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Abstract The field of wastewater management and alternative energy are one of the
most unexplored fields of environmental biotechnology. The biomethane is consid-
ered as renewable natural gas which can be derived from organic waste and sewage
treatment. In recent past biomethane is emerging as a promising gaseous fuel utilized
in a cogeneration or trigeneration power plant. Biomethane usually produced through
anaerobic digestion in oxygen-deficient environment where a series of microorgan-
isms convert the complex waste to biogas via liquefaction through a cascade of
enzymes. Biomethane produced in anaerobic digester can be utilized for decentralized
power generation, and additionally revenue can be gained in the form of a CO, credits
and/or other greenhouse gas emission credits. In the present book chapter, the
technical know-how of anaerobic digestion and biocatalyst associated with digester
has been depicted. A thorough understanding of the fundamental principles of anaer-
obic digestion would help to perceive new aspects of bioenergy conversions. The
book chapter highlights the concise of biochemistry for biomethane production as well
as important major factors involved in the process toward the realization of a stable
biomethane-based economy. Successful application of anaerobic digester was found
in pilot-scale potential wastewater treatment along with renewable energy production.
The proper configuration anaerobic digester and efficiently pretreated “feedstock” are
key to maximize the production of methane. Therefore, basics of reactor design
designs based on process economy have been discussed.
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1 Introduction

The anaerobic digestion is a sustainable process which is gaining popularity in the
realm of increasing demand of constant energy sources and concern of global
warming due to emission of greenhouse gases. The anaerobic digester utilizes the
waste to extract renewable biofuels and by-products. The anaerobic digestion
process can be proved as a boon to the developing and underdeveloped countries.
The widespread application of the process can help these countries to eradicate the
major problem of waste management, sanitation, health, bio-fertilizer production,
and renewable energy. One of the major products of anaerobic digester (AD) is
methane (Li et al. 2015). As biomethane is the greenest of all the biofuels, it is going
to be reclassified as “super low-carbon fuel” from “low-carbon fuels” for
decentralized system (Fig. 1) (Nguyen et al. 2015).

In 1776, Volta identifies that the anaerobic digestion can potentially convert
organic matter to methane (Sowers 2014). In 1981, Cosmos a French journal cited
“Mouras Automatic Scavenger,” the first anaerobic chamber to treat domestic
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Fig. 1 Anaerobic digester-based biogas plant for decentralized power generation
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wastewater. In 1895, Donald Cameron built a septic tank based on the model of
Mouras Automatic Scavenger in Exter, England. The application of anaerobic
process was limited till 1950, due to lack of the essential knowledge of the
anaerobic process. In 1950, Stander identified the relevance of solid retention
time (SRT) for anaerobic digestion of wastewater. This development has directed
to the advancement of the high-rate anaerobic reactor. The progress of high-rate
anaerobic reactor established the application of anaerobic process, particularly for
biogas recovery and wastewater treatment (Li et al. 2015).

Methanogenesis is the process of formation of methane by some microorganisms
commonly known as methanogens under anaerobic conditions (Venkata Mohan
et al. 2011, 2013). Methanogens belong to the kingdom Archaea and are the most
diverse group among the known members of the domain. These microorganisms
drew the attention of the whole world due to their significant contribution to the
global methane emissions and their wastewater treatment ability. Methanogens can
produce methane using different organic and inorganic compounds such as carbon
dioxide, acetate, etc. (Romero-Giiiza et al. 2016). Methanogens can also utilize the
waste products of different bacteria to produce methane. Methane production is a
very versatile process which can utilize various organic and inorganic compounds
to produce methane and carbon dioxide under anaerobic conditions (Kumar et al.
2014). The breakdown of the organic compounds is facilitated by a cascade of
bacterial degradation enzymes by various groups of bacteria such as acidogens,
acetogens, methanogens, etc. The methanogens are the most common microbes
responsible for the reduction of the carbonaceous material to methane. They are the
microbes which can thrive in anaerobic conditions such as bottom of the water
bodies, paddy fields, dumping grounds, or in specialized environments—rumen
bacteria to produce methane using organic matter (Kumar et al. 2016). The rumen
bacteria form a symbiotic environment to a staggering amount of methane from
cellulose. These bacteria produces 4 x 10° tonnes of methane daily (Ge et al. 2016).

2 Biochemistry of Methane Generation

The isolation and culturing of methanogens is very difficult as most of them are
strict anaerobes. So, even a very small contamination of oxygen can ruin the
culture. The anaerobic culture requires specific techniques such as pressurized
culture vessels for liquid cultures and roll tubes for solid cultures (Ahring 2003).
These techniques were compiled by Balch et al. (1979) in his review paper (Balch
et al. 1979).

