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Abstract: The anaerobic digestion technology has been in existence for centuries and its underlying
theory established for decades. It is considered a useful technology for the generation of renewable
energy, and provides means to alleviate problems associated with low access to energy. However, a
great deal of current research is targeted towards the optimization of this technology under diverse
digestion process conditions. This review presents an in-depth analysis of the chemistry of anaerobic
digestion and discusses how process chemistry can be used to optimize system performance through
identification of methods that can accelerate syntrophic interactions of different microorganisms for
improved methanogenic reactions. Recent advances in addition to old research are discussed in order
to offer a general but comprehensive synopsis of accumulated knowledge in the theory of anaerobic
digestion, as well as an overview of previous research and future directions and opportunities of the
AD technology. Achieving a sustainable energy system requires comprehensive reforms in not just
economic, social and policy aspects, but also in all technical aspects, which represents one of the most
crucial future investments for anaerobic digestion systems.

Keywords: anaerobic digestion; feedstock; syntrophic interaction; process chemistry; methane yield

1. Introduction

The production of bioenergy from anaerobic digestion (AD) is a promising alternative to climate
change reduction and considered a viable treatment technology for waste management [1]. AD systems
offer numerous significant advantages in the sense that they do not require tedious and expensive
maintenance steps and are adaptable to the climatic conditions of most countries [2]. This technology
(AD) has a positive net energy production rate and the CH4 gas produced from the process also has
the tendency to replace fossil fuels. In fact, if properly handled, AD systems have no negative effect on
human health or the environment [3]. The advantages of AD systems are well documented and some
of them are summarized in Table 1.
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Table 1. A summary of the major advantages of the use of anaerobic digestion systems.

Advantages Remarks Reference

Provision of alternative to
unsustainable deforestation

A major cause of deforestation is the use of wood as fuel for cooking
and lighting. The use of household biogas digesters offers the
advantage of using methane produced from the process for
household cooking, which will ultimately mitigate the act
of deforestation

[4–6]

Serve as a means to treat
human/animal wastes

This prevents environmental issues that would have been caused by
the wastes when allowed to runoffwater basins and drain into the
oceans. The spread of pathogens is also prevented.

[7,8]

Serve as a source of energy production
in the form of biogas, which can be
used as fuel for household cooking

The biogas from this process is similar to natural gas. When
combusted, it produces minimal air pollution hence this type of
energy production process is a net–energy type of
production process.

[9,10]

Effluents from digestion processes are
rich in nutrients and can be used as
crop fertilizers

The process of manufacturing commercial fertilizers is inconsistent
with pricing, which has been blamed on rising oil prices and
increasing demand for fertilizers in the global market. Effluents
from anaerobic digestion are rich in nitrogen and phosphorus,
rendering them useful as fertilizers for agricultural crops.

[8,11–14]

Improves indoor air quality
Combustion of solid biomass fuels results in particulate matter
emissions in indoor microenvironment, which causes respiratory
infections and chronic lung diseases.

[9,15,16]

The amount of bio solids to be
deposited is much smaller than the
amount resulting from the treatment
process of anaerobic digestion

Most of the anaerobic digestion input feedstock is converted to CH4
and CO2. A relatively negligible amount of energy goes to
cell growth.

[8,17]

Serve as a means to empower local
people, particularly women and girls

Small scale biogas digesters can empower local people, particularly
women and girls who spend more time indoors cooking, and
therefore, become disproportionately exposed to indoor air
pollution from combustion of solid biomass fuels. They are more
prone to develop chronic health issues that can be linked to
exposure to particulate matter.

[9,18]

Anaerobic digestion (AD) relies on efficient conversion of organic matter into a valuable product
known as biogas, with methane (CH4) as its main combustible constituent. The biogas can be used
as energy for household cooking, lighting, heating and other applications. The process is heavily
dependent upon the mutual and syntrophic interaction of a consortium of microorganisms to break
down the complex organic matter into soluble monomers such as amino acids, fatty acids, simple
sugars, and glycerols. For AD process optimization, it is vital to understand these biological processes
and their associated chemical reactions. The feedstock for AD is an organic matter that consists
primarily of non-degraded cells made up of long chain hydrocarbons (HCs). An overview of the AD
process is presented in Section 2. Despite all of the benefits of AD, however, poor operational stability
still hinders the technology from being widely adopted [19,20]. Several factors affect the performance
and stability of AD systems; among them are process chemistry linked to interspecies hydrogen
transfer (IHT), hydrogen partial pressure (HPP), the use of microbial electrochemical systems (MES)
and non-biological conducting materials to improve microbial interaction. These factors are perceived
as methods that can accelerate methanogenic reactions and improve process efficiency, but their impact
in the digestion process have been a subject of controversy due to the many conflicting literature reports
about how they can be conveniently used to enhance the AD process. If the chemical reactions in AD
are not fully understood, issues such as accumulation of ammonia and volatile fatty acids (VFAs),
alkalinity depletion, high pH, as well as low pH, can occur. The CH4-forming reactions in AD are
known as methanogenic reactions and the syntrophic interaction between different microorganisms
facilitate these reactions for increased CH4 yield from short-chain volatile acids and alcohols that
include ethanol, butyric acid and propionate; these compounds are collectively known as higher
volatile acids (HVAs) and occur as a result of lack of or incomplete feedstock biodegradation [21–23].
So, syntrophic microorganisms play a key role in reducing these compounds in order to enhance CH4

