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Anaerobic digestion is an attractive technology for resource management of organic

waste and stubble. The state of biochemical reactions and activities in anaerobic

digestion determines the process stability. Biochemical activities, such as syntrophic,

metabolic, catalytic, and enzymatic activities, regulate the anaerobic efficiency for

improved methane yield. Inhibitors, such as access to volatile fatty acids, ammonia,

sulfur, and heavy metals, may slow down the anaerobic digestion and may cause reactor

failure. However, additives for various biochemical activities may help to diminish the

effect of inhibitors as well as improve process stability for enhanced methane yield. This

manuscript presents an overview of various additives for enhancing the biochemical

activities. The overview consists of the application of (a) conductive material for improving

syntrophic activity, (b) trace metals for metabolic activities, (c) nanoparticles for improving

catalytic activity, metabolism, and symbiosis during AD, (d) biological additives for

enzymatic action, and (e) application of zeolite for introducing cation exchange properties

in anaerobic digestion. Also, a comparison of various additives as per biochemical

activity has also been performed for a deeper insight into the application of additives

in anaerobic digestion.

Keywords: additives, syntrophy, methane, biochemical activity, anaerobic digestion, inhibition

INTRODUCTION

Anaerobic digestion (AD) is practiced extensively for treatment of biodegradable waste for energy
generation (here methane) (Lovarelli et al., 2019). This technology has the capability to manage
organic waste, such as sludge, lignocellulosic materials, energy crops, food waste, and organic
fractions of solid municipal waste, with high efficiency andminimum byproduct generation (Bhatia
et al., 2018). The environmentally sound features of AD have attracted research groups worldwide
to improve biogas production. Biogas has a calorific value ranging between 20 and 25 MJ/m3 and
may be utilized as fuel by replacing the natural and liquid petroleum gas. Also, its application may
help to curb 80% of the greenhouse gases emitted into the environment. Biodegradable waste may
be handled by other technologies, such as landfills and incineration, but AD is preferred, as it helps
in the reduction of waste sludge, kills pathogens, provides essential nutrients, and has less of an
energy demand.
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TABLE 1 | Inhibition in anaerobic digestion their effects.

Inhibition Effect in AD Primary source References

Volatile fatty

acids

• Reduced pH

• Disturbed syntrophic

mechanism

• Lower archaeal

population

• Sourreactor

• Food waste

• Sugar processing

industrywaste

Capson-Tojo

et al., 2018

D – Limonene • Increased permeability of

cell

• Cell damage

• Reduced

microbialpopulation

• Citrus food waste

• Orange and

lemon peelwaste

Fagbohungbe

et al., 2016

Nitrogen

(inorganic)

• Imbalanced protons in

reactor

• May inhibit enzymes for

methanogenesis

• Acidaccumulation

• Wastewater

• Animalurine

Milán et al.,

2010

Sulfur

derivatives

• Activates sulfate reducing

microbes which

competes with acetogens

• Reducedmethanogens

• Slaughterhouse

waste

• Poultrymanure

Feng et al.,

2010

High amount of

metals (heavy

and light)

• Cell disruption

• Inhibits acetoclastic

microbes

• Competition in adsorption

on cell membrane

• Restrict production of cell

• May destabilize buffering

capacity

• May have neutralization

effect on cellmembrane

• Wastewater

• Householdwaste

Glass and

Orphan, 2012

Halogenated

aliphatic

• Inhibited methanogenesis

• Disturbed cellularenergy

• Industrial

wastewater

• Grease andoil

Kiser et al.,

2010; Liu Y.

et al., 2012

Lignin • Recalcitrance in AD

• Lower methane yield

• Restricted

celluloseaccess

• Lignocellulosic

biomass

• Cropresidues

Demirel and

Scherer, 2011

AD is a complex microbe-driven, multi-phase biochemical
process. It involves mainly four biochemical phases, such
as hydrolysis, acidogenesis, acetogenesis, and methanogenesis.
In these phases, organic matter is metabolized by bacteria
and archaea and is converted into methane and carbon
dioxide. However, AD has naturally inherent complications
based on feedstock type and process parameters, such as
slow mass transfer if total solid is high, volatile fatty
acid accumulation, C/N ratio imbalance, recalcitrance of
lignocellulosic residues, ammonia inhibition, and micronutrient
deficiency (Table 1). These complications may sometimes lead to
slower methanogenesis as well as low energy yield apart from
hampering the microbial population of the AD process. It was
reported by Thanh et al. that AD of rubber processing wastewater
is undesirable as a waste treatment process because of the high
ammonia content and other residual matters (Thanh et al., 2016).
In some cases, digester failure has been reported because of
inhibitions and high hydraulic retention time, which limits the
biomass washout.

Different strategies have been adopted to mitigate these
complications, such as solid concentration optimization in
anaerobic digesters for better mass transfer, the addition of
buffering agent in the reactor to maintain pH, codigestion of
substrates for a balanced C/N ratio, and pretreatment to break
the lignin barrier for enhanced methanogenesis. On the other
hand, supplementation of various materials as additives to the
anaerobic reactors provides an economically viable solution for
aforementioned problems of AD for better process stability.
For example, additives that are carbon based reinforce direct
interspecies electron transfer in the system and enable syntrophic
relations in the reactor. Materials such as biochar or activated
carbon help speed up the volatile fatty acids (VFA) consumption
and provide substrates to methanogens. On the other hand,
for the metabolic function of microbial cells, trace metals as
an additive to the system do the required job. Elements such
as iron, nickel, cobalt, and others enhance metabolic activity
of methanogens, which results in enhanced methane yield.
Nanoparticles of these elements have been also employed by
various studies to enhance anaerobic biodegradability. Apart
from these, if immobilization is required of biomass in the
system, zeolite may help to achieve the goal if applied as additive
to anaerobic reactor.

ADDITIVES FOR IMPROVING
SYNTROPHIC ACTIVITY

In an anaerobic reactor, a balanced syntrophic relation between
acidogenesis and methanogenesis provides a thermodynamically
stable environment for VFA conversion (Dang et al., 2016). This
conversion of VFA to lactate, acetate, ethanol, butyrate, and
other intermediates by syntrophic microbes incites methanogens
to consume these as substrates for methane formation along
with consuming CO2/H2. Carbon-based conducting materials,
on the other hand, were reported to improve the syntrophic
relation between acid formation by acidogens and methane-
forming microbes by interspecies electron transfer, which
encompasses indirect interspecies electron transfer (IIET) and
direct interspecies electron transfer (DIET) (Lovley, 2017)
(Table 2). In bioreactors, H2 and HCOOH could easily be
consumed by methanogens to produce methane via IIET
provided partial pressure is favorable to IIET. The syntrophic
environment may get hampered if partial pressure of H2 is high,
and it may stop the IIET, leading to VFA accumulation and
process instability. DIET, on the other hand, when it exists in the
reactor, can replace H2 as the only route of interspecies electron
transfer in the reactor and helps to maintain syntrophic relations
between acetogens and methanogens (Viggi et al., 2017).

In DIET, the electron released by the microbes is directly
captured by electron-seeking microorganisms via electrical
connections established by cytochromes and conductive
nanowires generated by microbes. Moreover, the addition of
conductive substances into the anaerobic bioreactor may help
to stimulate the DIET process for those microbes that are not
able to generate nanowires for electron transfer (Figure 1).
It was also reported that the speed of the electron transfer in
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TABLE 2 | Function of carbon-based materials as additive in anaerobic digestion.