The primary fermentation, i.e., breakdown of macromolecules such as carbohy-
drates, proteins, lipids, etc. results in the formation of acetate, formate, carbon
dioxide, and hydrogen (Chandrasekhar et al. 2015a, b). The methanogens produce
methane by mainly two pathways: carbon dioxide reduction and acetate conversion.
But methanogens can also convert formate, methanol, methylamines, and CO into
methane (Chandrasekhar and Venkata Mohan 2014a, b; Stamatelatou et al. 2014).
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2.1 Carbon Dioxide (CO;) Reduction

The reduction of CO, is studied extensively by the researchers. The pathway uses
many C1 coenzymes which are unique to methanogens. The conversion of carbon
dioxide to methane occurs through many intermediate stages which begin with
the conversion of carbon dioxide to formyl, methenyl, and methylene and ends with the
formation of methane from methyl stage. The conversion of carbon dioxide to methane
is facilitated by many C1 coenzymes which are mostly unique to methanogens.
These coenzymes are tetrahydromethanopterin (THMP), methanofuran, and coenzyme
M. THMP is similar to the eukaryotic pterins, while the latter two are unique to
methanogens (Sebola et al. 2014).

The C1 group is passed in a bucket bridge fashion to a coenzyme as it is
consecutively reduced. The first stable compound in the pathway is formyl-
methanofuran. The formyl-methanofuran transfers the formyl group to TMHP in
the presence of a formyltransferase. The formyl group is then converted to methenyl
group by a cyclohydrolase named as 5,10-methenyltetrahydromethanopterin
cyclohydrolase (Zinder 1990). The reduced coenzyme F420 donates two electrons
to the methenyl group which results in formation of methylene group. The meth-
ylene group conversion is facilitated by an oxidoreductase enzyme named as
methylene-tetrahydromethanopterin: coenzyme F420 oxidoreductase. The methy-
lene is further converted to methyl group which forms a complex with coenzyme
M. The conversion of methyl coenzyme to methane involves four enzyme com-
plexes out of which only two are known till date. The known enzyme complexes
involved are CoM-S-S-HTP and N-7-mercaptoheptanoyl-O-phospho-L-threonine
(H-S-HTP). The reactions intricate in the pathway are mentioned in Table 1.
The conversion of carbon dioxide to methane accounts of a net Gibbs free energy
of —130.4 kJ/mol (O’Flaherty et al. 2006).

Table 1 Reaction sequences for the anaerobic digestion of complex organic matter

Steps Function Microbiomes
Hydrolysis Conversion of suspended organic matter, | Fermentative bacteria
proteins, carbohydrates, and lipids to (Bacillaceae, Lactobacillaceae,
amino acids, sugars, and fatty acid Enterobacteriaceae, etc.)
Acidogenesis Conversion of amino acids, sugars, and | Clostridia

fatty acid to intermediate products, C3,
or higher organic acids like propionate
and butyrate

Acetogenesis Conversion of intermediate products,
propionate, and butyrate to acetate,
hydrogen, and CO,

Methanogenesis | Conversion of acetate and hydrogen to Acetotrophic methanogen,
methane hydrogenotrophic methanogen
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2.2 Acetate Conversion

Early researcher proposed that the acetate is first completely oxidized to carbon
dioxide. The carbon dioxide produced was then converted to CH4. The carbon
dioxide reduction theory was proved false by using '*C-labeled acetate. The results
showed that most of the methane was resulting from the methyl group (-CHj3) and
little from the carboxyl (-COOH) carbon. Further, the hydrogen atom of -CH; was
replaced by the deuterium atoms in other study to show that the intact —CH3 is
transferred to CH,4. The methanogens cleave acetate into -CH3 which is reduced to
CH,4 (Choong et al. 2016).The electron is derived from the oxidation of -COOH
to CO,. The pathway is mainly studied in Methanosarcina and can also be used to
explain the acetate conversion in Methanothrix with some modifications. The first
step involves the activation of acetate by converting it into acetyl-CoA with the
expense of an ATP. The reaction is nonspontaneous with a Gibbs free energy value
of +13 kJ/mol. The activation to acetyl-coA is followed by decarbonylation which
is catalyzed by carbon monoxide dehydrogenase (CODH). CODH catalyzes the
oxidation of carbonyl group to carbon dioxide and a molecule of ferredoxin is
reduced in the process. The methyl group is transferred in the complex to corrinoid/
iron-sulfur component and subsequently to coenzyme M (HS-CoM). The formed
complex undergoes reduction to give methane (Gorris and van der Drift 1994). The
last step involves the electrons from the reduction of ferredoxin but the electron
transport chain is still unknown.

2.3 Other Pathways

The other pathway involves the conversion of CH;0H and methylamines to CHy
and CO,. The CH30H is converted to CH, and CO,. The —-CH; of CH;0H is
transferred to coenzyme M (HS-CoM). The complex (methyl-coenzyme M)
undergoes demethylation with 7-mercaptoheptanoyl-L-threonine phosphate
(HS-HTP) which produces methane and the heterodisulfide (CoM-S-S-HTP). The
electrons of the heterodisulfide are replenished from the oxidation of CH;OH. The
conversion of methylamines is not studied in details, but the researchers suggest
that the conversion is analogous to CH;OH (Gujer and Zehnder 1983).