yield [24]. To successfully drive AD reactions to completion and to avoid accumulation of HVAs,
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acetogenic and methanogenic microorganisms must be nifty at their physiological interaction in the
digestion process. However, bringing about this valuable interaction is onerous and may require
techniques to stimulate the relationship to foster temperature controls and ensure faster feedstock
biodegradation for efficient conversion to CH4. As such, an understanding of how IHT, HPP, and
the use of non-biological conductive materials as well as the use of MES in AD can accelerate the
physiological interaction between different microorganisms is required including the conversion of
various reduced organic compounds to CH4.

A number of studies have employed different methods such as direct interspecies electron transfer
(DIET) to enhance the kinetics of methanogenesis reactions for improved syntrophic interaction of
microorganisms aimed at increasing the yield of CH4 [25–30]. While it was obvious from these
studies that a significant amount of electrons from the reduction of organic compounds such as VFAs
and alcohols can be efficiently recovered as CH4, there seems to be a lack of information on how
IHT, HPP and MES as well as non-biological conductive materials that have the ability to adsorb
toxic substances can be efficiently used to recover CH4 from the digestion process. This review
therefore, presents a critical analysis of the chemistry of AD and identifies methods that can be used
to optimize process efficiency and accelerate the recovery of nutrients from the digestion process.
Primarily, it unambiguously discusses the influence of using methods such as IHT, HPP and MES
as well as non-biological conductive materials in AD in order to enhance the syntrophic interaction
between different microorganisms and improve methanogenic reactions aimed at reducing inhibiting
compounds so as to efficiently recover CH4 from the digestion process. An overview of the entire
AD process chemistry and previous studies on AD as well as recent advances in the technology are
discussed including a brief synopsis of issues so far addressed in AD research together with future
direction and opportunities. Although, equally important in the operation of AD systems are the
issues of biogas cleaning processes and procedures linked to the presence of other compounds such
as siloxane and heavy metals. These were not discussed as they were considered out of scope of
this review.

2. Overview of AD Process and Applications

In order to understand the technical limitations related to the chemistry of anaerobic digestion
(AD), there is a need for a holistic overview of the processes underlying its theory and applications.

2.1. AD Process Chemistry

The process of AD takes place in four key stages namely hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. The breakdown of feedstock in the absence of oxygen is facilitated by a combination
of microorganisms present in each stage of the digestion process, leading to the formation of digestate
(decomposed feedstock) and a mixture of gases that includes CH4 gas as the main component [31,32].
The chemistry of the four key steps of AD is described in the following subsections. The principal
reaction sequences in these key steps are also illustrated.

2.1.1. Hydrolysis

From a chemical perspective, hydrolysis refers to the cleavage of chemical bonds by the addition
of water. Cations and anions react with water molecules, altering pH in the process to create cleavage
of H–O bonds. Hydrolysis is the first step in the AD process. It is a relatively slow step that can limit
the rate of the overall digestion process, especially when solid waste substrates are used; the reaction
associated with this step is given in Equation (1) [33–36]:

(C6H10O5)n + n H2O→ n C6H12O6 + n H2 (1)

What can be noted from the reaction in Equation (1) is the hydrolysis of cellulose (C6H10O5)
via addition of water (H2O) to form glucose (C6H12O6) as the primary product and giving off H2.
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The reaction is catalyzed by homogeneous or heterogeneous acids to yield a very useful fermentable
monosaccharide, which is the C6H12O6 (glucose). The usefulness of this reaction relates to the fact
that the C6H12O6 produced can further undergo successive reactions to produce compounds such as
formic acid CH2O2 (also known as methanoic acid), hydroxymethyl furfural C6H6O3 (also known
as 5-furfural), and levulinic acid C5H8O3 (also known as 4-oxopentanoic acid), which are valuable
organic compounds used in the manufacture of a variety of other compounds. The reaction in
Equation (1) actually involves the breaking of β-1, 4-glycosidic linkages, which is an essential step for
cellulose conversion because it opens the possibility of catalytic transformation. Species present in the
homogeneous and/or heterogeneous acid catalysis are the protons (H+) and hydroxide anions (OH−)
that results from water dissociation and which reacts with cellulose molecules to yield a number of
products. Relating this analogy to the hydrolysis stage of AD, insoluble organic compounds such as
cellulose contained in the substrate are converted (to soluble organic compounds); the microorganisms
responsible for the conversion are composed of anaerobes such that organics that are insoluble in H2O
are solubilized in order to render chemical bonds broken for the formation of soluble compounds that
can be utilized by bacteria cells [37–40]. Some of the products formed from the hydrolysis stage (such
as H2 and CH3COO−) can be directly used by methanogens, while others, consisting of relatively larger
molecules, are converted to smaller molecules such as acetic acid CH3COOH (also known as ethanoic
acid) [34]. The CH3COO− and H2 produced in the hydrolysis stage are both used by fermentative
microorganisms in the next stage where higher chain organic compounds such as VFAs are formed.

