion (Fig. 1). With respect to the finsl methene yield
sttained by the control, bile treatments achieved eguivelent methane
vield 4 = 0.71 days arlier and yields corresponded to the theoretical
mavimum yield from fat of 1014 mL/g V5. Impact to rate kinetics were
negligible (Table Z).

Addition of bile at dosage of 0.2-1 /L produced a significant

1 20

LU

R

SMP (mlL; CH /i VS)

e el

10

15
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increzse in SMP in the range of 5.71%-7.08% with P = .05 in 811 ceses.
Although bile sddition incressed SMP at these doses, 2 dose-response
relstionship was not demonstrated. The incresse in bioges production
from the bile control was negligible, and coupled with the lack of dose-
response relstionship, this indiceted the incresse in SMF achieved by
the digesters was not related to the sdditionsl V5 or COD in the form of
bile. It may be possible that 0.2 g bile/L was sufficient to saturate the
farty marerial, gid solubility of fars, and subsequently improve digestion
such thet further incresses in bile dose would produce minimel im-
PIovVement.

3.1.2 BMF of DAF shudge fremted with bile af 1-6 g/L dosage

Bile sddition ar dosage of 1-6 2L had negligible influence on biogas
production. However, the impect on lag phese end Ty was significant
and was prolonged with increasing doses of bile (Fig. 2; Teble 3). An
inhibitory duration of 7.1 = 0.2days wes determined for the controls
using the Gomperiz equetion. Addition of bile further incressed the
inhibitory durstion by 109 = 3% (3 g bile/L), 14% = 3% (4 g bile/
L)}, 237% = 4% (Sg bile/L), and 79% = 6% (&g bile/L) (Fig. I
Tsble 3). Similar outcomes were recorded by Feitkenhauer and Meyer
[19] in which slechol sulfste, an anionic surfectent was added to batch
digestions. Althouwgh the concentration of surfectant wsed by Feitken-
hauer and Meyer [19] was much lower at 50-500 mg,/L, the researchers
observed significantly prolonged inhibition. Lag phass was doubled in
the lowest doss, and time required to finish digestion was =lso ex-
tended. The curves displayed in Fig. 2 are the sverege of 3 replicates,
with error bars removed to improve clarity. Standard deviations renged
from 3 to 11 mLy; CHy g V5 with an aversge of 8mLy; CHy g V5.

Peak methane production rete was achieved by 10,1 = 0.1daysin
the controls, with similar results in the 1 and 2g bile/T groups.
Increased dosage produced stetistically significant delzys at 13 £ 2%
(31, 19 = 2% (4g/1), 39 = 2% (52/1) end 74 += 3% (Bg/L) re-
spectively (Table 2). Completion of digestion followed 2 similsr mend.
At doses of 0 and 1 g bile/L trials were complete after 17 = Odays,
with a negligible increzse st 2 /L to 17.7 = .6 deys. At dosesof 369
bile/L, Temvw was significantly delayed by 16 = 7% (3g/L), 22 £ 7%
(4g/1), 37 = T (5g/L), and 85 = &% (Eg/L) (Table 3). Reaction
kinetics declined linearly with respect to bile addition (R? = 0.95634).
From the logistic equation, a rate constant of k& = 0.73 = 0.01 was
determined for the controls. Addition of bile impacted rate constants by
—3 = 3% (1lg bile/L), —7 = 1% (2ghile/L), —22 = 3% (3 ghile/

0
l)..t).\

a0

—Control —Bilke 0.2 2L ---Bilc 0.4 gL ---Bilc 0.6 gL —~=Bilk 0.8 g/l = ~Bilc 1.0 gL
Fig. 1. Effect of low-dase bie an 58P and anaerobic digestion profile of DAF sludge.
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Table 2
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Hinetics medelling of SMF carves from low-dose bile BEMF using a standard growth curve logistic equaton and & modified Gompertz eguadon.

Units Inhibiticn (2] Days Tp Days Finish day Days By MmL CHy g VE k U NmL CH,/g V&/day E* Logistic E* Gompertz
Callulase* 32 =01 5E = 01 14 = 1.2 E = 2 081 = ad 1=z 0957 D.gEs
Contral 19.7 = 01 32 £ 00 33+ 06 99 £ T 053 = 0L 138 = 2 1.000 0953
EHJ.RU.23,-"L 191 = 01 31 x 01 I3 x 06 1058 = 22 051 = 001 139 £ 3 0.999 oges
Eilz 0.4 gL 19.2 = 01 3.4 & 01 34 = 00 1088 = 3 048 = 0.1 135 = ¥ 0.559 0.gET
Eilz 0.6 ZT 191 = 0 33 £ 0.2 33+ 06 1080 = 12 050 & 0.1 135 = 4 1.000 0eer
Eilz 0LERT 191 = 0l 33 & 01 33 = 0.8 1088 = 4 050 = 0.1 138 = 4 0.559 o.oEs
Bile 0.1 gL 19.0 = 01 732 £ 03 3+ 17 1038 = 12 050 = 0.3 129 = 4 1.000 0957

* Callulese is provided as a reference for comparison, logistic equation was unweighted to achieve curve fit.

L), —27 = 4% (4 ghile/L), —40 = 2% (5gbile/L), and —52 = 5%
(& ghile,/L) (Teble 2).

Bile dosed at 1 and 2 2L produced negligible impact on inhibitory
durstion. Given the minimum inhibitory concentrations of oleic =cid
(C18:1) from the litersiure of 0.443 mM [20], to 2.4 mM [21], and the
composition of beef tallow of 37-47%% C18:1 [22,23], the FOG load of
1245mg/L equates to 1.73-215mM C138:1. This is well within the
reported range of inhibitory concentrations, and given sufficient solu-
bilisation, LCFA inhibition should result.