3 Microbiology of Methane Generation in AD

The anaerobic digestion process is the sequential degradation of complex substrates
to CH, (Table 1). It can be broadly divided into three steps on the basis of the
different microbial consortium. The microbial consortiums involved in the process
are acidogenic bacteria, obligate hydrogen-producing acetogens, and two groups of
methanogenic Archaeas (Gerardi 2003).
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3.1 Fermentative Bacteria

The first stage of anaerobic digestion process is responsible for degradation of
complex substrates such as carbohydrates, lipids, and proteins into simpler sub-
stances by facultative and obligate fermentation. The first step is facilitated by the
anaerobic species which belongs to the family of Enterobacteriaceae and
Streptococcaceae and the genera of Clostridium, Eubacterium, Lactobacillus,
Bacteroides, Butyrivibrio, and Bifidobacterium (Novaes 1986). Bacillaceae is the
predominant in digestive sludge along with the others such as Enterobacteriaceae
and Lactobacillaceae (Kumar et al. 2015). Clostridia ferments the hydrolyzed
products of proteins such as amino acids and peptides into volatile fatty acids
(VFAs), hydrogen, ammonia, and carbon dioxide (Narihiro and Sekiguchi 2007).

This first step of fermentation consists of hydrolysis and acidogenesis. This step
converts the complex substrates into oligomers or monomers, for example, proteins
are converted to smaller peptides or amino acids. The hydrolysis of complex
substrate is followed by the further degradation of these simpler substances into
VFAs and other products such as methanol, CO,, formate, etc. The common
volatile fatty acids generated are acetate and butyrate (Venkata Mohan and Chan-
drasekhar 2011a, b; Chandrasekhar and Mohan 2012; Kumar et al. 2012). This is
generally the fastest step in the process. The cell count of acidogens in the digesters
is between 106—108 per ml (Noike et al. 1985). A low partial pressure of hydrogen
favors the production of desired precursors of methanogenesis such as acetates,
carbon dioxide, and hydrogen. While high partial pressure of hydrogen shifts the
process toward formation of other organic intermediates such as acetate, butyrate,
formate, propionate, etc.

3.2 Hydrogen-Producing Acetogenic Bacteria
(2) and Acidogenesis

This bacterial group is responsible for the degradation of higher organic acids such
as propionic acid, butyric acid, etc. and aromatic compounds such as benzoate,
ethanol, and other products to carbon dioxide, hydrogen, and acetate (Eqgs. 1-3).
These reactions are not thermodynamically favorable with pure culture. However,
with coculture it is possible to convert C3 or higher organic acid to acetate at certain
condition.

CH;CH,COO~ +3H,0 — CH;COO~ +H* +HCO; +3H, AG®=76.1kI (1)

CH;CH,CH,COO™ + 2H,0 — 2CH;CO0™ + H* +2H, AG° =48.1 kI (2)
CH;CH,OH + 2H,0 — CH;CO0™ + H* +2H, AG° =9.6 kI  (3)
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In 1967, Hungate studied the relevance of production and consumption of
hydrogen in anaerobic processes. The process of hydrogen consumption by
methanogens maintains a low partial pressure of hydrogen which favors the
acetogenesis, i.e., breakdown of organic compounds into hydrogen, carbon dioxide,
and acetate. Acetogenesis is the secondary fermentation process which converts the
VFAs and other intermediates such as alcohols, hydrogen, and CO, into
methanogenic precursors (hydrogen and acetate). So, this is a very critical step
for the methanogenesis (Hungate 1967). The acetogens can be further classified into
two types on the basis of their prevalence in the reactor: obligate hydrogen-
producing acetogens (OHPAs) and homoacetogens. OHPAs are the microbes
which convert intermediate compounds like fatty acids, alcohols into acetate,
CO,, and H,. But the oxidation of OHPAs is inhibited by the presence of the
hydrogen, a metabolic product. The Gibbs free energy of the reaction is highly
positive in the presence of hydrogen (Kotelnikova and Pedersen 1997). So, the
process efficiency can be increased by the microbial consortium which can utilize
the produced hydrogen. The best available option for syntrophy is methanogens,
which can consume the produced H,. Hence most of the OHPAs grow in syntrophic
environment with methanogens.

3.3 Homoacetogens

Homoacetogenesis is an interesting biochemical pathway in anaerobic digestion.
The acetate is the major end product in homoacetogenesis, which is considered as
an essential precursor for CH,4 production. The answerable microorganisms are
either autotrophs or heterotrophs. The autotrophic homoacetogens, the second
group of acetogens, convert CO, and H, produced into acetate (Eq. 4). This
group of microbes also helps in maintenance of little partial pressure of H, in the
reactor. Homoacetogens can also utilize other substrates as a carbon such as carbon
monoxide (Eq. 5).

CO; + H, — CH3COOH + 2H,0
4CO + 2H,0 — CH3;COOH + 2CO,

4HCOOH — CH3;COOH + 2CO, + 2H,0O
4CH;0H + 2CO, — 3CH3COOH + 2CO,

The heterotrophic homoacetogens can utilize methanol and formate as a
carbon source and produce acetate as an end product (Eqs. 6 and 7). In 1986,
Novaes isolated two mesophilic homoacetogens: Acetobacterium woodii and
Clostridium aceticum. In 1981, Zeikus observed that there is no accumulation of
H, and CO, during the growth of homoacetogens. The studies have shown that the
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homoacetogenesis is a rapid process (Diekert and Wohlfarth 1994). Even the Gibbs
free energy that was found close to methanogenesis suggests competition for
hydrogen and other electron donors (Egs. 8 and 9).

