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Introduction ()

Check for
updates

N. J. Horan

Abstract Anaerobic microorganisms have a large number of biochemical path-
ways that allow them to oxidise organic substrates anaerobically and which can
be exploited by engineers to provide valuable end-products from organic wastes.
This Introduction summarises the many examples presented in this book, which are
being used in Malaysia to provide sustainable solutions to organic waste generation
and treatment.

Keywords Anaerobic microrganisms - Organic wastes - Malaysia
Anaerobic digestion

1 Background

Anaerobic microorganisms have evolved a large number of biochemical pathways
that enable them to oxidise organic substrates in the absence of oxygen, to provide a
source of carbon and energy thus ensuring their survival and reproduction.
Biochemical engineers have long exploited these pathways to generate useful end
products through fermentation and increasingly these skills are being applied to
tackle the problems of organic wastes. When applied thoughtfully and appropri-
ately, with due regards to process economics, anaerobic systems can reduce the
mass of an organic waste and minimise its environmental impact. As a conse-
quence, the anaerobic digestion process is well understood and sophisticated reactor
design can be achieved. The process bottlenecks are recognised and solutions to
free them are continually being sought. At the same time, the potential of a wide
range of wastes to act as feedstocks is continually under evaluation. Methane is the
most common commercially valuable end product and with good reason. However,
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other high value, low volume products are receiving attention in particular highly
reduced carbon end products. Such routes offer the potential of moving away from
an oil-based carbon economy, delivering a wholly renewable chain from waste to
product; something often referred to as the circular or green economy.
Technological advances driven by this include moves away from the traditional one
or two-stage stirred-tank reactors and which exploit the electrochemical properties
of certain bacterial genera. These microbial fuel cells (MFCs) undergo the recog-
nised biochemical redox pathways but with the electrons produced during the
oxidative stage captured directly and exploited in a similar way to an electrical
current. They have the dual advantage of waste treatment and electrical energy
generation without the requirement for intermediate energy conversion technologies
(Chaps. “Microbial Fuel Cell (MFC) Development from Anaerobic Digestion
System” and “Sediment Microbial Fuel Cells in Relation to Anaerobic Digestion
Technology”). This collection of research papers highlights the important research
work currently being undertaken across the university sector in Malaysia. With a
focus on improving the traditional digestion processes, for instance, by enhancing
the hydrolysis stage enzymatically, they also look at the potential of the technology
for tackling specific Malaysian issues such as palm oil and its associated wastes. It
also covers other wastes such as wastewater screenings that are likely to increase in
volume as more of Malaysia becomes sewered with the consequent uptake of
downstream wastewater processing. It discusses the alternatives to conventional
reactors by means of MFCs and considers the research necessary to render this
approach a more mainstream technological option. This Introduction aims to place
the contents of this book firmly within our existing knowledge of the anaerobic
digestion process and highlight the requirements for turning these exciting research
ideas into full-scale and financially viable projects.

2 Feedstocks

Anaerobic microorganisms can obtain carbon and energy from a wide range of
organic compounds. The majority of feedstocks arise from naturally occurring
sources and thus comprise primarily of protein, carbohydrate and fat, or lipid, all of
which are readily digestible. At the same time, a range of synthetic organic
materials of industrial origin are also amenable to digestion. Whereas the former is
predominantly particulate with a dry solid content of 6% upwards, the latter is
largely soluble and thus measured in terms of its chemical oxygen demand (COD).
Anaerobic digestion as a preliminary stage can often be a cost-effective option for
rendering such industrial wastes benign, particularly if the COD is in excess of
5000 mg/l.

Perhaps the most widely researched feedstock for anaerobic digestion is sewage
sludge, both primary (the solids that settle out from the wastewater in primary
settlement tanks) and secondary (the excess microorganisms produced during the
biological treatment stage and removed during a second settlement process).
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Primary sludge is predominantly faecal organic matter and paper fibres and, since it
has already received preliminary digestion in the human gut, the organic matter
digests relatively quickly. By contrast, secondary sludge comprises largely of
bacteria and protozoa produced on a trickling filter (humus sludge) or from the
activated sludge process (waste activated sludge) together with a sticky
exopolysaccharide matrix produced by these organisms. It digests more slowly as
the microbial cell walls resist hydrolysis. The importance of the hydrolysis stage as
potentially rate-limiting has long been recognised. Consequently, it is common
practice now to accelerate the digestion process and enhance the volume of methane
produced through the use of a preliminary hydrolysis stage. This is usually thermal,
operating at temperatures and pressures of 165 °C and 6 bar or biological achieved
by operating at a pH value of 5.0-5.5 which provides optimal conditions for the
hydrolytic bacteria. There are other biological alternatives to these options, and
more recent approaches to enhancing the hydrolysis stage using enzymes are dis-
cussed in Chap. “A Current Review on the Application of Enzymes in Anaerobic
Digestion”. In view of the long history of anaerobic digestion and our clear
understanding of it, it is unsurprising that a number of mathematical models of the
process are available and that they are finding increasing application in design and
operation. A review of this approach is provided in Chap. “Process Simulation of
Anaerobic Digestion Process for Municipal Solid Waste Treatment”, which con-
siders in detail the application of one particular model.

An essential feature of a municipal biological wastewater treatment process is
that the catchment has a sewerage network to convey wastewater to the treatment
plant. These sewerage networks can be susceptible to blockage with fats oils and
greases (FOG) particularly where a large number of catering establishments are
found in a concentrated area. The increasing use of disposable wipes that are
disposed down the toilet enhances the formation of FOG and huge agglomerations,
known as fatbergs, can accumulate. A fatberg of over 140 tonnes was recently
found in the London’s sewers, which took a team of eight people 21 days to clear
using high-pressure hoses. This material is very amenable to anaerobic digestion
with high methane yields. Preventing its accumulation in the sewers can be
achieved through a widespread use of grease traps and the coordinated collection of
grease trap fat for digestion offers an economic solution to minimise fatberg for-
mation. Another by-product of the sewage treatment process is the screenings
collected from the inlet screens during preliminary treatment. This material is lar-
gely organic and is traditionally disposed of to landfill. As Chap. “Anaerobic
Digestion of Screenings for Biogas Recovery” describes, this is another waste that
is very amenable to digestion with a high methane yield and with a large carbon
footprint saving through diverting from landfill to the anaerobic digestion route.

The skills gained from digestion of sewage sludge have been applied to other
feedstocks and digestion of farm wastes, food wastes and municipal organic wastes
is now common practice in many countries. Food wastes are particularly amenable
to anaerobic digestion with up to 90% of the volatile solids being converted to
methane gas. As food wastes generally have a volatile solids concentration of
>70%, then a large reduction in the mass of solids can be achieved. It is
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conventional practice to incorporate a pasteurisation stage to ensure complete
pathogen destruction and temperatures of 70 °C held for 30 min in plug flow
reactors, will ensure that the digestate is free from human, animal and plant
pathogens. When compared to other disposal routes such as landfill, the environ-
mental benefits are large. However, it is generally accepted that in order to operate a
successful digester an annual feedstock of at least 30,000 tonnes is required and so
in this guise, the technology is of little use to smaller communities.
Chapter “Anaerobic Digestion of Food Waste” outlines the research being under-
taken to scale down the process and thus provides digestion at the household level
upwards.

Although digesters are now being used to divert and treat food waste destined for
landfill, there is a historic legacy of landfilling. These landfills over time will
produce a leachate as they saturate from precipitation. This leachate can have a high
organic content often in excess of 20,000 mg/l COD and is highly coloured.
Adsorption is one option to remove the colour and it can be applied either pre- or
post the digestion process (Chap. “Overview on Biologically Digested Leachate
Treatment Using Adsorption™).

A big challenge that has so far resisted research efforts is in the digestion of
cellulosic crop residues. The complex structure of the cellulose molecule protects it
from enzymic hydrolysis and it requires complex pretreatment using, for instance,
heat or high pH. Even after such treatment, methane yields are too low to make the
process of economic interest. Although the global quantities of crop residues are
huge, they are spread over a vast area and generally only for a restricted growing
season each year. Few undertakings generate adequate volumes to warrant con-
struction of storage, pretreatment and digestion facilities. They do however offer the
advantage of a ready land bank for digestate recycling. Consequently, as well as the
technological challenge, there is an equally important economic one that requires
any solution be appropriate to the scale of the wastes available. Malaysia is unique
globally in the amount of palm oil it produces and the refining of this oil at the palm
mill generates a palm oil mill effluent (POME). Treating strategies for treating this
POME and in particular for removing its colour are discussed in Chap. “Current
Progress on Removal of Recalcitrance Coloured Particles from Anaerobically
Treated Effluent Using Coagulation-Flocculation”.

Although specifically a crop, seaweed is a naturally occurring alga that is found
in large and often nuisance causing quantities. It is known to digest anaerobically
with a reasonable methane yield and its harvesting from the ocean can form part of
a phosphorus treatment and recovery scheme. Chapter “Effect of Seaweed Physical
Condition for Biogas Production in an Anaerobic Digester” provides the latest
thinking on how this material can be best exploited and the potential for resource
recovery from it.

All these processes share common problems and often there are transferrable
solutions, although dialogue between the respective practitioners is often lacking or
sparse. Typical problems encountered are that (i) although anaerobic digestion will
destroy much of the organic matter (as much as 90% destruction for food wastes
and around 50% for sewage sludge), there is a very little reduction in volume.
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This is because digesters are typically fed at a dry solids concentration of 6—14%
and so the majority of the feed is water. Indeed for some wastes that arrive at the
digester with solids concentrations >14%, dilution with water may be required, and
thus, there is a greater volume of waste leaving the system. Economic and secure
routes for final recycling of this material (known as biosolids or digestate) must be
available; (ii) the digestion process is poor at pathogen destruction (this includes
human, animal and plant pathogens), and this will impact on the potential routes for
final recycling. A thermal stage such as pasteurisation will ensure complete elim-
ination of these pathogens. If well thought out and designed, it can also enhance
hydrolysis and product yield, reducing the operating costs and making a contri-
bution to capital costs.

3 End Products

The take-up of anaerobic digestion is often encouraged for a number of different
reasons and in particular for its ability to reduce the mass of biodegradable organic
mass and divert this material from landfill, whilst at the same time reducing the
carbon footprint of the waste. But for the operator, it is often the potential value of
the end products that is the main driver for technology take-up. Manipulation of the
digester operating conditions permits the production of a wide range of potentially
valuable, highly reduced carbon end products, but methane is by far the most
popular of these. Its biggest advantage is the ease with which it can be separated
from the liquid fraction in the digester without recourse to sophisticated separation
techniques. It can also be used to generated heat and power at a very small scale,
and combined heat and power units driven by methane fuel are becoming much
smaller. Indeed, they are now of a size small enough for an individual dwelling
where they can provide all the necessary heat and power.

All organic wastes will contain phosphorus at varying concentrations and much
of the particulate phosphorus is released during digestion and can be recovered in a
soluble form in the sludge dewatering liquor that results from thickening and
dewatering the digester contents prior to land recycling. At present at domestic
treatment plants, this dewatering liquor is recirculated back to the head of the
treatment plant or may be used to dilute the feedstock at food waste digesters. In
both cases, this raises the risk of struvite precipitation in the pipework. Options for
phosphorus removal and recovery form the subject for Chap. “Phosphorus
Recovery from Anaerobically Digested Liquor of Screenings”.