While doses of 1 end 2 ghile/L appeared to have negligible impact
aon inhibitory dursdon, doses between 3 2nd 6 gbile/L induced =ig-
nificant inhibiton. At doses of 3, 4, 5 and & g/L, inhibition increased by
9.8%, 14.1%4, 36.6% and 78.57% respectively. The inhibition observed
was consistent with descriptions of inhibition by LCFA adsorption, as
the inhibition was reversible and overcome to produce roughly
equivalent methene yields in all doses with exception to & g/L [24]. At
6 g bile/L, methane yield was reduced by an average of 8% (P = .05,
n= 31

The methane yields from the BMP tialling doses of 0.2-1 g bile,/L
were much grester than those obrained from the BMP trizlling doses of
1-6 g bile/L. Yields in the low-dose EMP were very close to the theo-
retical meximum yield from fat of 1014 mL/g VE, and was likely due to
the much greater FOG content of the DAF sludge used. Conversely, the
yields from the high-dose BEMP were much lower, which was consistent
with & much lower FOG content.

While it is stendard for BMP experiments to be conducted at an IS
ratio of 2:1, Li et al. [25] identified that the optimum LS retio for FOG
digestion lies between 4:1 and 1.33:1. For this work, an LS ratio of 3:1
was used with the intent to limit overloading and subsequent inhibition
typically =ssociated with FOG digestion. As 4:1 was the highest ratio
investigated by Li et al. [31], I:5 ratios greater than 41 mey further
aptimise FOWG digestion, incressing SMP and/or reducing inhibition.

3.2, Evaluation of bile inhibition wsing anasrobic foxicily assay

The ATA produced smell changes in digestion profile (Fiz. 2). As
bile doss incressed from 0 to 6g/L, inhibition increased by up to
16.67% with 2 good linear correlarion to dose I,',E‘L2 = 0.94). The time
required to rezch Ta was delayed by up to 10%, and also cormrelzted well

with bile dosage (R* = 0.88). Bile doszge showed no effect on time
required to complets the digestion. Similerly, the rate constant, &,
showed little change between the control and 4000 mg/L dose, but
began to reduce with doses of 5000 and 6000 mg L by 3% and 5%
respectively (Table 4]. The curves displayed in Fig. 3 are the average of
3 replicares, with ervor bars removed to improve clarity. Standard de-
viations ranged from 1 to 17 mL,; CHy/g V& with an aversge of 5ml,,;
CHs/g VE.

In comperison to the results produced by the ATA, where sludge
response &t doses of 0-& g bile/L was linear, the response observed in
the EMP iz much move typical of a logerithmic growth curve, in which
6 2L is beginning to severely delay the process (Fig. 4). This variztion
could be a result of the much grester sludge quality in the ATA.

The anserobic toxicity tests demonstrate that bile hed an inhibitory
effect during EMP testing at doses of 3£ ghile/L. As evidenced by
Girault er al [25]) =nd Lizrtin-Gonzelez et al. [27], once =n anzerobic
consortium had overcome initial LCFA inhibition, the rate of biogas
production increases to a similar rate as the controls. While the ATA
was digesting cellulose, the recovery of the rate kinetics reproduced in
the ATA indicated that bile produced reversible inhibition, while = dose
of 6ghile/L indeeed the first signs of decline in reaction kinetics.
However, in the BMP, the rate kinetic began to decline significantly
from addition of 3 g/L. This inhibition could be caused by susceptibility
to free fatiy acids [22], or bile [29], but possibly due to the com-
pounding effect of both. Bile is known to be toxic to various bacteria, in
particular, gram-positive bacteria [29]. While populstion composition
varies, gram-positive can sccount for 8 considerable fraction of ective
anaercbic biomass [30]. It is therefore possible that bile toxicity could
have played = mejor role in reducing the rate of biogas production.

3.3, Comparizon of bile pre-treatment at [ow (0.2-1 g/L) and high (1-6 g/
L) doses

The high-dose trial utlised a FOG-acclimetised inoculum, with a
substrate relstively low in FOG content. The resulting impect of bile
eddidon was found to be largely negligible or negative depending on
the dose. In comparison, the low-dose mrial used an inoculum that was
unaccustomed to high-fat substrates, and was combined with a sub-
strate much higher in FOOG content, yet produced an incresse in SME.

Table 2

Kinetics modelling of EMFP oarves from high-dasa bile BMP using & standard growth carve logistic eguation and 2 medified Gompertz equation.
Units Inhibition () Days T, Days Finish day Days B, MmL CH,f VE k T Nml CH,, g V5 day F* Logistic F* Gompertz
Calhulase* 13 + 01 13 £ 01 o0 =0 312 + & 130 = 0132 10z = 4 0.951 0998
Coatral 7102 101 = 0l = 7EE = 11 073 = 001 121 = & 0.99% 0997
Bile 151 73 £ 01 10.3 = 01 7ed = 12 a7l = o0z 121 = & 0.9599 0995
Eile 2p1 70 oE 02 101 = 0l TEL = 3 068 = 0.01 109 = = 0.9%93 nowd
Eile 351 7B £ 02 114 = 02" TIE x T Q.57 = 002 55 = 4 DsT nssd
Bile 4 g1 81 £ 0.2 120 = 02" FI5 + B 053 = 002 ea = 4 0994 D967
Eilz 51 9.7 = 0.3 140 = 0.2 Tl = 3 044 = 001 75 = 4 0.9E9 0387
Eilz 621 127 = 0.4° 17.6 = 03" Fao = 11° 035 = 0.0z E5 = 3 0.9E5 0985

* Statistically significant at P < .05, n= 3.

* Cellulose is provided as a reference for comparison, logistic equation was unweighted o achieve corve fit.
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Fig. 2. Effect of high-dose bile on SMT and anastobic digestion profile of DAF sludge.