H, +2HCO; +H" — CH3CO0™ +4H,0 (homoacetogenetion) AG®=—-104.6kJ
(8)

4H, + HCO3 +H" — CH4 + 3H,0  (methanogenetion) AG® = —135.6 KJ
)

3.4 Methanogen and Methanogenesis

Methanogenesis is considered as one of the major rate-limiting steps in the anaer-
obic digestion. The methanogens are found abundantly in anaerobic surroundings
such as ponds, marine sediments, swamps, and lakes. The methanogenic precursors
produced in the second step are utilized by the methanogens to produce
methanogens (Archer and Harris 1986). The methanogens are obligate anaerobes
which are further categorized into two types based on the substrate utilization:
acetoclastic and hydrogen-utilizing methanogens. Acetoclastic methanogens are
the major producers of methane which is close to 70% of the methane produced.
They belong to mainly two genres: Methanosaeta and Methanosarcina. Generally,
Methanosarcina, a spherical shaped methanogen, forms large packets which consist
of coccoid (spherical) cell units. Methanosarcina can utilize various substrates such
as H,/CO, (eq), CH30H (eq), and methylamines (eq). The doubling time of
Methanosarcina on acetate is 1-2 days (Eq. 11), while Methanosaeta, a
rod-shaped methanogen, can only grow on acetate and their doubling time is 4-9
days (Conklin et al. 2006). So, CH;COOH concentration greater than 1 mM favors
the growth of Methanosarcina, and lower concentration favors Methanosaeta’s
growth. As compared to other bacteria, the growth rates of acetotrophic
methanogens are slow which limits the anaerobic process and may result in the
acetic acid accumulation.

4HCOO™ +2H" — CHy + CO, +2HCO; AG° = —127 kI (10)
CH3COO™ + H,0 — CH, + 2HCO; AG° = 28 kJ (11)

Hydrogen-utilizing methanogens consume hydrogens for the reduction of the
process intermediates such as methanol, formate, carbon dioxide, and methyl
amines to CHy, the final product of anaerobic digestion. These microbes constitute
the remaining 30% of the methane produced by the anaerobic process (Eq. 12).
These are chemolithotrophic autotrophs, which derives both energy and carbon
from inorganic chemicals (Ferry 2012).
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4H, + HCO; + H* — CH, +3H,0 AG® = —135.6 kI (12)

Although biomethane production occurs via two major pathways—
hydrogenotrophic methanogenesis via CO, reduction and acetotrophic/acetoclastic
methanogenesis—there exists a third one, methylotrophic pathways. Methanol;
mono-, di-, and trimethylamine; and dimethyl sulfide (reaction is a major substrate
for methylotrophic methane generation where —CHj is transferred to a methyl
carrier and reduced to CH4 (Egs. 13—15)).

4CH;0H — 3CHy4 + CO, +2H,0  AG® = —103 kJ (13)
4CH;3NH; + 2H,0 + 4H" — 3CH, + CO, + NH}  AG® = —102 kJ  (14)
(CH3),S + H,0 — 1.5CHy +0.5CO, + H,S AG® = —74 kI (15)

4 Environmental Factors

As mentioned in the previous sections, anaerobic process is strongly impacted by
the environmental factors. The anaerobic process requires a stricter control over the
environmental parameters than the aerobic process. The impact of environmental
parameters on the anaerobic process is measured by methane yield as
methanogenesis is the rate-determining step of the anaerobic process.
Methanogenesis, a biological process, is strongly impacted by environmental
factors such as toxicity, temperature, pH, type and concentration of feed, nutrients,
metal toxicity, and others. A brief outline of the impact of the abovementioned
factors is described here.

4.1 Temperature

Methanogens can produce methane in a temperature range of 10—60 °C. The rate of
methane production is very slow at 10 °C which attains saturation at a temperature
of 37 °C. The anaerobic digestion can be segregated in three groups: psychrophilic
(10-20 °C), mesophilic (2040 °C), and thermophilic (40-60 °C) digestion. The
microbial growth and the conversion process are strongly influenced by tempera-
ture. So, psychrophilic digestion requires a long retention which results in large
reactor volume, and mesophilic digestion requires a small reactor as compared to
the psychrophilic. Thermophilic, being a special case, can be utilized for wastewa-
ter treatment which is discharged at high temperature. The only methanogen which
shows higher specific methanogenic activity is hydrogenotrophic methanogens
with no change in the most probable number (MPN) at 65 °C, compared to
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55 °C. While the number and activities of other microorganisms were considerably
reduced (Sowers 2014).

The temperature requirement can be expressed mathematically using Arrhenius
expression:

re = ra(1.11)0 (16)

where “” is the temperature in °C and r,, r3g are rates of digestion at temperature
t and 30°C, respectively. On the basis of the above equation, the optimum digestion
rate decreases by 11% for every 1 °C decrease in optimum temperature. Temper-
ature severely impacts the decay rate, maximum specific growth rate, growth yield,
and half-velocity rate constant. So, the temperature effect on methane yield is the
cumulative impact on different growth kinetics parameters. The rate of methane
generation in thermophiles is independent of temperature between 50-70 °C.
Hence, Water Pollution Control Federation (WPCF) recommended that the anaer-
obic process should be designed in such a way that the variation in process
temperature should not exceed 0.6—1.2 °C/day (Griffin et al. 1998).

