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| 1. Anaerobic Digestion

The method that is perhaps the most efficient and most promising in the treatment of some biochemical wastes, as well as
wastewater and complex solid wastes, is anaerobic digestion, mainly because of the number of advantages it has
compared to the other methods . Advantages of the anaerobic digestion process include reduction of greenhouse gas
emissions, conversion of carbon dioxide energy to methane, accommodation of high loading rates, and removal of
pathogens (B4, Due to these benefits, the anaerobic digestion process is, thus, worth further investigation.

Anaerobic digestion involves the degradation of a biodegradable substance, such as sewage sludge by anaerobic
microorganisms in an oxygen-free system . The microorganisms feed on the organic matter, thereby converting it into
biogas that is predominated by an energy-containing substance, methane, as well as carbon dioxide EIZIEISIL0ILL | gn
oxygen-free environment, anaerobic digestion can convert almost 90% of the energy kept in the biological matter into
methane. The 10% of the biological matter that remains in wastewater is firstly dewatered and then disposed of. The
anaerobic process is an effective method for several wastewater products, for instance, agricultural, industrial, and
municipal wastewater.

1.1. Biochemical Mechanisms Found in Anaerobic Digestion

The overall digestion process involves both microbiological and physiochemical mechanisms, where the product of one
stage is used as a feedstock for the subsequent stage. In detail, the process of anaerobic treatment usually involves the
hydrolysis stage, acidogenesis stage, acetogenesis stage, and methanogenesis stage as illustrated in Figure 1 12, The
hydrolysis stage is the only stage that includes physiochemical mechanisms (i.e., that involves the use of extracellular
enzymes), and the other stages involve microbiological mechanisms (i.e., it involves the use of intracellular enzymes).
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Figure 1. The anaerobic microbiological process diagram 13,

Wastewater such as sewage sludge normally entails complex constituents, namely carbohydrates, proteins, and lipids 1],
These biochemical constituents are not easily biodegraded by anaerobic microbes which means that they have to be
broken down into smaller size molecules that are enough to be taken by microbes. This is accomplished in the hydrolysis
stage, where lipids, proteins, and carbohydrates are firstly immersed into the liquid and are biodegraded by extracellular
microorganisms, namely lipases, proteases, and cellulases into long-chain fatty acids, amino acids, and saccharides,
respectively.

The hydrolysis stage is normally the rate-limiting stage for complex constituents, as this stage determines the total
quantity of matter available for the subsequent stage and, hence, affects the movement rate of the entire anaerobic
digestion process 13I8l Generally, pre-treatment techniques are used by most researchers to enhance the hydrolysis
stage, therefore, decreasing the hydraulic time of the digestion process as well as improving biogas production. These
pre-treatment techniques can either be thermal-related or chemical-related. The latter includes the supplementation of
lime, ammonia, or acid, whereas the former involves the use of steam or hot water [LZ[18119]

The acidogenesis stage is the first stage of fermentation and continues the degradation of products from the hydrolysis
stage by acidogenesis microorganisms (acidogenic), thereby, generating many organic substrates together with ammonia,
hydrogen, and carbon dioxide. This stage is energetic and normally the fastest stage in the whole anaerobic process.

The acetogenesis stage is very important for the successful production of methanogenesis products. This stage involves
the biodegradation of volatile fatty acids (VFAs) by acetogenesis microorganisms, known as acetogens, into methane,
acetate, carbon dioxide, hydrogen, and water. Almost all reactions taking place in the acetogenesis stage have a positive
change in Gibbs’s energy. This means that the overall mechanism involved in this stage is an endothermic one.
Endothermic systems in anaerobic digestion are only accomplished in syntrophic conditions, a process that takes place
between acetogens and hydrogenotrophic methanogens 24,

The last stage in anaerobic digestion is the methanogenesis stage, where intermediate products that were obtained in the
process are transformed by methanogens into biogas 1. This stage is achieved by methane-forming microorganisms.
Any of the three bacterial pathways can be used to produce methane in the methanogenesis stage, namely
methylotrophic, acetoclastic cleavage of acetic acid, and hydrogenotrophic methanogens. All of these pathways occur
simultaneously in the methanogenesis stage. In a proper working digester, approximately 72% of the produced methane
takes the acetoclastic cleavage of the acetic acid pathway. The remaining 28% takes the hydrogenotrophic pathway,
whereas a small amount is produced via the methylotrophic pathway.