2.1.2. Acidogenesis

This is the fermentation stage, where soluble compounds formed in the hydrolysis stage are
degraded and converted into CO2 and H2 through the bacteria known as acidogenic bacteria
(fermentative microorganisms); the important acid in this stage is the CH3COOH, and it is the
most significant organic acid used as a substrate by CH4-forming microorganisms [35]. Whereas, the
production of volatile fatty acids (VFAs) is increased when process pH is > 5, the production of ethanol
(C2H5OH) is characterized by lower pH < 5 with reaction process coming to a halt at a pH < 4 [41].
Equations (2)–(4) presents the reaction sequence that summarizes the acidogenic stage of AD [24–27]:

C6H12O6 ↔ 2 CH3CH2OH + 2 CO2 (2)

C6H12O6 + 2 H2 ↔ 2 CH3CH2COOH + 2 H2O (3)

C6H12O6 → 3 CH3COOH (4)

It is always difficult to draw a clear discrepancy between acidogenic and acetogenic reactions
because both reactions are typified by the production of H2 and CH3COO−, which are substrates of
methanogenic bacteria [41]. The acidogenic and acetogenic bacteria belong to a species of bacteria
associated with the large and diverse group of both facultative and obligate anaerobes. These
organisms are able to live under both aerobic and anaerobic conditions with micrococcus, peptococcus,

streptococcus, desulfomonas and escherichia coli among the species isolated from AD processes; however,
the major determinant of the bacteria that predominates is the characteristics of the substrate used as
feedstock [41,42].

2.1.3. Acetogenesis

The waste product of acetogenesis is the H2 gas formed in the acidogenic stage of the AD process
hence this stage is also known as the dehydrogenation stage. This is true because the metabolism
of acetogenic bacteria is inhibited by the H2 gas produced. However, the H2 gas can be consumed
by CH4-producing bacteria to function as hydrogen-scavenging bacteria that can convert some of
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the bacteria to CH4 [32]. The reaction series associated with this stage of AD are represented by
Equations (5)–(7) [33–36]:

CH3CH2COO− + 3 H2O↔ CH3COO− + H+HCO3
− + 3 H2 (5)

C6H12O6 + 2 H2O↔ 2 CH3COOH + 2 CO2 + 4 H2 (6)

CH3CH2OH + 2 H2O↔ CH3COO− + 3 H2 + H+ (7)

What can be deduced from Equations (5)–(7) is that the reactions are two-way reactions showing
the release of H2. The first Equation (5) indicates that acid phase products are converted to acetate
(CH3COO−) and hydrogen (H2), which may be used by methanogenic bacteria in the next stage
of the AD process; bacteria such as Methanobacterium suboxydans and Methanobacterium propionicum

actually account for the decomposition of the acid phase products into acetate (CH3COO−) and, the
H2 released in the reaction exhibits toxic effects on the microorganisms that carry out the process of
acetogenesis [43,44]. This makes a symbiosis necessary for the acetogenic and methanogenic bacteria
to use the H2 released in the process. The acetogenesis stage of AD is equally vital because it reflects
the efficiency of biogas production since approximately 70% of CH4 is formed through reduction of
CH3COO−, which is the key intermediary product of the digestion process; approximately 25% of
CH3COO− and about 11% of H2 are formed in the acetogenesis stage of AD [43]. However, it is vital
to clearly state that the VFAs produced in the previous stage are further broken down in this stage
by obligate hydrogen-producing acetogenic microorganisms for the production of CH3COOH, CO2

and H2. This is because some amount of H2O from the previous stages is still available and acts as an
electron source to facilitate the conversion of the VFAs [45,46].

2.1.4. Methanogenesis

This constitutes the fourth and final stage of the AD process. In this stage, bacteria convert
CH3COOH and H2 into CO2 and CH4; the bacteria responsible for this conversion are called
methanogens and they are strictly anaerobes that are highly vulnerable to small amounts of oxygen [47].
The methanogens are very important to AD processes because they grow slowly and are extremely
sensitive to changes in environment. They can absorb and digest the simplest of substrates. Some
of the notable species of the methanogens are Methanobrevibacter ruminantium, M. bryantic and
M. thermoautotrophicum, Methanogenium cariaci and M. marinsnigri, etc. [42]. Since the stages which
precede the methanogenic stage merely convert organic matter from one form to another, organic
pollution load in terms of chemical oxygen demand (COD) or biochemical oxygen demand (BOD) is
reduced considerably by the anaerobic process in the methanogenic stage hence efficient methanogenesis
is usually construed to mean efficient elimination of carbonaceous pollution [41].