4.2 Operating pH

The pH in an anaerobic digester changes with the onset of the production of VFAs
by acidogenic bacteria in the early stage of the process. But a further decrease in pH
is observed in the latter stage due to the consumption of VFAs by the methanogens.
Most of the anaerobic methanogens grows in neutral pH range (6.5-7.5). The
methane production is inhibited at low pH which develops in anaerobic reactors
due to the generation of volatile fatty acid intermediates (Venkata Mohan and
Chandrasekhar 2011a). So, it is essential to maintain the pH for optimal productiv-
ity. Hydrogen bicarbonate is used to keep the pH in the neutral pH range. The
optimal pH for the growth of acidogens lies in the range of 5.5-6.5, while that of
methanogens ranges in 7.8-8.2. So, the challenge is to select a pH range at which
both the microbial groups can coexist. The optimal pH for the coexistence of both
the microbial groups is 6.8—7.4. Hence, it is advisable to uphold the pH close to the
neutral (Griffin et al. 1998).

4.3 Alkalinity

The organic waste which contains high nitrogen can significantly contribute to the
alkalinity. The primary constituent of this wastewater is proteins which on degra-
dation generates ammonia. The ammonia reacts with the carbon dioxide present in
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the digester to generate bicarbonate which is mainly responsible for alkalinity in the
digester. The biochemical reaction is as mentioned below (Eqgs. 17 and 18):

RCHNH,;COOH + 2H,0 — RCOOH + NHj3; + CO, + 2H, (17)
NH; + H,0 + CO, — NH{ + HCOj (18)
(alkalinity)

However, treatment of sulfate-/sulfite-rich wastewater under anaerobic condi-
tions also generates alkalinity due to sulfate/sulfite reduction (Egs. 19 and 20).
Theoretically, 1000 mg of SO, reduction generates 1040 mg of alkalinity as
calcium carbonate (CaCOs3) (Sambo et al. 1995).

H, 4+ SO~ 4 CO, — HS™ + HCO; + 3H,0 (19)
CH;COO™ + S0~ — HS™ + 2HCO; (20)

The biogas produced from sulfate-/sulfite-rich wastewater has a significant
amount of H,S in it. H,S or hydrogen sulfide is hazardous and corrosive by nature
due to its highly acidic property, and therefore it is imperative to quench this “sour
gas.” This process is known as “gas sweetening.” The gas sweeting is done using an
iron sponge which has a bed of wood chips and hydrated oxide. This bed removes
the H,S present in the biogas streams. Amine plants can remove both H,S and CO,
from liquid hydrocarbons and natural gas. The process involves both chemical
reactions and adsorption. The H,S removal process should meet the “pipeline
quality gas” standards which is less than 0.25 grains of H,S (Diaz and
Fdz-Polanco 2012).

4.4 Oxidation-Reduction Potentials

Many researchers have reported that the growth of obligate anaerobes requires a
culture with an ORP value in the range —200 to —350 mV at pH 7. The
methanogens can grow well in an extremely reducing environment, which has an
ORP of —400 mV. Hence, the culture media for methanogens has a good amount of
reducing agents such as cysteine, sulfide, or titanium III to maintain the ORP at a
suitable value (Prasad and Prasad 2012).

4.5 Type and Concentration of Feed

The anaerobic digesters have evolved a lot with the research in the last decades. The
present digesters are compatible to various types of feed such as agricultural wastes,
industrial wastes, algal biomass, etc. as compared to the trivial digesters which can
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use only sewage sludge and animal wastes (Tijani et al. 2015). The constituents of
feed vary with the type of waste used, for example, paper industry waste is quite
rich in organic matter, food waste is rich in soluble organics, etc. The anaerobic
digestion is seriously affected by the presence of many materials such as sand,
plastics, and glass which results in the process failure if present in high concentra-
tion (Kimari et al. 2015).

The concentration of feed also plays an imperative role to decide the productiv-
ity of the reactor. The increase in solid content of the slurry decreases the rate
of CH4 production. The study done by Fernandez et al. shows that the CH,
production was reduced by 17% with the increase of solid content from 20% to
30% (Ge et al. 2016).

4.6 Nutrients

The major nutrients required by the microbes are carbon, hydrogen, nitrogen,
phosphorus, and sulfur. Most of the waste materials lack nitrogen and phosphorus.
The waste is characterized mainly by C/N ratio which is the ratio of carbon and
nitrogen present in the waste. The productivity of the digester can be enhanced by
adding appropriate nutrients in optimum amount. We can also mix different waste
to optimize the nutrient constituents of the digester (Jain et al. 2015).

4.7 Metal Toxicity

All microbes need trace elements and nutrients for waste stabilization, but these
elements are not directly responsible for waste stabilization. These elements are the
essential components for growth and synthesis of cells. These elements also provide
optimal physicochemical conditions for microbial growth. Some metals such as Ni,
Fe, Mo, and Co are also used by methanogens for growth on H, and CO, (Choong
et al. 2016). The metals are required by the microbes for growth in an optimum
amount. But these metals can also be toxic to microbes if present in high amounts.
The presence of metals such as Na™, K*, Ca2+, etc. in high concentrations is toxic to
methanogens. These metal salts can disturb the tonicity of the bacterial membrane
which results in very deleterious effects (Schmidt et al. 2014).

