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Abstract

Adequate understanding of a microbial-mediated process is the key to its suc-
cessful operation. It involves the study of microbes, process metabolism, sub-
strate degradation, and by-product formation. As compared to aerobic process,
the anaerobic process is more complex as it involves multistep interdependent
stages of metabolism in series. Thus an anaerobic process is carried out by
syntrophic microbial consortium which altogether makes the metabolic reactions
thermodynamically feasible. Among all the bacteria, methanogens are highly
vulnerable and sensitive to variations in the conditions of environment and thus
they are considered rate-limiting agents for the overall process. These
methanogens thus demand a meticulous process control for the stable operation.
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In this chapter, various metabolic stages of anaerobic processes and related
microbiological aspects are presented in detail.

Keywords

Microbial production · Organic acids · Anaerobic processes · Acidogenesis ·
Methanogenesis · Metabolic products · Shock imposition · Hydrogen partial
pressure · Microbial diversity · Syntrophic relationship

10.1 Introduction

Anaerobic production of organic acids is a multistep biological process having
complex combination of various processes involving several groups of
microorganisms which collectively act to convert organic carbon into organic
acids. Fundamental understanding of these various processes, their energetics, and
microorganisms involved and their interdependence shall be essential to critically
analyze and design the process requirements to overcome the limitations commonly
faced by any anaerobic processes. Production of organic acids using microbe-
mediated anaerobic acidogenesis process is a sustainable approach. However, the
various by-products produced along with organic acids affect the overall stability of
the process. Thus, to control these various by-products becomes highly important for
the acidogenesis process. Therefore, it is highly desired to control the operating
conditions practically in order to selectively produce various organic acids and other
by-products. pH has been reported as the indicator parameter by various authors as it
is great influencer in shifting and driving the bioprocess in a particular direction
(Zoetemeyer et al. 1982). Further, the pH trends not only present the progress of
acidogenesis in anaerobic processes but also an important parameter for the selective
production of a specific organic acid during the acidogenesis. It can be easily
understood from the scenario that pH plays a vital role in selective production of a
variety of organic acids. Thus the understanding of the significance of pH on the
organic acid production during anaerobic process is of utmost important.

10.2 Anaerobic Biotechnology

Anaerobic processes are broadly categorized into four sub-processes which are well
known as hydrolysis, fermentation/acidogenesis, acetogenesis, and methanogenesis,
respectively. Process of anaerobic metabolism starts with hydrolysis which basically
refers to the formation of simpler/low molecules weight compounds such as
oligomers and monomers from its precursor molecules of complex/high-molecu-
lar-weight organic compounds. These simpler compounds have the tendency to be
easily consumed/absorbed inside their cells of fermenting bacteria. More specifi-
cally, simple sugars, amino acids, and long-chain fatty acids (LCFA) and glycerol
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are produced from proteins, carbohydrates, and lipids, respectively. While oxidation
of LCFA obligately requires an electron acceptor, sugar and amino acid are capable
of getting oxidized in the absence of electron acceptors such as oxygen, nitrate,
nitrite, sulfate through a process called fermentation (Pandey and Sarkar 2017;
Stanbury et al. 2013). The most common factors responsible for different pathways
in fermentation of sugars such as glucose, include pH, concentration of substrate,
and dissolved hydrogen (Rodriguez et al. 2006; Murto et al. 2004). Such factors are
responsible for quantitative as well as qualitative production of different end
products, i.e., hydrogen (H2), volatile fatty acids (VFAs), alcohols. Furthermore,
energy associated with different pathways is also reported to be the function of these
factors (Pandey and Sarkar 2019a; Thauer et al. 1977; Rodriguez et al. 2006). The
process of fermentation begins with conversion of glucose, a 6-carbon
(C6) molecule, into pyruvic acid (C3) in an oxygen-independent pathway where
the electrons released from glucose molecule are taken up by NAD+ which in turn
reduces to NADH. The Gibbs free energy for the conversion of NAD+ to NADH is
positive, meaning that energy must be taken from the organic molecule being
oxidized. In order to keep the process running sustainably, NADH should be
re-oxidized back to NAD+ so that it can be reused again. Re-oxidation of NADH
into NAD+ involves extraction of electrons and passing them onto another electron
acceptor or to another carrier, with a concomitant release of chemical energy which
may be converted to other useful forms. When the electron acceptor such as oxygen
is absent, nitrate or sulfate, the electron is channelized to reduce protons to form H2.
Pyruvate formed from the glucose molecules can be oxidized to acetate through
reaction with acetyl coA enzyme while ferredoxin ferries the electrons to H2. Other
pathways are possible in which much reduced end products such as butyric acid,
propionic acid, valeric acid, lactic acid, and ethanol may be produced. Eventually,
these end products which have more than two carbon atoms are again metabolized to
form acetate through a process known as acetogenesis where along with acetate, H2

is also produced. Furthermore, there are two possible different pathways for the
conversion of acetic acid into methane. In one of pathways where methanogenesis
occurs directly is known as aceticlastic methanogens. In this pathway, CH4 and CO2