1.2. Limitations of the Traditional Anaerobic Digestion Process

Biochemical activities, for instance, syntrophy, metabolism, catalysis, and enzyme activities control the effectiveness of
the digestion process for enhanced methane production. Perhaps, the most significant factor that may hinder biochemical
activities and, hence, methane production is inhibition. The nature and type of biochemical activities and mechanisms
affect the stability of the anaerobic process. Anaerobic digestion has certain inherent problems depending on the type of
feed and anaerobic factors, for example, mass transfer that is slow especially when the solid content is high, VFA build-
up, imbalanced carbon-to-nitrogen ratio, the obstinacy of lignocellulosic deposits, inhibition due to ammonia, sulphur, and
insufficient micronutrients 22231, Sych anaerobic problems may at times result in slow methanogenic activity along with
low methane yield as well as hindering the bacterial community of the anaerobic digestion system.

| 2. Additives Used in Anaerobic Digestion

Various methods are implemented in anaerobic digestion to reduce the effect of inhibition and enhance stability to
enhance the production of methane. This includes optimizing the concentration of solids to improve mass transfer,
maintaining pH in the digester by adding a buffer, co-digesting substrates to balance the carbon-to-nitrogen ratio, and pre-
treating to break the lignin structure to enhance the methanogenic stage.

Alternatively, the addition of several materials as support substrates to the digestion process offers an efficiently feasible
answer for the above-mentioned problems of anaerobic digestion for improved anaerobic stability 24l. This includes (1)
high electrical conductivity material to enhance syntrophic action, (2) small amounts of metals for metabolism
enhancement, (3) nanoparticles to enhance metabolism and catalytic action, (4) microorganisms to enhance enzymatic
activity, and (5) surface-active material to enhance cation exchange action 221251,



2.1. Syntrophic Activity

Even though the rate-limiting stage differs and depends on the kind of feed, the syntrophy activity is usually regarded as a
key parameter that greatly governs the entire rate of anaerobic digestion L. In a digester, a well-adjusted syntrophy
involving the acidogenic stage and methanogenic stage presents a thermodynamically stable digestion system that is for
the conversion of VFAs. The process of converting VFA to intermediate products such as acetate, butyrate, lactate, and
ethanol as a result of syntrophy microorganisms stimulates methanogenesis microorganisms to digest the intermediate
products as substances for CH, production accompanied by reacting H,/COs.

On the other hand, carbonaceous additives with high electrical conductivity promote the syntrophy action involving acid
production by acidogenesis microorganisms and CH,-producing microorganisms by interspecies electron transfer (IET), a
concept that involves direct interspecies electron transfer (DIET) and indirect interspecies electron transfer (IIET) [281127][28]
(29 |n digesters, hydrogen and formic acid can simply be digested by methanogenesis microorganisms to generate CH,
using IIET on the condition that partial pressure is favorable to IIET. The phenomenon of syntrophy can become hindered
if the hydrogen partial pressure is big, which might interrupt the IIET process, resulting in the volatile fatty acid build-up
and the anaerobic digestion system becoming unstable. The DIET process, in contrast, once it occurs in the digestion
process, can substitute hydrogen as the sole path of IET in the digester and assists in maintaining syntrophy action linking
acetogenesis and methanogenesis microorganisms 3.

The DIET process, employing conductive substrates, is by far the most effective method for the generation of methane
when compared to IET using electron carriers for instance, hydrogen, a key path of methane generation in traditional
anaerobic digestion B, In the DIET process, the electron produced by the microorganisms is immediately taken by
electron-receiving microbes as a result of networks formed by electrical conductive nanowires and cytochrome produced
by microorganisms. Moreover, the process can assist in providing an ideally useful path because it has a higher negative
Gibbs value (AGg), and metabolites do not need to generate and diffuse @,

Furthermore, the supplementation of conductive substrates to the digestion process can assist in promoting the DIET
method for microorganisms that are unable to produce nanowires for IET. The rate of movement of the IET in the DIET
system is about a million times higher than that in the IIET process. Therefore, the inability in the digestion system to be
stable as a result of volatile fatty acids build-up at a higher loading rate can be enhanced by the DIET process. Moreover,
carbonaceous conductive substrates, for instance, bio-char, carbon cloth, activated carbon, granular activated carbon,
and magnetite, may operate to improve the DIET process in the digestion process as they assist in the acceleration of the
volatile fatty acids build-up and present substances to methanogenesis microorganisms. Many investigators found a
helpful effect on the methanogenic stage as well as stability when adding such additives for the anaerobic digestion of
biochemical products and wastes 221,
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Figure 2. Biological and carbon-based direct interspecies electron transfer (DIET) methods. Adapted from (221,