The data indicats that there is potentizl for bensficial cutcomes from
low-dose bile sddition. However, the dats also support that the influ-
ence of bile on the digestion process st these lower doses iz 2lso reliant
on other factors, indicated by the varying result of the 1 g/L trisl, which
overlaps both BMP investigations. It is likely that variztion in inoculum
ar substrate is responsible for this incomsistency. Subsequently, the
cellulose controls for each EMP snd the ATA were compered (Fig. 5).
The sludge used for the low-dose investigation, while slower to com-
plete digestion, produced 9% and 12% more bioges than the inoculum
used for the ATA and high-dose EMP respectively. It is likely that the
superior sludge quality used in the low-dose BMP was responsible for
the positdve response to bile sddition observed in the low-dose BMP.
Eile is a complex mixture of components, with a range of ecritical
micellsr concentrations (CMC). Surfectent compounds within bile, so-
divm deoagpcholste, sodium chenodeoxycholete and sodium cholaee,
have CMCs of 5.3, 7.0 and 18.4mb respectively [21]. OF the bile doses

trialled, 5 gL and & g/L have potentizl bile szlt concenations sbove
5.2mM, with 5.6 and 6.7 mM respectively. Measured differences in
inhibition, SMP, finish time and resction kinetics, 25 shown in Figs. 2
and 4, and Tables 3 and 4 indicate that degradative effects are ap-
pearing &5 early =5 3 2/L, with a potentizl bile salt concentmation of
3.6 mM. While these effects don't appear to correlste with CMC, these
degradative effects do appear to become more severe at concentretions
sbove the CMC of sodium decxycholate, and micelle formation may
induwee more significant inhibitory effects.

3.4, Economic considerations of bile pre-freatment of wastswater af meat
ing facili

Bile iz 2 by-product of red mest processing and was used in this
study to mssess the relative merit s onsite trestment of processing
wastewster to improve anasrobic digestion. The current use of bile =t

0 2 4

6 8 10 12

Days

—{¢llulosc = =Bile 1 gL =--Bik 2 gL = Bilc 3 gL = Bilc 4 gL ~~-Bile 5 gL =~Bilc 6 2L
Fig. 3. Anaerchic todcity assay with cellulose as a standard substrate, and bile 2= the substance in queston.
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Table &
Anasrabic oxidty assay with cellulose and bile

Jourral of Environmental Chemical Engineering 6 (20748) 444-450

Units Inhibitica (3) Days T, Days Finish day Days SHIP miy CH,E V5 day k U miy CH,/F VE/day Bf Logistic  R* Gompertz
Callulase 30 =01 51 =01 wm=0 318 = 2 103 = 005 B3 = 3 0.598 0.9%8
Bile 1zl 30 £ 01 Z0+00 10=x0 307 = 1 107 =003 B4+ 3 0.598 0.957
EHJ.RZS]. 31 x 0l 51 x Q0 100 318 = 9 105 = 003 Bd + 3 o998 0995
Ele3gl 33 &0l 53200 10x0 313 = 2 107 = 003 ES = 3 0.598 0.9%5
Eile 4z 34 & 01 5400 10x0 3z =1 106 £ 003 B = 3 0.998 0.9%5
Ele5g1 35 &0l 35200 10=x0 318 =1 104 =003 E3 = 3 0.598 0.955
Bile 5zl 35 £ 01 3FT+00 1O0=x0 318 = 1 100 =003 E1 3 0.598 0.953

Australian EMP facilities iz as & sale product to pharmeceutical in-
dustries. The effort of collecting and preparing bile for this purpose is
considersble. Although collection by specialised equipment can yisld
spproximstely 96% of bile, simple slashing of the gall bladder and
draining bile by workers can result in loss of up to 50% is commen [32].
Collected bile must then be heated to concentrate the bile to 75% solids.
This carries the benefits of preserving the product and svoiding the cost
of preservatives, while eliminating large quantities of water to reduce
shipping costs [32). At a throughput of 500 head of cattle per day fora
medium sized Aunstrelian BEMP facility, with 2 bile volume of 0.4 Land =
solids content of 109, this equates to 20 ke of solids svailzble per day
[32]. At a value of 25 AUD/kg (Dennis King, pers.comm. 1,/11,2017)
[371, bile is worth 500 AUD/day or 125,000 AUD,vear (250 days) to
the processor. Assuming 50% loss of bile, this value is reduced to 250
AUDyday or 62500 AUDvear. This return is so low that many pro-
cessors consider the retum on invested effort and energy doss not
warrant collection (Dennis King, pers.comm. 1,/11,/2017).

By comparison, dosage to the waste streem does not require con-
centration. At & throughput of 500 cartle, 200 L of bile is recoversble.
While the maximum methane increase measured in this investigation
was 7.08%, 0.6g bile/L, the corresponding quantity would require
B00L of bile to trear 1 ML of wastewater. Alternatively, 2 dose of 0.2 g
bile/L would require 200L of bile, and is pessible for an increase in
methane yield of 5.71%, =ssuming 100% bile recovery.

In comparison with the financial implications considered in Harris
eral [14], an SMP of 759 m* CH, kg VS was measured for 8 DAF sindge
contzining 14.21% VS, presumed to be primarily FOG. For a 143 m*
load of waste, the equivalent FOG load wes calculated to be sround

[
Trirrrereeean

] I 2

20.2 m®, or, with a density of approximately 0.7851 g/mL, & rough mass
of 15.96 tons of FOG solids. The trestment of this volume of wastewater
with bile would require 2561 of bile. This mass, with an SMP of
'?59m5,-"kg V8 would produce 12105119 m® CH,. An additionsl 5.71%
equates to 691202 m® CH,. With an energy content of 3575 MJI/m=,
this wvolume contzins 19334 MJ At 3.6kWh/MJ, end an electrical
conversion efficiency of 4044 for 2 combined heat and power plant, this
would result in approximately 2148 kKWh of usable electricity. At & rate
of 0.15AUD/EWh, this would be worth 322 AUD. If used to offset
naturel gss, at 8 rate of 3.15 AUD/GJ, this would be worth 158 AUD.
With respect to the volume of bile generated per day, around 200 L, the
trezmment of 1 ML of such weste would bring the value of bile up to
around 1102 AUD/dey based on these values. In comparison with the
collection snd preparstion of bile for ssle to the pharmaceuticsl in-
dusiry, bile for wastewster treatment is dosed directly to the waste
streem with no other teatment, reducing the effort and energy in-
vestment. Conclhusion

This work identified that bile dosed at 0.6 g/L produced a 7.08%
increzse in methene yvield. Higher doses of bile ranging between 2 and
6 2L resulted in reduced methane yield, incressed inhibition by up to
79%, end reduced resction kinetics by 52%. The economic vizbility of
using bile 25 8 bio-surfactant was assessed. In comparison to the current
use of bile as a sale produet to pharmaceutical companies, the addition
of 0.2 g bile,/L w0 existing slanghterhouse weste streams could increase
the value of bile, through bioges production, to 220% of its current sale
valne. The quality of inoculum end substrates were important fectors
when assessing the effect of bile as a pre-treatment opticn.