S Reactor Design

The selection of optimum reactor configuration is the most important part of any
process. The slow reaction rate of biomethanation demands strict control parame-
ters for reactor design. The rate-limiting step of any process determines the
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optimum reactor design which is methanogenesis in anaerobic digestion. The
selection of reactor configuration is by high HRT/SRT ratio, which prevents the
washout of methanogens. The most crucial parameter is sludge retention time
(SRT) which directly impacts growth rate of the methanogens and hence produc-
tivity of the process. There are many other parameters which need attention for
stable methanogenesis. The other process parameters of an anaerobic process are
hydraulic retention time (HRT), process temperature, C/N ratio, organic loading,
pH, mixing, etc.

5.1 Sludge Retention Time (SRT)

The SRT is defined as the ratio active biomass in the system to the production of
active biomass in the system.

VxX

SRT=———
Qout X Xout

where V is the volume of reactor, X is the reactor cell mass, and X, is the cell mass
flowing out of the reactor with a flow rate Q.. If SRT is less, the methanogenesis
will not take place which results in pH decrease due to accumulation of VFAs.
While very high SRT can result in a nutrient deficiency in the reactor. So, an
optimum SRT of 15 days is required for the production of methane in an anaerobic
digester.

5.2 Hydraulic Retention Time (HRT)

HRT is defined as the ratio of reactor volume (V') and inflow rate in the reactor (Q).

HRT = ©
0

HRT of the process depends on the feed type and concentration and temperature.
High HRT can be used for low feed concentration, while a high HRT is required for
high feed concentration. If process temperature is high, then the rate of reaction
increases and HRT decreases for the same yield and vice versa.
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5.3 Temperature

As described in Sect. 4.1, methanogens can grow in a range of temperature
10-60 °C. The optimal temperature for methane production is 37 °C. The conven-
tional reactors are designed to function in mesophilic conditions. The temperature
in such reactors is maintained in a range between 37 °C £ 2 °C. The reactors
operating under mesophilic conditions require less energy input and are more stable
than thermophilic reactors (Wang et al. 2014). While the CH, production rate of
mesophilic is more than the psychrophilic reactors. So, the process temperature in
an AD has to be strictly maintained throughout the operation time (Abdelgadir et al.
2014).

5.4 Carbon/Nitrogen Ratio

The C/N ratio gives the relative amount of nitrogen and carbon present in the
reactor. The carbon is required by all the cells, but nitrogen is also a crucial factor
for synthesis of proteins in the cell. The optimal C/N ratio is 20-30. The substrates
with a very high C/N ratio are deficient in nitrogen and vice versa. The imbalance in
C/N ratio can result in high VFA and total ammonia formation. Both the interme-
diates are the potential inhibitors of the methanogens. So, it is very essential to
maintain the C/N ratio in the anaerobic digester (Wang et al. 2014).

5.5 Organic Loading Rate

Organic loading rate (OLR) defines the amount of organic substrate loaded per unit
volume of the reactor.

_ O xCys

LR
Q Vv

where Cysg is the concentration of volatile solids. Lower OLR results in a large
reactor volume, while a higher OLR requires a small reactor. But higher OLR
requires higher HRT and it can also lead to the overloading of the reactor. So, the
reactor design should balance the HRT and OLR (Chandrasekhar and Venkata
Mohan 2012).
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5.6 pH

The pH of the digester lowers due to generation of many intermediates such as
VFAs during digestion. The AD also involves a consortium of microbes which
grows at different temperatures, for example, acidogens grow optimally in the pH
range of 5.5-6.5 while acidic pH is toxic to methanogens. The biggest reason of the
anaerobic digester failure is acid accumulation. So, the reactor has to be well
equipped to maintain the pH in the desired range (Abdelgadir et al. 2014).

5.7 Mixing

The fermentation media should be mixed properly to maximize the degradation of
the substrate by enzymes produced by the microbes. A proper mixing regulates a
better temperature and pH control. It also maintains a uniform heat and mass
transfer throughout the reactor. Mixing can be done in various ways such as
recirculation of different reactor’s contents, mechanical mixing, etc. The mixing
time and speed have to be optimized because overmixing can led to the degradation
of microbes present in the anaerobic digester (Jain et al. 2015).

5.8 Ideal Anaerobic Reactor

Hence the ideal anaerobic digester should have following characteristics: optimal
temperature and pH control, optimum balance between HRT and OLR, and a proper
mixing time and speed. The disruption in the anaerobic digestion process due to
acid accumulation can be solved using two stage anaerobic digestions. The diges-
tion process is divided into two processes in two separate digesters. The first
process involves hydrolysis and acidogenesis, while the second process involves
acetogenesis and methanogenesis. The anaerobic digesters can be classified in three
categories on the basis of the reactor design: low-rate (long hydraulic retention
time), high-rate (short hydraulic retention time), and tubular reactor (Skiadas et al.
2003).

5.8.1 Low-Rate Reactors

The long hydraulic time is required for the waste treatment from streams such as
solid wastes and slurry, while wastewater treatment requires short hydraulic reten-
tion time. The low-rate systems are batch, plug flow, and continuous reactors. The
low-rate digestion process can be further classified into two types on the basis of
number of steps in the process: one step and multiple steps mainly two steps. The
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digesters can be categorized in two categories on the basis of the dry matter present
in the slurry: wet (dry matter less than 20%) and dry digester (dry matter between
20% and 40%).