The reaction equation representing the condition taking place in the methanogenic stage of AD
processes is represented by the following [33–36]:

CH3COOH→ CH4 + CO2 (8)

CO2 + 4 H2 → CH4 + 2 H2O (9)

2 CH3CH2OH + CO2 → CH4 + 2 CH3COOH (10)

The first Equation (8) shows the conversion of CH3COOH into CH4 and CO2. The CO2 formed
is reduced to CH4 through H2 gas in the second Equation (9) and, lastly Equation (10), shows the
production of CH4 by decarboxylation of CH3CH2OH. Methane-producing bacteria can be divided
into two groups namely acetophilic and hydrogenophilic; the former depicts CH4 production by
decarboxylation of acetate while the latter reflects CH4 production by reduction of H2/CO2 [40,48,49].
There are six major pathways in the methanogenesis stage. Each pathway converts a different substrate
into CH4 gas and, the major substrates used in this stage are acetic acid (CH3COOH), methanoic acid
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(HCOOH), carbon dioxide (CO2), dimethyl sulfate ((CH3)2SO4)), methanol (CH3OH), and methylamine
(CH3NH2) [50].

2.2. The Percentage Composition of CH4 from AD

The percentage composition of CH4 produced from AD is usually in the range 50–75%, while
that of CO2 is about 25–50%; the composition of H2S in the biogas range from 0–3% and depends on
the concentration of sulfur in the substrate, while that of nitrogen gas is in the range of 0–10% [51].
However, the range of percentage composition of the gases produced from AD processes is dependent
upon several factors including the digestibility of organic matter, digestion kinetics, digester retention
time, and the digestion temperature [52]. Table 2 presents the typical products of biogas and their
range of percentage composition.

Table 2. The range of percentage composition of the products of biogas. Adapted from [53].

Products Composition (%)

CH4 50–57
CO2 25–50
N2 0–10
H2 0–1

H2S 0–3
O2 0–2

The composition of biogas is most often determined by feedstock composition, which may vary,
and CH4 remains the major combustible constituent of the biogas and process efficiency is often
a function of CH4 yield [54]. Table 3 shows the percentage composition of CH4 according to the
biodegradable feedstock used in a digestion process.

Table 3. Percentage composition of CH4 from anaerobic digestion of various feedstocks [55,56].

Feedstock CH4 Composition (%)

Cattle manure 50–60
Pig manure 60

Poultry waste 68
Sheep dung 65
Horse dung 66

Grass 84
Wheat straw 78.5
Dried leaves 58
Barley straw 77
Beet leaves 84.8
Corn silage 54.5

Straws can yield up to 85% CH4 depending on the type of straw used in the AD process (wheat,
oats, rye, barley, and buckwheat) [57]. However, for the most part, optimum performance of AD
depends on several different parameters (such as pH, temperature, substrate, etc.) as different groups of
microorganisms (bacteria) are involved in the CH4 production process. Suitable conditions have to be
established to maintain balance of all the microorganisms. AD is a slow process that takes a minimum
of three weeks for the microorganisms to adapt to new conditions when there are changes in substrate
or temperature [58,59]. AD processes are more often than not perceived as a way to treat domestic
and industrial wastes in which both solid and liquid organic wastes are digested anaerobically for
the production of CH4. Even though CH4 is produced, the primary aim is to mitigate the volume of
waste that must be disposed and to increase the availability of plant nutrients in the waste digestate.
Carbon, nitrogen and oxygen (C, N, and O) are the main components of the organic matter that are
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used up by the consortium of microorganisms in the digestion process. These organics are used as
substrates for growth by microorganisms via combination with water (H2O) to form CH4 and CO2.
Prior to methanogenic conversion, the organic substances are broken down in three stages through
the teamwork of various microorganisms. The first set of microorganisms convert the organics to a
substance that other microorganisms can convert to organic acids. The amount of CH4 to CO2 produced
is a function of the composition of the original substrate being broken down; however, approximately
equal amounts of CH4 and CO2 are produced when sugars, starch and cellulose undergo AD, whereas a
greater percentage of CH4 than CO2 is produced when fats and proteins are anaerobically digested and,
gas production is highly dependent on temperature [51]. Bacteria under anaerobic conditions thrive in
a broad range of temperatures that can be divided into two broad categories; namely mesophilic and
thermophilic temperatures. The former refers to medium-temperature range where the bacteria thrives
in the temperature range 20–45 ◦C (68–113 ◦F), while the later refers to high-temperature range where
bacteria activity increases for optimum gas production, and can be achieved between 49 and 57 ◦C
(120–135 ◦F); nonetheless, when temperature is kept within these ranges and with constant feedstock
supply, the production of CH4 can be maximized [60].

Generalizations about AD systems often underestimate variations in these systems. There are
many sizes, styles and applications of AD systems. As a result, they can be small-scale, house-sized or
town-sized that can be primarily used for processing of waste or production of energy. AD systems can
be designed to optimize mixing, pathogen destruction, biogas production or odor control. They can be
designed as batch or continuous flow systems, within a sealed vessel or holding tank, or with a series
of vessels. AD processes can handle a variety of feedstocks including manure, silage, sewage sludge,
wasted food, yard waste, and industrial organic by-products. Some digesters are designed for one
feedstock but may be adapted to other feedstocks or a combination of them. Co-digestion with other
feedstocks can significantly increase the production of biogas and possibly mitigate volatile solids
depending on the type of feedstock used in the digestion process as well as other factors, but extended
knowledge and understanding of process chemistry is required for optimum efficiency whether or
not co-digestion is involved in the AD process; the digestate from AD processes can be used for soil
amendment and conditioning, as alternative daily cover for landfills and for composting [61,62].

