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ABSTRACT

STIMULATORY EFFECT OF VERMICOMPOST ON THE ANAEROBIC DIGESTION
OF CAFETERIA FOOD WASTE

By
WEI WU-HAAN
The overall objectives of this study were to evaluate the effectiveness of
utilizing manure vermicompost as an additive to enhance anaerobic digestion of
post-consumer cafeteria food waste in a single-stage digestion system and
investigate the mechanisms associated with such enhancement. Vermicompost was
chosen because of its buffering capacity, abundance of humic substance, and
variety of trace metals, all of which may enhance the digestion process. The
experiment was first conducted using a batch-scale biochemical methane potential
assay and found that manure vermicompost added to the food waste reactors at
concentrations of 2 g/L and 6 g/L both significantly increased ultimate methane yield
and methane production rate. Then, a long-term study was conducted using twelve
semi-continuous single-stage reactors to confirm such enhancement and further
investigate the associated mechanism. The specific methanogenic activity and trace
metal (iron, nickel, and cobalt) bioavailability were also evaluated. Results showed

that the food waste digester without any supplement (control) had unstable and low

methane production (254 mL/g VS added/day and 455 mL/g VS destroyed/day).

During the experimental period, the control reactor experienced a dramatic reduction
in pH (less than 6) due to a significant accumulation of volatile fatty acids (more than
2,600 mg/L). The trace metal bioavailability tests further demonstrated that the
control digester could be deficient in nickel and iron. In contrast, the food waste

digesters supplemented with manure vermicompost (2 g/L), trace metals (a mixture



of 0.01 mg/L nickel, 0.5 mg/L Fe, and 0.01 mg/L Co) or humic acids (0.4 g/L) all had
stable and significantly greater methane production compared to the control. The pH
was approximately 7 and volatile fatty acids were less than 200 mg/L. Among all

treatments, the food waste digesters supplemented with manure vermicompost had

the greatest methane production (625 mL/g VS gestroyed/day). In comparison to the

control, supplementation of manure vermicompost also nearly doubled the acetate
utilization rate and enhanced the propionate utilization rate by 60%. It was found
that such enhanced digestion performance was likely related to the trace metals
(particularly iron and nickel) provided by the vermicompost. Humic acids, naturally
presented in mature vermicompost, also contributed to the enhanced performance of
food waste digestion. In summary, manure vermicompost (without any additional
chemical amendments) stabilized and increased methane production from anaerobic

digestion of food waste in the single-stage digestion system.
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CHAPTER1 INTRODUCTION
This chapter contains the background, problem statement, hypothesis,
rationale, and objectives of the dissertation. Chapter 2 is a literature review which is
followed by a description of the four stage of the research (Chapter 3, 4, 5, and 6).

General conclusion and suggestions for future research then follow in Chapter 7.

1.1 Background

The term “food waste” is defined by the U.S. Environmental Protection
Agency (EPA) as any food substance, raw or cooked, which is discarded, or
intended or required to be discarded (US EPA, 2012). In 2010, more than 34
million tons of food waste was generated in the U.S., the second-largest
component of municipal solid waste stream (US EPA, 2012). Only less than 3% of
the total food waste was recovered and recycled, while the remaining 97% was
simply thrown away (US EPA, 2012). This makes food waste the single largest

component of municipal solid waste reaching landfills (US EPA, 2012). Food waste

decomposition in landfills produces significant amounts of methane gas (CHy), a

greenhouse gas (GHG) with 21 times the global warming potential (100 year) of

carbon dioxide (CO2) (US EPA, 2012). An estimated 117.5 Tg CO2 (or million

metric tons of CO, equivalent) of methane were generated from landfills in 2009,
the third- largest human-related source of methane in the U.S. (US EPA, 2012).
The negative environmental impact and rising costs associated with landfill disposal
have led to the development of alternative technologies for food waste
management (Arvanitoyannis and Varzakas, 2008). The implementation of
government initiatives, for example the European Union (EU) Landfill Directive

(1999/31/EC), will further promote the diversion of food waste from landfill in pursuit



of alternative technologies such as composting, thermochemical conversion, and
anaerobic digestion (AD).