There is a large global research effort into generation of more novel products.
These include butanol and acetate both of which are precursors to biodegradable
plastic synthesis. Separation of the product from the digester contents is a major
challenge and the capital costs of the distillation technology require that large
quantities of feedstock are available in order to make the investment worthwhile. At
present, product yields upwards of 500,000 tonnes of waste per annum are required
for a profitable process and this must be available within a reasonable travel
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distance from the facility. Certain crop wastes may provide the necessary quantities
within reasonable distances and as mentioned earlier, seaweed may prove a perfect
feed for this option (Chap. “Effect of Seaweed Physical Condition for Biogas
Production in an Anaerobic Digester”).

4 Environmental Benefits

Often the main driver for the take-up of anaerobic technologies is the environmental
benefits it can offer a country or region and its importance in helping meet national
environmental targets. The role of legislation and subsidies are crucially important
in encouraging companies and industry to invest in the technology. Legislation is
also important in driving technological advances and legislators have a key role in
helping mould the technology to the specific needs of their own country.
Historically, the water companies operated almost all the digesters in the UK and
they were used to stabilise sewage sludge, before recycling it to agricultural land.
The sole role of the digestion process was to reduce the volatile solids content of the
sludge, thus reducing odour during recycling. Consequently, these digesters were
generally operated with long retention times and without heating. The low cost of
energy and the absence of appropriate combined heat and power technology (CHP),
meant that there was no interest in collecting and using the methane generated.
However, rising energy costs and development of suitable CHP engines meant that
methane could be collected and used economically at the larger sites. This potential
was increased further by generous government subsidies for renewable energy, and
this innovation saw a widespread increase in the number of digesters built or
upgraded to produce methane. Public fears about the potential health risks due to
human and animal pathogens from food grown on land treated with digested
sewage sludge, led to legislation requiring a pasteurisation stage in the digestion
process, pretreating the feedstock to a temperature of at least 70 °C for 30 min. This
in turn led to the uptake of thermal hydrolysis and it is now standard practice at
larger works to employ a thermal hydrolysis stage prior to mesophilic digestion.

The food waste sector saw a similar rise in the uptake of digestors, this time in
response to legislation to divert organic wastes away from landfill. Although
composting was an alternative route for biodegradable organic waste, it carried no
subsidies for the process and the only sources of income were a gate fee for the
waste received and the sale of the composted product. By contrast, digesters offered
the multiple benefits of producing renewable energy and reducing the amount of
CO, emissions as well as producing a digestate that could be recycled to agricul-
tural land. As a result, there are now more digesters treating food waste than sewage
sludge, a trend that took place in less than a decade.

Clearly, the importance of government and regulators in driving technological
innovation should not be underestimated, and an awareness of potential relevant
future legislation can offer major commercial advantages.
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5 Economic Models

Successful take-up of anaerobic digestion across a region or country, requires a
robust financial model to ensure that this process is the lowest cost environmental
option. Ideally, the income from the digester end products should cover the oper-
ating costs and also pay off the capital costs over the lifetime of the facility.
However, this is rarely possible without subsidies of some kind. As an example, a
food waste digester receives a gate fee for every 1 m* of food waste that it receives.
At the same time, it can sell the energy it produces in the form of methane and
receives income based on the electricity and heat that this produces. It may also
receive a fee for any digestate generated. However, this income alone is not enough
to operate the facility profitably and this relies on energy subsidies for the
renewable electricity and heat it produces. These subsidies are usually higher than
the actual income from the sale of electricity and heat and are guaranteed for the life
of the facility (although the actual financial value of the subsidy may vary in
response to market demands). Subsidies can take many forms. As well as subsidies
for the generation of renewable heat and energy, they might also involve payments
for savings in CO, emissions, reduction of organic waste going to landfill and
recovery of nutrients such as phosphorus. In those areas where the soil is very low
in organic matter, subsidies based on the amount of digestate produced and recycled
to agricultural land should prove very effective.

6 Conclusions

Anaerobic digestion has been practiced for over a century and now provides an
opportunity to recycle organic wastes and reduce greenhouse gas emissions by
capturing the carbon in the waste either as methane or as other highly reduced and
commercially end products. At the same time, the nutrients present in the waste can
be recycled to agricultural land either as digestate or by direct phosphorus capture.
This book places digestion in a Malaysian context. It looks at potential waste feed-
stocks such as POME, seaweed and screenings that are readily found in Malaysia and
presents a digester model that can be used to predict likely performance. It examines
future treatment alternatives such as MFCs, adsorption and enzymic technologies. It
is clear from this book that despite its long history, digestion still has a long way to go
and through the application of dedicated researchers will find an important role to
play in achieving environmental improvements, delivering renewable energy and
reducing GHG emissions in Malaysia.
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Abstract Alternative energy technologies become more attractive as the price of
energy from fossil fuels becomes more expensive and the environmental concerns
from their use amount. The microbial fuel cell (MFC) is an innovative renewable
energy technology that also serves to treat wastewater through the bacteria-driven
oxidation of organic substrates. The electrons from oxidizing organic substrates are
shuttled from the anode to the cathode, producing a current. The only byproducts of
this process are respiratory waste in the form of water and carbon dioxide. MFCs
operated using mixed cultures currently achieve substantially greater power den-
sities than those with pure cultures. Community analysis of the microorganism that
exists in MFCs has so far revealed a great diversity in composition. MFCs are being
constructed using a variety of materials and diversity of configurations. These
systems are operated under a range of conditions that include differences in pH,
electrode distance, moisture content and temperature. The MFCs are believed to be
a promising technology which could be implemented as wastewater treatment,
recover energy production method from biomass, environment sensor and product
recovery method. There are several aspects need to be considered in order to have
an efficient upscale MFC.
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1 Introduction

Energy policy is currently a high-profile issue in many countries, with a focus on
energy security, sources of fossil fuels and alternative clean energy [1]. Oil and gas
prices have increased significantly and remain uncertain. The main sources of
energy used around the world at this time derive from fossil fuels, but there are
many issues associated with their use [2]. Fossil fuels are not a sustainable source of
energy and will one day be completely exhausted [3]. Energy-saving technologies
need to be developed to conserve oil reserves and at the same time, more sus-
tainable technologies are needed in the next decade [4, 5]. A sustainable energy
specialization involving carbon technology and renewable energy should be
developed. Reliance on renewable energy is growing with technologies such as
solar, wind and biomass energy playing an increasingly important role in meeting
our energy future [6].

Microbial fuel cells (MFCs), which convert biochemical to electrical energy, can
be part of this. MFCs can be used in energy production based on biomass through
the anaerobic digestion system [3, 7, 8]. Regarding this, microbial fuel cells
(MFC) are bioelectrical devices that harness the natural metabolism of exoelec-
trogenic bacteria to produce electrical energy [9]. They have recently become more
attractive because the substrate used in such systems can be almost any
biodegradable organic matter, including domestic [10] and industrial wastewater
[3]. Only exoelectrogenic bacteria are capable of transferring metabolically gen-
erated electrons across their cell membranes to an external electrode [11]. By using
anaerobic digestion in MFCs, there is a great potential for both renewable energy
generation and waste remediation, as follows:

(a) Itis clean energy and reduces the offset cost in terms of electricity (no aeration
and recirculation processes).

(b) Reduces the cost of sludge treatment (anaerobic digestion reduces the formation
of sludge). Aerobic process produces a larger quantity of waste sludge.

(c) Investment cost is lower than aerobic treatment since two technologies are not
required, that is, (i) system to handle the water and (ii) an additional system to
separate and handle the biosolid.

(d) Anaerobic digestion offers the potential for good nutrient.

2 Microbial Fuel Cell System

The first step in MFCs is that the anaerobic exoelectrogenic bacteria in the anodic
chamber (anoxic condition) begin to oxidize the added substrate (S) and release
electrons (e”) towards the anode, as well as the protons (H*). Carbon dioxide (CO,)
is produced as a product of oxidation. The electrons produced are transported from
the anode (A) to the cathode (C) through the external circuit to generate electricity.
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After passing the proton exchange membrane (PEM), the protons enter the cathode
where oxygen (O,) reduction occurs and water (H,O) is formed. Figure 1 shows the
schematic diagram of typical MFC [12, 13]. Further explanations are provided in
Sects. 2.1 and 2.2.

The reaction at the anode and cathode electrode in a typical MFC using acetate
(CH3COQ ) as a model substrate model is presented below [14]:

Anodic reaction: Acetate oxidation

CH;COO™ +2H,0 — 2CO, +7H" +8e~ (1)
Cathodic reaction: Oxygen reduction
O, +4e” +4H" — 2H,0 (2)

The MFC acts as a galvanic cell in which the anodic potential (E,,) is lower than
the potential of the cathode (E.,). Cell reactions occur spontaneously and as a
result, electrical current is generated.

2.1 Biological Concept in MFC

Bacteria obtain their carbon sources from a variety of organic compounds. Carbon
and energy can be obtained from processing organics such as lipids, proteins and
carbohydrates [15]. In complex redox reactions, organic substrates act as an elec-
tron donor resulting in the production of the energy carrier molecules (ATP).
Figure 2 illustrates the glycolysis and citric acid cycle processes where electron
carriers (NADH and FADH,) were formed. Lipids, carbohydrates and protein
undergo different reaction sequences to convert them via glycolysis and related
processes to the acetyl unit of acetyl CoA. This molecule will pass through the citric
acid cycle, where oxidation reactions occur to decrease NAD™ and FAD to form the
electron carriers, NADH and FADH, (Fig. 2). The citric acid cycle takes place in

Fig. 1 Schematic diagram of 8 5 - €
a typical MFC [14] T [ . ]
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the cytoplasm, and then, the electron carriers NADH and FADH, transfer the
electron to the membrane layer [16]. In fact, before it is sent to the terminal electron
acceptor (oxygen or any of reduced inorganic compounds), the electron needs to go
through different membrane proteins. Some of them pump protons once they are
reduced. This provides energy through a proton gradient and mediated through the
ATP synthase transmembrane protein. The energy used by the cell to produce ATP
(chemical energy for living organism) results from the phosphorylation process of
ADP. Figure 3 presents a schematic representation of bacterial membrane respi-
ration, and the number of components of the electron transport chain varies with
species. The reduction of the terminal electron receptor generates the ATP and this
process is called respiration [17]. In MFCs, bacteria can replace the electron as
terminal electron receptors at the anodic compartment in the reactor.