3. Overview of Previous Research on AD

The complexity of AD is mainly attributed to the interconnection between different aspects of
the process (microbiological, chemical and operational aspects) that are inherently dependent on
each other [60,61]. Although CH4 production from small scale AD systems is no new idea, these
systems are often operated well below their optimal performance due to a host of factors that includes
infrastructural and technological factors. The interest for operators of AD systems has always been on
ways to maximize CH4 production. Numerous studies, some of which are presented in Table 4, have
investigated and reviewed different aspects of AD. However, the inhibitory effects of VFAs and the
bacterial interaction within the digestion process have not been adequately explained from a chemistry
standpoint. Optimization of AD processes requires continued research on different aspects of the
process in order to increase knowledge of system operation [63–65].
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Table 4. Summarized outlines of some previous studies on anaerobic digestion undertaken by other researchers.

Subject Parameters Investigated Remarks Reference

AD inhibition Reviewed state of research on AD inhibition
A wide variety of inhibitory substances like ammonia, heavy
metals, sulfides, etc. are responsible for AD failure

[31]

CH4 production from AD of solid substrates
Presented a detailed view of various methods for
improvement of CH4 production

The methods included the use of additives, recycling of slurry
and variation in operational parameters

[37]

Temperature effects in AD modeling Temperature effects on steady state gas generation levels The net energy gain of sludge bed AD can peak at T < 35 ◦C [66]

Production efficiency of AD
Examined factors that could influence rise in overall
biogas production and nutrient content of digestate

Addition of co-substrate influenced nutrient content of
digestate, resulting in higher gas production than the use of
sole substrate

[67]

Applications of AD
Compared applications of AD with other techniques
involving wastewater treatment plants

Found AD more useful for the treatment of soluble wastes than
other techniques

[68]

Acceleration of biogas production in AD
Determined how anaerobic bacteria can be used to
convert CO2 to biomethane through biodegradation of
organic waste in a sparged and an unsparged digester

The digester sparged with CO2 produced more CH4 than the
unsparged digester. The sparging system facilitated the
stripping of the CH4 produced by anaerobic bacteria

[69]

AD of rice straw
Determined the effect of feeding and organic loading
rates on CH4 production

Highest CH4 production was at one feed per 21 days at low
organic loading rate

[70]

AD foaming Reviewed current issues related to AD foaming
Identified knowledge gaps with respect to the theory of
foaming in AD processes

[71]

Anaerobic treatment of dairy wastewater

Reviewed general features of dairy wastewater and
degradation mechanisms of primary components as
well as various treatments of dairy wastewater for
enhanced AD process efficiency

Noted that high concentrations of suspended solids in dairy
waste streams could adversely affect the performance of
conventional anaerobic treatment processes

[72]

Determination of anaerobic biodegradability of
solid waste

Assessed various strategies and analytical methods for
prediction of CH4 production and digestion kinetics

Concluded that spectrometry techniques such as UV-Vis
remains the most promising analytical technique used for
accurate prediction of CH4 production and kinetic parameters
of forage digestibility

[73]

AD of wastewater from olive oil mill
Evaluated olive oil mill wastewater valorization via AD
for increased methane production and determined
process kinetics

Concentrations of polyphenols up to 2 g L−1 will totally inhibit
the AD process of olive oil mill wastewater but will increase
CH4 yield by about 70% at low concentrations of
polyphenol <1 g L−1

[74]

AD of sludge and kitchen waste
Investigated the digestion process of excess sludge from
wastewater treatment plants and kitchen wastes to
determine process efficiency of co-digestion

Efficiency of co-digestions is higher than pure substrates at
total solids ratio of 1: 4 (sludge: kitchen waste)

[75]

AD of domestic sewage

Reviewed treatment of domestic sewage under hot
climatic conditions and highlighted pre- and
post-treatment steps to ensure efficient discharge and
recycling/re-use/recovery

Integrating different treatment steps provides a sustainable
technology for domestic sewage treatment under hot
climatic conditions

[76]
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AD is a biological process with embedded chemistry features that cannot be undermined. While
previous studies such as those presented in Table 4 and those conducted by Meegoda et al., 2018;
Fu et al., 2018; Shin et al., 2019; Liu et al., 2019; Mi-Sun et al., 2017; Latif et al., 2017; Xiaohu et al.,
2017 [64,65,77–81] have alluded to insufficient research on optimization of AD process conditions; not
much has been done to address key technical barriers linked to AD process chemistry in terms of
extended knowledge on the impacts of IHT and HPP as well as the combined effects of the use of
non-biological conductive materials such as granular activated carbon (GAC) and MES on improving
microbial interaction in the digestion process. How these affects methanogenic reactions, CH4 yield, and
the possibility of potential recovery of nutrients from the digestion process have not been adequately
described from a chemistry perspective. Disappearance of hydrogen and the accumulation of VFAs in
the digestion process are conditions linked to the physiological activities of a variety of microorganisms
in the digestion process; if the microorganisms are not consummate at their physiological interaction,
hydrogen, which is needed to improve CH4 yield, may be depleted; and accumulation of VFAs may
also result hence the need to identify methods that can be used to overcome these challenges [31,63,82].
Details of these issues, perceived as key technical issues in the operation of small-scale AD systems,
are presented in subsequent sections of this review.