The utilization of biochar made by the thermal degradation of food waste as an additive to anaerobic digestion was
extensively investigated by Shin et al. 2. Adding 1% of food-waste biochar to the digester enhanced biogas generation
by almost 10% and the content of methane by approximately 4%. Furthermore, the researchers discovered that biochar
behaved like a medium with trace elements that encouraged the proliferation of microorganisms and enhanced the
performance of anaerobic digestion. Feng et al. 23 investigated the influence of adding carbon cloth on the anaerobic
digestion of biochemical wastewater at different mixing rates. The study revealed that the generation of methane can be



enhanced by 10.1 to 23.0% and the efficiency of chemical oxygen demand (COD) removal was increased by 14.6% upon
the addition of carbon cloth in the digester with no mixing at organic loading rates in the range of 2.1-4.2 g of COD per L-
day. On the other hand, the improvement influence was only seen when the organic loading rate was very high (i.e., 4.2 g
of COD per L-day) in a perfectly mixed reactor. Mostafa et al. 24 studied the effect of adding magnetite-nanoparticles and
carbon nanotubes on anaerobic digestion. Both additions increased methane generation, and its favourable effect
improved when the concentration of oleic acid was increased. The ultimate enhancements of 114% and 165% in
comparison with the control were obtained by magnetite-nanoparticles and carbon nanotubes, respectively, at oleic acid of
4 g of COD per L. The excretion of electron shuttles, such as substances that are like protein and humic, were discovered
to be enhanced by adding magnetite nanoparticles and carbon nanotubes.

2.2. Metabolic Activity

It is worth noting that, despite the potential toxic effect of metals, nearly all of them are required in anaerobic digestion for
structural purposes, optimum growth, and optimal performance B2l8l Small amounts of metals, an additive to anaerobic
digestion, may be useful for the metabolism enhancement of bacterial cells (Figure 3). The use of substances, for
instance, nickel, cobalt, iron, molybdenum, and other trace metals improve the metabolic activity of methanogenesis
microorganisms, resulting in high methane production.
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Figure 3. (A) Mechanisms of metal-based additives in anaerobic digestion. (B) Municipal solid waste incineration ash as

additive in anaerobic digestion. Adapted from 221,

Most enzymes need metals as co-factors for their roles in anaerobic digestion. Perhaps the most plentiful metal present in
cells is iron 3. Because nearly all metalloenzymes found in the route of the generation of biogas have several clusters of
Fe,Sa, FesSa, or Fe,S,, iron is vital for cytochromes and the generation of methane [B2I38l Moreover, iron is an
economical trace metal for enhancing methane production and the stability of the process. The process of adding iron in
anaerobic digestion regularly promotes methane generation by extending the peak of the gas generation and increasing
the activities of cellulase 28l For instance, Bakari et al. BZ studied the influence of iron (F°), both steel wool and scrap
iron, on the anaerobic digestion of sewage sludge. The outcome of this study revealed that: (a) steel wool performed
better than scrap iron on the removals of chemical oxygen demand (COD) and phosphates (b) the optimum dosage for
the removals of nutrients and the biochemical matter was 10 g/L scrap iron (c) the least removed contaminant was
nitrogen (d) highest removals of COD and phosphates were 88.0%, and 98.0%, respectively. Therefore, iron-supported
anaerobic digestion substantially removed the nutrients and biochemical matter from domestic sewage.



2.3. Catalytic Activity

Elements of nanoscale dimensions are known as nanoparticles and range from around 1 to 100 nm B8, The antibacterial
properties, enormous energy-storing capacity, and the capability to present higher surface area (surface/volume ratio)
have raised researchers’ attention to these particles in bioenergy usages. As a result of the ability of these substrates to
improve catalytic capability within a big surface area for mechanisms, the nano-additives have furthermore acquired
significant attention in biochemical energy.

Adding nanoparticles in anaerobic digestion (Figure 4) and also the effect of these nanoparticles on methane generation
has been investigated quite often by many researchers over the past few years. Nanoparticles are presently used for
detecting and removing biochemical materials including metals, algae (for example, toxins of cyanobacteria), nutrients (for
example, nitrate, ammonia, and phosphate), carbon-based substances, virus, cyanide, microbes, antibiotics, and
parasites. Essentially, four types of nanomaterials are currently used as useful materials for wastewater treatment
purposes, hamely metal oxide nanoparticles, carbonaceous nanoparticles, zero-valent nanoparticles, and dendrimers 22
(28] cordova-Lizama et al. B studied the influence of cobalt and iron zero valent nanoparticles on the anaerobic digestion
of waste-activated sludge. The outcome revealed that zero-valent iron nanoparticles and cobalt nanoparticles enhanced
the early stages of the anaerobic digestion of waste-activated sludge. The highest hydrogen productions were found to be
5.40 and 5.74 mLH,/g volatile solids added (VSaggeq) for cobalt nanoparticles and zero-valent iron nanoparticles,
respectively.