2.2 Chemical Concept in MFC

The difference in redox potential between two distinct electrodes is the key to
determining the MFC voltage [19]. Microbes grow by forming the colonies and
start to respire on the surface of the anode. At the same time, highly reduced
biomolecules begin to accumulate and surround the anode. The build-up of meta-
bolic byproducts results in a decrease of electrical potential (typically around 0.1 to
—0.4 V compared to a standard hydrogen electrode). The cathode is placed in an

Fig. 2 Glycolysis and citric Carbohydrate
acid cycle processes where metabolism
electron carriers (NADH and
FADH,) form [18]

v NAD'

Glycolysis é
NADH+H'

Lipic! » AcetylCoA «—— Protein
metabolism metabolism

NADH+H’

NAD'
Citric
Acid
Cycle

NAD'

g\ NADH+H’

FADH; CO;



Microbial Fuel Cell (MFC) Development from Anaerobic ... 13

Terminal electron
accep tor

H* Periplasm

Inner 7

membrane ocoon?—

o
NADH NAD*

or or
FADH, FAD

ADP+P1 ATP

Fig. 3 Schematic representation of bacterial membrane respiration, and the number of compo-
nents of the electron transport chain varies with species [18]

enriched oxygen environment and this situation creates a higher electrical potential
(commonly around 0.4-0.8 V compared to an SHE) [20]. Thus, the working
voltage can be calculated by subtracting the anode potential from the cathode
potential. The maximum voltage that can be achieved between two electrodes is
approximately 1.2 V (theoretically) because the minimum potential of reduced
molecules is —0.4 V versus SHE and the redox potential of oxygen is 0.8 V.
Figure 4 shows the respiratory chain and standard potential. That is how the voltage
being determined depends on the location of the exit chain of respiratory enzyme.
Table 1 represents MFC electrode reactions and corresponding redox potential.
There are many places in the electron transport chain (ETC) that electrons can exit
from the system [19].

2.3 Characteristic for Anode Respiring Bacteria in the MFC

Investigation in the field of bioelectricity production has focused on the identifi-
cation and isolation of bacteria that have the ability to transfer electrons to the
electrode [22]. Some studies have shown that metabolic activity is most similar to
electron transfer in MFCs, specifically dissimilatory metal reduction. Electrons
from the anaerobic exoelectrogenic bacteria accepted by the anode, act as a terminal
electron acceptor in the anoxic environment (absence of oxygen) [23]. The bacteria
shunt away electrons produced from the oxidation of organic compounds.
Shewanella is the first organism reported to transfer electrons to the electrode
surface [24]. There were three methods to transfer the electron to the anode;
(1) direct transfer from the cell walls of microbes to the anode surface, (2) using
secondary biomolecules to shuttle electrons to the anode or (3) the transfer of
electrons through conductive appendages, called ‘nanowires’, planted by microbes
[16, 19, 23]. Figure 5 shows the electron transport in microbial fuel cells. Recent
research has found evidence that electrons could also be transferred from one
microbe to interspecies using the conductive appendages [23]. Clearly, more
information is needed on interspecies electron transfer.
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Fig. 4 The respiratory chain ANODE REACTIONS CATHODE REACTIONS
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2.3.1 Axenic Bacterial Culture

MEFC can be operated using axenic bacterial culture or in mixed culture. Axenic
bacterial describes MFCs operating with a culture in which only a single species is
present. Some species of bacteria in MFCs, where the metal-reducing bacteria are
the most important, have the ability to directly transfer electrons to the anode
(Table 2). The single species of EB in MFCs can typically be easily be found in
sediments where they utilize Fe (II) and Mn (IV) as the insoluble electron
acceptors. Shewanella putrefaciens has a special feature where there is specific
cytochrome outside the cell membrane that allows electrochemical activity in case it
is grown under anaerobic conditions. The family of Geobacteraceae also have the
same capability to survive in an aerobic environment and show that they formed a
layer of biofilm at the anode in the MFC to transfer electrons from acetate with high
efficiency [26].
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Table 1 MFC electrode Oxidation/reduction pairs E° (mV)
reactions anq corresponding Toree ~120
redox potential [21]
NAD*/NADH —320
S°/HS™ -270
S0,% /H,S -220
Pyruvate® /Lactate®~ —185
2,6-AQDS/2,6-AHQDS —184
FAD/FADH, -180
Menaquinone ox/red =175
Pyocyanin —34
Humic substances oc/red —200 to +300
Methylene blue ox/red +11
Fumarate® /Succinate +31
Thionine ox/red +64
Cytochrome b (Fe*)/Cytochrome b (Fe>*) +75
Fe(IMEDTA/Fe(Il) EDTA +96
Ubiquinone ox/red +113
Cytochrome ¢ (Fe**)/Cytochrome ¢ (Fe*) +254
0y/H,0, +275
Fe(IIl) citrate/Fe(Il) citrate +372
Fe(Ill) NTA/Fe(Il) NTA +385
NO; /NO? +421
Fe(CN); /Fe(CN), +430
NO, /NH,* +440
0,/H,0 +820
Fig. 5 Electron transport in (a) (b) (©

microbial fuel cells: a direct
electron transfer, b an electron
shuttling and ¢ solid
conductive appendages,
called ‘nanowires’ [25]

In anoxic sediment, Rhodoferax species have a high efficiency in transferring
electrons to the graphite anode using glucose as the carbon source [29]. This was
the first bacterial strain reported capable of completely mineralizing glucose to CO,
and at the same time generating electricity at 90% efficiency [14, 30]. From the
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Table 2 Oyerview O.f Organism References

metal-reducing bacteria ;

applied in MFCs Shewanella putrefaciens [14]
Geobacter sulfurreducens [27]
Geobacter metallireducens [28]
Desulfuromonas acetoxidans [28]
Rhodoferax ferrireducens [29]

perspective of performance, bacterial species such S. putrefaciens, Geobacter sul-
furreducens and Rhodoferax ferrireducens were able to produce current densities in
the range of 0.2-0.6 mA and 1-17 mW power density of surface/m” in conven-
tional (woven) graphite electrodes [29]. These bacteria generally showed a high
efficiency of electron transfer but the disadvantages of axenic culture are that they
had slow growth rate and high substrate specificity (especially for acetate or lactate)
[25]. In addition, compared to mixed culture, they are relatively low efficiency in
terms of energy transfer. Furthermore, the likelihood of contamination with
unwanted bacteria inside the MFCs is also one of the major obstacles when dealing
with a pure culture [26].

2.3.2 Mixed Bacterial Culture

MFCs using mixed bacterial cultures have a number of significant advantages over
MEFCs using pure culture. They have much higher resistance to interference process,
higher substrate intake rates, low substrate specificity and higher power generation
[16, 31]. Electrochemically active mixed culture mostly comes from the sediment of
seas and lakes or from the activated sludge at wastewater treatment plants. Species
of electrochemically active bacteria include Geobacteraceae, Desulfuromonas,
Alcaligenes faecalis, Enterococcus faecium, Pseudomonas aeruginosa, Pro-
teobacteria, Clostridia, Bacteroides and Aeromonas species. The study of Kim’s
research group also concluded that the nitrogen-fixing bacteria (e.g. Azoarcus and
Azospirillum) were among the electrochemically active bacterial populations [30].
While Rabaey and co-workers in their experimental work showed an electro-
chemically active consortium can be obtained from sludge that went through a
methanogenesis process, after continuously harvested the anodic populations over a
5-month period using glucose as carbon source [25]. It was a facultative anaerobic
bacteria such as Alcaligenes, Enterococcus and Pseudomonas species. Table 3
shows the power output delivered by MFC.

2.4 Electron Acceptor

The main aim of the MFC is to generate power; thus, the electron transport
mechanisms are investigated to increase this power. A good electron acceptor must
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Table 3 Overview of the power generated by the MFC using axenic and mixed culture [32]

17

Microorganism Substrate Anode Current Power (mW/
(mA) m’)
Shewanella putrefaciens Lactate Woven 0.031 0.19
graphite
Geobacter sulfurreducens | Acetate Graphite 0.41 13
Rhodoferax ferrireducens | Glucose Woven 0.2 8
graphite
Mixed seawater culture Glucose Porous 74 33
graphite
Acetate Graphite 0.23 10
Sulfide/ Graphite 60 32
acetate
Mixed active sludge Acetate Graphite 5 -
culture Glucose Graphite 30 3600
Sewage Woven 0.2 8
graphite

have a high redox potential, exhibit fast kinetics, be materially cost-effective, and if
possible use sustainable materials and tools where available [33, 34]. Currently,
various compounds have been used as the MFC cathode electron receiver. Among
these compounds, two categories were used solely for power generation which are
better with higher catholytes energy and oxygen [21].

2.4.1 High-Energy Catholytes

In early investigations of MFC, ferricyanide was a common choice due to its high
redox potential, easy operation and fast kinetics. However, it is not suitable for
wider applications and as a long-term cathode because it is unsustainable and
requires higher maintenance with regular replenishment [25]. For the investigation
of MFC design, ferricyanide has been frequently selected as a standard, followed by
the anode bacteria, substrate, electrode materials and membrane materials. Despite
this ferricyanide has become a benchmark to evaluate various electron acceptors.
Another high-energy catholyte is permanganate. It has been used in the brush
reactor and H-type reactor and it recorded a higher power generation compared to
the ferricyanide. In addition to these, neutral red, thonin, methyl-viologen and
anthraquinone-2,6, disulfonate are also capable to be the high-energy catholytes. To
explore and optimize the output electricity and operating conditions, these
high-energy catholytes could be used. The main obstacles in using them to
achieve scalable devices are that they need to be maintained frequently as men-
tioned before.
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2.4.2 Oxygen

Oxygen is the most promising electron acceptor due to the high redox potential of
the oxygen reduction reaction (ORR), its abundance, high availability and low cost.
Researchers aimed to improve the ORR by enlarging the effective surface area of
the cathode, applying higher pressure to decrease concentration loss, using a
membrane-cathode assembly (MCA) to increase the rate of proton transfer and
using a catalyst to boost the reaction kinetics [17, 23].

3 Types of MFC

There is intense competition to find the best material and system configuration of
MFCs to achieve a high performance and these the main objectives for every
laboratory study. They hope to improve the voltage output, coulombic efficiency,
stability and longevity. Besides aiming for the performances, the practicality of the
MEFC in terms of cost for the materials and reactor architecture also becomes a
priority in the real application [35].

3.1 Agqueous-Cathode MFC with PEM

The basic MFC design (Fig. 1) consists of two chambers, anode and cathode,
separated by a membrane called a proton exchange membrane (PEM). A carbon felt
electrode, aqueous medium and bacterial cultures were placed inside the anode
chamber [36]. While the cathode chamber consisted of a platinized carbon cloth
electrode with a buffer solution. MFC operates two respiration processes at the
same time, aerobic and anaerobic in the cathode and anode, respectively, thus
generating electricity [15]. Oxygen concentration plays an important factor in the
performance of MFCs. By sparging pure oxygen into the cathode, the dissolved
oxygen in the cathode solution is increased and power generation improved. By
contrast, at the anode chamber, oxygen was totally removed by sparging nitrogen
gas [37]. PEM membranes are used mainly in two separate MFCs (H-type) as a way
to block the oxygen mass transfer between the liquid-filled anode and cathode
chamber [38]. The solution at the cathode containing dissolved oxygen cannot be
allowed to mix with the solution of bacteria in the anode chamber. However, the
H-type MFC reactor faced several problems involving proton transfer efficiency of
PEM due to biofouling and oxygen leakage [35].