Composting is a common alternative to landfill disposal of food waste,
however, it requires large areas of land, emits volatile organic compounds (VOCs),
and consumes energy (Mata-Alvarez et al., 2000). Food waste generally contains
74-90% mositure which makes thermochemical conversion technologies such as
direct combustion or gasification undesirable due to the considerable decrease in

energy efficiency (> 60%; Appels et al., 2011). In contrast, anaerobic digestion
produces energy and reduces the emissions of CH4 gas and VOCs (Mata-Alvarez

et al., 2000). The residual material (digestate) contains the entire complement of
nutrients originallly in the raw feedstocks which can be directly used or further
composted and then used as nutrient soil amendments (Tambone et al.,2009).
With such potential benefits, AD should be explored as a better recycling
alternatives to landfill disposal of food waste.

What is AD? Anaerobic digestion (also called anaerobic fermentation) is a
biological process that converts organic material at a modest temperature,
ambient pressures, and nearly neutral pH to biogas in the absence of external

electron acceptors (such as free molecule oxygen) (Klass et al., 1984). Biogas

consists largely of CH4 and CO2 and trace amount of nitrogen (N2), nitrogen

oxides, and hydrogen sulfide (H2S). Anaerobic digestion is a highly complex and

dynamic system where microbiological, biochemical, and physical-chemical
reactions are closely linked (Klass et al., 1984). If the substrate consists of high
molecular weight carbohydrates, fats, and/or protein, it is first hydrolyzed to

soluble polymers (simple sugars, fatty acids, alcohols, and amino acids) by



enzymatic reactions from hydrolytic bacteria. These soluble polymers are then

fermented into volatile fatty acids (VFAg), alcohols, hydrogen (H2), and CO2 by

acidogenic bacteria. The VFAs longer than two carbons are converted to acetate

and H2 gas by the obligate hydrogen-producing acetogenic bacteria. Finally the

acetate, CO2 and Haz are converted to CH4 by methanogens. As a result of the

CH4 and CO» formation, the originally organic bound, non-carbon compounds are

released to their soluble inorganic forms (Angelidaki and Sanders, 2004). The
stability of the process is dependent on the critical balance between the symbiotic
growth rates of the principal microbial organisms (Speece, 1996). AD is a mature
biological treatment method that can be cost effective, environmentally sound and
a source of renewable energy when implemented correctly (Mata-Alvarez et al.,
2000). Many types of biomass containing carbohydrates, proteins, fats, cellulose,
and hemicelluloses can be used as substrates (Weiland, 2009) including sewage
sludge (Chynoweth et al., 1993), animal manure (Al-Masri, 2001), dedicated
energy crop and crop residue (Amon, 2007), grass (Wilkie, 1986), wastewater
from food processing plants (Tekin and Dalgic, 2000), fruit and vegetable waste
(Knol et al., 1978), and the organic fraction of municipal solid waste (Bouallagui et
al., 2003; Han et al., 2005; Xu et al., 2002).

Food waste contains a high content of readily degradable organic matter and
is a desirable substrate for AD (Zhang et al., 2011). Various types of food waste
have been evaluated individually for their biochemical methane potential (BMP) and

showed promising results including cooked meat (482 mL/g volatile solid (VS)

added), boiled rice (294 mL/g VS added), fruits, (180 to 430 mL/g VS added) and



vegetables (190 to 400 mL/g VS added) (Cho et al., 1995; Gunaseelan, 2004). The

reported BMP of the post-consumer food waste collected from restaurant and
cafeterias ranged from 435 to 480 mL/g VSadded (Cho et al, 1995; Zhang et al.,

2007; Zhang et al., 2011).