4. Brief Synopsis of Issues Hitherto Addressed in AD Research

Improving CH4 yield and increasing the possibility of potentially recovering nutrients from
the AD process are directly connected to all aspects of AD (chemical, microbiological and operation
aspects) [63]. Recent studies have demonstrated the interrelationship and variation between these
three aspects of AD [67,77–85]. The necessity to investigate this interconnectivity and dissimilarity
as a priority for advancing the energy recovery potential of AD processes has also been established.
Nonetheless, there are several other issues facing AD systems that have actually been addressed by
previous research [70,79,80,82]. These include operating parameters (such as temperature, pH and
alkalinity, carbon to nitrogen ratio, particle size, retention time and loading rate) and their influence in
AD processes; feedstock moisture content; feed rate, and process conditions including co-digestion
of different feedstocks [62,86]. Others are fluid flow patterns (such as unstirred and stratified fluid
flows) [87–90]; retention time; carbon to nitrogen ratio and organic loading rates as well as types of
digesters and their influence in digestion processes [61,62,79–93]. Although a host of other issues have
been addressed by previous investigations, which could not all be captured in this review. This is to
avoid ambiguities that could render the review incomprehensible. However, those highlighted have
been widely reported and corroborate recent advances made in the optimization of small scale AD
technology. Details of recent advances made in the AD technology are presented in Section 7.

5. The Concepts of IHT and HPP

Syntrophy in AD refers to a phenomenon by which one species lives off the products of another.
There seems to be an obligate, syntrophic relationship existing between acetogens and methanogens
linked to interspecies hydrogen transfer (IHT) and hydrogen partial pressure (HPP), which have not
been adequately explained. How these influences the yield and production of CH4 and the possibility
of potentially recovering nutrients from the digestion process have not been adequately described
from a chemistry perspective. There has been contradictory information in the literature about this
concept and its impact in AD. For instance, when HPP is very low, process thermodynamics become
favorable for the conversion of volatile acids (VAs) and alcohols to acetate, creating a positive change
in free energy (∆G) for conversion under standard conditions of 1 atm of hydrogen. This condition was
partly illustrated by McCarty, 1982 [94] who described ∆G for the conversion of propionate to acetate
and hydrogen. He premised upon the fact that ∆G does not become negative until HPP decreases
below 10−4 atm. This therefore makes it obligatory for hydrogen-utilizing methanogens to maintain
significantly low HPP in order to avoid accumulation of higher VAs (such as butyric and propionic
acid) in the system. For ease of reaction that would lead to enhanced CH4 production however,
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hydrogen-utilizing methanogens must be great at their physiological interaction to allow the reaction
progress to CH4 production without any difficulties. This is where the symbiotic microbial relationship
comes into play. Attempts to stimulate this much needed physiological interaction between the
microbial communities poses a challenge. The survival of the methane-forming bacteria (methanogens)
is largely dependent on the acetogens and acidogens as the conversion of simple monomers (produced
in the hydrolysis stage of the AD process) into VFAs, acetic acid, carbon dioxide and hydrogen depend
on these two organisms (acetogens and acidogens). This is another symbiotic relationship because of
the consumption of protons and VFAs just as the methanogens maintain digester environment via this
consumption [41,95].

The concept of IHT and its effect in the syntrophic interaction of different microorganisms in AD
processes was first discovered by Brynt et al., 1967 [95]. Since this discovery, no clear explanation
has been provided as to how this influences AD processes. As previously described, the overall
conversion of organic feedstocks to CO2 and CH4 is a result of the synergistic action of an association of
microorganisms. So, a feature of this relationship is the ability to enhance the metabolic energy derived
from the anaerobic fermentation of the feedstock. When feedstocks are anaerobically fermented,
electrons are deposited in the form of dihydrogen. Unless these electrons are vigorously removed,
succeeding fermentation reactions become unfavorable to the AD process. In this case, the ability to
maintain extremely low HPP becomes crucial to pull conversion process to completion. Therefore, the
synergy between different bacteria in AD that incorporates the concept of IHT and HPP needs further
research and should be reported from a chemistry standpoint to ensure a key technical contribution to
the chemical aspect of AD.

6. Methods of Accelerating and Optimizing AD

The inhibitory effects of substances and the interaction between different microorganisms in
the digestion process are key factors to successful operation of AD systems [31,63,96]. Extended
knowledge in these key technical areas will create opportunities for optimization. Methanogenic
microbial communities are generally resilient and stable, but when syntrophic interactions between
these microbial communities are disrupted, process instabilities may occur [97]. However, considerable
research efforts have been made to identify the mechanism and controlling factors that inhibit AD
processes, as well as to propose methods that could stimulate syntrophic interactions of different
microorganisms and their associated chemical reactions in the digestion process. These efforts have
proved quite challenging judging by the conflicting literature reports in this aspect of AD, and shows
there are still knowledge gaps in this area of AD that need to be bridged through active research.
Therefore, a good approach to accelerating microbial metabolism in AD processes and to prevent
accumulation of VFAs, which creates process inhibition, is to use non-biological conductive materials
with the ability to adsorb toxic organic compounds; and to combine AD with a MES in order to
stimulate IHT and HPP for electron transfer. These methods are unambiguously described in the
following subsections.