The study of Chae and co-workers proved that the leakage of oxygen from the
cathode to the anode is because the membrane PEM, Nafion, was permeable to the
oxygen. The characteristics of Nafion PEMs for oxygen mass transfer coefficient
(K,) and the diffusion coefficient of oxygen (D,) were 2.80 x 10°* and
535 x 107° cm?/s, respectively, when 50 mM phosphate buffer was used as the



Microbial Fuel Cell (MFC) Development from Anaerobic ... 19

catholyte [39]. These researchers also stated that biofilm would attach to the PEMs
after operating over long periods of time, thus affecting the efficiency of mass
transport through the membrane [40].

3.2 Air-Cathode MFC Without PEM

Air-cathode MFCs have become popular among researchers as they are economical
and scalable, which can be practically implemented on a large scale such as at
wastewater treatment plant, plus the MFC materials are affordable [41]. An
air-cathode chamber MFC was proposed by Liu and Logan; they found the low
coulombic result is due to the presence of a membrane [42] that allows oxygen to
diffuse into the anode. It clearly showed that measurement of the oxygen flow rate
oxygen diffusion into the anode chamber with PEM is much lower than the dif-
fusion of oxygen into the anode with PEM removed [39]. Oxygen may be used by
bacteria that grow in cathode instead of the anode in the absence of the PEM. Loss
of substrate oxidation due to aerobic bacteria on the cathode instead of the anode
had lowered the power generation of the membrane-less MFC [20]. The usage of an
air-cathode single chamber membrane-less MFC exposing the cathode directly to
air and water was a good idea because air sparging was no longer needed.
Theoretically, an aerobic biofilm formed on the internal cathode surface (the surface
facing the anode) and thus removed any oxygen that entered the chamber, main-
taining anaerobic conditions in the anode chamber [43, 44]. However, this process
does not guarantee the possibility of an aerobic anode.

4 Design of MFC

Researchers have proposed various scalable designs to build an MFC. In most
studies, a configuration commonly used is the traditional one, which was dual
chambered (H-shaped) MFC, where two bottles or chambers are connected by tubes
containing the membrane separator [38]. Initially, the salt bridge in the reactor is
used as an ion exchange channel between the anode and cathode, but this was later
replaced with a membrane cation/proton exchange [45]. The use of air or aqueous
cathode by the single-chamber fuel cell generated a higher power density than the
conventional two-chambered model [41]. Many modifications of the existing
models have recently been implemented to improve the power density and maintain
consistency during the production. Some of the better known designs are repre-
sented in Fig. 6 which represents diagrams for typical microbial fuel cell (MFC):
(a) Single-chamber MFC, (b) double-chamber MFC, (c) tubular-chamber MFC,
(d) stack MFC and (e) flat-plat MFC. Whereas the basic components of MFC are
shown in Table 4.



20 M. M. Z. Makhtar et al.

Fig. 6 Diagrams for typical microbial fuel cell (MFC): a single-chamber MFC, b double-chamber
MEFC, ¢ tubular-chamber MFC, d stack MFC and e flat-plat MFC [41]

5 Power Density Measurement

To determine the performance of the MFC reactor in the production of cell voltage
or electricity, the system needs to be optimized for power production. The power
generated is related to the voltage obtained, Enrc, across the external load and the
current by P = IEyrc. While current and external resistance, R, is related by
I = Eyjre/Rex- Power can also be represented as [9, 11]

E2
P = MEFEC (3)
Rext

Power density can be measured using several methods. There are power den-
sities normalized by the surface area of the anode, cathode surface area, surface area
or volume of a liquid membrane reactor. The power should be normalized in the
unit of volume or area, so it easy to use the value to compare with other MFC power
generation results.
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Table 4 Basic components of MFC [11]

Items Materials Remarks

Anode Pt, Pt black, graphite, graphite felt, carbon cloth, carbon paper, | Necessary
reticulated vitreous carbon (RVC)

Cathode Pt, Pt black, graphite, graphite felt, carbon cloth, carbon paper, | Necessary
RVC

Anodic Polycarbonate, glass, Plexiglas Necessary

chamber

Cathodic Polycarbonate, glass, Plexiglas Optional

chamber

Proton Nafion, polyethylene, Ultrex, salt bridge Necessary

exchange

system

Electrode MnO,, Fe**, Pt, Pt black Necessary

catalyst

5.1 Power Output Normalized by Electrode Surface Area

This is the typical measurement method used by the researchers to calculate power
[9, 11]:

PA _ El%/lFC ( 4)
(RextAAn )

The power generated is related to the anode surface area available for microbial
growth. But this principle is not applicable for all MFC systems architecture. For
example, there was only one side of the anode being used after being pressed to the
surface. Both sides of the anode surface area may be used if the anode is suspended
or exposed to the bacterium. For a case where there was a very high surface area of
the anode compared to the cathode, it is more suitable to normalize the power
generation by the surface area of the cathode.

5.2 Power OQutput Normalized by Membrane Surface Area

The membrane surface area is used when the MFC has two chambers in which the
anode and cathode are separated by the membrane. Oh and Logan stated that there
are significant effects on the sizes of the anode, cathode and PEM to the power
production. The power density represented as [9, 11]:

PA _ E, I%AFC ( 5 )
(RextApEM)
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5.3 Power Output Normalized by Volume

Power production was normalized using the anode volume (based solely on
geometry) or the anode liquid volume or total reactor volume (both the cathode and
anode chambers). For the case where the cells are cultured in a separate flask
outside the reactor and are recirculated through the anode, this volume may also be
included. A volumetric power density based on the anode reactor volume is [9, 11]:

Ps = E I%/IFC (6)
(Rext VAn )

6 Environmental Variables Affecting Electricity
Generation

Both physical and chemical variables of the incubation process conditions of MFC
can influence electricity generation because exoelectrogenic bacteria are often
sensitive to any changes in environmental conditions. Therefore, it becomes
desirable to operate the process under optimum conditions and consequently
optimize the performance of the process. Hence, the effects of environmental
conditions on electricity generation MFC are discussed below:

6.1 pH

The pH is believed to have a great impact on the activity of exoelectrogenic
bacteria. Generally, it has been suggested that high electricity generation was
obtained when the EB worked best at the optimum pH. Therefore, in order to obtain
the highest production, the incubation process needs to be operated at the optimum
pH. The pH will change the internal resistance of the MFC. Internal resistance
decreases with increasing pH difference between anode and cathode solution.
A higher pH difference between anode and cathode affects the current as it
increased the proton flux rate [46]. Lower pH could also affect the performance of
MEC in producing current for electricity generation. A less acidic environment is
less suitable as a base environment in MFC. This is due to acidic products of
fermentation that would decrease the power production of electricity [47].

6.2 Electrode Distance

A great deal of investigations have been conducted that have demonstrated the
electrode distance effect on electricity generation. Increasing the distance between
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the electrodes causes a slight decrease in the voltage because the longer distance
leads to a greater internal resistance. These cause protons from the anode to take a
longer time to transfer to the cathode and complete the circuit. This phenomenon is
called ohmic loss [48]. The ohmic losses can be reduced by reducing the electrode
spacing, hence inducing greater efficiency of the MFC. Although further decreasing
the anode and cathode distance reduced the resistance, the power decreased because
of oxygen crossover from the cathode to the anode [49]. It is suggested that MFC
should be constructed by placing electrodes as close as possible to increase power
output because the electron transfer through the external circuit to the cathode might
be the limiting factor for the electricity production [50].

6.3 Temperature

Temperature is one of the main factors known to impact both the metabolism and
the activity of EB in the MFC. Temperature is a critical variable in MFC incubation
because its functions to maintain cell viability and production efficiency. In most
cases, an optimal temperature is different for exoelectrogenic bacteria growth,
electricity generation and COD removal. MFC studies are normally conducted at
elevated temperature of 30-37 °C since high temperature can accelerate the intra-
cellular biochemical reaction rate and the growth rate of the bacteria. Acceleration
of metabolic rate results in rapid bacterial growth. Larrosa-Guerrero et al.
(2010) studied the effect of temperature ranging from 4 to 35 °C on the perfor-
mance of MFC. They found that an increase in temperature will increase electricity
generation. However, temperatures that are too high do not guarantee higher
voltage. The bacterial components in the cell, such as protein, nucleic acids and
others are temperature-sensitive and may suffer irreversible damage, leading to
cellular damage or even death [51].

7 Future Application of MFC

7.1 Wastewater Treatment

More than 2 billion people around the world do not have adequate sanitation [52]
and the main cause is due to lack of funds to construct and maintain water treatment
facilities [34]. Every year in the U.S., about $25 billion is spent on clean water and
wastewater treatment, and it is expected that the overall cost will become
approximately >$2 trillion including the cost for building, maintaining and oper-
ating the system [53]. There is a huge energy reserve in the wastewater that goes
unnoticed. This is in the form of biodegradable organic matter and the aim should
be to recover that energy. It is reported that a conventional wastewater treatment
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plant in Toronto, Canada containing about 9.3 times more energy than was used to
treat the wastewater [54]. While a study by Logan stated that processing wastewater
for domestic, animal and food uses approximately consist of 17 GW. This amount
is equivalent to the energy needed to supply the whole water infrastructure in the U.
S. It is a lot of energy and if the energy could be recovered, it would mean the
treatment plant could run using its own energy supply [40].

Many substrates have been tested as the fuel in the MFC system including a
variety of wastewater types [32, 55]. The application of MFC in wastewater
treatment has several advantages over existing processes such as during the process
for energy recovery as electricity, where less excess sludge was produced under
more stable conditions compared to aerobic treatment. The conventional wastewater
treatment plant spent a large amount of money on sludge disposal due to the huge
quantities of excess sludge production [53]. For example, in a conventional WWTP
designed to receive a daily influent flow of 5400 m® containing about 500 mg/L
concentration of biodegradable chemical oxygen demand (bCOD), this means an
influx organic matter of 2700 kg dry weight per day with a formation of sludge at
0.4 g cell dry weight per g bCOD. So every day, about 1080 kg of sludge was
formed, and the cost to dispose it off could be up to €500 per tonne dry matter [25].
It is expected that much higher cost will be needed as the cost of operation, aeration
and pumping are not yet calculated. The difference between aerobic processes and
the MFC system is that during the aerobic process, the microorganisms use all the
energy from oxidation of organic matter, whereas for the MFC system, the
microorganism uses only a small amount of energy for growth, and the rest is
directly converted into electricity. Figure 7 presents energy conversion in an MFC.
There are several methods to recover energy, including sludge incineration, sludge
gasification, pyrolysis of sludge, fermentation or anaerobic digestion [56]. The
advantages and technical status are summarized in Table 5.

7.2 Renewable Energy Production from Biomass

Production of renewable energy from biomass waste may be more viable for the
foreseeable future. Agricultural residues provide an abundance of renewable lig-
nocellulosic materials and are a promising feedstock for the MFC. But the
microorganisms inside the MFC cannot directly consume lignocellulosic biomass
as they need to be broken down through the hydrolysis process and turned into
simple sugars such as monosaccharides or other low molecular weight compounds
[57]. Extraction of soluble sugar using steam explosion is the most effective
treatment process. According to research conducted by Catal and his friends, they
stated that all monosaccharides were good substrates for the MFC to generate
electricity [58]. In other research, usage of neutral hydrolyzate from the steam
explosion of corn stover as a substrate in the MFC system had yielded a total
933 mW/m?®. Therefore, MFC technology seems technically feasible to recover
energy from this and other biomass waste materials. A large variety of substrates
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Fig. 7 Energy conversion in
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can be used inside the MFC as the fuel source including starch and all types of
wastewater (domestic, industrial and artificial). They are presented in Table 6.