are directly produced from the carboxyl and methyl groups of acetic acid.
Hydrogenotrophic methanogenesis is an alternate pathway for methane production.
CO2, produced as a by-product of the fermentation, hydrolysis, or acetogenesis
process reacts with H2 to form methane gas; this process is known as
hydrogenotrophic methanogenesis. It is also possible that through a process
known as syntrophic acetate oxidation, acetic acid can be oxidized to carbon dioxide
and hydrogen, which are further transformed into CH4 via hydrogenotrophic
methanogenesis. The CO2 and H2 thus formed can also led to the production of
acetic acid through a process called homoacetogenesis. Compared to all the other
processes that the anaerobic degradation of organic compounds consists of, the
methanogenesis process, more specifically the aceticlastic methanogenesis where
decomposition of acetic acid takes place to form methane, is more sensitive to
changes in temperature, organic matters composition, pH, reactor configuration,
and organic loading rate. In case of anaerobic degradation of wastewater containing
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simpler organic molecules, the aceticlastic methanogenesis is the slowest process
compared to other processes; hence, it is the rate-limiting process in the anaerobic
treatment of wastewater. However, in case of wastewater containing particulate
organic material or complex soluble substrate hydrolysis becomes the slowest step,
making it the rate-controlling step. Being major pathway, aceticlastic
methanogenesis contributes to methane production up to 72–77% (Khanal 2011;
Wang et al. 2013). Figure 10.1 shows the different metabolic pathways of anaerobic
degradation.

10.3 Thermodynamic Basis of Various Processes Constituting
Anaerobic Production of Organic Acid

Redox reactions, accomplished by the microorganisms, helps in maintaining the
energy requirements for cell growth and maintenance. In most, if not all, of the
biological processes, the electron(s) are removed from the primary donor molecule
and are ferried to a terminal electron accepting molecule via one or more number of
electron carriers. The donor molecule thus gets oxidized whereas the electron
acceptor gets reduced, while the electron carrier being a simple transporter does

Fig. 10.1 Diagram showing complete progression of an anaerobic treatment process carried out in
steps by different classes of anaerobic bacteria
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not undergo any net change. The transfer steps are associated with a free-energy
release that is captured by the cells of the microorganisms in the form of energy
carriers. In anaerobic treatment process, first group of bacteria (hydrolytic bacteria)
converts the complex/high molecular compounds into monomers/low-molecular-
weight compounds such as glucose, amino acids, glycerol, and fatty acids. Second
group of bacteria (fermentative or acidogenic bacteria) further convert these
monomers through redox reactions.

For each molecule of glucose, four moles of H2 is produced along with the
formation of two moles of carbon dioxide as per the following equation:

C6H12O6 þ 2H2O ! 2CH3COO
� þ 2Hþ þ 2CO2 þ 4H2 ΔG0

¼ �280 kJ=mol ð10:1Þ
The change in free energy (ΔG) of the reaction is given by

ΔG ¼ ΔG0 þ RT ln
CH3COO�½ �2p2CO2

p4H2
Hþ½ �2

C6H12O6½ � ð10:2Þ

where, [] stands for the molar concentration of the component and p stands for the
partial pressure. The high negative value of ΔG0 indicates that the reaction is
spontaneous and significant amount of energy would be possible to be extracted
from the reaction even when the reactants and products are present in unit
concentrations. However, it is also evident from eq. 10.2 that Gibbs free-energy
change, ΔG, is directly proportional (fourth power of the partial pressure of hydro-
gen) to the partial pressure of hydrogen. So, the system where hydrogen scavenging
activity is not present or has been compromised, reaction 10.1 may get inhibited and
hydrogen ion concentration increases. The maintenance of low hydrogen partial
pressure is accomplished by hydrogenotrophic organisms, such as hydrogenotrophic
methanogens which produce methane as per the following reaction:

CO2 þ 4H2 ! CH4 þ 2H2O ΔG0 ¼ �136 kJ=mol ð10:3Þ
As per reactions 10.1 and 10.3, it may also be observed that accumulation of other

reaction end products such as acetate also may cause rise in the ΔG value, making
the forward reaction less favorable. However, impact of accumulation of acetate
shall not have that great an impact on the forward reaction as accumulation of
hydrogen would have. Therefore, evacuation of acetate is also important, but more
important is the evacuation of hydrogen from the system. Acetate eventually gets
converted to CH4 by the aceticlastic microorganism as per the following reaction:

CH3COOH ! CH4 þ CO2 ΔG0 ¼ �31 kJ=mol ð10:4Þ
The above reaction pathway is known as aceticlastic methanogenesis. Mainte-

nance of low concentration or low partial pressure of hydrogen by hydrogenotrophic
microorganisms results in faster fermentation rates (Schink 1997; Kuntze et al. 2008;
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Zhang et al. 2009). At the attainment of the threshold, the H2 production being faster
than its consumption, fermenting organisms should slow down its H2 production.
This causes a shift in fermentation reaction in such a way that metabolites which are
in more reduced form such as propionate (reaction 10.5), butyrate (reaction 10.6),
ethanol (reaction 10.7), and lactate (reaction 10.8) are produced. In fact, the Gibbs
free-energy changes for the reactions are more energetic than the acetate reaction, the
highest being for propionate (�358 kJ/mol), butyrate (�255 kJ/mol), ethanol
(�226 kJ/mol), etc. For lactate fermentation, ΔG0 is lower than that for acetate
fermentation (�198 kJ/mol). The relevant reactions are indicated below as follows:

C6H12O6 þ 2H2 ! 2CH3CH2COOHþ 2H2O ΔG0 ¼ �358 kJ=mol ð10:5Þ

C6H12O6 ! CH3CH2CH2COOHþ 2CO2 þ 2H2 ΔG0 ¼ �255 kJ=mol ð10:6Þ

C6H12O6 ! CH3CH2OHþ 2CO2 þ 2H2 ΔG0 ¼ �226 kJ=mol ð10:7Þ

C6H12O6 ! 2CH3CHOHCOOH ΔG0 ¼ �198 kJ=mol ð10:8Þ
At low partial pressure of hydrogen (<10 Pa), electrons are released as hydrogen

molecules following reaction 10.1, through which more acetate, hydrogen, and CO2

will be produced rather than formation of butyrate or ethanol, or other more reduced
products following the other fermentation reactions. In a well-balanced anaerobic
system, it is must to achieve low hydrogen partial pressure through hydrogen
scavenging microorganisms; the mass diffusion of carbon and electrons takes
place exclusively through the acetate, carbon dioxide, and hydrogen pathway.
Whereas, the minor role is played by the reduced fermentation products such as
fatty acids. Lactate is formed when the concentration of the substrate or glucose is
significantly high. Normally such a situation is not encountered during wastewater
treatment processes. Therefore, while undergoing anaerobic decomposition of
wastewater containing COD mainly due to the presence of intermediate metabolites
of treatment process such as glucose and other volatile fatty acids (acetate, propio-
nate, butyrate, etc.). Please note that out of the VFA intermediates, formation of
propionate does not produce any H2, rather consumes two moles of H2. Fermentation
of butyrate produces two moles of H2 as compared to four moles H2 produced during
the fermentation of acetate. Thus, it may be concluded that the role of the H2

scavengers is important for the sustainable production of VFA intermediates like
acetate and butyrate, however not so much for the production of propionic acid.
Thus, the products from the first stage, i.e., fermentation, generally consist of
approximately acetate (51%), H2 (19%), and other reduced products like alcohols,
higher VFA, or lactate (Angelidaki and Sanders 2004). The reduced intermediates
such as VFAs would become extremely important if elevated concentration levels of
hydrogen are observed. These levels can be attributed to the increased concentration
of substrate for fermentation, inhibition of hydrogenotrophic methanogens probably
due to pH drop to a level of <6.0, and availability of toxic substances.
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The methanogenesis process cannot directly consume the fermentation products
or VFA having carbon atoms three or more, alcohols having more than one carbon
atom, fatty acids having branched chains or aromatic fatty acids. These complex
compounds first need to be oxidized into acetate and hydrogen through acetogenesis
stage before the onward conversion of the products to methane through either
aceticlastic or hydrogenotrophic methanogenesis pathway. Propionate is considered
as a dominant volatile fatty acid and a precursor to about 35% (by mol) of total
methane produced during anaerobic digestion.

Below reactions show the reaction pathways through which propionic and butyric
acids are oxidized to acetic acid.

CH3CH2COOHþ 2H2O ! CH3COOHþ CO2 þ 3H2 ΔG0

¼ þ72 kJ=mol ð10:9Þ

CH3CH2CH2COOHþ 2H2O ! 2CH3COOHþ 2H2 ΔG0

¼ þ48 kJ=mol ð10:10Þ
The changes in free energy of the above reactions are calculated as per the

following equations:

ΔG ¼ ΔG0 þ RT ln
CH3COOH½ �pCO2

p3H2

CH3CH2COOH½ � ð10:11Þ

ΔG ¼ ΔG0 þ RT ln
CH3COOH½ �2p2H2

CH3CH2CH2COOH½ � ð10:12Þ

It can be inferred from reactions 10.9 and 10.10 that the change in Gibbs free
energy, i.e., ΔG0, is mainly positive. The positive value indicates that under unit
activity (concentration) of the reactants and the products, under standard conditions
the forward reaction is not spontaneously possible. Further, the negative values of
change in Gibbs free energy (ΔG) favor the forward reaction. Eqs. 10.11 and 10.12
suggest that in order that the overall value ofΔG becomes negative, it is required that
concentration or partial pressure of H2 should be as low as possible. In other words,
sustaining the low values of hydrogen partial pressure can shift the reaction stoichi-
ometry of propionate and butyrate degradation into acetate. The eqs. 10.9 through
10.12 also suggest that due to greater amount of hydrogen produced, oxidation of
propionate is more susceptible to the changes in partial pressure of H2, as compared
to butyrate. Calculations show that for the oxidation of propionate to acetic acid to
take place, the partial pressure of H2 should be kept between 10�4 and 10�6 bar
(Azbar et al. 2001). Such low pressure of H2 can be maintained through
hydrogenotrophic methanogens, and methane formation will take place via reaction
10.3.
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CO2 þ 4H2 ! CH4 þ 2H2O ΔG0 ¼ �136 kJ=mol ð10:3Þ
Aceticlastic methanogens cleave the acetic acid produced during the fermentation

and acetogenesis process and convert it into methane and carbon dioxide according
to reaction 10.4:

CH3COOH ! CH4 þ CO2 ΔG0 ¼ �31 kJ=mol ð10:4Þ

10.4 Interspecies Hydrogen Transfer and its Implications

From the reactions and eqs. 10.9 through 10.1, 10.2, 10.3, and 10.4; it may be
concluded that in order to achieve the oxidation of VFAs into acetic acid, the driving
force between acetogenic bacteria and hydrogenoptrophic methanogenic bacteria is
interspecies hydrogen transfer. This is a kind of symbiotic relationship between two
or more otherwise dissimilar group of bacteria in the interest of gaining energy from
the degradation of a common substrate and is known as syntrophic relationship
(Schink 1997). Such association helps the species involved to gain energy from
reactions, which are not thermodynamically feasible under standard/normal
conditions. One such example of syntrophic association is the anaerobic oxidation
of propionate. The complete mineralization of propionate in anaerobic condition
requires syntrophic participation of three groups of bacteria, namely (1) acetogenic
bacteria for conversion of propionate to acetate, (2) hydrogenotrophic bacteria for
scavenging of hydrogen from the acetogenesis reaction to convert it into methane,
and (3) aceticlastic bacteria which help to convert acetate into methane. Individually,
even at low hydrogen concentration, the degradation of propionate would not
generate enough energy for the sustenance of the acetogens unless both the pro-
cesses, i.e., degradation of propionate with hydrogenotrophic and aceticlastic meth-
ane production, take place simultaneously. Same can be observed in reactions 10.9,
10.3, and 10.4. Combination of these reactions results in a net ΔG0 value of about
�56 kJ/mol which is approximately equivalent to the energy required for generation
of a molecule of ATP from ADP. Therefore, each of the syntrophic partners at the
end of degradation get a share of energy of approximately one-third of ATP if it is
equally shared. However, it was later proven that there is no such minimum quantum
of energy requirement; the reactions can run at the availability of smallest possible
energy also. (Jackson and McInerney 2002). Figure 10.2 illustrates a schematic on
the importance of hydrogen transfer in various stages of anaerobic treatment.

Working under a severe energy limited condition demands that the participating
microorganisms must organize themselves in order to overcome the inconveniences
in growth. The minimum requirement is efficient evacuation of hydrogen gas from
the producer (acetogens), and to ensure its maximum availability to the consumers
(hydrogenotrophic methanogens). In other words, the flux of hydrogen from the
producer to the consumer should be the maximum. Fick’s first law of diffusion states
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that the hydrogen flux from producer to the consumer can be formulated as the
following equation:

JH2 ¼ AP � DH2

H2½ �p � H2½ �C
dPC

ð10:13Þ

where, J ¼ flux, A ¼ surface area of propionate degrading microorganism; d ¼ dis-
tance; D ¼ diffusion constant in water, [] stands for concentration and the subscripts
H2, subscripts P and C stand for hydrogen, producer, and consumer, respectively.

It follows from the above equation that the flux of hydrogen will be the maximum
at the minimum distance between interspecies, i.e., syntrophic acetogen and
hydrogenotrophic methanogen. Therefore, it is likely that in order to maximize the
flux of hydrogen, the syntrophic partners would like to maintain the interspecies
distance as small as possible. Such small distances between interspecies can be
maintained through aggregate forms of microbes such as granules. It was

Fig. 10.2 Schematic showing the importance of interspecies hydrogen transfers in various pro-
cesses in anaerobic treatment
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demonstrated that bacterial cultures offered a higher rate of propionate degradation
in aggregated form as compared to those in suspended form (Cobb and Hill 1991). A
biofilm or granular anaerobic reactor could be found to degrade propionate effi-
ciently (Singh et al. 2016; Tatara et al. 2008; Zheng et al. 2009; Zellner and
Neudörfer 1995). In this configuration, abundance of syntrophs remains unexposed
to high partial pressure of H2 of the reactor indirectly. Kus and Wiesmann (1995)
reported that in a mixed culture grown on a porous support and effectively degrading
propionate could resist the inhibitory effect of high concentration of H2 which was
added from outside. Figure 10.3 is an evidence of close packing of syntrophic
association within a granular structure which was collected from a reactor where
syntrophic reactions were taking place (De Bok et al. 2005). The De Bok et al.
(2005) showed in his study that one large syntrophic acetogen remains surrounded
by a number of hydrogenotrophic methanogenic archaea. This is a direct proof that
the syntrophic partners should form aggregates in such a way that there is maximi-
zation of hydrogen flux during interspecies hydrogen transfer between the
participating organisms.

It is also possible that the granules formed in continuously stirred tank reactor
may also help in the complete degradation of carbohydrate into the end products.
Fig. 10.4 provides a conceptual structure of a granule for optimal complete anaerobic
degradation of carbohydrates, where routes through propionic acid and butyric acid
are also possible (Liu et al. 2003).

It is also possible that being small in size, formic acid can also at as carrier of
electron. Further, it can be easily diffused, just like hydrogen. Literature also
revealed that CO2/formate couple has nearly similar value of redox potential as

Fig. 10.3 Syntrophic acetogen surrounded by a number of hydrogenotrophic methanogenic
archaea
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H+/H2 combination. Because of similarities, it is difficult to predict whether formate
or hydrogen acts as electron carrier and takes part in interspecies transfer. However,
some recent experimental data have pointed out to the abundance of hydrogen as
electron carrier (Schink 1997). The diffusion kinetics of anaerobic processes
suggested that suspended growth systems are expected to offer formate/CO2 couple
as a preferred electron transfer system, where carrier has the tendency to diffuse a
long distance in an aqueous medium. On the other hand, hydrogen is reported to be
offering a better electron transfer system in attached/biofilm growth systems.