Hile concentration (L)

U Lag phase = Ty,

" T

Fig. 4. Ichibition period with respect to bile addition in EMP tasting. Tuwo represents the time between recovering from lag phass ichibiton and ackieving maxdmum methars producdon
Tate. Trm: represants the time between achioving Tawer and completing digestion with methane production < 1% of total yield.
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Fig. 5. Comparisan of cellulese coatrels from BEIP and ATA Mvestgations.
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Supplementary Tables
Supplementary Table 1: Characteristics of inocula, DAF sludge, cellulose and bile

used in digestions.

VS VS (% of COD

(% FM) (%FM)  TS) (mg/L)

Low-dose BMP: 0.2-1.0 g bile/L
Inoculum  7.48 5.08 3.20 63.01 ND ND

DAF 4.40 28.67 28.19 98.32 469,000 85,000

sludge
High-dose BMP: 1-6 g bile/L
Inoculum  6.86 2.44 1.88 76.86 ND ND
DAF 4.28 9.33 8.94 95.82 469,800 10,500
sludge
Anaerobic Toxicity Assay
Inoculum  7.48 2.60 1.99 76.41 ND ND
Cellulose  ND 100 95.38 95.38 ND ND
Bio-surfactant
Bile 6.74 9.63 7.87 81.7 ND ND

ND = not determined; BMP = Biochemical methane potential; ATA = Anaerobic

toxicity assay; FM = Fresh matter
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Supplementary Table 2: Conversion of volumetric dosing of bile to dosage per unit of FOG.

Low-dose bile BMP High-dose bile BMP
Dose (g bile/L) 0.2 0.4 0.6 0.8 1 1 2 3 4 5 6

Inoculum mass (g) 385.4 385.4 385.4 385.4 385.4 373.8 373.8 373.8 373.8 373.8 373.8
Substrate mass (Q) 14.6 14.6 14.6 14.6 14.6 26.2 26.2 26.2 26.2 26.2 26.2

Bile added (mg) 80 160 240 320 400 400 800 1200 1600 2000 2400

FOG (mg) 1239.6 1239.6 1239.6 1239.6 1239.6 275.1 275.1 275.1 275.1 275.1 275.1

Bile dose (mg/mg FOG) 0.065 0.129 0.194 0.258 0.323 1.454 2.908 4.362 5.816 7.270 8.723
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Appendix D

Impact of thermobaric pre-treatment
on the continuous anaerobic
digestion of high-fat cattle

slaughterhouse waste
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Thermobaric pre-treatment of a combination of dizsolved air flotation (DAF) sludge and slaughterhouszs
wastewater was evaluated for performance over 50 days of continuons znasrobic digestion. Continuous
digestion was conducted over three phases represented by varying fat, oils and grease (FOG) concentra-
tions and organic loading. [n comparizon with earlier biochemical methane potentizl {EMP) investigations
using thermobaric treated substrate by Harris, Schmidt and McCabe (Harris et al., 2017) which yielded
an 8.32% increase in specific methane production, pre-treated DAF sludge produced negative impacts an
digestion under continuous conditions. Average pH was consistently lower by 0.04, and loss of volatile
organics during pre-trearment reduced methanes yield by 12.1%. HaS concentration was 58% higher an
average with 795 ppm comparsd with 510 ppm in the contrals owing to enhanced protein degradation.
Alkalininy was low due to insufficient replacement from the substrate. Fresh substrate contzining doubls
the fatcontent (236 mg/L) and reduced organic loading rate (OLR) caused both control and treatment reac-
tors to fail, highlighting the need for consistent substrate characteristics. Magnesium hydroxide addition
effectively recoversd both pH and biogas production within digesters rapidly, addreszing the underlying

Ezywards:

Fat

il and greaze

Abatioir

Thermal

Dissolved air fiotation sludge

complication of insuffident alkalinity contribution by the substrate.

1. Introduction

Low-rate coverad anzerobic lagoons (CALs) offer the Australian
red meat processing [EMP) industry an attractive wastewater treat-
ment option with the added benefit of capturing methane-rich
biogas that can be combusted to offset onsite fossil fuel con-
sumption [2]. The RMP industry produces high-strength, high fat
wastewater which has excellent potential for biogas production.
In cormparison with carbohydrates and proteins which have the-
aretical methane potentials of 370 and 480 kg VS, fat has a
potential of 1014m? fkg VS [3.4], and thereby has the potential
to significantly enhance methane yields from AD systems. How-
ever, fats also present operational problems, and can reduce the
performance of anaerobic digestion (AD) systems [5]. Fathas poten-
Hal to cause problems such as blockages, foaming, cover damage,
reversible inhibition, sludge flotation, and sludge washout [6,7].
Co-digestion and pre-treatment are bwvo gvenues of research which
work to overcome these problerns and increase methane yields [8]
While co-digestion in RMP facilities in Australia has received little

* Corpesponding author,
E-muil addresses: Peter Harris@fusg.=dean (PW. Harris),
Thomas Schmidefusg.=duan (T. Schmidt], Bernadett: Cabe@uzg eduan
(B MclCabe].

https:/{doiorg/10.1016/j.bej. 2018.03.007
1362-703X/Q 201E Elsevier BV, All rights ressrved.

0 2018 Elsevier BV, All rights reserved.

irnrestgation, the country 15 actively pursuing research in this area
[=].

Pre-treatment options for FOG-rich substrates typically fll into
the categories of thermal, chernical, thermochemical, mechanical,
enzymatic and surfactant methods [10]. Harrds, Schmidt & MoCabe
[1] investigated the effects of thermobaric, chemical and thermo-
chemical pre-treatment on dissolved 2ir fotation (DAF) sludge.
Under hatch digestion, thermobaric pre-treatment demonstrated
improvermnent in methane yield, increasing specific methane pro-
duction (SMP; mLyx CHyfg V3) of DAF sludge by 832%, achieving
equivalent methane yield 4 days earlier than the controls, and com-
pletely eliminated lag phase inhibition.