Carbon based

materials

Function in AD References

Biochar • Helps in increasing

microbial population

• Help to mitigate limonene

• Methyltransferase

• Ammonia ion mitigation

• Redoxcatalyst

Fagbohungbe et al.,

2016; Wang et al.,

2018

Activated carbon • Reduces lag time in the

reactor

• Increase direct

interspecies electron

transfer

• Enhanced

acidconsumption

Liu F. et al., 2012;

Lee et al., 2016;

Zhang et al., 2018

Granular activated

carbon

• Helps to increase the

population of Firmicutes

• Can withstand low

temperature

• Cell mobilization

ofElusimicrobia

Yang et al., 2017;

Peng et al., 2018

Carbon cloth • Increased methanogenic

activity

• VFA consumption

DIET

Mumme et al., 2014;

Lei et al., 2016

the DIET process is around 106 times more to that in IIET
(Capson-Tojo et al., 2018). In this regard, instability triggered by
accumulation of VFA at a high solid concentration or organic
loading rate (OLR) in the anaerobic process may be improved
by DIET. Furthermore, carbon-based conducting materials,
such as biochar, activated carbon, magnetite, carbon cloth, and
graphene, can act as a precursor to DIET in the anaerobic reactor
(Mumme et al., 2014; Lin et al., 2017). Various researchers have
reported a positive impact on both methanogenesis and process
stability after addition of carbon-based conducting materials for
AD of food waste, ethanol, acetate, sewage sludge, and glucose
(Tian et al., 2017; Baek et al., 2018; Wang et al., 2018).

Biochar
Lü et al. (2016) observed that employing biochar to an
anaerobic medium helped to mitigate ammonium inhibition
and enhanced the microbial growth of methanogens (Lü et al.,
2016). As compared to the control, reactors using biochar as
an external additive in three different size group (2–5, 0.5–
1mm, and 75–150µm) helped to achieve reduced lag phase
by 23, 23, and 6%, respectively. Also, it was observed that
maximum methane production rate was 47, 23, and 44% more
to that control reactor. It was concluded that selection of
biochar particle size is important for enhanced methanogenesis
and a rich microbial community. Mumme et al. studied the
effect of the addition of biochar from pyrolysis or pyrochar
and hydrothermal carbonization or hydrochar on methane
production and ammonia inhibition (Mumme et al., 2014). A
32% increase in methane yield was observed in the case of
hydrochar, while pyrochar showed no effect on methane yield.

FIGURE 1 | Direct interspecies electron transfer with and without

carbon-based functional materials.

Also, results revealed that mild ammonia inhibition up to 2.1 g
of the total ammonia nitrogen (TAN)/kg may be prevented by
addition of biochar. However, both the pyrochar and hydrochar
were unable to stop the strong inhibition level of ammonia in
the anaerobic reactor. Citrus peel waste was reported to produce
D—Limonene under the AD process, which may hamper process
stability (Fagbohungbe et al., 2016). In this regards, citrus peel
waste was investigated through an anaerobic digestion methane
potential test by Fagbohungbe et al. (2016) by employing a
biochar and various biochar mixing ratio. The coconut shell
biochar, wood biochar, and rice husk biochar were mixed with
citrus peel waste for the biomethane potential test for 30 days
retention time. Maximum methane yield was observed to be
186 L/kg VS when the citrus peel was mixed with the coconut
shell biochar, which was 21 units more to that of AD of citrus
peel waste alone. Biochar prepared from dairy manure was
investigated as an additive by Jang et al. (2018) for AD of dairy
manure. Three different temperature regions (psychrophilic,
mesophilic, and thermophilic) and three different concentration
of biochar (0, 1, and 10 g/L) were selected for the experimental
evaluation. Results revealed that the addition of biochar helped
to lower the VFA concentration and reduced the lag phase. It was
concluded that nutrients present in the dairy-manure-derived
biochar, such as Ca, Mg, N, and P, may help to reduce the lag
phase and enhanced methane yield. Wang et al. prepared biochar
from saw dust to increase the syntrophic methane yield from
dewatered activated sludge and food waste (Wang et al., 2018).
Results showed that saw dust biochar helped to reduce the lag
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phase by 27–64% and enhanced the methanogenesis by 22–40%.
In addition to these, the application of biochar alleviated the
organic loading rate up to 3 g of feedstock to 1 g of inoculum
and showed effective buffering capacity to VFA accumulation and
pH decrease.

Crushed granules, such as 1 g VS/L, have been incorporated
as an inoculation medium with 0.5–1mm biochar as an additive
and glucose (4, 6, and 8 g/L) as a substrate in the AD process
by Luo et al. (2015). Results revealed that the methanogenic lag
phase was reduced up to 30% for 6 g/L of glucose, and an 88%
increase was observed for methane when glucose concentration
was 4 g/L. Simultaneous degradation of intermediate acids has
also been reported by adding biochar in anaerobic medium.

Activated Carbon
Activated carbon, a carbonaceous matter, has an amorphous
structure along with high porosity and high adsorption capacity.
In an anaerobic medium, activated carbon may act as an electron
acceptor and may be able to endorse direct interspecies electron
transfer in the reactor (Liu F. et al., 2012). Zhang et al. studied the
effect of activated carbon supplementation on AD of food waste
(Zhang et al., 2017). Results showed that the reactor fed with food
waste and activated carbon kept a stable digestion process. Also,
increasing the organic loading from 1.5 to 4.38 g VS/L/d created
instability in the control reactor, while a reactor fed with activated
charcoal along with food waste showed no disability during the
run. Zhang et al. (2018) discovered that 15 g/L of activated carbon
can provide a stable digester along with improved methane yield
if the feedstock used is food waste. Also, a pilot scale AD of
food waste showed 41% less methane yield when run without
the addition of activated charcoal. In addition to these, Zhang
et al. also revealed that abundance of Firmicutes, Elusimicrobia,
and Proteobacteria increased by 70, 190, and 110%, respectively,
in activated carbon added to an anaerobic reactor (Zhang et al.,
2018).

Granular Activated Carbon
Accumulation of VFA is an inevitable problem during AD of
complex substrates. Consumption of accumulated VFA may
help to stabilize the AD process. Granular activated carbon
has been reported as an adsorbing material for inhibitors and
a precursor for increasing the syntrophic mechanism in the
anaerobic reactors (Capson-Tojo et al., 2018). Moreover, the high
electrical conductivity of granular activated carbon enables it to
act as an electron acceptor in the anaerobic bioreactor as well
as an electron donor after reduction (Lee et al., 2016). Capson-
Tojo et al. investigated the effect of granular activated carbon
on AD of food waste (Capson-Tojo et al., 2018). A total of 10
g/L of granular activated carbon was supplemented with food
waste to enhance the anaerobic biodegradability. It was reported
that, while the lag phase was 10 days for the reactor having used
food waste as a feedstock, granular activated carbon added to
the reactor had resulted in only a 2-day lag phase. This shows
that consumption of acetic acid was prevalent in the presence of
granular activated carbon. Also, a microbial analysis revealed the
predominance of hydrogenotrophic microbes.

Effective direct interspecies electron transfer was observed
by Lee et al. after adding granular activated carbon to an
anaerobic reactor (Lee et al., 2016). It was reported that the
methane production was 1.8 times higher when the anaerobic
rector was fed with granular activated carbon. Furthermore,
the pyrosequencing of the 16S rRNA gene showed enrichment
of the hydrogenotrophic microorganism. Supplementation of
granular activated sludge with magnetite in AD of sludge
was investigated by Peng et al. (2018). It was reported that,
while magnetite augmented the iron reducing bacteria in
an anaerobic reactor, granular activated carbon increased the
syntrophic activity between methanogenic microbes and iron-
reducing bacteria. Apart from these, the total chemical oxygen
demand in granular activated carbon and the magnetite fed
reactor was 10 g/L less as compared to the control after 56
days of digestion period. Wastewater activated sludge shows
resistance against AD because of its intrinsic property of slow
fermentation. However, carbon-based materials may boost up
the fermentation process of activated sludge because of their
enhanced syntrophic mechanism. Yang et al. (2017) studied the
effect of granular activated carbon for the AD of activated sludge.
Direct interspecies electron transfer was reported to be increased
after the addition of granular activated carbon to batch mode
along with 31% increase in methane yield.