6.1. Use of Non-Biological Conductive Materials to Stimulate IHT and HPP in AD

Improved microbial activities occur when electrical connection between species exists due to
feedstock aggregation, which increases methanogenic reactions [24]. The use of non-biological
conductive materials such as granular activated carbon (GAC) can function as electron conduits to
stimulate methanogenesis reactions and facilitate IHT and HPP between syntrophic microorganisms [26].
One of the great advantages of using GAC lies in its ability to adsorb toxic compounds that may
inhibit the activities of microorganism in the digestion process; with GAC, better electron exchange
through IHT can be promoted in the digestion process [28,98]. Despite these advantages however, the
stimulatory effects of GAC in AD processes are not well understood hence further research is required
on this topic. A good starting point to explaining the ability of GAC to stimulate methanogenic reactions
in AD is that it provides surface for cells to attach, thus promoting electron exchange through IHT. In
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addition, GAC can instigate a high surface area feedstock to create room for microbial attachment,
which can promote microbial growth [99].

6.2. Combining MES with AD to Improve Microbial Interaction

As previously mentioned, to successfully drive AD reactions to completion and to avoid
accumulation of higher VAs such as butyric and propionic acid, there must be increased physiological
interaction between different microorganisms including the methanogenic microorganisms. One way
to improve this interaction is to combine techniques such as microbial electrochemical systems (MES)
with AD systems. MES have the ability to transfer electrons extracellularly through electrochemically
active microorganisms, also known as exoelectrogens; this combination creates intimate collaboration of
multiple microorganisms for increased CH4 yield [100,101]. GAC can function as the electrode in MES
due to its high surface area and electrical conductivity [102–104]. Figure 1 illustrates how a MES can
combine effectively with an AD to increase syntrophic interaction between different microorganisms.

–

 

–

Figure 1. An illustration of bacterial interaction through the integrating effect of an MES and an
anaerobic digestion process (VFAs: volatile fatty acids). Reproduced with permission [105].

Temperature is a significant parameter in AD and CH4 production largely depends on it, as a result,
most AD systems operate successfully at mesophilic conditions; when temperature decreases, bacterial
activity is drastically reduced, which also tremendously decreases the production of CH4 [106,107].
However, the most challenging aspect of the AD process is creating a sustainable mesophilic condition
for increased activities of the microorganisms. Thus, MES integrated with AD can also create optimum
temperature conditions for increased microbial activity, a condition that can be upheld throughout the
biodegradation process of the feedstock. The optimum range of temperature for increased mesophilic
microbial activity is between 35 and 40 ◦C [108]. While AD will improve hydrolysis of organic
substances and make more feedstock available to MES, which will in turn prevent the accumulation of
inhibitory substances, and release the products of inhibition to multiple microorganisms that includes
the acetogenic and methanogenic microorganisms, increasing their activity and interaction; integrating
MES with AD will also increase process thermodynamics for favorable conversion of VFAs and will
maximize CH4 yield by about 5–6 times (compared to a standalone AD system) due likely to hydrogen
evolution [109,110]. Combining a MES with AD can be achieved by connecting the two systems in
sequence but the economic viability of this process must be investigated. Detailed descriptions of the
methods by which a MES can be integrated with AD are described in [100,101].
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7. Recent Advances in the AD Technology

Recent advances in anaerobic digestion (AD) systems and multi-disciplinary collaborations in
science and engineering have literally offered new hopes for better understanding and direction
of this technology. Improved CH4 production requires the combination of various aspects of the
technology previously mentioned. A consequence of the strong interrelationships between the various
aspects of AD is the advances so far made in the optimization of the technology such that research
on only one aspect may not be technically reliable hence the need for studies to be conducted on
other aspects of the technology. Digester design innovations, recycling of digested slurry, the use of
other non-biological conductive materials like biochar (a solid product of thermal decomposition of
biomass) to improve AD and digestate as well as the ability to co-digest different feedstocks are some
of the recent advances made in the AD technology [111–119]. The use of composite materials such
as magnetic fly ash (Fe3O4/FA) for pretreatment of mainly livestock manure used as feedstock in AD
processes [78] are among some of the other recent advances made in optimization of AD systems but
the economic viability of this pretreatment method is yet to be determined. Mixing Fe3O4/FA with
livestock manure such as pig manure in AD enhances the passivation of elements such as Cu and Zn in
the digested residue. This passivation mainly involves physical adsorption intended to convert heavy
metals into stable minerals in which the mobility and solubility of the heavy metals are decreased,
thus successfully passivating them [78]. Advances in the technology have also contributed to the
gradual increase in the establishment of on-site small-scale anaerobic digesters in some developing
regions of the world, particularly some Latin American countries like Bolivia, Colombia, Guatemala,
Nicaragua and Peru where biogas programmes are initiated to deal with not just key technical barriers
of the technology, but also economic/financial, market, infrastructural and institutional barriers in
order to encourage wider adoption of this resourceful energy recovery technology [120,121]. As part of
contribution to advance the AD technology, Migliori et al., 2019 [122] alluded that both wet and dry
type AD systems can be successfully used to convert the organic fraction of municipal solid waste
(OFMSW) into high quality bio-methane. Enhancement of bio-methane has once been achieved via
microwave irradiation combined with iron oxide nanoparticles used for the pretreatment of green
algae during AD [123]. Borges et al., 2019 [124] also concluded in their study that primary sludge
from pharmaceutical industry effluents is an economically viable and sustainable technique for the
production of biofuels through AD because of its content of micro- and macronutrients. Despite all
of these studies, the technological advances so far made have not completely eliminated the most
significant technical challenges hampering the smooth operation of AD systems hence this review
helps identify areas of research as a way to contribute to the knowledge required to advance this
attractive technology.