While BMP tests provide good information regarding the
amount of methane that can ultimately be produced from a
feedstock, these experiments are not entirely representative of
industrial scale AD systems [11] Lab-scale continuous digestion
experiments are the next progression from BMP tests which can
elucidate further information regarding the digestion of a substrate,
and it's suitability for large-scale AD. Lab-scale continuous diges-
tinn experiments allow the eperator to optimise organic loading
rate (OLR) and hydraulic retention time (HET), while monitoring
for the accumulation of potential inhibitory compounds, or the
gradual loss of necessary components {ie. trace elements, alka-
linity, ete.) [3]. One of the sssumptions that is made with a BMP
test, and challenged with continuous digestion experiments, 15 the
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Table 1
Initial parametess of sludge, and substrate batches.
pH TCOD {mg/L) VEIX] FOL (mg/L) TH [mg/L} VFA [mg/L)
Inoculum 712 NI 200001 HD KD KD
- n=1
FPhase I: Days 0-33
Conerol 732 T450=134 101 =004 17 85 151=0
Thermal TAD TET5 =502 1.01 =007 HD NI 176=0
n=1 n=2 n=3 n=1 n=1 n=2
FPhase 11 B 1I: Days 34-42
Conirol TAI=025 T0E4=27 0.85=003 13868 o2 150=1.15
Thermal FE0=026 BEE9 2T 086 =005 HD KD 180 =404
n=7 n=93 n=17 n=1 n=1 n=2
Table 2
Substrate mixtures.
Phas= D weates (ml] Green stream [ml) DAF sludge (ml) Tatal [ml)
1 438 30 1132 00
o.m 520 173 618 700

supply of 2 substrate of consistent composition, and the impact
that this variation has on the digestion process. The chemical and
physical cormposition of wastewater in the RMP industry varies sig-
nificantly cwving to the degree of primary treatment, including the
number, size and efficiency of screens, DAF units, contra sheers,
serew presses, sterilisation and rendering [12], a5 well as species
slaughtered, seasonal changes, and variaton down to the week,
day and even between shifts [13].

Although bateh investigations provide wvalusble information,
there 15 often disparity between results obtained from batch and
continuous digestion investigations. Schwede, Rehman, Gerber,
Theiss and Span [14] thermally treated microalgae and produced a
185% increase in methane yield under batch conditions. However,
under continuous digestion, an increase of only 108% was recorded.
sirnilarly, Zhang, Su and Tan [15] measured on average 29% less
methane produced from substrate digested in continuous systems
when compared with batch systems.

This current study is a progression ofwork performed by Harris,
Schrmidt and MeCabe [1], and aimed to imvestigate the impact of
thermobaric-pre-treatment on the anzerobic digeston of & com-
bination of DAF sludge and slaughterhouse wastewater during
continuous digestion, with respect to methane yield and process
stability.

2. Materials and methods
2.1. Inoculurm and substrate

The inoculum was anzerobic sludge sourced from a CAL at a
loeal slanghterhouse (Table 1), Sludge was immediately portoned
inta B x 2L eontnuous stirred-tank reactors (CSTRs), incubated at
3721 C for 4days to allow residual organies to digest.

The substrabe was a semi-synthetic combination of distilled
water, wastewater collected from the slaughterhouse green stream,
and DAF sludge (Table 1), with the intent to limit substrate vari-
ability and contribute to & greater CN rato. DAF sludge 15 a

Table 3
Operaticnal details of C5TR continued.

concentrated source of FOG residues collected by the DAF process.
This material was used for its high FOG content and has a fatky
acid composition representative of the fatty material entering the
AD systern of the red meat processor [1]. Green stream waste is &
combination of tripe wash, render, stick water, paunch wash, cat-
tle wash and green wash waste. Green stream waste was diluted
to allow for the majority of COD to be contributed by DAF sludge,
wihile atternpting to retain some degree of ritrogen to contribute to
alkalinity. Both wastewater and DAF sludge were collected as grab
samples and immediately returned to the laboratory for storage at
4 C, and subsequent pre-treatment prior to use. DAF sludge was
blended using a 500W sHek blender to improve uniformity prior to
portioning into storage containers. Waste components were com-
bined to produce a substrate of 2 COD/L to allow for an OLR ef 1
COD/L{day while retaining a HRT of 8 days (Table 2).

22 Pre-treatment and continuous digestion set-up

Thermobaric pre-treatment of DAF sludge was performed as per
Harris, Schrmidt & MeCabe [1]. Anaerobic reactors were BioProcess
Control bioreactor simulator [BRS) reactors (BioProcess Control,
Sweden). As described by Stromberg et al [18], the BES consists of
5 rain parts. Gas from the bioreactors (BR) is measured by a data
acquisition instrument (DAT). Information feom the DALLS transmit-
ted to the database (DB), and through the website to file storage
(F5). The user then sccesses this dats through the website.

Reactors were operated at 2 working volurme of 1.8 Lwith a HRT
of Bdays. Reactors were fed daily with 225ml of semi-synthetic
substrate, and 223 mL of efluent digestate was recovered for sub-
sequent anabesis. Reactors were maintained at 371 C with 2
thermostatic water bath, Table 3 details the feeding regimes for
the reactors. Phase I spanned days 0-32, in which reactors were
fed with the first batch of substrate. Phase Il spanned days 33-43,
inwhich reactors were fed with a second batch of substrate. Phase
I spanned days 44-49, in which reactors were fed with the sec-

Phas= Days Stirring [hours onjday OLE [z COD/L'day] FOG lowd (mg/L/day] Mg{OH): [ziml/day)
1 0-32 205 1 115 o
n 33-43 205 0.8% 236 0.o0s
n 44-49 2383 0.8% 236 0.o0s

* Stirring intecval is 1:5 min on/off
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and batch of substrate, but deosed with magnesium nydroxide
(Mg[OH)z ).