10.5 Microbial Diversity within an Anaerobic Reactor

The overall anaerobic process is governed by the functioning of the four trophic
groups of bacteria, which are named as hydrolytic, acidogenic, acetogenic bacteria,
and methanogenic archaea. Figure 10.5 illustrates the different groups of bacteria
that are involved in different processes that an anaerobic treatment process generally
consists of. During the hydrolysis stage of the anaerobic metabolism, low molecular
weight soluble compounds (sugars, long-chain fatty acids, amino acids, glycerin,
etc.) are formed from their high molecular weight precursors like carbohydrates,
proteins, and lipids. These conversions are facilitated by the action of extracellular
enzymes, excreted by the hydrolytic bacteria. On the basis of the nature of substrate,
there may be diverse group of the hydrolytic bacteria. Clostridium, Bacteroides,

Fig. 10.4 A conceptual diagram of a possible granular structure of microbial aggregate responsible
for the complete anaerobic conversion of carbohydrate to methane and carbon dioxide
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Cellulomonas, Acetivibrio, etc. produce extracellular enzymes such as cellulase,
amylase, and xylanase to convert the carbohydrate polymers into monomers such
as simple sugar or glucose. Clostridium, Bacillus, Peptococcus, etc. are responsible
for breaking down of protein into amino acids with or without concomitant genera-
tion of simple sugar. Species like Clostridium, Mycobacterium, and Staphylococcus
are responsible for the release of enzymes like lipase and phospholipase to convert
fats or lipids into simple sugar and long-chain fatty acids (LCFAs) with or without
the concomitant formation of alcohols. In fermentation or acidogenesis process, the

Fig. 10.5 Schematic showing the involvement of diverse group of bacteria during the process of
anaerobic treatment of wastewater
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simple monomers are converted into short-chain fatty acids or volatile fatty acids
such as acetate, butyrate, propionate, and valerate along with the formation of other
compounds such as lactate, ethanol, butanediol, formate, and succinate to a smaller
extent. A vast diversity of bacteria is capable of such transformation. Major acetate-
producing bacteria belong to the genera Acetobacterium, Clostridium, and
Sporomusa. Although the main domain of ethanol fermentation is by yeast, such
as Saccharomyces, other genera such as Erwinia, Sarcina, and Zymomonas can
produce ethanol due to the fermentation. At low pH values, Enterobacter and
Serratia are two genre that produce alcohol from glucose. Strictly anaerobic bacteria
of the genera Clostridium and Butyrivibrio are known to ferment sugars into butyric
acid. Under low pH, some clostridium bacteria are known for the small amount of
production of n-butanol and acetone. The lactate-producing genera are generally
Bifidobacterium, Lactobacillus, Streptococcus, Leuconostoc. Propionate and succi-
nate are produced by the genera like Bacteroides, Clostridium, Peptostreptococcus,
and Selenomonas. Various bacteria of the genera Salmonella, Escherichia, Serratia,
Enterobacter, Erwinia, and Shigella are very well known to carry out mixed acid
fermentation—acetate, formate, lactate, and succinate from sugar. Acidogenesis or
fermentation is the most diverse phase of the whole anaerobic treatment process,
where plethora of intermediate reduced end product can be formed by diverse group
of microbes which become dominant under different specific environmental and
concentration conditions.

In the acetogenesis process, the acetogenic bacteria oxidize the VFAs and other
reduced products into acetates and hydrogen. Such class of bacteria also includes the
genera Syntrophobacter and Syntrophomonas. The end products of this process, i.e.,
acetic acid and H2, are then utilized by the methanogens, which helps in sustaining
the low hydrogen concentration (essential for sustaining the otherwise thermody-
namically unfavorable reactions) (Schink 1997). The primary alcohols such as
ethanol are oxidized into acetate by the bacterial class of genera Desulfovibrio,
Thermoanaerobium, and Pelobacter. The genera Syntrophomonas is predominantly
responsible for the oxidation of propionic acid, butyric acid, and higher homologs.
Syntrophomonass apovorans, Syntrophomonas wolfei and Syntrophomonas bryanti
can convert butyrate and higher homologs into acetate, while Syntrophobacter
wolinii is responsible for the conversion of propionate into acetate. Pentanoic acids
are converted into propionic acid by the bacteria like Methanobacterium
suboxydans, on the other hand Methanobacterium propionicum are mainly related
to the conversion of propionic acid into acetic acid. The release of hydrogen occurs
during acetogenesis, which exerts inhibitory effects on the responsible bacteria
involved in the process. Therefore, a symbiotic relationship between the acetogenic
bacteria with autotrophic methanogenic bacteria is necessary as they consume
hydrogen. The acetogenic phase dominate in qualitative as well as quantitative
production of biogas, as approximately 70% of methane is expected to produce
during the acetate reduction. Consequently, methane digestion process produces
acetates as a key intermediate product. During acetogenic phase, approximately
25% of the formation of acetic acid takes place and about 11% of hydrogen is
produced in the decomposition of organic compounds.
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Syntrophic bacteria produce hydrogen and thus these bacteria cannot form a pure
culture. The metabolic processes of syntrophic bacteria are dependent upon the
bacteria which can consume hydrogen. Methanogenic archaea is an example for
consumption of hydrogen produced by syntrophic bacteria and subsequent methane
production, these bacteria perform metabolic processes in association. During the
oxidation process of propionic acid, many species of the Syntrophobacter genus of
bacteria can utilize sulfate as terminal electron acceptor. Desulfotomaculummay use
sulfate as electron acceptors. Desulfo vibrio may also use sulfate and lactate to form
acetate and H2, through syntrophic association with Methanobacterium genus.
Desulpho vibrio may compete with methanogens by using the same substrate and
producing H2S and thereby hindering the methane formation.