1.2 Problem Statement

Despite the high methane potential, using restaurant and cafeteria food waste
as a single substrate for AD was not very successful. Several researchers report
elevated VFAs concentrations that resulted in digester instability and failure (El-
Mashad et al., 2008; Climenhaga and Banks, 2008; Zhang et al., 2011; Banks et al.,
2012). In a single-stage digestion system, food waste is often rapidly acidified to
VFAs that accumulate and decrease the pH in the reactor, inhibiting the activity of
methanogenic microorganisms. Recently, several studies reported that this
accumulation of VFAs is likely caused by trace element deficiencies (Climenhaga
and Banks, 2008; Zhang et al., 2011; Banks et al., 2012).

Previous research showed that a sophisticated two-stage digestion system
can overcome these deficiencies (Lee et al., 1999; Xu et al., 2002; Wang et al.,
2005). However, the application of a two-stage system is limited as the maijority of
full-scale anaerobic digesters around the world are in a traditional one-stage
configuration (Zhang et al., 2011).

An alternative method is co-digestion with animal wastes that are rich in trace
element (Liu et al., 2009; EI-Mashad and Zhang, 2010; Zhang et al., 2011; Zhang et
al., 2012). However, this strategy may not be practical in urban areas where most
food waste is generated. Untreated animal waste and food waste both have a high

moisture content preventing the economical long distant transport to a centralized



anaerobic digester. Additionally, having manure in highly urban areas may be
unacceptable from a nuisance standpoint.

In summary, food waste has great energy potential and can be used as a
substrate for AD to produce energy. However, there is a lack of practical and

economical strategies to ensure stable and efficient digestion.

1.3 Hypotheses

The central hypothesis of this dissertation research is that the
supplementation of manure vermicompost (VC) to a single-stage AD system using
food waste as the sole substrate will stimulate methane production and enhance

process stability.

1.4 Rationale

The rationale for this central hypothesis is that manure VC contains a wide
range of trace minerals at concentrations favorable for AD (Heravs et al., 1989).
Additionally, VC originating from animal manure contains high levels of humic acids
(Canellas et al., 2000) that are reported to increase methane production and improve
digestion stability (Hartung, 1989). A detailed literature reviews is in Chapter 2.
There are numerous reasons why manure VC was selected as the test
nutrient-rich supplement for enhancing the AD of food waste, as discussed below.
1. Manure VC vs. raw manure. The earthworms used in the production of
manure VC modify the physical, biological, and chemical properties of the
original manure. The final product is an odor free, granular, and peat-like
material with moisture content in the range of 45-60%. This makes it more

suitable for transport and land application as a soil amendment. Moreover,



the concentrations of calcium (Ca), potassium (K), iron (Fe), copper (Cu), zinc

(Zn), chromium (Cr), and cadmium (Cd) increase (Yadav and Garg, 2010) as

a result of carbon and nitrogen loss due to mineralization and decompositions

of organic matter (Deolalikar et al., 2005).

2. Vermicompost vs. thermophilic compost. Vermicompost has much higher
concentrations of available (water-soluble) nutrients, in comparison to
traditional thermophilic compost derived from identical feedstocks (Subler et
al., 1998; Short et al., 1999; Tognetti et al., 2005). Additionally, earthworm
activity accelerates the humification of organic matter, producing a larger
amount of humic acids compared to thermophilic composting (Edwards, 2004).

3. Vermicompost vs. commercial mineral nutrients. In recent years, several
studies evaluated the feasibility of supplying commercially available, relatively
pure trace elements to ensure stable and effective AD of food waste
(Climenhaga and Banks, 2008; Zhang et al., 201; Banks et al., 2012).
However, VC is potentially a more eco-friendly, economically viable, and
sustainable alternative to commercial minerals, which are primarily produced
from nonrenewable resources.