7.3 Environmental Sensor

MFCs can be implemented to power a device that collects data on the natural envi-
ronment which is located in rivers and sea. The device sensor needs enough power
supply for its daily operation and it is difficult to routinely access the system to replace
the battery. As a consequence, researchers have developed sediment fuel cells that
can be operated under these environments. The fuel of the MFC was organic matter
contained in the sediment. The power generated is low at <30 mW/m? due to the low
organic concentration and high internal resistance. However, a modification to the
circuit of the sediment fuel cell, which allows the energy being stored and the low
power density to be offset and able to release data in bursts to central sensors. Figure 8
shows the sediment microbial fuel cell called a benthic unattended generator
(BUG) powering a data buoy that monitored humidity, pressure and the temperature
of air and water.

7.4  Product Recovery

Various reactions involving organic and inorganic species can be undertaken by the
modified MFC. Fischer and his co-worker reported that most sewage sludge
remained toxic even though it had gone through the treatment processes. Many
countries forbid its use as a fertilizer or for direct application in agriculture.
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Table 6 MFCs with different substrates and the maximum current produced [32]
Types of Concentration | Source Type of MFC Current
substrate inoculums density
(mA/
cm?)
Acetate 1 g/l Pre-acclimated Cube shape one chamber 0.8
bacteria from MFC with graphite fibre
MFC brush anode (7170 m*/m’
brush volume)
Corn 1g/L Domestic One chamber membrane-less | 0.15
stover wastewater air-cathode MFC with
biomass carbon paper anode
(7.1 cm?) and carbon cloth
electrode
Landfill 6000 mg/L Leachate and Two-chambered MFC with 0.0004
leachate sludge carbon veil electrode
(30 cm?)
Starch 10 g/L Pure culture of | Two-chambered MFC with 1.3
Clostridium woven graphite anode
butyricum (7 cm?) and ferricyanide
catholyte
Domestic 600 mg/L Anaerobic Two-chambered 0.06
wastewater sludge mediator-less MFC with
plain graphite electrode
(50 cm?)

However, an important nutrient element for plant growth, phosphorus, is trapped
inside the sludge. Then, MFC can solve the problem by using a two-chamber MFC
with the Escherichia coli K12 as the biocatalyst, and the electron being donated via
methylene blue in the anode chamber. The sewage sludge was heated and pul-
verized at the cathode chamber and the electron and proton from the cathode were
used to liberate phosphate in the form of phosphoric acid from ferric phosphate
hydrate (starting material). There was 3% of ferric phosphate by mass in the sewage
sludge and the MFC was able to recover about 82% yields with approximately
30 mW/m? power generated within 21 days of operations. Finally, the phosphate
could be obtained from treatment of the recovered phosphoric acid with magnesium
chloride.

The same process was used by Heijne and co-worker during the recovery of
copper. ‘Microbial fuel cell component’ once again played a role as a source of
electrons for the recovery step and it took place at the cathode. An acidic copper
chloride solution was supplied to reduce the pure copper and lastly, it deposited on
the cathode surface. Within 1 week of operation, a high power density (800 mW/
m?) was reported with almost perfect recovery of copper. Once again with the same
procedure, a group of researchers led by Choi managed a perfect recovery from
tetrachloroaurate with 6.5 W/m? power density generation. The group also tested
silver nitrate to extract the silver, and the result was 4 W/m?2. The achievement of
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Fig. 8 Sediment microbial fuel cell called benthic unattended generator (BUG)

having two successes (recovery of precious metal and high power density) at the
same time proved that MFC could be a promising metal recovery device. In other
words, if the metal was present in the wastewater, the dual task could be accom-
plished by the MFC.

8 Conclusion

The MFCs using anaerobic digestion is a promising device for the future with
functions in energy and environmental applications. However, MFC still struggles
to be implemented on a large scale due to several limitations and challenges,
namely, cost of materials and difficulties in scalability to plant scale. Currently,
cheap alternatives for electrode and membrane are the main aim of the researchers.
There are some reasonable ideas for the future such as low power generation for
industrial applications, the usage of the power storage device could make it possible
to boost the power output during discharge. Furthermore, in rural areas, it is also
possible to fabricate homemade MFC for daily usage to power low energy devices.
Finally, exploration of MFC is needed to fulfil the aim of powering the facilities at
wastewater treatment plant by using the electricity gained from the waste itself, thus
resulting in energy saving.
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Sediment Microbial Fuel Cells )
in Relation to Anaerobic Digestion i
Technology

Syed Zaghum Abbas and Mohd Rafatullah

Abstract An anaerobic sediment microbial fuel cell (SMFC) is a device that with
the help of microbial catalytic activities, simultaneously bioremediate pollutants
and transfers chemical energy into electricity. SMFC attracts the attention of many
researchers due to its mild operating conditions. In SMFC operation, exoelectro-
gens and electrotrophs are mostly involved. Although there is the great capacity of
SMEFC such as an alternative energy source, a biosensor for pollutants and oxygen,
and a novel wastewater treatment system, high optimization is needed to accom-
plish the maximum microbial potential. Power output and Coulombic efficiency are
significantly affected by the diversity of microbes in the anodic chamber of an
SMEFC, design of the SMFC and operational conditions. Until now, real-world
applications of SMFC have been limited because of their low power density level of
several thousand mW/m?. Efforts are being made to improve this performance and
reduce the construction and operating costs of SMFC. To date, most SMFCs have
been operated at a laboratory scale. In the future, scaling-up of SMFCs will be
required to overcome the many hurdles and tackle the many new challenges. The
objective of this study is to investigate the different aspects of optimal design of
SMFC, which will be practised at field level.

Keywords Anode - Cathode - Electrotrophs - Exoelectrogens
Sediment

1 Introduction

Electricity production through a microbial fuel cell (MFC) was first observed by
Potter in 1911 [1]. In the early 1990s, the researchers used different chemicals such
as thonin, natural red, methyl viologen, potassium, ferricyanide,
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anthraquinone-2,6-disulfonate and others for the exogenous transfer of electrons,
but these are not eco-friendly in nature. Kim et al. [2] reported exogenous electron
transfer without using such harmful compounds. Later Remiers et al. [3] found that
marine sediment could be used as an MFC substrate for power generation and
removal of contaminants. The first laboratory use of a sediment microbial fuel cell
(SMFC) was reported by Bond et al. [4] who observed that acetate could be
converted to CO, by direct electron transfer to the electrodes.

Presently for all available bioconversion techniques, the cost of primary biomass
is very high to fulfil the required energy level. There are many ways to convert
biomass to bioenergy as well as bioremediation of pollutants. During the 70s,
methanogenic-based anaerobic digestion emerged rapidly and is now well estab-
lished now. For biomass-to-bioenergy conversion, the hydrogen and ethanol fer-
mentation is also practised [5]. Recently, the SMFC system has been established as
a unique biotechnology to generate power from sediment and simultaneously
remove the pollutants. The SMFCs generate electricity from sediment organic
compounds directly, without gas production and combustion. Conversion can
happen at low substrate concentrations and temperatures below 20 °C where
anaerobic digestion is highly disadvantaged due to high solubility of the methane
and low reaction rates. However, controversy indicates its applicability, the effi-
ciency and apparently the future of the SMFC technology in the context of
bioremediation and bioconversion. The performance of anaerobic SMFC totally
depends upon the design of SMFC, in particular, the selection of SMFC material
[6]. This study covers the optimal design of anaerobic SMFC, its operating
mechanisms and future challenges to overcome its limitation for field application.

2 Design of Anaerobic SMFC

The basic components of an anaerobic SMFC are summarized in Table 1. The
prototype of anaerobic SMFC consists of a graphite anode buried in the sediment
and a cathode placed in the overlying water (Fig. 1). Oxygen is not supplied to the
cathode chamber from outside, and also no permeable membrane is put between

Table 1 The basic components of anaerobic SMFC

Items Material Remarks

Cathode Graphite, carbon cloth, Pt, RVC, carbon paper, graphite felt, Pt | Necessary
black

Anode Reticulated vitreous carbon (RVC), carbon paper, Pt, Pt black, Necessary
graphite, graphite felt, carbon cloth

Cathodic Polycarbonate, glass, Plexiglas Optional

chamber

Anodic Plexiglas, glass, polycarbonate Necessary

chamber
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ANAEROBIC SMFC

A

Screw

External
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Fig. 1 Schematic model of anaerobic SMFC

these two chambers. The performance of anaerobic SMFCs depends upon the
potential gradient between sediment and water surface.

Both anode and cathode are covered by coiled copper wire due to its high
conduction properties. For efficient SMFC, the multi-anode system introduces in
the anaerobic SMFC, about four graphite anodes connected with the single cathode.
Both terminals are connected to the external circuit and monitored by a Wi-Fi
multimeter data logger system. This model of anaerobic SMFC provides enough
information about how to extract energy from the natural microbial consortia and
can be used for the power generation and remediation of contaminants. A few
reports are documented about sampling of remote sediments. The SMFC is nor-
mally dominated by natural microbes, but if the laboratory scale SMFC microbial
strains are introduced into the field, they are normally dominated by wild strains
due to competition and predation [7]. Anaerobic SMFC normally plays two roles
during operational condition. (i) Anaerobic SMFC can produce power without extra
field maintenance [8]. (ii)) Anaerobic SMFC can generate electricity by electro-
chemical difference between overlying water and anaerobic sediment [9].
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3 Types of Anaerobic SMFC

There are two main types of anaerobic SMFC. Those based on electricity pro-
duction by microbes or by powering the microbes from an external source. In these
SMEFCs, methanogens are mostly responsible for all metabolic activities and pro-
duce the methane gas.

3.1 Anaerobic Non-stimulated SMFC

This is the simplest form of anaerobic SMFC without oxygen supply (Fig. 2).
This SMFC is not stimulated by external current and normally more methane is
produced than in an anaerobic stimulated SMFC. The only disadvantage of this
SMEFC is that the rate of bioremediation is much slower than anaerobic stimulated
SMEC. In this SMFC, mostly exoelectrogenic microbes are present which transfer
electrons to the electrodes and the oxidation rate is very high. The rate of biofilm
formation is very high in this SMFC due to the large number of microbes that can
act as exoelectrogens.

Cathode
Chamber

,\!\ £

Fig. 2 Laboratory model of anaerobic SMFC [6]
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3.2 Anaerobic Stimulated SMFC

The only difference with this SMFC is that it is stimulated by external current and
this type of SMFC is highly suitable for electrotrophs. In this SMFC, the reduction/
oxidation rate of organic and inorganic compounds is very high. Its disadvantage is
the need to supply the power from the outside source but this problem can be solved
either powering by solar cell or by stored energy. In this SMFC, mostly elec-
trotrophs are present which accept electrons from the electrodes and are involved in
the bioremediation of contaminants due to high rate of reduction. To date, only
some species of Geobacter and Shewanella have been identified as electrotrophs,
which is why the rate of biofilm formation in this SMFC is very low.