Carbon Cloth
In a co-culture medium, the electrical conductivity of a carbon
cloth may enhance direct interspecies electron transfer (Chen
et al., 2014). Zhao et al. (2017) experienced potential shifting
of IHT to DIET using a carbon cloth and reported a reduced
impact of acid on the AD. In another study, methanogenesis
simulation has been attempted in an up flow anaerobic sludge
blanket (UASB) reactor by employing a carbon cloth (Lei et al.,
2016). Results showed that reactors with a carbon cloth enabled
1.34-fold more organic loading than that of the control. Also,
transfer of VFA was effective in the presence of a carbon cloth.
A microbial community analysis of the reactor with carbon cloth
revealed that extracellular bacteria and methanogenic microbes
were enriched, which enables reactor to be capable of a higher
organic load. In a similar study, carbon cloth used to enhance
the treatment of brewery wastewater in anaerobic membrane
bioreactors (Jia et al., 2020). A highly conductive carbon cloth
was tested against a polyester cloth and showed that it can sustain
high organic loading (up to 10,000 mg/L COD). Also, it was
thought that carbon cloth supported the growth ofMethanothrix
in the reactor.

Iron Oxide (Magnetite)
Magnetite (Fe3O4), an iron oxide particle that is known to have
conductive properties and may help to enable the interspecies
electron transfer between bacteria and archaea. Cruz Viggi
et al. examined micro-sized magnetite for sludge degradation
via a robust syntrophic route (Viggi et al., 2017). Results
showed that methane production was increased by 33% when
using propionate as a substrate. In another study, acetate and
propionate have been investigated as substrates in combination
with magnetite at a thermophilic temperature (Yamada et al.,
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2015). Results of the microbial community analysis showed that
the bacterial population in the reactor changed considerably.
These outcomes endorse the fact that addition of magnetite will
enhance the capacity of anaerobic rector to consume VFA rapidly
and may help to reduce the acid stress within. In this regard,
dairy wastewater was investigated for methane production, and
magnetite was used as additive for the process (Baek et al.,
2015). As per our results, the removal of chemical oxygen
demand (COD) in the magnetite fed batch reactor was 82.5%,
while in control it was 31.9%, and all the removed COD was
recovered as biogas in the magnetite fed reactor. A total of 65.5
kJ of extra energy was produced from magnetite fed reactor as
compared to the control. It was anticipated by the research group
that the syntrophic relation between Methanosaeta concilii and
Trichococcus was responsible for the enhanced methanogenic
activity in the reactor. In the continuation of above discussed
batch experiment, Baek et al. (2016) examined the syntrophic
relation between exoelectrogenic microbes and methanogenic
microbes in a continuous reactor utilizing cheese whey as a
substrate for 376 days. Results showed that the addition of
magnetite significantly helped to improve the process stability
and methane yield. Also, after the addition of magnetite,
VFA concentration was nearly zero throughout the process,
which shows that conducting material consumes VFA as a
substrate and provides a substrate for methanogenic microbes.
Methanosaeta was the predominant methanogen in the reactor
fed with magnetite.

AD of incineration leachate waste may be detrimental since
it encompasses toxic compounds and salts, which may inhibit
the microbial population. Adsorption of toxic compounds of
incineration waste leachate may be performed by magnetite. Lei
et al. (2018) employed magnetite as an additive while digesting
incinerated municipal solid waste leachate anaerobically for
methanogenesis. Results showed that addition of magnetite
enhanced the microbial diversity in the reactor. As per
results, Methanosarcina and Methanosaeta were discovered in
abundance in a magnetite fed reactor along with improved COD
removal and methane yield.

ADDITIVES FOR IMPROVING METABOLIC
ACTIVITY

The most critical phase involved in AD out of four other
phases is methanogenesis, which is accomplished by a pool of
microbes termed as archaea. These pools of microbes require
the presence of metals as micronutrients for their cell metabolic
function (Figure 2A). Apart frommajor elements such as carbon,
hydrogen, nitrogen, and phosphorus, other elements like iron,
nickel, cobalt, zinc, molybdenum, and copper help to achieve
effective metabolic activity within the cell of these anaerobes
(Table 3). Elemental configuration of various methanogens was
studied by Scherer et al. (1983), and results revealed that trace
elements are required as building blocks for these microbes.
Scherer et al. (1983) recommended an order of these elements
as Fe >> Zn > Ni > Cu ≈ Co ≈ Mo > Mn for metabolic
activity of methanogenic microbes. Zhang et al. (2003) conducted

FIGURE 2 | (A) Mechanism of metal-based additives in anaerobic digestion.

(B) Municipal solid waste incineration ash as additive in anaerobic digestion.

an experiment on the minimum requirement of elements for
the optimum cell density of methanogens. Results showed that
when the mass of methanogens was 1.32 g/L, a scarcity of Fe
was observed. Also, when methanogenic microbes will cross a
threshold of mass in the liquid medium, elemental shortage will
be experienced in the cell mass. For instance, it was 30, 4.8, 0.12,
and 1.13 g/L for Co, Ni, Cu, and Zn respectively.

Biochemical routes for methanogenic activity consist of the
acetoclastic route or CO2/H2 route. The acetoclastic route
in which acetate works as feedstock for methane formation
accounts for two-thirds of methanogenesis while one-third part
of methanogenesis is carried out by CO2/H2 route. These
biochemical routes for methane production require metals
for enzymatic activity, which may differ as per the adopted
biochemical route inside the anaerobic digester, and the metal
requirement may summed up as Fe >> Ni > Co > Zn=Mo/W
(Glass and Orphan, 2012).
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TABLE 3 | Required concentration of trace elements in anaerobic digestion and their function.

Elements Stimulatory

limit (mg/L)

Inhibitory

level (mg/L)

Function in AD Representative

methanogens

References

Ni <27 35–1,500 Acts as a cofactor and

coenzyme for urease,

methyl reductase

Methanobacterium

Bryantii,

Methanothermobacter

Marburgensis,

Methanosarcina

Thermophila,

Methanosarcina barkeri

Qiang et al., 2012;

Gustavsson et al., 2013

Co <19 30–900 Enzyme activation,

methyltransferase

Methanobrevibacter

Smithii, Methanosarcina

thermophila

Jarvis et al., 1997

Fe 0.3–10 Accepts electron and having

redox property,

hydrogenase

Methanothermobacter

Marburgensis,

Methanosarcina

Vacuolate, Methanosarcina

barkeri, Methanosarcina

Thermophila,

Methanobrevibacter

arboriphilicus

Zhang et al., 2009; Liu

et al., 2011;

Abdelsalam et al.,

2017b

Mo 0.005–0.05 Acts as inhibitor for sulfate

reducing bacteria,Format-

dehydrogenase

Methanobrevibacter

Arboriphilicus,

Methanosarcina

vacuolata

Scherer et al., 1983;

Qiang et al., 2012

Zn 0.04–2 7–1,500 Enzyme activation, helps in

cell growth, hydrogenase

Methanobrevibacter

Arboriphilicus,

Methanobrevibacter

Smithii, Methanosarcina

barkeri

Glass and Orphan,

2012

Mn <0.025 Acts as a stabilizer, enzyme

activation, redox reaction

Methanosarcina

Vacuolate; Methanosarcina

barkeri

Scherer et al., 1983

Cu 0.03–2.4 12–350 Helps to remove heavy

metal toxicity, activates

enzymes

Methanobacterium

bryantii

Jarvis et al., 1997;

Pobeheim et al., 2010

Nickel
Nickel is required for the growth of methanogenic microbes for
enhanced methane production. Diekert et al. (1981) investigated
methanogenic microbes for nickel requirement. Results showed
that all the methanogenic microbes examined exploited nickel
for their growth and synthesized factor F430. In addition to
this, Speece et al. (1983) also reported a positive relationship
between nickel and Methanosarcina while assaying acetate-
enriched methanogens. It was also reported that, in the absence
of nickel, the acetate utilization rate was around 3 g/g VSS/day,
while this utilization rate increased up to 10 g/g VSS/day in the
presence of nickel.