8. Future Directions and Opportunities

The AD technology remains a well-established technology for renewable energy production and
for valorization of organic residues. However, application of this technology to realize increased energy
yields in the form of CH4 requires technical modifications and optimization of operating parameters that
promotes syntrophic interactions of the different microorganisms in the digestion process. Although a
number of methods for improving the relationship between different microorganisms in the digestion
process have been greatly studied, there are still knowledge gaps that call for additional efforts and
technological advancements that can offer the benefits of optimization of AD systems and their efficient
applications. AD systems are well suited as alternative energy conversion systems, particularly for
countries rich in livestock and agricultural materials, and offer the opportunity to maximize the use of
resources whose demands are insufficient. In addition to improving process efficiency, the recovery of
value-added products such as biochar, bio-oil and other functional materials from the digestion process
when systems such as MES is combined with AD increases the opportunity for potential economic
viability of the AD technology [105].
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Clearly, the AD technology needs to advance by huge strides in terms of efficiency as well as in
terms of ease of use and robustness against chemical failures. It is unquestionable that new knowledge
is continuously gained at very great speed. The new information will be applied in the future for
directing AD in a more specific way, customized to the specific needs of the process. In fact, it is
envisaged that the biogas sector may experience a new era in which sophisticated microbial systems
would be used to improve AD reaction processes. Advanced monitoring and control systems will form
part of the new era in the future of biogas plants in significantly contributing to process optimization.
With respect to novelty, biogas from AD will play a vital role in the creation of a circular bio-economy
where not just the organic matter may have the possibility of being recycled, but also nutrients from
the digestion process. Furthermore, apart from the conversion of CO2 to bio-methane, it is anticipated
that more advanced molecules will be produced from biogas using CH4 as a starting material for
certain microorganisms like the methanogenic microorganisms to generate compounds of great value.
Undoubtedly, implementation of these envisaged technological advances will rely on the successful
tackling of biotechnological barriers that can only be addressed through interdisciplinary research.
Therefore, future efforts should focus on assessment of existing methods of optimizing AD processes,
investigation of possible upgrades to the existing methods and in the design of new technologies.

9. Discussion

One of the major drawbacks of AD is the fact that it is highly sensitive and a technically complex
process. As such, high levels of skills and investments are required to keep it up and running.
Considering this high sensitivity, any imbalances caused by over-accumulation of certain substances
in the digestion process can easily lead to inhibition, and consequently to process failure [125]. The
chemical aspect of AD described in this review suggests that it is as important as the microbiological
aspect. The methods of accelerating and optimizing AD, also unambiguously described, certainly
constitute one of the strategies required to optimize and promote broader application of the technology.
Nonetheless, there are other aspects of AD not considered because they were assumed to fall beyond
the focus of this review. These aspects may also create opportunities for optimization. However,
the vision of future expansion of the AD technology will require rapid technical improvements that
must include critical evaluation of its chemical aspect; particularly linked to how IHT and HPP can
improve methanogenic reactions and how MES can be successfully combined with AD, which can
create lasting mesophilic temperature conditions for increased bacterial activity in the digestion process.
Although the economic viability of this technique has not been established, this method will lead to
faster biodegradation of the feedstock and will ensure efficient conversion to CH4. CH4 yield, among
other factors, is determined by bacterial activities [37,43,52,63].

10. Conclusions

This review indicates that interspecies hydrogen transfer (IHT), hydrogen partial pressures (HPP)
and the use of microbial electrochemical systems (MES) can play prominent roles in improving the
overall efficiency of AD processes by increasing the syntrophic interaction of different microorganisms
for improved methanogenic reactions. While the technology has experienced rapid improvements
in recent times through research, and which is expedited by a drive for environmentally sustainable
methods for managing waste, there still exist knowledge gaps that hinder researchers from having a
thorough understanding of the complex process that underpins AD. Furthermore, the multifarious
applications of AD signal a continual potential for research in optimizing and increasing efficiency of
AD, attempting to simultaneously reduce time and associated cost.

It is noteworthy to mention that the United Kingdom and the European Union has funded
numerous AD projects globally, as such, future assessment of the impact of this funding through
interdisciplinary research aimed at advancing, not just the microbiological and operational aspect of
the technology, but also its chemical aspect is required.
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