4 Substrate Used in the Anaerobic SMFCs

In the cathode chamber of SMFC, different substrates can be used. The power
generation depends upon the composition of cathode substrates. The range of
substrates varies from pure compounds to mixtures. In the last century, the main
treatment process has been activated sludge but it requires a large energy input [10].
The addition of a second treatment process changes the status of contaminants that
might be used for energy production. Table 2 enlists the substrates with different
power generation capacities. It is very difficult to find out the exact performance of
SMEFC due to the different operating conditions, SMFC design, various microbes
and different units that are used for measuring the current. The most common unit
used to measure power generation is current generation per unit area of cathode and
anode (mA/cmz) or current generated per unit volume of the cell (mA/m3 ) [11].

Acetate: in the most of SMFC, acetate is preferred instead of different types of
wastewater. Acetate is a simple compound and easily initiates the electroactive
pathways inside microbes. Acetate can be easily converted into different metabolic
pathways such as anaerobic fermentation. In addition, acetate is the end product of
many metabolic routes such as glycogenesis and the Entner—Doudoroff pathway
[28].

Glucose: It is another substrate used in the SMFC. Glucose can run SMFC for a
short time compared to other substrates. Rabaey et al. [29] found that from the
glucose added about 216 W/m® power density can be obtained. The power gen-
eration of anaerobic sludge was compared with glucose. Anaerobic sludge pro-
duced about 0.3 mW/m? in the baffle SMFC and in the same system glucose
produced about 161 mW/m? [30]. The energy conversion rate of glucose and
acetate was also compared. The energy conversion rate of acetate was about 42%
but only 3% with glucose. Glucose is more easily broken down than acetate and can
be used in many competitive pathways like fermentation and methanogenesis.

Wastewater: Chemical and synthetic wastewaters are used in many SMFCs to
control the operating conditions like conductivity and pH. Many growth media are
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Table 2 Substrates used in sediment microbial fuel cells (SMFCs) and the maximum power
generation

Type of substrate Current density (mA/cm?) at Concentration | References
maximum power
Acetate 0.8 1 g/L [12]
Cellulose particles 0.02 4 g/L [13]
Furfural 0.17 6.8 mM [14]
Glucose 0.70 6.7 mM [15]
Lactate 0.005 18 mM [16]
Mannitol 0.58 1220 mg/L [17]
Phenol 0.1 400 mg/L [18]
Sodium formate 0.22 20 mM [19]
Sorbitol 0.62 1220 mg/L [17]
Sucrose 0.19 2674 mg/L [20]
Xylose 0.74 6.7 mM [15]
Brewery wastewater 0.2 2240 mg/L [21]
Domestic wastewater 0.06 600 mg/L [22]
Meat processing 0.115 1420 mg/L [23]
wastewater
Swine wastewater 0.015 8320 mg/L [24]
Synthetic wastewater 0.008 510 mg/L [25]
Xylose and humic 0.06 10 mM [26]
acid
Landfill leachate 0.0004 6000 mg/L [27]

used for microbial growth like cysteine rich wastewater and wastewater with less
sulphur. Many researchers used different synthetic wastewaters and reported dif-
ferent SMFC performance rates [31]. Brewery wastewater is ideal as an SMFC
substrate because it is nd rich in carbohydrate with a reduced ammonium con-
centration. Starch processing wastewater contains a high percentage of starch,
protein and carbohydrates and can be easily converted into many useful products in
SMEC [18]. The azo dye-containing wastewater is a common effluent from textile
industries. The colour of azo dye is very harmful to the aquatic ecosystem. Some
compounds in the azo dye wastewater are more toxic. So the azo dye-containing
wastewater was recently used as SMFC substrate to remove the colour and power
generation [32].

5 Mechanisms of SMFC Electricity Generation

Many microbes are able to transfer the electrons to the electrodes via several routes
(Fig. 3). Five groups of Proteobacteria, fungi, yeast, Acidobacteria and microalgae
have shown the capacity for power generation. Four types of mechanisms exist in
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Membrane-bound c-type

cytochrome
r Reduced Shuttle molecule
o
(b)
e L 2
Oxidized shuttle molecule
5

Conductive pili

Fig. 3 a Short-range electron transfer, b electron transfer via redox-active proteins and
¢ long-range electron transfer through conductive pili

the exoelectrogens. Table 3 shows the different exoelectrogens with their ways of
electrons transfer respect to power generation.

5.1 Short-Range Electron Transfer

Bond et al. [4] first reported the electron transfer to the electrodes through
self-produced electron shuttles molecules in the Geobacter fermentans. All
Gram-positive and Gram-negative bacteria have the ability to transfer the electron
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Table 3 Types of electron transfer mediators in different exoelectrogens

Exoelectrogens Electron transfer intermediates Current density References
(W/m?)

Leptothrix Mn(IV) and Mn(II) 200 [36]

discophora SP-6

Acinetobacter Pyrroloquinoline quinone 1.3 [37]

calcoaceticus

Shewanella Unidentified outer membrane bound 0.7 [37]

putrefaciens redox compounds

Dechloromonas 2,6-Anthraquinone disulfonate 0.6 [38]

sp.

Geobacter lovleyi Methyl viologen 0.05 [39]

Desulfovibrio Methyl viologen 0.30 [40]

vulgaris

Chlorella vulgaris Methylene blue 0.3 [41]

Klebsiella 2,6-di-tert-butyl-p-benzoquinone 199 [42]

pneumoniae

to the electrodes through self-produced shuttle molecules. The most common
microbial families able to self-produce electron shuttles are Geobacteraceae and
Desulfuromonadaceae. The most common electron shuttles are c-type cyto-
chromes. The c-type cytochromes include OmcA, MtrC, MtrE, MtrF and MtrD
[33].

5.2 Electron Transfer Via Redox-Active Protein

Geobacter sulfurreducens has the ability to transfer the electrons to the electrodes
through its anaerobic enzymatic metabolism. G. sulfurreducens can transfer the
electrons to the different acceptors like fumarate and elemental sulphur. Many
redox-active proteins are present in exoelectrogens like OmcS, OmcB, OmcT,
OmcE and OmcZ [34].

5.3 Long-Range Electron Transfer Through Conductive Pili

Short, filamentous projections on a bacterial cell, used not for motility but for
adhering to surface are called pili. These pili are involved in the transfer of electrons
from exoelectrogens biofilm. These pili translated by pilA gene. These pili act as
nanowires to transfer the electrons to the electrodes. These pili mostly present in the
strains of Methanothermobacter thermautotrophicus, Pelotomaculum thermopro-
pionicum, G. sulfurreducens and Shewanella oneidensis [35].
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5.4 Direct Interspecies Electron Transfer

Previously, this mechanism only studied in the G. sulfurreducens and Geobacter
metallireducens. In this mechanism, the strains transfer the electrons through each
other and promote the mutual growth. Recently, this mechanism has been studied
among aerobic Synechocystis and anaerobic P. thermopropionicum [43].

6 Pollutants Removal

The anaerobic SMFC can remove both organic and inorganic pollutants.

6.1 Removal of Organic Pollutants

The anaerobic SMFC is used to remove organic pollutants by generating electro-
chemical potential. The removal procedure consists of the oxidation of organic
compounds in the anode chamber coupled with the oxidation of O, in the cathode
chamber. Many hydrocarbons like nitrogen- and chlorine-containing compounds
are reported to be removed by SMFC [44]. The wastewater contains many organic
compounds like propionate, acetate and butyrate that can be completely metabo-
lized to HO and CO,. A combination of anodo-philes and cathode-philes
microorganisms is more suitable to degrade the wide range of organic compounds.
The SMFC microbe’s growth rapidly during organic removal due to suitable
conditions. The food processing wastewater, sanitary wastes, corn stover and swine
wastewater contain a high amount of organic compounds that can be removed by
SMFC and in some cases, about 80% COD removal rate was reported [45].
Sherafatmand and Ng [46] removed the naphthalene, acenaphthene and phenan-
threne 41.7, 52.5 and 36.8%, respectively. Pous et al. [47] removed NO3; and
NO, 12.14 £ 3.59 and 0.14 + 0.13 mg, respectively.

Nitrogen normally is removed by conventional biological methods such as
nitrification and denitrification. But in ANAMMOX, the ammonia could also be
anaerobically oxidized by using nitrite as electron acceptor. Recently, an
ANAMMOX-like process was reported in the anaerobic SMFC in which ammonia
was oxidized anaerobically. Conventionally nitrogen accepts the electrons from
organic compounds and is converted into nitrogen gas. In the anaerobic SMFC, the
nitrate can be used as terminal electron acceptor and reduced to produce the
electricity with positive electric potential Egs. (1) and (2) [48].

CH;COO +2H,0 — 2CO, + 7TH+8e~ Ey = —0.28 V versus SHE (1)
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2NO; + 10e + 12H* — N, +6H,0 Eg = +0.70 V versus SHE (2)

Unlike the conventional denitrification process dependent upon the heterotrophic
exoelectrogens in the anaerobic SMFC, denitrification is carried out by autotrophic
electrophiles that accept the electrons from electrode and perform denitrification.
This kind of phenomena was first reported by Gregory et al. [49] in G. metallire-
ducens which can accept the electrons from the electrodes and reduce nitrate to
nitrite. This electrophilic mechanism was also reported in the mixed culture of
exoelectrogens to reduce nitrate to nitrogen gas. These autotrophs microbes use
hydrogen as electron donor which generate in the cathode chamber. These auto-
trophic denitrifying microbes are known as autohydrogenotrophs.

Nitrate is reduced to nitrite (NO, ) which further combines with hydrogen to
produce nitric oxide (NO). Then, this compound is reduced to nitrous oxide (N,O)

Table 4 Mechanism of denitrification as electron donor (hydrogen gas)

Reaction steps Process

2H,0 + 2¢” — H, + 20H™ Electrolysis of water at cathode

NO; + H, > NO, + H,O Reduction of nitrate

NO,  + H" + 0.5H, — NO + H,0 Reduction of nitrate

2NO + H, — N,O + H,O Reduction of nitric oxide

N,O + H, — N, + H,O Reduction of nitric oxide

2NO;~ + 5H, + 2H* — N, + 6H,0 Overall denitrification

Fig. 4 Schematic Biofilm Cathode

denitrification reaction

NO3

N .

p— 2

" -
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and finally forms nitrogen gas (N,) [50]. The reaction mechanism is given in
Table 4, and the schematic reaction is shown in Fig. 4.

6.2 Removal of Inorganic Pollutants

The SMFC can also remove inorganic pollutants. Phosphorus is an inorganic
compound and can be removed by chemical and biological process but the bio-
logical process is most favourite due to its low cost. In the anaerobic SMFC, the
microbes normally accumulate phosphorus intracellularly higher than the require-
ment of their normal growth, and then, it is finally removed in the waste sludge.

Cathodic chamber

% Fe™ + H3PO,

o=l s

Multi-anodic chamber

Fig. 5 Schematic recovery of phosphorous in the anaerobic SMFC
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Phosphorus has not been studied as extensively in SMFC as nitrogen-containing
compounds but in Fig. 5, the recovery of phosphorus has been shown.