Stirring was paused for 2.5 h prior to feeding in phases land 1T
alloweed for biomass settling, In responge to graduslly increasing
sludge fotation observed visually over the course of phases Tand 11,
stirring protocol was modified in phase 1L Stirrers were stopped
10min prior to feeding to allow for sludge settling while limit-
ing sludge flotation. Reactors are stirred intermittently at 30% of
motor capacity, with 1 min on and 5 min off. Volumetric gas mea-
surernent was normalised to 0 C, 1 atmosphere and corrected for
water vapour internally by the DAL and is reported as normal millil-
itres {mly). Adjustrnent of pH was performed using magnesium
hydroadde at & dose of 0.005 g Mg OH)p /mLsygstrare/day on days
43-43,

2.3. AnalyHcal methods

Effluent digestate samples were collected in parallel to daily
substrate addition. pH was measured daily. Total selids (T5) and v
were measured twice a week in accordance with standard method
2540GC [17]. Merck test kits were used to measure ammonium,
total nitrogen (TN), COD at 25-1300mg/L, 500-10000 mg/L. and
S000-30000 mg L and were subsequently analysed on a Spectro-
quant Phare 100 spectrophotometer. Volatile fatty acids (VFA) and
TA were measured by FOS/TAC titration [18], samples were cen-
trifuged at 2345z for 30 min and filtered through a Whatman grade
4{20-25 ) filter paper to remove particulate lipid prior to titra-
ton.

Biogas volume was measured continuously by the BRES, and
as composition was analysed for methane (CHy), carbon dioxide
(C0y), omygen, and hydrogen sulphide (Ha3) twice 2 week by recir-
culating the digester headspace through a2 Biogas 5000 gas meter
(Geotech, United Kingdom . FOG was measured using a wilks Infra-
cal I analyser, using the extraction method outlined in the user
manual, with modifications outlined in [1]

24 Smfistical analyses

Single factors analysis of variance (ANOVA) was used to detect
statistical significance between samples.

3. Results and discussion
3.1 Bingae production and composition

The onset of daily biogas production generally occureed sooner
in the controls, with producton increasing within 15 min of sub-
strate addition. By comparison, prodoction began within 1h of
substrate addition in the treatment group. This indicated that
the control substrate was either more readily accessible by the
microbes than the thermaobaric substrate, or contained substances
which were more rapidly degradable, i.e. VEA potentially lost dur-
ing pre-treatment 45 seen in Harrds, Schenide and MeCabe [1].

Daily biogas production typically remained greater in the con-
trol group throughout the 24 hperiod (Fig. 1) The decrease inbiogas
production at 21-22 h was due to the cessation of stirring prior to
feeding. This was contrary to the results sbtained by BMP anal-
yiis of substrate collected from the same locaton and subject to
the same treatment in Harris, Schrnidt and MeCabe [1], in which
treated DAF sludge produced greater methane yield and reduced
lag phase inhibition. This was expected to translate to a reduced
delay between daily substrate sdditon and subsequent gas pro-
duetion under continuous digestion.

Specific biogas production (SBP! mly /g Vs/day) in the control
averaged 930 £ 142 milyfg VS, while the treatment reactors sver-
aged 814+ 128 mlyfg VS, This was significantly lower than the

o s { Ly T~y

i 2 4 L] L] L] 12 14 {13 1 2 12 td
Time o Hnusw)

Compal — Thizrmal

Fig. 1. Average daily biogas production from control and thermal groups (P<0.05,
n=49].
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Fig. 2. Ca= flow rates and methane content. Values are the avemge of 3, with errar
bars representing one standard deviation.

theoretical value for tallow at 2009 mily /g WS [4,19), indicating that
the substrate was not fully degraded within the 24 h period.

SBP was consistently higher in the control group by an average
of 12 8% (P<0.05), as was specific methane production (SMP; miy
CHy/g Vs{day) by 12.1% (P<0.05) (Fig. 2} It was expected that in
the absence of beneficial effects of pre-treatrnent, that the biogas
yield from the treatment group should mirror the controls. This
was not the case. As pre-treatment was conducted in 2 Schott bot-
te, it 15 suspected that the wessel seal was brolen, and some of
the reduction in gas yield resulted from the loss of organic con-
tent, specifically as VFA, from DAF sludge during the pre-treatment
process as reported in Harris, Schmidt and MeCabe [1]. This prob-
lem could be overcome with the use of a pressure vessel a5 was
conducted in Wilson & Nowvak [20]. The reduction in yield may
also be in part due to reduced substrate degradability, orincreased
inhibition perhaps induced by increased LCFA content [20]. This
reduced yield is consistent with the results of schwede, Rehrnan,
Gerber, Theiss and Span [14] and Fhang, Su and Tan [15] in that
pre-treated substrate produced a greater result under batch con-
ditions than under continuous digestion conditions. Hewever, the
pre-treatments investigated by Schwede, Rehman, Gerber, Theiss
and Span [14] and Zhang, Suand Tan [15] still produced an increase
in methane yield in cormparison to the controls, and in this respect,
the resules of this investigation are inconsistent with the Lterature,

Methane and carbon dioxide content remained largely consis-
tent throughouot the experiment. Controls averaged 72.1 £ 0.6% CHy
and 27.6£1.15% 00y, while the thermobarie treatment averaged
725+ 05% CH4 and 275+1.15% CO; (Table 4). Conversely, HaS
content varied greatly (Table 4: Fig. 3). Thermobaric-treated sub-
strabe produced 56% more Hy S until day 43, indicative of increased
protein degradation. Magnesium hydraxide [Mg(0H), ) addition on
day 43 significantly reduced H25 concentrations in both the con-
trol and treatment groups. The mechanism for this reducton in
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Table 4
Biggas production and compositon.
Reactor SEF mlu/z VS SMP mly CHy/g VS Ha5 (%)
Control 1 332 141 BES = 103 413 = 210
Caonerol 2 245 = 181 687 = 11E 576 = 304
Cantrol 3 09 x 126 656 = 93 541270
Thermal 1 852 =111 G61€ = BO 830 = 303
Thermal 2 834 =127 &G04 = 92 278 =111 746 = 305
Thermal 3 759 =137 550 = 14E 274=170 TO6 =321
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Fig 3. Average bicgas composition =+ standard deviasion with respect ;o CH,, C05
and Ha5 content.
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Ha5 content is two-fold. Firstly, Mg{0H)y reacts with Hy5 in solu-
tion to produce hydrosulphide (H3™), 2 non-volatile product [21].
Secondly, raising the pH from 63 to a more alkaline environment
increased the capadty of the water to solubilise HpS, resulbng in
reduced gas release [22].