Source-segregated food waste was tested in batch assay mode
along with trace elements supplementation (Facchin et al., 2013).
Four different concentrations of nickel were added to the batch
trials as 5,10, 20, and 100 mg/kg total solid (TS). Results showed
that when nickel was present in the inoculation medium, the
addition of nickel as a trace element showed negative impact
on methane beyond 5 mg/kg TS to the bath bioreactor, and a
6% decrease was observed in the specific methane yield at 100
mg/kg TS concentration. On the other hand, when nickel was
less in the inoculation medium, it showed an increase of 15%
to the specific methane yield at concentration of 100 mg/kg TS.

Batch and continuous AD of food waste was attempted by Qiang
et al. (2012) with nickel as an additive. It was reported that 1
mg/L of nickel along with iron and cobalt showed improvement
on methane yield. Required value of nickel was reported in
association with COD of food waste as Ni/COD, and the value
was 5.70 mg/kg for enhanced methanogenesis of food waste.
Apart from food waste, Maze silage was supplemented with
nickel in AD system for improved methane yield by Evranos and
Demirel (2015). Addition of 0.1 mg/L of nickel showed positive
impact on TS and VS removal (0.2 and 0.5% increase) of maze
silage. Also, a total of 27% increase was observed inmethane yield
of maze silage.

Cobalt
Cobalt has been reported as a growing factor of acetogenic
microbes by which the acetogenesis process may boost ending
with enhanced overall reactor performance (Boonyakitsombut
et al., 2002). For efficient AD of grass silage, Jarvis et al. (1997)
discovered that 0.2 mg/L concentration of copper was essential. It
was also reported that problem of low specific methane yield and
decrease in pH could substantially be improved if trace elements
were added daily in very small amount. Also, the addition of
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cobalt as an additive helped to increase organic loading rate up
to 7 g VS/L/d.

Gustavsson et al. (2013) examined the effect of cobalt addition
and its bioavailability for AD of silage, a sulfur-rich feedstock for
biomethane production. A total of six semi-continuous anaerobic
reactors were tested for the experiment. Results showed that
around 20% of cobalt was easily available to the microbes
for enzymatic activity. Also, a microbial community analysis
revealed that supplementation of cobalt enhanced the acetate
utilizing activity, while its limitation endorsed VFA accumulation
and hydrogenotrophic action. Pobeheim et al. (2010) tested xylan
and starch as feedstock for AD along with copper as trace
elements under a mesophilic condition. As per the experimental
result, an acceptable concentration of copper was 0.4 to 2µM
for the significant enhancement of methane production to be
greater than that of the control. Bougrier et al. (2018) suggested
that cobalt is not necessary for the optimum performance of
anaerobic rector digesting brewery spent waste. This experiment
advocates that if feedstock is rich in cobalt then addition of cobalt
may inhibit the overall process, as brewery spent waste is rich in
cobalt, and the concentration was around 0.5 mg/kg TS.

Iron
The economic viability and conductivity of iron as an additive to
anaerobic digesters makes it the most prominent trace element
for improved methane yield (Kato et al., 2012). Liu Y. et al.
(2012) examined the effect of adding iron powder to a lab-
scale anaerobic wastewater treatment unit. It was reported that
addition of iron powder enhanced the activity of pyruvate-
ferrodoxin oxidoreductase, a key enzyme in AD. This enhanced
enzymatic activity helped to reduce hydraulic retention time
(HRT) from 6 to 2 h by increasing the population of acidogens.
Apart from improved enzyme biochemistry, Liu et al. (2011)
reported that addition of iron to anaerobic reactors creates
amenable condition for better process stability by decreasing the
oxidation-reduction potential (ORP).

Various iron forms have been examined for an optimized
AD reactor performance, and forms of iron additives have key
role in the AD process (Karri et al., 2005; Zhang et al., 2009;
Park and Novak, 2013). AD efficiency and the odor problem of
sewage sludge has been optimized by Park and Novak (2013)
as they adopted the direct addition of iron (III). Under a
mesophilic condition, the addition of ferric chloride (1.25% w/w)
assisted higher VS consumption and reduced odor-causing H2S
by 65%. This was explained by the fact that the metabolite
bisulfide, a product of sulfate-reducing microbes, was consumed
by precipitation of FeS in the anaerobic reactor. The precipitation
of FeS in anaerobic reactors was also examined by Gustavsson
et al. (2013). Results revealed that FeS precipitation affects the
solubility of cobalt and nickel. It was suggested that bioavailability
of other additives should be considered if iron is also added to
the bioreactor.

Apart from enhancing the anaerobic biodegradability,
iron (III) may even hamper the methanogenesis process, as
revealed when stating the fact that reduction of iron (III) is
thermodynamically favorable to that methanogenesis (Zhang
et al., 2009). These results enforce the idea that dosing of iron

(III) plays a vital role in upliftment of anaerobic reactors. In a
study performed by Van Bodegom et al. (2004), inhibition of
methanogenesis was observed by amorphous ferric hydroxide
(Fe(OH)3). A pure culture of methanogens was adopted, and
the dosing of FeOH3 ranged between 0 to 10mM. The level of
inhibition in methane production was 14 to 99%, and it was
contemplated that methanosarcina barkeri demonstrated ability
to reduce Fe (III). Cheng et al. (2020) studied and compared
the effect of rusted iron shavings to clean iron shavings on AD
of food waste and municipal sludge. Results revealed that the
group having rusted iron shavings shoed 41% more methane to
that of control. Also, the content of Fe (II) in the rusted iron
shaving supernatant was 132% higher compared to clean iron
shavings on the fifth day. So, it was thought that rusted iron
could enhance the ferrous ions in the supernatant. Yu et al.
(2015) investigated the effect of ferric salts (chloride, nitrate,
and sulfate) on thermophilic AD of waste-activated sludge.
Results revealed that FeCl3 increased the methane yield by
79%, while Fe2(SO4)3 showed no significant impact and Fe
(NO3)3 inhibited the AD process. Furthermore, pyrosequencing
revealed that FeCl3 dosing enriched methanosarcina by 63%
along with enriching Coprothermobacter for protein degradation
as compared to the control.

On the other hand, iron (0) or zero-valentiron (ZVI) may
enhance the anaerobic process since it acts as an electron donor
(Karri et al., 2005). Results showed that a 0.01mm size ZVI
assisted the bioreactor to yield maximum methane yield along
with sulfate reduction. AD of sludge has been attempted by
various researchers since it requires some sort of pretreatment to
increase its bioavailability for the digestion process (Zhang et al.,
2014; Liu L. et al., 2015). Different forms of ZVI have been tested
for the improvement of methane yield (Liu et al., 2015b). Iron
powder, clean scrap, and rusty scrap ZVI (10 g/L each) have been
supplemented to an anaerobic reactor containing waste-activated
sludge. Rusty scrap ZVI showed maximum improvement in
methane yield, which was 30% more to that of the control
bioreactor. The performances of clean iron scrap and rusty
iron scrap have been compared to iron powder for the AD of
waste-activated sludge (Zhang et al., 2014). The rationale behind
adding iron scrap was its ability of better mass transformation
as compared to iron powder. It was reported that, while iron
powder increased methane yield by 14.46%, clean and rusty
iron scrap increased methane by 21.28 and 29.51%, respectively.
Also, a PCR–DGGE test exposed that the addition of rusty
iron scrap helped to increase acetobateria along with iron-
reducing bacteria. Zhen et al. (2015) also revealed that adding
scrap iron (zero valent) stimulated the anaerobic digestion of
waste-activated sludge. Results showed an increment of 38.3%
in methane yield when 1 g/g VSS of zero-valentscrap iron was
added to the reactor. Also, the rate of hydrolysis, acidogenesis,
and methanogenesis improved by 7, 4, and 11%, respectively, as
compared to the control.