It is well understood that acetate, H2, and CO2 are utilized mainly by the
methanogenic bacteria for methane. Based on chemical oxygen demand (COD),
decarboxylation of acetic acid is responsible for about 72% of production of
methane, whereas the remaining 28% of methanogenesis takes places from carbon
dioxide reduction (McCarty 1964). Aceticlastic methanogens are primarily respon-
sible for the conversion of acetic acid into methane which consists of major part of
the methanogenesis process. Remainder part of methanogenesis takes place by
utilizing H2 and CO2 to form methane by the hydrogenotrophic methanogens.

Previously, methanogens were classified as bacteria; but with the increasing
understanding of anaerobic processes, these microorganisms were classified as
archaea which are bit different from the microbes. In particular, these comprise of
membrane lipids and distinctive ribosomal RNA (Pandey and Sarkar 2019b; Boone
et al. 1993), whereas the lack of basic cellular characteristics (e.g., peptidoglycan)
are observed in such class of bacteria. Methanogens are obligate anaerobes. There
are three major pathways known for the methanogenesis: acetotrophic or aceticlastic
methanogenesis, CO2 reducing or hydrogenotrophic methanogenesis, and
methylotrophic pathways. The splitting of acetic acid to form methane according
reaction 10.4 is known as aceticlastic pathway, and the methanogens taking part in
such a pathway are called aceticlastic methanogens or aceticlastic archaea. Example
of aceticlastic methanogens are Methanosarcina and Methanosaeta. The other most
commonly encountered pathway of methane formation is anaerobic oxidation of
hydrogen where carbon dioxide acts as the terminal electron acceptor. Reaction 10.3
is the representation of such pathway. In anaerobic treatment system ~28% of the
methane generation is achieved through hydrogenotrophic pathways. Example of
such hydrogenotrophic methanogens are Methanobacterium,
Methanobrevibacterium, and Methanospirillum. Hydrogenotrophic methanogens
are the hydrogen scavangers and help in maintaining a low partial pressure of H2

which is a prerequisite for the acetogenesis process to proceed in the forward
direction. There is a wide class of hydrogenotrophic methanogens which are
known to use formate as electron source to reduce CO2 to methane. Few numbers
of methanogens are known to oxidize alcohols to reduce carbon dioxide to methane.
Methanosarcina typically forms granules of spherical cell units and it is known to
many other substrates like methylamines, methanol, and also H2/CO2 at several
occasions. Utilizing acetate, Methanosarcina typically doubles its number in a time
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of 1–2 days. On the other hand, the rod-shapedMethanosaeta can only utilize acetate
for its growth and doubles its number in a time of 4–9 days (Lee and Zinder 1988).
Therefore, for a short solid retention time (SRT) and a completely mixed anaerobic
reactor, Methanosaeta would easily wash out from the system making
Methanosarcina as the predominant genera. In the reports of Raskin et al. (1995),
where he used anaerobic digesters in which SRT was set to 20 days or more,
Methanosaeta were observed to be the dominant methanogens. As per the reports
of Conklin et al. (2006), Methanosaeta is predominantly found in a majority of
anaerobic reactors. As per the reports, Methanosarcina is the most dominant
methanogen in anaerobic bioreactors in which acetate is the primary substrate for
utilization with a concentration greater about 236 mg/L having HRTs of 10 days or
less. Noike et al. (1985) predicted that in continuous stirred tank reactors, the most
dominant methanogen at an SRT of 6.5 days or less would be Methanosarcina,
whereas for an SRT of 9.6 days or more, the bioreactor would be dominated by
Methanosaeta.

Compounds like methanol, mono-, di-, and trimethylamine, and dimethyl sulfide,
which contain methyl groups, are catabolized by methylotrophic pathways. Through
this pathway, the methyl carrier takes up the methyl group to reduce it to methane.
For the reduction of methyl, the required electron can be gained by either using H2 as
an electron donor or by the oxidation of methyl groups (Boone et al. 1993).