In summary, vermicompost serving as an AD supplement appears to be a
viable, novel approach to improve the stability of AD and increase biogas production.
However, its effectiveness is not demonstrated and the potential mechanisms of
improvement not understood. In fact, there is no previously published research on
the utilization of manure VC or conventional thermal compost to improve AD of food

waste.



1.5 Objectives

The overall objectives of the study were to evaluate the effectiveness of
utilizing dairy manure VC as an additive to enhance the AD of cafeteria food waste in
a single-stage digestion system and investigate the associated mechanisms. To
achieve these objectives, a four stage studies were conducted as described in

Chapters 3-6. A brief summary of the structure of the dissertation research is shown

in Table 1.1.
Table 1.1 Structure of dissertation research
Stage Experiment Objective
1 BMP assay Preliminarily examine the feasibility of

utilizing VC as an additive to enhance
the AD of cafeteria food waste

2 Long term semi- Examine the effectiveness of VC as

continuous digestion trial | an additive in a long-term operation

and identify the stimulatory factors

present
3 Specific methanogenic Determine the effect of VC on the
activity test acetate utilization rate and propionate
utilization rate
4 Metal bioavailability Determine if the deficiencies of
study selected trace metals cause the low
acetate utilization rate in a food waste
digester




CHAPTER 2 LITERATURE REVIEW
In this chapter, the principles of the anaerobic process were briefly discussed
first followed by in-depth reviews of: 1) the functions and requirements for trace
metals; 2) the use of additives to stimulate AD; and 3) food waste digestion. A brief
review of the VC process is also presented, including principles of its production, a
comparison of VC and traditional composting, and the use of VC in the digestion

process.

2.1 Overview of Anaerobic Digestion

Anaerobic digestion is the decomposition of organic matter by a microbial
consortium in an oxygen-free environment (Ward et al., 2008). Organic carbon is
converted by subsequent oxidation and reduction steps to its most oxidized state.
CO2, and its most reduced state. CH4. In addition to CH4 and CO2, minor quantities
of other gaseous products are generated such as N2, nitrogen oxides, Ha, NH4, and

H2S (Angelidaki and Sanders, 2004).

2.1.1 Historical Development and Present Status

Volta is recognized as the first to report the conversion of organic matter to
CH4 through an anaerobic digestion process (McCarty, 2001). In 1776 he showed
that “combustible air” was derived from sediments in lakes, ponds, and streams. In
1856, Reiset reported that methane was formed from decomposing manure
(McCarty, 2001). The first full-scale application of anaerobic treatment was a septic
tank used for treating domestic wastewater, developed by Moigno in 1881 (McCarty,
2001). He named this system “Mouras’ Automatic Scavenger” and described this air-

tight chamber in the French journal Cosmos. In 1890, Moncrieff constructed the first



hybrid anaerobic system that consisted of a tank digester and an anaerobic filter that
was designed to decrease the volume of sludge (McCarty, 2001). Imhoff modified a
septic tank to enable a longer solid retention time and, by the end of 1914, about 75
cities in the United States received a license to use the system, termed an Imhoff
tank (McCarty, 2001).

Beginning in the 1920s, Bunswell and his colleagues conducted extensive
research on applications of the anaerobic process for the management of industrial
wastewater and agricultural residues (McCarty, 2001). Later, Stander discovered
the importance of the solids residence time for reducing the reactor’s size (McCarty,
2001). Taylor developed the first large-scale anaerobic filter to treat wheat starch
wastewater in 1972 (McCarty, 2001). In 1970s, Lettinga developed the up-flow
anaerobic sludge blanket reactor, which is now the one of the most successful new
reactor designs because of its broad application to a variety of industrial and

municipal wastewaters (McCarty, 2001).

By the end of 20th century, AD has become widely applied worldwide. In the

U.S., AD is used at large farms for manure treatment, at municipal wastewater
treatment plants, and to treat industrial wastewater. AD is more prominent in
Europe, especially in Germany, Denmark, Austria, and Sweden because of strong
government initiatives (Holm-Nielsen et al., 2009).