AD of food waste may be inhibited by excess VFA and pH
drop (Paritosh et al., 2018). Utilizing ZVI as VFA remediation
in AD of food waste may enhance overall process stability and
methane yield. Kong et al. (2016) examined the effect of adding
ZVI with mixed food waste for enhanced methane yield. Both the
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TABLE 4 | Summary of previous studies on application of iron in AD.

Feedstock Fe type (dose) Remark References

Gray water,

wastewater

FeCl3
(0.3–1.5mM)

Drastic decrease

was observed in

H2S (∼83%) and

Metnaothrix was

increased

Choi et al., 2018

Waste-

activated

sludge

ZVI powder

(18mM), rusty

scrap (179mM)

and clean scrap

(72mM)

Maximum

methane

increment was

observed in the

case of rusty

scrap (30%)

Liu et al., 2015a

Sucrose ZVI bed (120mm

X 200mm)

90% COD removal

efficiency achieved

Liu et al., 2011

OFMSW ZVI (12 g/L) 41% increment

was observed in

methane yield al

Kong et al., 2018

Wastewater ZVI in powder

form (25 g/L)

145% increment

was observed in

methane at 30◦C

Wu et al., 2015

Sludge Microscale and

nanoscale ZVI (10

g/L each)

131 and 46%

increment in

methane by

microscale and

nanoscale ZVI

respectively

Yu et al., 2016

ZVI powder (0.2mm diameter) and ZVI scrap (2.0 cm length and
1.0 cm in width) have been tested as acid inhibitor in the reactor.
Results showed that butyric acid in the reactor decreased to 0%
from 30 to 40% after addition of ZVIs. Also, the VFA/alkalinity
ratio was <0.1 after the addition of ZVI to the reactor. Table 4
shows summary of some studies about iron used as additives in
various forms.

Molybdenum
Feedstocks selected for the AD and methane production may not
have significant amounts of trace elements, and supplementation
of the elements may be fruitful for the anaerobic process (Qiang
et al., 2012). Maze silage was characterized prior to the AD
process by Qiang et al. (2012) for trace element composition. As
per the results, molybdenum in the maze silage was discovered to
be 0.5µg/g, and supplementation of molybdenumwas attempted
as 0.05mg/L. Results showed that molybdenum as an additive did
not show any positive impact on methanogenesis in first 30 days.
However, between the time span of 30–45 days, higher methane
production was observed in molybdenum fed reactor. On the
contrary, in the case of food waste, the addition of molybdenum
(6mg/kg TS) to the anaerobic reactor showed significant increase
(42.9%) in methane yield (Speece et al., 1983).

Metals in Combination
The addition of multiple trace elements may be fruitful for
methane production because of the synergistic behavior of these
elements in the anaerobic bioreactor (Speece et al., 1983; Kong
et al., 2016). In a study performed by Moestedt et al. (2016),

the additions of copper, nickel, iron, and their combination have
been tested for enhanced methanogenesis of organic fraction
of municipal solid waste (OFMSW) and slaughterhouse waste.
Results showed that cobalt alone increased the acetogenesis rate
and may affect the process stability in the absence of nickel.
Furthermore, the addition of nickel to that reactor after 90
days stabilized the anaerobic process within 5 days by reducing
VFA to 0 from 7 mg/L. VFA accumulation is detrimental to
enhanced methanogenesis as well as the stable performance
of the reactor, and its degradation is needed at higher rate if
accumulated in the reactor. Trace elements consortia as additives
may increase the consumption rate of VFA and stabilize the
process (Feng et al., 2010; Wei et al., 2014; Kong et al., 2016).
In this regard, Zhang et al.’s (Kong et al., 2016) anaerobic
digester has been operated for 400 days along with trace element
supplementation. Results showed that, in the absence of trace
elements, the reactor was severely affected by VFA accumulation
(30,000 mg/L at OLR of 4 g VS/L/d). On the contrary, the
reactor was supplemented with trace elements in combination
and showed stable performance. The methane yield observed
in the reactor with trace elements was 465.4 L/kg VS, and
there was no VFA accumulation. Along with VFA consumption,
higher OLR may also be achieved by trace elements addition.
Wei et al. (2014) discovered that addition of trace elements in
combination showed higher biomass yield (3-fold) vis-à-vis the
control reactor. Also, the inhibited reactor recovered after adding
the trace elements as methane yield increased to 440 L/kg VS
from 130 L/kg VS. This proves the fact that adding trace elements
may enhance the ability of reactor to consume access VFA and
enhance methanogenesis. Diekert et al. (1981) also suggested
the addition of combined trace elements (combination of nickel,
iron, and cobalt) for a higher VSS in the reactor. Apart from
testing the effect of trace elements on mesophilic conditions,
supplementing these elements in thermophilic conditions may
enhance the process output. Yirong et al. (2015) conducted a
test of trace element supplementation on thermophilic AD of
source-segregated food waste. As per the results obtained, the
reactors without trace elements showed VFA accumulation after
3–4months of operation. Although the addition of trace elements
helped to mitigate VFA accumulation, significant improvement
in methane was not observed. The effect of the addition of
combined trace elements has also been investigated on AD
and microbial community by Feng et al. (2010) for food
industry waste. The combination of nickel/molybdenum/boron
and selenium/tungsten was reported as a precursor for archaeal
population and Methanosarcina sp., respectively, for AD of
food industrial waste. Also, an increment of 15% in methane
was observed in the case of selenium/tungsten addition to
the bioreactor.

Incineration waste, on the other hand, may also be used as
metal combination in AD (Figure 2B). Incineration, if adopted
for municipal waste, generates two types of ashes: fly ash and
bottom ash, which is high in calcium oxide, silica, and minimal
proportion of heavy metals (Lo et al., 2012). The addition of
municipal solid waste incineration (MSWI) ash to an anaerobic
reactor may reduce its performance by providing heavy metals
to the system. Lo et al. (2012) studied the effect of mixing
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the ash of the MSW incineration with MSW in a micro form
for enhanced methane yield. The proportion of ash was fixed
between 3 and 20 g/g VS of MSW for the AD. Results showed
that addition of 36 of bottom ash per g VS of MSW helped to
enhance the methane yield by 3.5-folds. In another study, Lo
et al. (2010) reported that the addition of fly and bottom ash
to the anaerobic system enhanced the anaerobic performance of
MSW. The bioreactors with ash showed sorter digestion time and
enhanced methane yield as compared to controls. The maximum
biogas yield was observed at the 20 g/L loading of fly ash, which
was 222 L/kg VS. The control showed 209 L/kg VS of biogas yield.
Also, the peak production rate of biogas was 6.5 and 5.5 l/kg VS
for fly and bottom ash, respectively, which was 3–4 unit more
compared to the control. These results showed that controlled
use of incineration waste may enhance the methane production.
However, sometimes the bottom ash could consist of heavy
metals, which may hinder the AD process (del Valle-Zermeño
et al., 2014).