"_} Nanoparticle

®
O Metalion m ‘j
| &

®©oee

®
®

oo 290

Nannparlicles in anaerobic digeslion

|

Adsorption on cell membrane
Extracellular | I I I
L X ‘.r‘ =
%", o ®
e .

s]

© © ¢ © o0 ¢ ° o
@ O 45 o e ©

Intracellular

Q

Figure 4. Mechanism of nanoparticles addition in anaerobic digestion 221,

Garcfa et al. B investigated the influence of titanium dioxide, cerium dioxide, gold, and silver nanoparticles on the activity
of bacterial communities proposed for the treatment of wastewater. The outcome of the study showed that cerium dioxide
nanoparticles resulted in the highest inhibition in the generation of biogas (almost 100%) and a great inhibitory action of
other biochemical matters; silver nanoparticles resulted in an intermediate inhibition in generation of biogas (in the range
33-50%) and a small inhibition in the action of other biochemical matters, and titanium dioxide and gold nanoparticles
resulted in only small or no inhibition for all investigated biochemical matters.

Chhetri et al. 21 developed a novel nanotechnology-based method (flocculation-based magnetic nanoparticles) to
enhance the quality of groundwater. The outcome of the study demonstrated the prospective of magnetic nanosponges to
enhance the groundwater quality and support the development of an economical greatest management technique
(biochemical methane potential) that also uses customary coagulants at concentrated animal feeding operation and other
wastewater treatment plants. The study showed that the coagulation process was improved by the usage of magnetic
nanosponges, which can enhance the formation of flocs rapidly and efficiently with the ability to totally gravitate in the
sedimentation tanks. The utilization of magnetic nanoparticles together with coagulants led to a higher reduction in the
turbidity and total organic carbon of dairy farm wastewater in comparison with swine lagoon water, which indicated that
magnetic hanosponges are more effective in enhancing the quality of water for highly contaminated lagoons.



Award et al. 42 explored the use of ultrafiltration membranes for wastewater treatment. The study also investigated the
effect of the composition and type of the hydrophilic additives of nanoparticles (for example, titanium dioxide, zinc oxide,
graphene oxide, etc.). It was suggested that amongst all kinds of membrane methods, ultrafiltration is regarded as a
useful separation system and purification system. It was suggested that it is usually used to treat oily wastewater with <20
pm oil droplet size and <400 ppm oil content. Furthermore, another method has been tried to enhance the performance of
polymeric membranes with a valuable influence by using additives, for instance, hydrophilic polymers, inorganic
nanoparticles, and grafted and amphiphilic copolymers. Common inorganic particles that have been widely utilized to
fabricate membranes are silicon dioxide, titanium dioxide, aluminum dioxide, magnesium oxide, graphene oxide, etc.
Their use in membranes has considerably increased their antifouling properties with regards to oil products.

Kaegi et al. 3 studied the behavior of metallic silver nanoparticles in a pilot wastewater treatment system supplied with
municipal wastewater. Silver nanoparticles were spiked into the non-aerated tank. Silver concentrations verified by
inductively coupled plasma—mass spectrometry agreed well with estimates based on mass balance considerations.
Analyses of a transmission electron microscopy (TEM) confirmed that nanoscale silver particles were absorbed to
wastewater biosolids, both in the effluent and in the sludge. During the initial pulse spike, freely dispersed nanoscale silver
particles were only seen in the effluent. X-ray absorption spectroscopy analyses showed that most silver in the effluent
and in the sludge existed as silver sulphide. The outcome from the experimental works revealed that silver nanoparticles
conversion to silver sulphide took place in the non-aerated tank within 2 h. Chemical and physical transformations of silver
nanoparticles in wastewater treatment plants control the fate, the transport and also the bioavailability and the toxicity of
silver nanoparticles and, thus, have to be taken into consideration in future risk assessments.

2.4. Enzymatic Activity

Preparing enzymes or adding microbes as a means of substituting the physiochemical pretreatments performed before
anaerobic digestion has been studied in-depth recently. However, adding enzymes or microbes instantaneously in
anaerobic digestion has not gained much attention. When anaerobic digestion is enhanced as a result of microorganisms,
the process is called bioaugmentation 44!, The composition of the microbial population has an absolute influence on how
the anaerobic digestion process behaves as well as its products since the performance of all biochemical mechanisms of
anaerobic digestion rely on the movement of the microorganisms secreting essential enzymes, as well as the cellulosome
multi-enzyme complexes, that are attached to the substance cell surface, therefore resulting in cellulosic hydrolysis.