Although AD is a widely applied, the design is still generally empirical (De
Baere, 2006). This is mainly due to the complexity of the biological process, that is
still not fully understood, and the increasing range of feedstocks. Many problems
associated with the AD technology such as poor operational stability and a long
retention time limit its application and researchers are in agreement that more

research is needed to further advance AD technology. Included are 1) improving



process efficiency by the pretreatment of substrates and the addition of biological
and chemical additives; 2) identifying microbial community dynamics; 3) modeling
of AD; and 4) upgrading and utilizing of biogas (Appels et al., 2011; Hom-Nielsen

et al., 2009; Ward et al., 2008; Mata-Alvarez et al., 2000).

2.1.2 Principals of Anaerobic Digestion
Anaerobic digestion consists of a series of biochemical processes as

illustrated in Figure 2.1.

100 % COD

PARTICULATE ORGANIC MATERIAL
|PROTEINS | LCARBDHYDRATESJ [uPiDs |

HYDROLYSIS ~39%] (10
llu?‘u.lru -"400!9 /34%
1 Y
AMINO ACIDS, SUGARS_‘ FATTY ACIDS
FERMENTATION 66 % 34% (3) |ANAEROBIC

w :'V OXIDATION

INTERMEDIARY PRODUCTS
PROPIONATE BUTYRATE ... 34%

35% 1%

ACETATE
ACETDTM %
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Figure 2.1 Anaerobic Digestion Process (Adapted from Gujer and Zehnder,
1983). Percentages indicate substrate flow (stoichiometrically) in the form of
COD or CHqy, as described by Gujer and Zehnder, 1983.
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Six distinct processes occur:
e Hydrolysis of complex polymers including proteins, carbohydrates, and
lipids
e Fermentation of amino acids and sugars
¢ Anaerobic oxidation of long chain fatty acids
¢ Anaerobic oxidation of intermediary products such as VFAs (with the

exception of acetate)

e Conversion of acetate to CHgy.

e Conversion of H, and CO2to CHj4.

Fermentation is defined as a microbial process in which organic matters serve both

as electron donors and as electron acceptors. Anaerobic oxidation is defined as

microbial process in which molecular Ha is the main sink for electrons (Gujer and

Zehnder, 1983).

These six processes are typically simplified to four stages: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. The trophic groups relevant for
anaerobic process design and control are hydrolytic bacteria, acidogenic (or
fermentative) bacteria, acetate-forming (also known as acetogenic) bacteria, and
methanogens (archaea).

If complex insoluble compounds such as particulate and colloidal organic
matter are used as substrates, the first stage of the AD process is hydrolysis.
Hydrolysis is defined as the breakdown of organic substrates into smaller products,
which then can be taken up and degraded by microorganisms (Morgenroth et al.,
2002). Complex organic matter such as proteins, carbohydrates, and fats are

complex polymeric substances which consist of many small molecules joined

11



together by unique chemical bonds. In general, most microorganisms are unable to
directly use these substances, therefore, microorganisms first excrete extracellular
hydrolytic enzymes to hydrolyze these complex polymer to soluble polymers or
monomers such as amino acids, simple sugars (oligo- and monosaccharides), and
long-chain fatty acids (Gujer and Zehnder, 1983). Typical hydrolytic enzymes
include protease, cellulase, cellobiase, xylanase, amylase, and lipase. The soluble
substrates entered the bacteria cells for ultimate degradation.

In the acidogenesis stage, soluble compounds produced through hydrolysis

or directly fed to the digester are degraded by acidogenic bacteria. The

degradation of these compounds results in the production of CO»2, Ha, alcohols

(such as butanol, ethanol, methanol, and propanol), organic acids (such as acetate,
butyrate, formate, lactate, propionate, and succinate), organic-nitrogen compounds,
and organic-sulfur compounds (Geradi, 2003). The presence of organic-nitrogen

compounds and organic sulfur compounds is due to the degradation of proteins

CO2 and Haz can be converted directly to acetate or methane.