Homoacetogens play a vital role during anaerobic digestion process as they
produce acetate as the end product, which is an essential precursor for the aceticlastic
methanogenesis. Either of the autotrophic or heterotrophic bacteria can mediate the
process. The autotrophic homoacetogens are capable of utilizing CO2 and H2, with
CO2 being the only source of the carbon for cell synthesis. Few homoacetogens can
also make use of CO as the sole source of carbon. On the other hand, heterotrophic
homoacetogens produce acetate as the end by-product by using organic substrates
such as methanol and formate. In the reports of Novaes 1986 the two isolates from
the sewage sludge were identified as Acetobacterium woodii and Clostridium
aceticum which are homoacetogenic bacteria thriving in mesophilic environment.
These homoacetogenic bacteria are known to have a high thermodynamic efficiency;
due to this attribute the accumulation of hydrogen and carbon dioxide does not take
place even when multicarbon substrates are fed to the reactor for the bacterial
growth. The Gibb’s free-energy changes are analogous to hydrogenotrophic
methanogenesis, which very closely competes for the available electron donor
(H2). During the stress conditions of low temperature or low pH, aceticlastic
methanogens may compete very successfully with the hydrogenotrophic
methanogens and can adapt better. However, extensive research is needed to explore
more about the metabolism of aceticlastic and hydrogenotrophic methanogenesis.
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10.6 Major External Factors Affecting Anaerobic Digestion

The anaerobic degradation of organic compound is affected by a variety of external
factors. For enhancement of the activity of the microorganisms and increase in the
overall efficiency of anaerobic treatment process, the process should be optimized by
controlling the operating parameters so that the effect of the external factors can be
minimized.

10.6.1 Nutrient

Just like any other biological process, the requirement for the macronutrients
(nitrogen and phosphorus) and micronutrients (trace elements) is also inevitable
for the anaerobic bacteria to support their growth activities. Compared to aerobic
process, nutrient requirements in anaerobic process are significantly different. The
major reason behind such difference is that fermentative and methane-forming
bacteria have significantly lower cell yield as compared to aerobic bacteria (Uke
and Stentiford 2013; Ortner et al. 2014; Long et al. 2012). In general, municipal
wastewater has a balance of macronutrients so that there is no need of extraneous
addition of macronutrients. Sometimes, industrial wastewaters may not possess
sufficiently balanced nutrients, and it may be highly desirable to add nitrogen and
phosphorus for the maintenance of C, N, P at sufficient ratios for the efficient
biological treatment of wastewater. The suitable C:N:P ratios of about 100:5:1 and
100:1.8:0.28 have been reported for anaerobic microorganisms (Diez-Gonzalez et al.
1998; Yilmaz et al. 2008). Besides nitrogen and phosphorus, other trace elements are
essential at low concentration stimulating the activity of anaerobic microorganisms.
The micronutrients of importance are magnesium, molybdenum, iron, nickel, and
cobalt. Out of these, cobalt was shown to be the most critical micronutrient
(Florencio et al. 1993) for efficient anaerobic degradation of wastewater. Kayhanian
and Rich (1995) reported that molybdenum, cobalt, and nickel are essential for the
growth of Methanobacterium.

10.6.2 pH

Fundamentally, the anaerobic digestion process consists of two major processes:
acid formation through breakdown of substrates and methane formation by conver-
sion of acid generated in acid formation stage. Therefore, essentially acidogenesis
process runs at acidic pH, while methanogenesis process should operate at near
neutral pH. It is well known that the range of pH for the optimum activity of
acidogenic bacteria is 5.5–7.2, while the optimum range of pH value for
methanogenic archaea is 6.6–7.6 (Visvanathan and Abeynayaka 2012). A closer
examination of the fermentation or acidogenesis reactions mentioned earlier in this
review should reveal that the characteristics and loading of the substrate have
immediate effect on the pH of the reactor during acidogenesis reaction. The acid-
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forming bacteria are kinetically faster than the methanogenic bacteria. An increase in
the loading of simple and easy-to-be-degraded substrate would allow for a spike in
the production of VFAs, but the methanogens, having slower kinetics, might not be
able to convert the acetate or hydrogen into methane. Thus, there will be accumula-
tion of VFAs and excess production of CO2 within the reactor. Consequently, for
both the changes, there should be concomitant lowering of the pH of the system. The
pH may fall below the threshold range of values required for the methanogens to
work effectively. This is when the reactor is considered to have become sour along
with the washout of methanogens from the reactor. In order to circumvent the
problem of acidification of the reactor as a result of increased organic load, anaerobic
treatment processes should require sufficient capacity of buffering or alkalinity to
minimize the effects of pH variations caused by either inlet conditions or by the
increased substrate loading. Typically, pH of anaerobic system is maintained by
natural alkalinity or self-producing alkalinity. The use of sodium bicarbonate,
sodium hydroxide, or lime can efficiently control the lowering pH. While lime can
cause scaling problem in the reactor with a precipitation of CaCO3, sodium bicar-
bonate is preferred due to its high buffering capability. Metcalf (2003) suggested that
the alkalinity should be maintained within the range of 1–5 g/L as CaCO3.