Thus, how the anaerobic digestion system performs can be controlled by the manipulation or enrichment of the population
of microbes existing in the reactors. Once the anaerobic system fails to succeed, mainly because of the bacterial
population shifts, bioaugmentation with fresh microorganisms that have been added may be performed to restore the
satisfactory performance of the anaerobic system. Such microbial shifts can take place when the system is stressed as
well as in transitional phases, for instance, temperature variations and a decrease in pH. In such instances, the greater
performance of anaerobic digestion is achievable by improving the population of microbes or the addition of
microorganisms with new abilities.

However, the vital step for attaining a large quantity of designated bacterial community is selecting an inoculum as a
source of microbes and the amount of inoculum to be used. Investigators usually give emphasis to the establishment of a
methanogenesis population in the early phase of the anaerobic digestion system to accomplish a stable system. The large
quantity of archaea responsible for the methanogenic stage is regarded as a crucial aspect in improving methane
generation. Thus, most investigations focus on the methanogenesis population to stabilize the anaerobic digestion system
in its early phases.

Another technique that may be used for augmenting the anaerobic digestion system is by adding enzyme preparations in
digesters instead of microbes (Figure 5). Earlier studies showed enhanced methane generation from the pretreatment of
lignocellulosic biomass including commercial and crude enzymes. However, enzymes can also be utilized for biomass
treatment instantaneously in the anaerobic digestion process 4246l Enzyme addition in the anaerobic digestion process
can be of great benefit because it is capable of withstanding a large range of salinity, pH, and temperature and is capable
of avoiding unfavorable situations that cause inhibition in microbial activity. Enzyme addition rather than ordinary
pretreatment techniques will, moreover, help to prevent the undesirable impact of produced inhibitory products on the
activities of enzymes. Phenols as well as furfural produced in the pretreatment stage of the anaerobic digestion process
have been shown to result in inhibition in the cellulosome activity. Furthermore, the better freedom of movement and the
small size allow the enzymes to obtain greater access to the feed in comparison to microbes.
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Figure 5. Extraction of enzyme for application in anaerobic digestion.

Aside from the addition of enzymes, biochemical substances can, moreover, be introduced in the anaerobic process to
enhance the activity of enzymes. With regards to this, the process of adding carbon-based acids with negatively charged
ions such as lactate, formate, and acetate have been found to function like promoters to improve the cellulosome activity
for the duration of anaerobic digestion within 50, 100 and 200 mM concentrations, respectively. Above these values, the
activity of cellulosomal enzymes is inhibited (7],

2.5. Cation Exchange Activity

Surface-active substances, for instance, zeolites, may affect the bacterial community and their conversion in the digestion
process. In addition to this, owing to the porous structure of zeolite might assist in anaerobic digestion if immobilization of
organic matter is needed 48491 7eolite, with its favorable features for adhering microorganisms, has also been usually
used in anaerobic digestion as an ion exchanger for removing ammonium because of the existence of Mg?*, Ca?*, and
Na* positive ions in its crystal structure (Figure 6). Zeolites improve the ammonia/ammonium equilibrium in anaerobic
digestion and the probability of decreasing ammonia and ammonium ions in water/wastewater B4, This characteristic
feature is also very significant for improving the performance of the anaerobic systems when treating wastewater with very
high contents of nitrogen compounds, for example, poultry waste, because it avoids ammonia inhibition.



Feedstock

Enhanced

i B
é’. digestion methane yield
Zeolite

Figure 6. Cation exchange activity of zeolites 22,

A study was conducted by Wang et al. Bl on the impacts of zeolites on the anaerobic digestion process of ammonium-
rich swine wastes. The use of zeolites increased the composition of methane by 19.7% and the overall methane yield by
120.9 CHy/kg VS compared to the absence of zeolites.

Essentially, zeolite is used as a surface where microorganisms can grow, as a result decreasing the lag phase and at the
same time improving production in a specified period B9, Hansson 52 investigated the effect of the zeolite-clinoptilolite in
a continuous anaerobic digester. The results indicated a substantially smaller build-up of VFAs in comparison with a
control digester at an organic loading rate of 4.8 kg VS/(m3.day) and a hydraulic retention time (HRT) of 30 days. The
same observation was found upon the addition of zeolites in a batch reactor, which also revealed a declined lag phase.

However, the cation exchange characteristics of zeolite, makes this substrate not desirable for the solid-state anaerobic
process. Stress can be made utilizing zeolite in dry anaerobic digestion of slaughterhouses, sludge, and food waste since
these substrates contain high content of nitrogen.
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