ADDITIVES FOR CATALYTIC ACTIVITY

Particles within a nanometric size range are called nanoparticles
and can be synthesized by many methods, such as the
fragmentation of bulk materials and seed growth using chemical
processes (Kiser et al., 2010). In recent years, the application
of nanoparticles has been increased by their incorporation into
the commercial products. The high energy storage capacity
and the ability to provide more surface area has increased the
research interest for nanomaterials in energy applications. The
nanotechnology has found applications in energy conversion
devices and integrated circuits. Due to their ability to enhance
catalytic ability through a larger surface area for reactions,
the nanoparticles have also garnered much interest in the
field of bioenergy (Abdelsalam et al., 2017a). The addition
of nano additives during the AD process (Figure 3) and its
impact on methane production has been explored frequently
in the recent years. These nano additives include nanoparticles
of metal oxides, zero-valent nanomaterials, and carbon-based
nanomaterials. Barrena et al. (2009) studied the AD test by
providing the nanoparticles at a dose of 10, 16, and 18 µg
mL−1 for Au, Ag, and Fe3O4 in a mixture of cellulose, as
substrate, and inoculum. Results showed that Ag and Au had
almost no significant effect on the bacterial activity, but Fe3O4

has a positive effect on the anaerobic bacterial group, which
increased the biogas production to 557.1 L kg−1 dry matter
as compared to 471 L kg−1 dry matter. Another study from
Yang et al. (2012) related the effect of different concentrations
(0.010 and 0.040 gL−1) of Ag element to the methane yield
(0.196 and 0.185 L) from the mixture of sewage sludge and
glucose. Similar results have been observed by Abdelsalam et al.
(2017b) when nanoparticles of Fe and Fe3O4 were applied to
digest cattle dung slurry at different concentrations (5, 10, and
20mg L−1), this leads to the enhancement of biogas volume by
1.45 and 1.66 times at a concentration 20mg L−1 for both Fe
and Fe3O4, respectively. Otero-González et al. (2014) compared
the methane production in laboratory-scale reactors with and

FIGURE 3 | Mechanism of nanoparticle addition in anaerobic digestion.

without the addition of CuO nanoparticles. The addition of CuO
nanoparticles resulted in a 15% decrease in the methane yield.
The study revealed the inhibitory effect of CuO nanoparticles on
the acetoclastic microbes while having no significant effect on
hydrogenotrophic activities in the reactor. Luna-delRisco et al.
(2011) investigated the impact of CuO and ZnO nanoparticles
on biogas yield through the AD of cattle manure for 14 days.
Both type of nanoparticles showcased negative implications on
the biogas yield. The % decrease was enhanced with the increase
in the doses of added nanoparticles. On the other hand, micro
particles did not show any significant reduction in biogas yield.
In this study, an increase in biogas was also observed during
the last days of the experiment, which indicates that, after some
days, the microbial community is acquainted with the presence
of nanoparticles and their toxic effects. Furthermore, Mu and
Chen (2011) investigated long-term effects of ZnO nanoparticles
on the AD process for 105 days and observed the same trend
of decreasing the biogas yield. The study revealed the inhibitory
effects of nanoparticles on hydrolysis and the methanogenesis
process, while no effect was reported on acidification stage
of anaerobic digestion. Gonzalez-Estrella et al. (2013) studied
the effect of CuO, ZnO, Al2O3, CeO2, Mn2O3, Fe2O3, TiO2,
and SiO2 ranging from 10 to 100 nm on the acetoclastic
and hydrogentrophic methanogenesis during AD of anaerobic
granular sludge. The observations revealed that Mn2O3, ZnO,
CeO2, and CuO reduced the methanogenesis, activities while
Al2O3, Fe2O3, TiO2, and SiO2 exhibited no significant effect on
the process. On the other hand, hydrogentrophicmethanogenesis
was negatively affected byMn2O3, ZnO, Al2O3, Fe2O3, and CeO2

with remaining nanoparticles having no significant impact.
In contrast to the above-mentioned studies, some researchers

also observed positive impacts of metal-oxide nanoparticle
addition on biogas production. García et al. (2012) reported a
10% increase in biogas production after the addition of TiO2

nanoparticles of a size of 7.5 nm. Casals et al. (2014) employed
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the Fe3O4 nanoparticles of 7 nm, which provided the required
iron ions to the microorganisms without causing any toxicity.
The addition of these nanoparticles in a 100 ppm concentration
resulted in a 180 and 234% increase in biogas and methane
yield, respectively.

Contrary to the metal oxide nanomaterials, the zero-valent
nanomaterials are reported to affect the biogas production
positively by releasing electron donors that are helpful for
the methanogenesis process. Su et al. (2013) enhanced the
methane yield by 40.4% after the addition of 0.1% (w/w) of
zero-valent iron nanoparticles of 20 nm in size during AD of
activated waste sludge. The study also reported the significant
improvement in biogas yield by addition of micro sized zero-
valent iron particles. On the other hand, Yang et al. (2013)
employed ZVI nanoparticles of a 55 nm size and observed
a 20% decrease in the methane production. The % decrease
in methane production reached to 70% after increasing the
concentration from 1 to 30mM. However, Gonzalez-Estrella
et al. (2013) observed the inhibitory effect of zero-valent
copper nano particles (1,500 mg/L) on both acetoclastic and
hydrogentrophic methanogenesis.

Encapsulating metal nanoparticles with SiO2 provided
positive outcomes in some studies. Al-Ahmad et al. (2014)
studied the effect of encapsulated Fe, Pd, Pt, Ni, Co, Ag, and
Cu nanoparticles. The highest increase of 70% was observed
by adding Ni nanoparticles encapsulated with SiO2 followed by
Co nanoparticles.

All these reports suggest that the size of the nanoparticles and
the concentration have the greatest impact on the biogas yield
where larger size and higher concentrations often cause toxicity
that inhibits the methanogenesis activity.

ADDITIVES FOR ENHANCING ENZYMATIC
ACTIVITY

Additions of microorganisms or enzymatic preparations for
replacing the physical and chemical pretreatments carried
out before AD have been explored intensively in recent
years. However, the additions of microorganisms or enzymes
simultaneously during the AD process have been studied
comparatively less. When the process of AD is improved by the
microbes, it is referred to as bioaugmentation. The microbial
community composition has a direct impact on the behavior and
deliverables of the AD system, as the execution of all stages of AD
depends on the activity of the microbes secreting the required
enzymes, including the multienzyme complex of cellulosomes,
which bind to the cell wall of substrates, thus causing hydrolysis
of cellulose. Therefore, the performance of AD process can be
regulated bymanipulating or enriching themicrobial community
present in the digesters. When there is a process failure
due to the microbial community shifts, bioaugmentation with
newly added microbes can be performed to restore adequate
process performance. These microbial shifts may occur during
transitional stages and stress situations, such as pH drop
and changes in temperature. In these cases, higher process
performance can be achieved through enriching the microbial

community or adding microbes with new capabilities. However,
the selection of inoculum as microbial source and its loading
rate is a crucial step for achieving the higher abundance of
designated microbial population. Researchers mostly emphasize
establishing the methanogenic community during the early stage
of the AD process to achieve a stable process (Pandey et al., 2011;
Heerenklage et al., 2019). The abundance of archaea responsible
for the methanogenesis is considered as a key factor to improve
biogas production (Traversi et al., 2012). Therefore, many studies
targeted the methanogenic community to stabilize the AD
process during early stages. The addition of a community rich
in microbes, such as Methanosarcina, was suggested to improve
the performance of the AD system during the start-up phase
(Lins et al., 2014). The augmentation may be enhanced further
by employing microbial cultures immobilization through various
support materials such as membrane filters (Youngsukkasem
et al., 2011). Apart from methanogenic microbes, hydrolytic
microorganisms may also be added during AD to augment
the hydrolysis of complex molecules in substrates (Costa
et al., 2012). Lü, et al. (2014) investigated the impact
of adding Coprothermobacter proteolyticus and methanogenic
granular sludge to the hydrolysis process. The addition of
Coprothermobacter proteolyticus (10% v/v) resulted in improved
hydrolysis and fermentation of polysaccharides and proteins
under thermophillic conditions and enhanced methane yield
by stimulating syntrophy with methanogenic granulate sludge.
Lignocellulolytic microorganisms were also suggested to enhance
the biogas production by simultaneously treating the biomass
during AD process. Tuesorn et al. (2013) employed the
lignocellulolytic microbial consortium obtained from microflora
present in sugarcane bagasse compost. The addition of
consortium to AD resulted in a 55% increase in methane
production under mesophillic conditions. Furthermore, rumen
fluid was also investigated for enhancing the hydrolysis of MSW
in bench scale reactor (Ganesh et al., 2010). Rumen fluid (3, 5, and
10% v/v) was added daily and on alternate days. The hydrolysis
of MSW was observed to be highest after daily addition of 5%
rumen fluid.