10.6.3 Temperature

Like all other biological processes, temperature variations affect the metabolic rate,
bacterial growth, and the activity of the bacteria in anaerobic wastewater treatment.
As the microorganisms involved in the anaerobic reactions have to thrive on the
small energy budget as compared to other type of degradation, their activities are
quite sensitive to small variations in temperature at which the reactions take place.
Thus, in many cases it is possible to correctly predict the effect of the change in
temperature on these reactions if the thermodynamic basis for the availability of free
energy from the reactions is known. Hydrolysis process is favored at elevated
temperature. Bouallagui et al. (2004) reported that thermophilic hydrolysis rate of
cellulose is higher than mesophilic hydrolysis rate around 5–6 times. Acid formation
reactions have highly negative ΔG0 values which indicate the spontaneity of the
reactions and also availability of high amount of free energy from these reactions for
meeting the metabolic requirements of the fermenting microorganisms.
Acetogenesis reactions have positive values of ΔG0 which indicate that in order
for the reactions to take place, one of the reaction products should be present in very
low concentrations. The reaction schemes and discussions mentioned in previous
sections clearly indicate that partial pressure of hydrogen has to be maintained to be
minimum through mutual cooperation with other syntrophic partner who utilize
hydrogen by oxidizing it through hydrogenotrophic methanogenesis to form meth-
ane in order to release the energy that will be required for carrying out of metabolic
activities. It has been reported that under psychrophilic conditions (<15 �C),
homoacetogenesis leading to the formation of acetate from CO2 and H2 dominates,
and it helps in the removal of hydrogen. During this process, the aceticlastic
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methanogenesis takes over as compared to hydrogenotrophic methanogenesis
(Kotsyurbenko et al. 2001). Hydrogenotrophic methanogenesis reactions are ther-
modynamically favorable at low and high partial pressure of H2. However, with the
increase of temperature, the ΔG0 value increases considerably, indicating that less
free energy shall be available for metabolic activities at higher temperature. Alterna-
tively, acetic acid can be converted to other forms in two possible ways: aceticlastic
cleavage to form methane and acetic acid oxidation to form CO2 and hydrogen. At a
temperature of 35 �C or lower aceticlastic methanogenesis produces more energy
than hydrogenotrophic methanogenesis.

Under standard conditions, hydrogenotrophic methanogenesis yields more
energy than homoacetogenic hydrogen oxidation in which hydrogen and carbon
dioxide react to form acetate. Thus at standard conditions, homoacetogens would not
compete with hydrogenotrophic methanogens. However, the situation dramatically
changes at slightly acidic situation under low temperature, low acetate concentration
and low partial pressure of H2. When the acetic acid concentration becomes 10 mM
and H2 partial pressure reaches lower than 10 Pa, the process of homoacetogenesis
reaches the same gain of energy at 5 �C as hydrogenotrophic methanogenesis does at
35 �C. Therefore, at low temperature, the pathway of homoacetogenesis and
aceticlastic methanogenesis would be predominant over the hydrogenotrophic
methanogenesis. The opposite scenario takes place at high temperature under
which aceticlastic methanogenesis becomes less significant, homoacetogenesis
operates in the opposite direction making the electron to flow from acetate through
either formate or carbon dioxide and driving hydrogen toward methane though
hydrogenotrophic methanogenesis. Nielsen et al. (2004) indicated that the thermo-
philic hydrolytic and fermentation bacteria and hydrogen consuming methanogens
work efficiently in the range of 55 �C–75 �C and 55 �C–70 �C, respectively. Ahring
et al. (1995) reported that conversion of acetate, butyrate, and propionate to methane
had an optimum temperature range at 55–60 �C. It has been reported that the
anaerobic reactors operated at thermophilic condition have produced more methane
than that at mesophilic condition (Ramakrishnan and Surampalli 2013). Prokaryotic
microorganisms can better adapt to higher temperature than eukaryotes do. Madigan
et al. (2003) showed that for eukaryotes the limiting temperature for growth is
around 60 �C, which for prokaryotes are much higher: 70 �C (for bacteria) and
113 �C (for archaea).

10.6.4 Toxic Compounds

Anaerobic microorganisms and its activity can be inhibited by anaerobic inhibitors
present in wastewater or by-products from metabolic activities of anaerobic
microorganisms. Furthermore, anaerobic inhibitors largely depend on wastewater
characteristics. Ammonia, heavy metals, phenol, and halogenated compounds are
the examples for toxic materials of anaerobic microorganisms. Generally, varying
concentrations of different toxic compounds are reported by many researchers. The
probable reason is investigation on reactors of different configurations as well as
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time and approach of seed sludge acclimatization. One of the interesting findings of
anaerobic system-based research studies is that many anaerobic microorganisms
have also the potential to degrade the refractory organics or recalcitrant compounds
(Singh et al. 2018; Stronach et al. 2012). This toleration/degradation can be expected
through the acclimation of microorganism to such toxic compounds. These findings
can also be helpful in exploring the possibilities of anaerobic treatment of industrial
wastewaters laden with varying concentrations of toxic/recalcitrant compounds
(Pandey et al. 2016; Chen et al. 2008; Basri et al. 2010).

10.7 Conclusions

Being a complex system with a variety of bacteria involved in an anaerobic system, it
needs a meticulous control over the processes for stable operation. Despite of all the
advantages of anaerobic systems, lack of understanding about the processes makes it
less used technology as compared to aerobic systems. The performance of the
reactors under various adverse physicochemical conditions like pH, nutrient stress,
toxic substances, detergents, and varying hydraulic loading rates affect the perfor-
mance of the reactor heavily. These parameters should be meticulously taken care of
in order to keep the bioprocess under control. A complete understanding should be a
pre-condition before scaling up the process to industrial-level application. Accurate
control of the anaerobic reactor may help in maximizing and recovering target
intermediates which may prove to be commercially more attractive than methane
production. Along with organic acids, hydrogen gas production is also one
established and lucrative intermediate which can be economically beneficial and
sustainable.
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