The anaerobic SMFC can also remove toxic heavy metals like Cu (II), Zn (II), U
(VI), Cr (VI) and Cd (II) to insoluble and less toxic forms. Many SMFC elec-
trophiles reduce heavy metals into insoluble or less toxic forms which release into
the overlying water or absorb on the electrodes surface.

Abbas et al. [51] removed arsenic (46.56%), cadmium (60.75%) and lead
(42.49%) in the non-aerated SMFC. Li et al. [52] also removed about 66.2% of Cr
through the reduction of Cr,0,>~ to Cr,0s5 in the anaerobic SMFC. Not all the
heavy metals can be remediated by reduction. Some heavy metals require reduction

Table 5 List of microbes with type of pollutants removal

Microbes Contaminates References
remediation

Saccharomyces cerevisiae Zn2* [54]
Saccharomyces rimosus Cu** [55]
Penicillium chrysogenum

Phanerochaete chrysosporium Pb>* [56]
Streptomyces clavulgerus

Bacillus lentus Cd2* [57]
Candida sp. Cu** [57]
Pseudomonas aeruginosa, Cellulomonas turbata Cr(VI) [58]

Shewanella oneidensis, Aspergillus parasiticus
Corynebacterium hoagie, Bacillus megaterium
Bacillus maroccanus, Pseudomonas sp.,
Trichococcus pasteurii, Aspergillus niger

Bacillus sp., Desulfovibrio desulfuricans Se(VI) [59]

Desulfovibrio desulfuricans, Bacillus subtilis, Se(1V) [60]
Rhodospirillum rubrum, Microbacterium arborescens,
Pseudomonas fluorescens, Anaeromyxobacter

dehalogenans

Geobacillus sp., Verticillium luteoalbum, Shewanella algae, Au(TI) [61]
Cupriavidus metallidurans

Cupriavidus metallidurans, Escherichia coli, Cupriavidus Pd(1I) [62]
necator, Geobacter sulfurreducens

Shewanella oneidensis V(V) [63]
Plectonema boryanum Ag(D) [64]
Desulfotomaculum auripigmentum, Chrysiogenes arsenates | As(V) [65]
Shewanella putrefaciens, Bacillus subterraneus Mn(IV) [66]
Bacillus subterraneus, Geobacter psychrophilus, Fe(III) [67]
Shewanella putrefaciens, Geobacter bemidjiensis, Bacillus

subterraneus

Klebsiella sp., Serratia sp., Acinetobacter calcoaceticus Mo(VI) [68]
Bacillus cereus, Anoxybacillus sp., Shewanella oneidensis HgI) [69]
Escherichia coli, Geobacter sulfurreducens, Desulfovibrio Te(VID) [70]

desulfuricans
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to convert into less toxic forms like arsenic which needs oxidation with ferric
oxides. Under reduction, mercury converts to the more toxic methyl mercury. So
oxidation is required to pump out the mercury from the cells. The different pol-
lutants removal by different microbes is shown in Table 5.

7 Mechanisms of Pollutants Removal

The microorganisms that act as electron acceptors from cathode donor are called
electrotrophs. As shown in Fig. 6, many limitations of electron transfer have been
overcome by exoelectrogens. Many studies reported that the gene expression of
electrotrophs is totally different from exoelectrogens like pilA and omcZ genes [53].

But in the case of fumarate reduction by G. sulfurreducens, the electrons enter into
bacteria through same pathways as electron moving from bacteria to electrodes. G.

G
A Reduced Oxidized
T shuttles shuttles Cu® Cu*
H ® O
0 ® O
D
E
3+ "
- Cd cd®

Fig. 6 Schematic representation of electrotrophs
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sulfurreducens reduces soluble U(VI) to insoluble U(IV) and also soluble, toxic Cr
(VD to insoluble, less toxic Cr(III) by accepting the electrons from the electrodes [71].

In this process, energy is supplied by electrodes to produce an electron potential
that makes favourable conditions for oxidation and reduction and if CO, is fixed,
then this process is called electrosynthesis, similar to photosynthesis. Initially, the
cathode was considered to act as electron donor to pure cultures of Geobacter
spp. Recently, more species have been identified that may be electrotrophs in the
pure culture of biofilm like Sporomusa ovata, G. sulfurreducens, Sporomusa
sphaeroides, Clostridium ljungdahlii, Clostridium aceticum, Moorella ther-
moacetica and G. metallireducens [72]. These bacteria are mostly present in the
single layer on the cathode but the cathode also attracts the mixed culture of
electrotrophs with the ability of biosynthesis, improving bioremediation and
biosensing. Normally, a thick biofilm is observed on the anode and thin biofilms on
the cathode with pure culture. Recently, thick biofilms of mixed culture were
observed on the cathode that will be helpful for new investigations. The biofilm
dynamics and products totally depend upon the amount of current given to the
cathode. This is very helpful to understanding the nature of interspecies interactions
for the electron transfer.

8 Application of Anaerobic SMFC

The recent investigation in SMFC scaling-up, many possible applications can be
considered.

8.1 Bio-hydrogen

Under the normal operating conditions, the production of bio-hydrogen from pro-
tons and electrons is theoretically impossible. Normally, the protons move to the
cathode and combine with oxygen and produce water. For bio-hydrogen synthesis,
there is need to increase cathode potential to overcome the thermodynamic barrier.
In this process, electrons and protons are combined at the cathode and formed
hydrogen. Theoretically, about 110 mV is required for the direct electrolysis of
water at pH 7.0 because some energy arises from oxidation of biomass. The con-
ventional fermentation can produce about 4 mol H,/mol glucose but anaerobic
SMEFECs can potentially generate about 8-9 mol H,/mol glucose [73]. In the pro-
duction of bio-hydrogen, there is no need for oxygen in the cathode chamber so the
SMFC efficiency can be increased by leaking of oxygen to the anode from the
cathode. The produced hydrogen can be accumulated and stored for later usage.
This hydrogen can be used for powering the SMFC during a low energy production
stage. So this is a very good source of renewable energy production.
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8.2 Biosensor

The SMFC can be used as pollutants biosensor and for in situ monitoring and
control. The directly proportional relation between strength of wastewater and
Coulombic efficiency make the SMFC suitable to be used as BOD biosensor. The
accurate BOD value normally measured by Coulombic efficiency. Many
researchers worked on the calculation of Coulombic efficiency by using the strength
of wastewater [74, 75]. However, a higher BOD concentration needs a long
response because the Coulombic efficiency can be calculated after the BOD has
depleted in the wastewater. Many efforts are made for accurate measuring of BOD.
Low BOD values can be monitored measuring the amount of current passing
through SMFC. At high BOD, the amount of current increased in an
oligotroph-type SMFC. At this stage, due to the high substrate concentration, the
anodic reactions are very slow. This type of biosensing can be used for the real-time
BOD calculation of secondary effluents, surface water and highly diluted BOD
samples. This biosensor has many advantages over other BOD sensor as SMFC has
good operational properties, accuracy and reproducibility. The SMFC biosensor can
be operated for 5 years without any maintenance [6].

8.3 Bioelectronics

The exoelectrogens can be used for the detection of different chemical and pollu-
tants. The produced signal can be translated into electrical peaks, which lead to the
development of biological and biocomputing sensors. The high conduction of
exoelectrogens biofilms and pili lead to the development of biodevices. There are
many advantages of bioelectronics: (i) charge can be transmitted and stored
underground water, (ii) devices can be constructed from less toxic material,
(iii) bioelectronics have the ability of self-repairing and replication, and (iv) the
high accumulation of c-type cytochromes and conduction of G. sulfurreducens
make it as super-capacitors. Further investigations are required about the metal like
conduction of these nanowires.

9 Future Directions

For the efficient power generation and bioremediation of pollutants, more investi-
gations are needed.
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9.1 Modelling

On the basis of biology, geochemistry and electrochemistry, the optimal SMFC
model can be predicted. Others factors like depth of water, distance between
electrodes and anode depth are needed to investigate prior to field implementation.
As the electrodes distance increases, the ohmic losses also increase. So a floating
SMFC may be future solution.

9.2 Monitoring

The next main challenge is to monitor the interaction of electrodes and microor-
ganisms. So more controlled SMFC model can be constructed. Molecular tech-
niques like in situ hybridization and metagenomics can be used for better control
monitoring of exoelectrogens.

9.3 Selection of Electrode Material

The composition of electrodes material is very important because the electrodes act
as electrons acceptor and donor. So the electrodes material should be resistant to
biodegradation/corrosion, high surface area, mechanically durable, high porosity
and cost-effective. The Fe** woven and Mn(IV) woven material may be future
electrodes material solution because this material has property of synergistic
interaction with exoelectrogens.

9.4 Electromicrobiology

Many future research directions in SMFC microbiology are needed such as inter-
actions of pure and mix microbial cultures with electrodes, conduction of pili,
biofilm formation and other conductive exoelectrogens.

9.5 Overlying Water

The pH, temperature, BOD and COD are very important for the efficient perfor-
mance of SMFC. The dissolved oxygen is very important for current generation.
More investigation is needed to find the technical solution to improve the oxygen
concentration into overlying water.
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9.6 SMFC Scaling-up

The production of power at a Watt level is not reported in any SMFC study. So
there is need to design an optimal SMFC model for practise at field level. So further
investigations are needed to optimize the following factors like reactor design,
operational mode, material selection and environmental sustainability of system.

10 Conclusions

This study has summarized the model of anaerobic SMFC and its operating
mechanisms that could be possibly used for the power generation and bioremedi-
ation of pollutants. From the current perspectives, the selection of electrodes
material and its cost and efficient performance will be future attractive directions for
SMEFC. The integration of SMFC with wastewater treatment technologies will offer
more promising tools for wastewater treatment. Future directions and challenges for
the SMFC scaling-up are also discussed. These challenges will be overcome by
joint accomplishment from different fields like chemistry, geology, biology, phy-
sics, biotechnology and computer science.
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A Current Review on the Application M)
of Enzymes in Anaerobic Digestion e

Mariani Rajin

Abstract Although the anaerobic digestion process is widely applied in waste
management, it is recognised that the hydrolysis step in the treatment is a bottleneck
that can restrict the rate that methane is produced. Enzyme addition during
hydrolysis of a substrate has been reported as a promising alternative to overcome
this limitation. This chapter presents a review of the supplementation of enzymes to
facilitate the hydrolysis process of various types of substrates in the anaerobic
digestion system.

Keywords Anaerobic digestion - Enzyme - Hydrolysis - Anaerobic digestion
pretreatment

1 Introduction

Anaerobic digestion is a microbial process converting biodegradable organic
material in the absence of oxygen into other forms of product such as biogas,
anaerobic biomass and organic residuals [1]. This technology is widely applied in
waste management including septic tanks, sludge digesters, agriculture residuals
and energy crops, wastewater treatment, hazardous waste management and agri-
cultural waste management [2, 3].

It is a versatile and effective technology. For instance, the anaerobic digester
system is cost-effective in solving waste problems. Moreover, the application of this
technology has a profound effect on reducing environmental impacts and enhancing
the production of biogas. Owing to its benefits, anaerobic digestion has been
discussed in numerous publications over the past decades.