5.8.2 High-Rate Reactors

The high-rate systems are further categorized into systems with fixed beds and
systems with suspension culture. The fixed-bed system consists of fixed bacterial
biofilms on a solid support, while in the latter the microbial mass is retained by
settling (internal or external). The internal settling can be done by simply with the
help of gravity, while external settling can be done by using external means such as
a filter at the outlet. The low-rate systems are plug flow, batch, and continuous
stirred tank reactors, while the high-rate systems are fluidized bed and upflow
anaerobic sludge bed (UASB) reactors.

The UASB reactors are the most common reactor used by both industries and
research. The UASB reactors function at solid content of 4-15% and a HRT of
0.5-12 days. The UASB reactors can be used at higher organic loading rate as
compared to other high-rate reactors (Bal and Dhagat 2001).

5.8.3 Tubular Reactors

These reactors are used to produce methane at high altitude at process temperature
between 10 and —20 °C (psychrophilic conditions). These are mainly household
digester of volume ranges between 2.4 and —7.5 m>. These reactors are used to treat
animal wastes with a HRT of 60-90 days. The low-cost tubular reactors have
following problems: HRT and biogas pressure. The HRT is calculated by the
reactor size not by the pit dimensions. So, the HRT changes during the process
depending on the change of volume of the cylindrical bag used as a reactor. Similar
is the case with the biogas pressure which also decreases due to reduction in HRT
(Lettinga 1995).

The anaerobic digester has following basic components: digester vessel, biogas
utilization system, premixing tank, effluent spreading, or distributing system.

The digesters can be classified in two categories: batch and continuous. The
batch digesters are very simple to build and operate. The operation of batch digester
is having the following steps: (1) loading the digester with the waste material to be
digested, (2) the digestion process, (3) and effluent removal. The process is repeated
after the completion of these steps. On the other side, the continuous digesters are
fed regularly with the waste material. The material is infused into the digester either
by flow of the feed or by mechanical methods such as pumps. These digesters can
provide a continuous supply of biogas without any lag time due to loading and
unloading of the effluent. The continuous digester can be further classified into:
horizontal tanks, vertical tanks, and plug flow systems (plug flow digesters and
multiple tank systems) (Abdelgadir et al. 2014). Continuous digesters can be used
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Table 2 Basic types of reactors used in anaerobic biogas generation

Reactor type Synonyms

Attached-based growth

Fixed bed Fixed film, filter, submerged filter, stationary fixed bed
Moving bed Rotating discs, rotating biological contactor (RBC)
Expanded bed Anaerobic-attached film expanded bed

Fluidized bed Carrier-assisted contact process

Nonattached biomass

Recycled flocks, sludge blanket, | Contact process, upflow anaerobic sludge blanket (UASB),
digester clarigester type

for large-scale production of biogas, but they require high maintenance and oper-
ating cost and a more sophisticated design as compared to the batch digesters. Even
though anaerobic digesters have been used for sewage stabilization for many years,
the use of these digesters is a recent phenomenon. The increasing use of the
anaerobic digesters is due to the new reactor designs and better fundamental
understanding of the anaerobic process. These new digesters can retain a much
higher biomass which has substantially decreased the lag time of the process. The
biomass retention technology can be further categorized into two groups:
suspended growth (sludge blanket reactors) and attached-based growth (fluidized
digesters) (Bal and Dhagat 2001). Different types of anaerobic reactor types used in
industries are tabulated elsewhere (Table 2). Schematic representation of these
reactors is illustrated in Fig. 2 (Skiadas et al. 2003).

6 Feedstock Used in AD

With the advancement of new anaerobic technology, the biogas can be produced
using various feedstock such as plant extract like jatropa, poplar, miscanthus,
seashore, sorghum, spartina, switch grass, camelina, etc. The feedstock mentioned
above can be grown on marginal lands with very little fertilizer and water (Kimari
et al. 2015). Apart from the agricultural feedstock, biogas can be produced from
food processing wastes such as corn cobs, fruit waste, cheese whey, nut shells, rice
hulls, restaurants waste, sugar waste, etc. Biogas can also be produced from the
agricultural wastes (Ge et al. 2016).

6.1 Environmental Advantages of AD

Anaerobic digestion is a sustainable process to get rid of different waste generated
and energy recovery from the waste. The bio-CH, can be utilized as a potential fuel
source for an onsite power plant (Fig. 1). This can also benefit the facility for
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additional revenue streams in various forms such as carbon dioxide credits, renew-
able energy credits, and/or greenhouse gas emission credits. The anaerobic process
can reduce the BOD and COD by 50% approximately. Anaerobic digestion also
reduces the phosphorous and nitrogen content of the wastewater which are mainly
responsible for eutrophication in lakes or ponds. The process also reduces odor,
surface water pollution, and groundwater pollution (Li et al. 2015).

6.2 Bottleneck of AD

Even though the anaerobic digestion has many benefits, it cannot treat all types of
wastewater. The anaerobic digester is a good option for biomethane production, but
they also have few bottlenecks such as the slow start-up time, large reactor volume,
hydrogen sulfide generation, and ammonia inhibition (Ferry 2012).