Bioaugmentation through microorganisms was also studied
to handle the stress conditions during AD. Researches were
specifically targeted toward ammonia stress conditions which
is a frequent problem in full scale AD plants. Microbial
community analysis revealed that ammonia strongly influence
the activity of anaerobic microorganisms—specifically the
acetoclastic methanogens (Yenigün and Demirel, 2013). In this
scenario, the addition of ammonia-tolerant methanogens may
provide a solution to ammonia inhibition in AD plants (Fotidis
et al., 2013). Fotidis et al. (2014) addedMethanoculleus bourgensis
in a steady state continuous stirred tank reactor inhibited at a
high ammonia level. The addition of microorganisms resulted in
a 31% increase in methane yield.

The other method to augment the AD process is to
add enzyme preparations the in reactors rather than the
microorganisms (Figure 4). Earlier, several reports revealed
improved biogas production from pretreating the lignocellulosic
biomass with crude and commercial enzymes (Al-Zuhair et al.,
2011; Parawira, 2012; Christy et al., 2014). However, enzymes
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FIGURE 4 | Extraction of enzymes for application in anaerobic digestion.

may also be employed for treating the biomass simultaneously
in the AD system (Parawira, 2012; Heerenklage et al., 2019).
Adding enzymes to the AD systemmay be more beneficial due to
the facts that it can withstand a wide range of temperature, pH,
and salinity and can dodge the adverse conditions that inhibits
the activity of microorganisms. Adding enzymes instead of other
pretreatment methods will also be beneficial in preventing the
negative effect of generated inhibitors on enzymatic activities.
For instance, the furfural and phenols generated during chemical
pretreatments are reported to inhibit the activity of cellulosomes
during AD (Wang et al., 2019). Moreover, the smaller size and
higher mobility enable the enzymes to gain higher access to the
feedstock as compared to the microorganism. Donoso-Bravo and
Fdz-Polanco (2013) employed a lipase enzyme as an additive for
simultaneously treating grease trap in AD system. The addition
of the enzyme (0.33% v/v) resulted in a 23% increase in methane
production compared to the reactors running without lipase. The
study also revealed that the methane yield increased with an
increase in the concentration of lipase enzyme.

Apart from adding enzymes, biochemical compounds may
also be added to enhance the enzymatic activity. In this regard,
the addition of organic acid anions viz. acetate, formate, and
lactate have been reported to act as promotors to increase
the activity of cellulosomes during AD below the respective
concentrations of 200, 100, and 50mM. However, addition
beyond these critical concentrations turned out to be inhibitory
for the enzymatic activity of cellulosomes (Xu et al., 2010).

ADDITIVES FOR ENHANCING CATION
EXCHANGE ACTIVITY

Surface-active materials, such as zeolite, have the ability to
influence the microbial population and its transformation in

the anaerobic medium (Milán et al., 2003). Apart from this,
zeolite has been discovered as microbial support system in AD
of various substrate (Weiß et al., 2011; Liu L. et al., 2015).
The primary characteristics of zeolite, which makes it attractive
for AD, are immobilizing capacity of microbes and improving
the NH3/NH

+

4 equilibrium in the system (Weiß et al., 2011)
(Figure 5). Colonization of clinoptilolites, an activated zeolite,
has been investigated by Weiß et al. (2011) in AD of grass
silage as carriers of microbes. The size of the zeolite introduced
to the 500mL vials was around 2.5mm. As per the results
of single-strand conformation polymorphism, the zeolite was
favored by structurally distinct microbes in the system as a
favorable environment. Acetate and methanol were employed
by Milán et al. (2003) as carbon sources in the AD process
in the presence of natural as well as modified zeolite. Results
showed that not only methanogenic microbes got enriched, but
hydrolytic microorganisms also flourished rapidly in presence
of zeolite. Apart from this, the kinetic constant was double
to that of control reactors without zeolite. In a second phase
of the experiment, Milán et al. (2003) examined the effect of
zeolites on AD of piggery waste. As per the results, Magnesium,
cobalt, and nickel zeolites showed an increment of 8.5, 4.4, and
2.8 times, respectively, in specific methane yield. The effect of
zeolite addition was investigated by Milán et al. (2010) for AD
of anaerobic flocculent and granular sludge. It was reported that
the sludge selected as a substrate for AD was highly inhibited
by ammonia, and the addition of zeolite (0.01 to 0.1 g/g VSS)
helped to diminish the effect of ammonia in AD process. A 16S
rRNA study showed that Methanococcaceae was a predominant
genus, which was followed byMethanosarcina andMethanosaeta
in the AD reactor supplemented with zeolite. Montalvo et al.
(2012) studied the effect of zeolite addition on AD of synthetic
wastewater in a mesophilic temperature zone (25–7◦C). Three
different runs have been conducted for the COD: N: P ratio of
500:5:1. In the first run, the F/M ratio increased from 0.21 to
0.41, and the temperature was kept constant at 27◦C, while in
second run, temperature increased from 27 to 37◦C with the
previous F/M ratio. However, during third run, F/M increased
up to 1.92. Results showed that the reactors supplemented with
zeolite (3 g each) had high methane yield, COD removal (93%),
and ammonia mitigation (70%).

Apart from synthetic substrates, natural feedstocks have also
been examined for improved methane yield in presence of
zeolite. Wijesinghe et al. (2018) conducted an experiment with
Australian zeolite and swinemanure for enhancedmethane yield.
It was reported by the authors that low C/N ratio of swine
manure may hamper the anaerobic process, and addition of
zeolite may help to curb process instability. A total of 40 g/L of
zeolite addition showed maximum methane yield among other
concentration (0, 10, 70, and 100 mg/L), and methane yield was
29% higher to that of control reactor. Although the increasing
concentration of zeolite showed maximum reduction in NH+

4
(∼50% at 100 g/L), the increment in methane was only 12%.
As per results of Wijesinghe et al. (2018), it was evident that
increasing the dose of zeolite may not be fruitful for methane
yield but may have positive effect on ammonia reduction. A
similar trend has been observed by Huiliñir et al. (2014) in the
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FIGURE 5 | Cation exchange property of zeolite with inhibitors in anaerobic

digestion.

case of cardboard and paper waste digestion. The dosing of zeolite
was 0.2, 0.5, 1, and 20 g/L and dosing between 0.2 and 1 g/L
helped to increase the methane yield by 10–18 units, while 20
g/L reduced the methane yield by four units. In a batch anaerobic
experiment, Lin et al. (2013) observed ammonium ion adsorption
on zeolite which lead to an increment of 20% in cumulative
methane yield. In another experiment, AD of poultry manure
showed positive methane yield after zeolite addition despite of
being an ammonia-rich feedstock (Fotidis et al., 2013). A total of
10 g/L of zeolite addition showed highest increment (80.3%) in
methane yield as compared to the control. Despite adding zeolite
to themono-digestion of substrates,Wang et al. (2015) attempted
codigestion of Phragmites australis, feces, and kitchen waste and
supplemented clinoptilolite to the reactors. Results showed that
addition of 10% of clinoptilolite (v/v) reduced the lag phase up
to 0.07/d, and a 44% of increment was observed in methane
yield. It was also reported that addition of clinoptilolite helped
to diminish the effect of ammonia inhibition in the reactor. As
an additive, zeolite may help to instigate granulation of sludge
because of its capability of getting set easily and may attach
biomass on its surface. In a study, hydrodynamic behavior of the
expanded granular sludge bed reactor (EGSB) was improved after
the addition of zeolite (Pérez-Pérez et al., 2018). Also, the biofilm
agglomeration and microbe-feedstock contact were improved in
EGSB because of zeolite addition. Zeolite may also be applied

as a biomass immobilizer in fixed bed reactors installed for the
AD process (Umaña et al., 2008; Nikolaeva et al., 2009). The AD
of dairy manure was performed in a fixed bed reactor packed
with a combination of zeolite and rubber column and compared
to only a reactor packed with rubber column by Umaña et al.
(2008). It was reported that a 40% increment was observed in
methane (for HRT of 1 day) when zeolite was used as packing
material of column along with rubber. Similar observation was
reported by Nikolaeva et al. (2009) in the case of dairy manure
where implementation of zeolite as support material improved
the kinetics and methane yield by 11 and 29%, respectively.