Many alcohols and acids generated during the acidogenesis stage (such as

propionate, butyrate, and ethanol) are further degraded to acetate, formate, COo,

and Ha during the acetogenesis stage, by acetate-and Ha-forming bacteria (also

called acetogenic bacteria). The accumulation of hydrogen can inhibit the
metabolism of acetogenic bacteria; therefore, the maintenance of an extremely low

partial pressure of hydrogen is essential.

The final stage in AD is methanogenesis, where CHy is produced from

acetate, CO», and Ha by the methanogens. Methane can also be formed from

12



formate and methanol although this is not common. Acids, alcohols, and organic-
nitrogen compounds not used by methanogens accumulate in the digester.
Methanogens are classified as archaea, a biology domain distinct from bacteria.
There are three principal groups of methanogens, acetotrophic, hydrogenotrophic,
and methylotrophic, which will be discussed in more details in the next section.

Although many details on the metabolic networks in a methanogenic consortium are

not clear, present knowledge suggests that H> may be a limiting substrate (Bagi et

al., 2007). This assumption is based on findings that the addition of H,-forming

bacteria to the natural biogas-forming consortium increases daily biogas production.

2.1.3 Anaerobic Microorganisms
Three groups of anaerobic microorganisms including acetate-forming
bacteria, sulfate-reducing bacteria and methanogens are reviewed in this

subsection.

2.1.3.1 Acetate-Forming Bacteria
Acetate-forming bacteria grow in a symbiotic relationship with methanogens.

When acetate-forming bacteria produce acetate, hydrogen is also produced and

used by methanogens for CH4 production. Acetate-forming bacteria survive only if

their metabolic waste—H2—is continuously removed by methanogens or other

hydrogen-utilizing bacteria. If Ho accumulates, acetate-forming bacteria cease and

depress acetate production, causing the AD to fail (Amani et al., 2010). Failure to
maintain the balance between these two groups of microorganisms is the primary

cause of reactor instability (Wang et al., 2009).
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2.1.3.2 Sulfate-Reducing Bacteria
There are two groups of sulfate-reducing bacteria—incomplete oxidizers and

complete oxidizers. Incomplete oxidizers degrade organic compounds to new

bacterial cells, CO2, and acetate, ethanol, formate, lactate, and propionate.

Complete oxidizers degrade organic compounds to new bacterial cells and CO2

(Geradi, 2003). If sulfates are present, sulfate-reducing bacteria compete with

methanogens for the same substrates (H2 and acetate) and reduce sulfate to
hydrogen sulfide. At substrate-to-sulfate ratios <2 (mass basis), sulfate-reducing
bacteria out-compete methane-forming bacteria for acetate while at substrate-to-

sulfate ratios between 2 and 3, competition is very intense (Geradi, 2003). At

substrate-to-sulfate ratios >3, methane-forming bacteria are favored (Geradi, 2003).

2.1.3.3 Methanogens
Methanogens are a morphologically diverse group of the archaea that have

many shapes, growth patterns, and sizes but unified by their ability to gain energy by

reducing carbon monoxide (CO), CO», formate, methanol, methylamines, or acetate

to CH4. Methanogens employ hydrogenase, formate dehydrogenase, carbon

monoxide dehydrogenase, methyl reductase and secondary alcohol dehydrogenase
to obtain reducing equivalents for generating methane from molecular hydrogen,
formate, acetate, methyl groups and secondary alcohols, respectively (Reeve, 1992).