32 Process stability — VFA, TA and NH;-N

32.1. Effect of pH on Bogas production

Reactor pH steadily decreased from 671 +005 tv 6§51+002
in the conteel group during phase 1 (Table 3! Fig 40 A change in
substrate to a frech bateh with around double the FOG content
saw a rapid pH decrease to 5302003 by the end of phase I A
sirnilar trend was exhibited by the treatment group, decreasing
from 668 £0.04 to 647 £0.02 during phase I, folleaed by a raped
decrease to5.27 £ 0.02 by the end of phase IL Continued biogas pro-
ducton at such a levr pH was unexpected, but not unprecedented
[23]. Thiz rapid decrease in pH was accompanied by an extreme
decreasein biogas production in all reactors. At this point, Mg(OH)y
was added to the substrate to recover the digesters and indicated
the beginning of phase I Although pH recovered slowly, biogas
production recovered rapidly. Overall, the treatment group main-
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Fig. 5. Comparison of volatile fatty acids, totl alkalinity, and VEA:TA ratic. Values
are given as average = one standard deviation. Mg[0H 2 was dosed to digester from
day 43 onwrard.

tained a lower pH at alemost 2ll times in comparisen to the control
group. Indeed, signs of decline had begun to show by day 23 in
the treatmnent group, while the contral group was still increasing
in biogas production.

322 Effect of VFA and alkalinity content on pH

While VFA content was B4% lower in the substrate following
thermobaric pre-treatmment in the BMP investigation [1], this was
inconsistent with the literature, and reinforces the possible loss
of organics from the substrate through pre-treatment. A simdlar
investigation by Wilson, Novak and Murthy [24] demonstrated that
thermobaric treatment at 170 C increased VFA yield by B9% over
the yield achieved 2t 150 C. wilson and Novak [20] further eluci-
dated the effects of temperature on LCFA degradation. Regarding
saturation, lipids with greater degrees of saturation responded at
lower temperatures, and VEA yield was far greater at each tem-
perature trialled than their more saturated counterparts. While the
resulks of Wilson and Movak [20] are encouraging, it should be noted
that C18:1 accounts for almest half of the fatty acid profile of beef
tallow, which only began to show improvements at 190 C. The VFA
profile produced by thermal-treated LCFA in the Wilson and Novak
study was also dependant on LCFA saturation. Thermal treatment
of C18:0 effected a small increase in acetie, propionic and butyric
acids, and a relatively large generation of valerie, caproic and hep-
tanoic acids. Conversely, thermal treatment of C15:3 generated a
profile almost opposite to C18:0, with acetic acid and propionic
representing roughly 85% of 2ll VEA

Under continuons digestion, VFA concentrations were on aver-
age 34% higher in the thermobarie-treated digester efluent for
the first 25 days (3 HET) of digester operation. Beyond day 25,
VEA concentrabons reduced to levels equivalent to the controls,
at approximately 50 £ 18 mg(L in both geoups (Fig. 5). Higher VEA
content within the thermobaric reactors indicated that organics
were more easily degeaded to form VEA follenwving pre-treatment.
This explains the reduced pH of the treatment group with respect
o the contrel group over the Arst 28 days of digestion. Given that
accumulation of VEA was not detected throughout the experiment,
the decrease in pH was found to be a result of reduced buffer-
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ing capacity due to washout and insofficient replacement by the
substrate.

A total alkalinity of 903 mg CaC0, /L and 923 myg CaC0s/L was
present in the control and treatment reactors respectively at the
beginning of digeston, contributed by the inoculum. Alkalindty
decreased almost lneacly during phases 1 and 11 to 3757 mg
CalDs/Lin the control group, and 374+ 8mg CaC0s in the thermal
group. This decrease was due to a low TH concentration in the undi-
luted green strearm waste of 198 mg/L, and loss through washout
Green strearm waste was diluted 1:2 in phase I and 1:3 in phase 11
and I o achieve a high proportion of pre-treated DAF sludge as
COD in the substrate. While the DAF sludge contained 2 high T of
3300 myg L at such a smallloading, the TH in the prepared substrate
was only 36mg/L in phase [, and 102 mg/L in the phase I and 1L
Consequently, with 2 HRT of 8 days, ammonium, which contributes
significantly to alkalinity [25], was guickly diluted and discharged
from the system, with insufficient replacement.

Addition of magnesium hydroxide in phase I steadily increased
alkalinity until the final measurement on day 49. Control reactors
inereased from & minimum of 375 =7 mg CaC0y /L on day 42 up
to 446 L5 mg CaCOs/L by day 49 This resulted in a correspond-
ing increase in digester pH from 6.30=0.03 to 541 =641 £0.03.
Pre-treated reactors also increased from a minimum of 374 L3 mg
CaCoy /L on day 42 up to 421 =5mg Ca00; L by day 49, resulting
in & pH increase from 627 £ 0.02 up to 636 £0.04 (Fig 4).

VFA'TA ratio remained below the optmum range of
0.3-0.4:1[26], with awverages of 0D14+002:1 in the control
group, and 017 =0.04:1 in the treatment group. It 15 important
to note that VFAITA ratio is dynamic, with acdd concentrations
increasing shortly after substrate addition as hydrolysis and
acidogensis take place, and decreasing as digeston proceeds to
completion.

Ultimately, pH was heavily reliant on the buffering capac-
ity. Although increased protein degradation was indicated by the
inerease in Hy 5 production, there appeared to be little impact on
amimonium content. Total nitrogen in the substrate was too low
at 30-66mg/L to replace the ammenium washed out during sub-
strate addition. While VFA concentration exhibited little fluctuation
with 73+ 20mg/L in the control group and 9540 in the treat-
ment group, alkalinity continually decreased as ammonium was
lost from the systern (R2 =0.977). Although pH decreased gradually
with respect to allcalinity, the VFA:TA ratio remained low, indicating
that VFA accurmulation did not cause digesters to fail.