PERSPECTIVE ON ADDITIVES FOR
BIOCHEMICAL ACTIVITY

Additives, if utilized in a planned manner, may alleviate the
performance of an anaerobic reactor and may help to achieve
financial gains. It is of great importance to look for target
activity prior to select the additive (Table 5). If a feedstock is
rich in simple sugar and there is a probability of increased acid
stress on the bioreactor, carbon-based functional materials may
reduce the acid stress via DIET and may help to maintain the
microbial flora of the reactor. Apart from the adding carbon-
based functional material, proper dosing is also required for the
uninterrupted operation of AD reactor. For example, a study
showed that, if a biochar addition is beyond 10 g/L, methane
yield is decreased (Paritosh and Vivekanand, 2019). In this
case, if dosing is high, not only is it a cost to the methane
production, but the economy of the system will also be affected.
Instead of using one carbon-based functional material, different
materials, such as activated carbon or granulated carbon, may
be tested for different feedstocks to assess suitability. However,
not all the carbon-based functional materials can be used in
each AD, such as carbon cloth. Carbon cloth, on the other
hand will only be used in submerged condition to acts up to
its full potential and may not be helpful in solid state or dry
anaerobic digestion. Despite this, the application of carbon-based
functional materials could enhance the syntrophic activity, and
the specific surface area of AC is greater to that of biochar. This
property of AC makes it preferred to biochar for microorganism
immobilization (Fagbohungbe et al., 2017). However, when it
comes to economics of the AD process, biochar beats the
application of AC, and, if reuse of AC could be facilitated, it may
be proved economical (Fierro et al., 2014). Biochar, on the other
hand, may enhance the digestate property for field application
apart from increasing methane yield since it may enhance the
water holding capacity andmicroorganism commotion in the soil
(Paritosh and Vivekanand, 2019). Carbon cloth may be used in
fabricating the new anaerobic reactor treating waste for stable
operation. In this way, regular addition of carbon-based material
may not be needed.

Besides carbon cloth in wastewater, zeolite may also be the
attractive solution because of its cation exchange property. The
physical and structural property of zeolite makes it the best
suited candidate for biological augmentation of wastewater.
These properties have cavities of diameters ranging from 3 to
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TABLE 5 | Comparison of additives for biochemical activity and their role in

anaerobic digestion.

Biochemical

activity

Additives Effect Remarks

Syntrophic Conductive

materials

• Improved DIET

• Improved VFA

consumption

• Cell mobilization and

cell population

• Reduced lag time

• methyltransferase

• Easily available for direct

application

• May be prepared on site

• Economical

• Increases quality of

digestate for

fieldapplication

Metabolic Metals • Increased cofactors

and coenzymes

• Methylreductase

• Enzyme activation

• Hydrogenase

• Ureaseactivation

• Higher dose may inhibit

the process

• Some metals such as

Fe is economical for

application

• More effective if used in

combination ofmetals

Catalytic Nanoparticles • Improved surface

area for

methanogenic

activity

• Better catalysis

• Improved

reactorperformance

• Synthesis of

nanoparticles is a

bit costly

• Higher dose may

betoxic

Enzymatic Biologicals • Enhanced hydrolysis

• Better enzymatic

environment

• Improved

metabolism

• Improved population

ofmethanogens

• Commercially available

enzymes are costly and

may not be economical

• Enzyme extraction is

cumbersome process

• May help to

alleviatehydrolysis

Cation

exchange

Zeolite • Reduced ammonia

stress

• Better microflora

• Reduced

protonimbalance

• Mainly applicable in

wastewater treatment

• May not have significant

effect on nitrogen

deficientfeedstock

10 Å, 25 m2/g of average surface area, minimal bulk density,
as well as high cation exchange capacity (Carretero and Pozo,
2009; Marty et al., 2010). Zeolite, as it has a cation exchange
property, may exchange Na+ or Mg2+ with ammonium ion,
subsequently reducing the proton imbalance in the reactor.
However, if oxidation of ammonia is required in high-strength
saline wastewater, inorganic salts may be preferred to produce
salt precipitates instead of using zeolite to make the process
economical and effective (Fernández et al., 2008). If required,
zeolite may also be combined with TiO2 to adsorb the H2S for
in situ purification of biogas (Hao et al., 2016). Care should be
taken, however, if employing zeolite for adsorption of H2S, as
the increment in the biomethane was only 16%, and, if feedstock
non-sulfuric, it may be uneconomical.

Characterization of feedstock may help to choose required
additive for further application. It will reveal the presence of
micronutrient in it and required nutrient may be added to the
reactor. For example, if the feedstock is rich in nickel, adding Ni
to the system may not be helpful and may inhibit the process
which would not be economical. Characterization also help to
understand the elemental profile of biomass and whether a
cocktail of metals needed or not in AD (Demirel and Scherer,
2011). Iron and nickel are the most important micronutrient for

improving stimulatory effect in AD. The forms of iron, such as
Fe (0) and Fe (III), can both enable the biomass solubilization
in AD. Nevertheless, the risk of its precipitation and blockage
of the reactor is a great concern at continuous feeding. Other
than requirements, bioavailability of the trace metals is a major
concern. Ortner et al. (2015) examined that around 67% of
iron was theoretically not able for microbial uptake. It was
suggested that codigestion of different feedstock may help to
balance the trace metals requirement, such as digesting sludge
and animal manure.

Nanoparticles, when added to the AD reactor, did more harm
than good. The toxicity of oxides of zinc, copper, manganese, and
aluminum have shown to be detrimental in AD process. Oxides
of titanium and cerium have shown mixed effects on the AD
process. However, oxides of the iron aa nanoparticle increased the
methane yield by 234% because of the non-toxicity of ferrous and
ferric ions (Casals et al., 2014). To overcome the toxic behavior
of the nanoparticles, bioactive nanoparticles may be employed
to reduce the toxicity on the AD reactor. Also, emphasis may
be given to make additives commercially viable, as nanoparticles
and biological additives are a costly affair for AD and may be a
detriment to the economic feasibility of a full-scale project.

CONCLUSION

Reactor performance and the process stability of an anaerobic
digester may be enhanced by using additives for specific
biochemical activity. However, surplus additives in an anaerobic
reactor may hinder the process stability. Additives based on
carbon-based functional materials has been proved to enhance
acid consumption in in AD and thus improve methanogenesis.
Similarly, metal-based additives help in enzyme activation. Trace
metals, such as Fe, Ni, and Co, have been extensively studied
for improving enzyme activation as metalloenzyme. Also, Fe has
been reported as cheapest trace metal for improving methane
yield and process stability. Apart from trace elements, metal
oxide nanoparticles may also enhance catalytic process in AD
and provide trace metals for metabolic activity simultaneously.
Oxides of Fe, Cu, and Zn have been proven and used for
application in AD. However, synthesis of nanoparticles is
costly and may not be economical for methane production.
Bioaugmentation with biological additives may enhance the
process but is hard to control and may severely damage the
reactor. Zeolite, on the other hand, may exchange ammonium
ion with sodium or magnesium ion and let anaerobic process
manifest smoothly. The cation exchange property of zeolite,
however, makes it undesirable for solid-state anaerobic digestion.
Emphasis may be given using zeolite in dry anaerobic digestion
of food, sludge, and slaughterhouse waste, as these feedstocks are
rich in nitrogen.
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