6.2.1 Ammonia Inhibition

Ammonia is formed in anaerobic digestion due to degradation of nucleic acid,
proteins, and urea. The ammonia is present as two forms in aqueous solutions:
ammonium ions (NH,") and free ammonia (NH3). The optimum amount of ammo-
nia (concentrations less than 200 mg/L) is helpful to anaerobic digestion process
that helps to maintain the pH of the digester. But in most of the digesters the excess
ammonia is the main inhibitor of the methanogenesis. The indicators of excess
ammonia are increased production of intermediates such as VFAs and decrease in
production rate of methane. There are many mechanisms proposed by researchers
to explain ammonia inhibition: enzymatic reaction inhibition, change in pH, and
adding further burden to maintenance energy. The methanogens are highly sensi-
tive to increase in ammonia concentration among all the microbes present in
anaerobic digesters. But the methanogens can be adapted to the change in ammo-
nium concentration. This tolerance can be enhanced by change in metabolic
pathways or shift in the methanogenic population (Abouelenien et al. 2010).

Free ammonia is highly permeable to the bacterial cell and hence the main cause
of ammonia inhibition. Free ammonia diffuses into the microbial cells resulting into
potassium deficiency or proton imbalance. The free ammonia changes to ammo-
nium ion inside the cell and absorbs hydrogen ions present in the cell. Hence, free
ammonia compels cell to expend more energy to maintain the ionic balance inside
the cell. This can cause the inhibition of enzymatic reaction and increases the
energy expenditure (Strik et al. 2006). Ammonia can inhibit the anaerobic digestion
process at different levels: steady-state inhibition and accumulation of intermedi-
ates such as VFAs which can decrease the pH to very low value. The decrease in pH
can further aggravate the problem (Wang et al. 2014).
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6.2.2 H,S Generation

Sulfate is a very commonly found in industrial and other wastewater. The sulfate
present can be reduced by the sulfate-reducing bacteria (SRB) present in the
anaerobic digester. There are the two types of SRB: complete oxidizers and partial
oxidizers. The complete oxidizers reduce CH;COOH to CO, and bicarbonates,
while the partial oxidizers convert other compounds such as lactate to CO, and
acetate. SRB inhibition can be divided into two stages: primary and secondary
inhibition. Primary is a type of competitive inhibition in which SRB competes with
other microbes for substrate. This competitive inhibition results in the suppression
of methane production (Peu et al. 2012). Secondary inhibition is due to the toxic
effect of sulfide on SRB and other microbial groups including methanogens
(Chattanathan et al. 2014).

SRB can compete for substrate with almost all kind of microbes present in the
anaerobic digester except microbes present in hydrolytic stage. As SRB are not
equipped to degrade the complex substrates such as glycogen, lipids, starch, protein
etc., SRB have a very high affinity toward propionate which is a very crucial
intermediate formed by the acetogens. SRB can also compete for other intermedi-
ates such as butyrate and ethanol.

The studies done to establish the toxic effect of sulfides on microbes and its
nature are not very conclusive. Some studies supports that H,S is a highly toxic
form of sulfides, which can diffuse into the cell and forms disulfide and sulfide
cross-links between the polypeptide chains which result in denaturation of the
proteins. H,S can also affect the sulfur metabolism and sulfur linkages in various
coenzymes. Despite of so many toxic effects, sulfur is a required nutrient by the
microbes. The optimal concentration of sulfur in anaerobic digestion differs from
0.001 to 0.025 g/L. However, an inhibitory concentration also varies in a very broad
range from 0.1 to —0.8 g/L dissolved sulfur and 0.05 and —0.4 g/L of undissociated
hydrogen sulfide approximately (Kang et al. 2010).

7 Conclusions

The technology of anaerobic digestion has highly matured in the past decades.
Now, production of methane by anaerobic digestion is used everywhere. The
anaerobic digesters have also evolved to use various substrates such as industrial
and agricultural wastewater, sewage sludge, household waste, kitchen waste, etc.
The energy extraction from the waste can be further maximized by using efficient
ways of conversion of waste to biomethane, and it will also depend on the efficient
ways of energy utilization. The anaerobic digestion process requires less space and
energy. The methane production by anaerobic digestion can be done using simple
technology. The process also leaves less amount of stable sludge which can be
further used as manure or can be dewatered to form compact leftovers. The fuel
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gas produced as the final product is a mixture of CHy (55-75% v/v) and CO,
(25-45% v/v). The calorific value of the mixture produced ranges between 22 and
—30 MJ/Kg. The amount of gas produced by the process depends on the concen-
tration of the digestible organics present in the waste and the process parameters
such as pH, temperature, etc. The anaerobic digestion process has many applica-
tions such as disposal of different industrial and agricultural wastes, sewage
purification, production of organic manure, conversion of biomass to energy, etc.
The biogas produced by the process also has many applications such as electricity
production using fuel cell, cooking fuel, fuel in many industries, etc. Despite much
advancement, the biomethanation still have many areas to improve such as slow
rate. The main bottleneck which requires improvements are biogas productivity,
high capital investment, modular design, and operating cost.
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