These data indicated that digesHon was not completed within
the 24h timeframe. OLR could have been increased. either by
decreasing the dilution of the green stream component of the
substrate and thereby increasing the nitrogen contribution to the
digester, or by increasing the DAF sludge comnponent of the wastew-
ater. Following addition of magnesium hydroxide, pH and gas
production increased markedly.

3.3. Operational aspects

3.3.1. Inhibiton/overloading

Both control and pre-treated groups experienced 2 significant
reduction in biogas production during phase 11, corresponding with
the addition of a fresh bateh of substrate (Fig. &) During phase 01
SBF decreased by 45% frorm a high of 2096-1.172 mly /g V5L day
in the control group, and by 47% from 1700 to 909 milyg VS/Liday
in the treatment group. With respect to the change of substrate
characteristics in phase I, HRT remained statie at 3 days, while OLR
wasreduced to 0085 = 0.03 ¢/L/day, and the FOG load to the reactors
doubled frorn 115 to 236 g /Liday. Although TN was greater in the
second bateh of substrate, the pH of the reactors further declined,
and intervention with ragnesium hydroxide was necessany to pre-
vent digester fzilure. As pH recovered, SBP recovered until the
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Fig. 6. Effect of substrate changeover on SMP.

collection of completely mixed digestate was implemented on day
48

As reported by Harris and MeCabe [ 10], wastewater composition
inn RMP plants can vary significantly. The effect of substrate varia-
tHon and the minor degree of shock loading demonstrated inFig Gis
indicative of the effect of substrate variation on the performance of
industry-operated anserobic digesters. This highlights the need for
consistent feedstock for optirmum anzercbic digestion. While some
full seale AD facilibes make use of an equalizing tank to reduce
the severity of the peaks and troughs in wastewater characteristics
over time, these fail-safes are not perfect, and there may be poten-
Hal for pre-treatment to aid in the formation of more consistent
feedstocks.

Inorder to reduce substrate variability, the substrate used inthis
study was semi-synthetic. Although elements of industeial waste
streams were utilised, these components were diluted and added in
proportions that achieved a desirable OLR. Despite this, the degree
of control over feedstock variability was limited, and shock loading
of FOG in the second batch was still enough to significantly affect
AD performance. Hanakd, Matsuo and Nagase [27] reported similar
inhibitory actions from shock loadings of LCFA In & system treating
synthetic waste, where the addiion of FOG to the reactors induced
a lag phase in the degradation of acetate, LCFA and n-butyrate, and
reduced the rate of methane production from hydrogen [27].

34 Comparison of batch v continuous digestion

While simple BMF tests give 2 good indication of the amount
of biogas and methane that can be wltimately produced from a
substeate, these tests do not accurately reproduce the conditons
of large-scale AD systerns under continuous or semi-contimuous
operation [11]. Given that laboratory imvestigation to understand
the biogas potential of a substrate is eritical in malking business
and design decisions regarding the implementation of AD tech-
nology, it is important to consider the limitations of BMP tests,
and the advantages and shortcormings of batch and continuous
digestion investigations. Continuous digesters are mone sophisti-
cated systermns that z2ccommodate for the monitoring of operational
parameters such a5 OLR, HET, solids retention time, and critical
parameters which reflect process stability, such as pH, organic acid
load and system buffering capacity, and the effect of accumulation
of various compounds. Consequently, mary of the observations in
this exxperiment would not have been possible under bateh diges—
tHon.

Protein degradation appeared to be enhanced by pre-treatment,
as indicated by the HyS content in the biogas, However, pH in
the thermobaric reactors was consistently loweer than the controls,
VEA'TA ratio was more variable, and response to change in sub-
strate characteristics was more severe. Measurement of VFA:TAand
amroonium concentrations indicate that digesters were subject to
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continual washout of buffer from the system, without a reasonable
spuree of replacement such as proteinaceous substrate.

The effect of substrate variztion alse had distinet impact on AD
performance in this experiment. Shock FOG load induced imeme-
diate digester failure, although digesters were recovered with
Mg(OH);. This exemplifies the necessty for the Australian RMP
industey, which is subject to extraordinary variation in substrate
characteristics [10], to better regulate digester substrate character-
istics in order to guarantee reliable performance in both methane
yield and substeate degradation [22]. This can be achieved through
use of an equalizing tank with a short HRT, allowing for the reduc-
tion of peaks and troughs in substrate characteristics [29].

‘While mono-digestion of porcine slaughterhouss waste has
been demonstrated by Ortner et al. [30], BMP testing of individ-
ual and combined waste streams demonstrated that although the
majority of methane was produced within 15-20 days, reactors
reguired 48-81 days to complets digestion. Subsequent contnu-
ous digestion performed well under mesophilic conditions, with an
OLR of typically 1.5-2.5 kg V5/m? d, and a HRT within a reasonable
range of 2040 days for the majority of the experiment [30]. How-
ever, under psychrophilic conditions of 25 C, a more representative
temperature for unheated and low-rate anzerobic digesters, diges-
tion of the substrate seerned difficult. OLR was reduced to around
035, and HRET was increased up to 165 days [30]. Such operation
15 too slow and ineffective for systemns such as covered high-rate
anaerobic lagoons to be worthwhile as an energy source. Accord-
ingly, slaughterhouse waste may lend itself better a5 an optimised
substrate as in the case of co-digestion, and further potential for
pre-treatment to significantly enhance degradation rates for such
slowly degrading substrates.

4. Conchision

Previous BMP investigation of thermobaric-treated DAF sludge
yielded an 532% increase in SMP and eliminated lag-phase inhibi-
tion [1]. Subsequent irvestigation of thermobaric-treated substrate
under continuous digeston resulted in reduced methane yield by
12.1% due to lost volatile organics, consistently lower digester pH,
and enhanced protein degradation produced 56% higher Hy S con-
centrations. Alkalinity was consistently washed out of reactors,
with insufficient replacement from the substrate, leading to steady
pH decline during phase L Although phase [[ decreased OLR, a con-
current increase in FOG loading caused digesters to fail Addition
of Mg[OH); rapidly recovered digester pH, biogas production and
significantly reduced Ha5 concentrations.
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