Coenzymes that are unique to methanogens are coenzyme M and the nickel-

containing coenzymes F420 and F430 (Geradi 2003). Coenzyme M is used to

14



reduce CO2 to CH4. The nickel-containing coenzymes are important Ho carriers in

methanogens.
In the AD process, there are three principal groups of methanogens: 1)

hydrogenotrophic, 2) acetotrophic (also known as aceticlastic), and 3) methylotrophic

(Amani et al., 2010). The hydrogenotrophic methanogens typically use H2 and
convert CO2 to CH4 (Eq. 2.1) however, some use CO to produce CHy (Eq. 2.2). By

converting CO2 and Hz to CHy4, these organisms help to maintain a low partial

hydrogen pressure in the digester that is required for acetogenic bacteria (Amani et

al., 2010).

CO2 + 4H, —» CH4 4+ 2H,0 Eq. 2.1
4CO + 2H,0 — CH4 + 3CO» Eq. 2.2

The acetotrophic methanogens “split” acetate into CH4 and CO2 (Eq. 2.3). This

process is known as an aceticlastic reaction. The CO2 produced from acetate may
be further converted by hydrogenotrophic methanogens to methane (Eq. 2.1).

CH3COOH — CHs + CO2 Eqg.2.3

Acetate degradation is also carried out by acetate oxidizing reactions. In
contrast to the former reaction, the latter is very energetically unfavorable (Hattori,
2008). However, this reaction can occur from syntrophic interaction between certain

bacteria and methanogenic archaea. The bacteria, namely syntrophic acetate-
oxidizing bacteria, can oxidize acetate to produce H2/CO2 only when their products

are subsequently utilized by the hydrogenotrophic methanogens (Hattori, 2008).
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Surprisingly, some of these bacteria can also reversibly utilize H2/CO2 to produce

acetate (Hattori, 2008).

The methylotrophic methanogens grow on substrates that contain the methyl

group (-CHs). Examples of these substrates include methanol (CH30H) (Eq. 2.4)
and methylamines [(CH3)3-N] (Eq.2.5).
3CH30H + 6H — 3CH4 + 3H,0 Eq. 2.4

4(CH3)3 — N + 6H20 - 9CH4 + 3CO2 + 4NH;  Eq.25

Methanogens reproduce very slowly due to the relatively small amount of
energy obtained from the use of their limited number of substrates (Gerardi, 2003).
Under optimal conditions, the range of generation times varies from three days to
several weeks. Therefore, if the solid retention time is too short, the population of

methanogens is not able to increase accumulate.

2.1.4 Optimization of Anaerobic Digestion

Like any other microorganisms based process, successful AD operation
depends on maintaining environmental conditions to optimize the microbial activity
and increasing the system efficiency. Important operational parameters that must be

satisfied for a stable and efficient digestion process are discussed below.

2.1.4.1 pH and Alkalinity

In general, CO, and VFAs tends to lower pH, while alkalinity-generating

cations, like ammonium ions from protein degradation reacting with CO2 to form

ammonium biocarbonate, stabilize the pH (Bhattacharya and Parkin, 1989). The
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best pH range for acetate-forming bacteria is 5.5-6.5 and for methanogens is 6.7-8.0
(Owens et al., 1979). The pH of an anaerobic digester should be maintained in a
range of approximately 6.5 to 8.2 (Liu et al., 2008; Speece, 1996). A decrease in pH

below 6 significantly reduces the activity of the methanogens and causes a buildup

of VFAs and Ha. At higher partial pressure of H,, acetate-forming bacteria are

severely inhibited resulting in even more accumulation of VFAs and a further
decrease of the pH. Further, if food waste is used for feedstocks, rapid hydrolysis of
lipids can result in the accumulation of VFA and the lower methanogenic activity

(Griffin et al., 1998).

2.1.4.2 Temperature

Temperature plays an important role in microbial growth and metabolism rates
and the physicochemical properties of the substrate. The two optimum primary
temperature ranges for AD are mesophilic (30-35°C) and thermophilic (50-55°C).
AD can also occur at a psychrophilic temperate, below 20°C (Boullagui et al., 2003).
The structures of the active micr