Generally, anaerobic digestion process can be considered to occur in four
sequential steps, namely, hydrolysis, acidogenesis, acetogenesis and methanogenesis
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Fig. 1 Main steps in anaerobic digestion

(Fig. 1; Table 1). The technologies and operating mechanisms in each step have been
well explained by previous researches [1, 4, 5]. Among these steps, hydrolysis is
known as the rate-limiting step in anaerobic digestion.

During hydrolysis, complex polymers such as carbohydrates, lipids and proteins
are converted into soluble monomers such as amino acids, sugars and long-chain
fatty acids by extracellular microbial enzymes. The hydrolysis of these complex
organic polymers has been identified as the key to success of the anaerobic
digestion process. It has been shown that the improvement in the hydrolysis step
enhanced biogas production of anaerobic digestion. Many techniques have been
reported to improve the performance of anaerobic digestion system, in particular,
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Table 1 Anaerobic digestion process details

Step Process description

Hydrolysis Complex organic polymers such as carbohydrates, lipids and proteins are
converted into dissolved monomers such as amino acids, sugars and
long-chain fatty acids

Acidogenesis The monomers are converted into volatile fatty acids and alcohols by
acidogenic microorganisms. Hydrogen and carbon dioxide are also formed
in this step

Acetogenesis Organic acids are converted to acetate, carbon dioxide and hydrogen by

acetogenic microorganism

Methanogenesis | Methanogenic microorganisms convert acetate, hydrogen and carbon
dioxide into methane and carbon dioxide

the hydrolysis step. Among them is the addition of enzymes to accelerate the
hydrolysis reaction. Pretreatment of the substrate has also been reported. The main
purpose of pretreatment is to make the organic substrate more accessible to
microbial action. Pretreatment methods can be classed into three major categories,
namely, chemical, physical and biological as described in the following section.

Therefore, in this chapter, the utilisation of enzymes in hydrolysis is highlighted.
This review will focus on the hydrolysis and pretreatment of substrates in anaerobic
digestion mediated by enzymes. In addition, the effect of enzyme treatment com-
bined with other types of pretreatment is also presented.

2 Role of Enzymes in Anaerobic Digestion

Enzymes are complex organic molecules made of protein and present in every
living cell. As catalyst in biochemical reactions, enzymes decrease activation
energy, thus speeding up the rate of reaction [6]. In recent years, there has been an
increasing interest in the use of enzyme for synthesis of fine and commodity
chemicals, pharmaceutical and agrochemical intermediates, and in waste treatment.

In anaerobic digestion, bacteria degrade substrates through enzymes.
Endoenzymes and exoenzymes are two types of enzyme produced in the cell and
involved in substrate degradation. Schematic diagrams of endoenzymes and
exoenzymes are shown in Fig. 2. Endoenzymes are able to degrade soluble sub-
strate within the cell. Meanwhile, exoenzymes are transported extracellularly
through the slime coating, where they break down the insoluble substrate attached
to the slime. Once in contact with the substrate, exoenzymes proceed to solubilise
particulate and colloidal substrates. Then, these substrates enter the cell and are
subsequently degraded by endoenzymes [2].

Not all bacteria produce exoenzymes. According to Burgess and Pletschke [7],
exoenzymes can originate from one of three key sources, namely, sewage influent,
activated sludge via cell autolysis and enzymes that are actively secreted by cells.
Moreover, enzymes are known as reaction- or substrate-specific catalysts. Each
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Fig. 2 Types of enzymes involved in substrate degradation [43]

enzyme degrades only a specific substrate or a group of substrates. In order to achieve
a high degradation rate, it is important to provide proper types of exoenzymes and
endoenzymes in a system. Therefore, for degradation of a wide variety of substrates, a
large and diverse community of bacteria is needed [2]. Furthermore, bacteria and
archaea involved in anaerobic digestion can only utilise simple compounds with low
molecular weight. Additional enzymes are needed to break up larger molecules, for
example, proteins, lipids and carbohydrates, which are among the major constituents
in anaerobic digestion [8]. Hence, supplying additional enzymes into the anaerobic
system is considered as a great alternative for stimulating waste degradation, thus,
enhancing the performance of the anaerobic digestion system [9].

Besides that, enzymes are naturally occurring compounds that are biodegradable
[10]. Their negligible contribution to biochemical oxygen demand (BOD) in the
waste stream makes them harmless in anaerobic treatment processes and aquatic
ecosystems [11]. In addition, by being versatile, enzymes can catalyse a variety of
substrates under a wide range of environmental conditions. They can work in the
presence of various types of microorganisms, recalcitrant and toxic substrates, as
well as microbial metabolism inhibitors. Moreover, the enzymes’ higher solubility
and smaller size allow easier access to substrates compared to microbes [12]. These
characteristics make it possible for enzymes to be applied in a wide range of
applications, including anaerobic digestion.

3 Application of Enzymes During Hydrolysis Stage
in Anaerobic Digestion

The first stage in anaerobic digestion is hydrolysis. During enzymatic hydrolysis,
polymers are transformed into soluble monomers. This process is mediated by
extracellular microbial enzymes known as hydrolases or lyases. Depending on the
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type of reaction catalysed, these hydrolases can be esterase, glycosidase or pepti-
dase. For example, esterase and glycosidase are involved in hydrolysis of
hemicellulose-based substrate, whereas peptidase is able to mediate the hydrolysis
of substrate with high amount of protein [13]. In this stage, polysaccharides are
transformed into simple sugars; cellulase enzyme-mediated hydrolysis of cellulose
produces glucose, degradation of hemicellulose yields monosaccharide and amylase
enzyme converts starch to glucose [2].

Many previous researches have shown that hydrolysis is a relatively slow pro-
cess and generally, it limits the rate of the overall anaerobic digestion process [13].
Therefore, in order to improve the efficiency of biomass conversion in anaerobic
digestion, increasing the hydrolysis rate is critical. Enzymatic hydrolysis is one of
the available options to promote the performance of anaerobic digestion. This
process can be operated under mild condition, has high substrate and reaction
specificity, and generates no by-product [14, 15]. Some examples of enzyme
application in hydrolysis of various substrates are presented in Table 2.

3.1 Enzymatic Hydrolysis of Lignocellulosic Materials
in Anaerobic Digestion

The increase in interest is being shown in using enzymes in the hydrolysis of
lignocellulose-rich substrates. Lignocellulosic materials are composed of cellulose
and hemicellulose that are tightly bound to lignin. The addition of enzymes into this
type of substrate could facilitate lignin degradation in the anaerobic digestion
process. Lignin degradation increases hydrolysis rate by allowing microorganisms
easy access to cellulose and hemicellulose in a lignocellulosic substrate. Thus, the
enzymatic activity can be manipulated by supplying additional enzymes into the
system [16, 17].

The ability of cellulase, hemicellulase and B-glucosidase enzymes to hydrolyse
plant cell walls in anaerobic digestion systems has been studied by Romano et al.
[17]. Anaerobic digestion was conducted in batch reactors operated at 50 °C, using
wheatgrass as a model substrate. The results showed that when added directly to a
single-stage digester, the enzymes had no significant effect on biogas production.
On the other hand, enzyme addition during pretreatment of a two-stage digestion
system effectively solubilised the wheatgrass leading to a higher biogas yield.
Enzymatic pretreatment promotes hydrolysis of lignocellulose, breaking it down to
lower molecular weight substances that are ready to be utilised by the bacteria.
Nevertheless, at the end of the digestion period, there were no significant
improvements in the biogas and methane yields and volatile solids reduction
compared to the untreated reactors.

Fungal hydrolytic enzyme mixtures, with major components consisting of cel-
lulase, hemicellulase, xylanase, pectinase, xylan esterase, pectinesterase, lipase,
amylase glucosidase and protease, have been applied in different types of
lignocellulose-rich feedstock. The results obtained depict a clear increase in
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methane production for solid cattle manure, grass silage, feed residue and maize
silage [10]. In another example, lignin peroxidase (LiP) and manganese peroxidase
(MnP from Phanerochaete chrysosporium) successfully accelerated lignin-rich
waste degradation and produced higher cumulative methane at the end of the
digestion process [9]. Similarly, Schroyen et al. [18] found that enzymatic
hydrolysis using laccase and peroxidase assisted lignin’s matrix degradation,
leading to a significantly higher release of total phenolic compounds from plant
biomass.

Recently, the addition of exogenous enzymes into the digester to treat cellulosic
materials has shown mixed success. The reason for this finding might be the origin
of the enzymes, where the enzymes used originated from organisms. These
enzymes were not evolutionarily adapted to the environment of anaerobic digesters.
As a response to this problem, Speda et al. [19] investigated the potential of
cellulolytic enzymes, which are produced and collected from a specific methano-
genic microbial community. It was concluded that the enzymatic activity improved
the yield and production rate of biogas.

3.2 Enzymatic Hydrolysis of Food Waste in Anaerobic
Digestion

Food waste from households, restaurants and the food industry is rich in proteins,
fats, carbohydrates and so forth, which are excellent substrates for anaerobic
digestion. Wastewater from the food industry is difficult to treat through conven-
tional biological treatment systems due to its chemical oxygen demand and high
concentration of sugar, proteins, oil and grease [5].

In previous research, numerous yeast cell wall hydrolytic enzymes were studied
on anaerobic digestion of Scotch whisky distillery spent wash and pot ale that have
high oxygen demand. By conducting enzymatic pretreatment prior to anaerobic
digestion of pot ale residues, the results showed chemical oxygen demand
(COD) reductions of 87%, compared to 13% for digestion without enzymes [20].

Commercial enzymes such as carbohydrases, proteases and lipases have been
used to improve hydrolysis of food waste. It was found that the mixture of these
three enzymes appeared to be more efficient than that of using only a single
commercial enzyme. This enzyme mixture resulted in high yield of methane and
removal of soluble chemical oxygen demand [21].

Previous studies have shown that a fungal mash rich in hydrolytic enzymes
successfully improved the hydrolysis rate of food waste for anaerobic digestion. For
example, a fungal mash produced from cake waste, which has high amount of
protease and glucoamylase, applied for enzymatic hydrolysis of mixed food waste,
achieved a volatile solid removal of 80.4 £ 3.5%. Moreover, the production rate
and biomethane yield from food waste pretreated with fungal mash were found to
be 3.5 and 2.3 times higher, respectively, than without pretreatment [22]. A similar
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type of enzyme source was used for pretreatment of food waste, activated sludge
and their admixture to improve the efficiency of subsequent anaerobic digestion.
The methane yield was found to be 2.5 for activated sludge mixed with food waste
pretreated with fungal mash. This value is 1.6 times higher compared to activated
sludge alone without and with pretreatment. Meanwhile, the total volatile solid was
reduced by 54.3% [23]. Besides that, in a recent study, it was found that lipase
addition could enhance biomethane production of high-lipid content food waste.
Pretreatment using lipase shortened digestion time by 10—40 days while methane
production rate was enhanced by 26.9-157.7% [24].

Furthermore, enzymatic pretreatment has been conducted on wastewater rich in
lipids. It is known that the presence of lipid substrate in anaerobic digesters may
lead to operational problems such as flotation of granular biomass conducting to
washout and severe toxicity due to lipids affecting both methanogenic and aceto-
genic microorganisms [25]. The efficiency of applying porcine pancreatic lipase in
simultaneous enzymatic hydrolysis and anaerobic biodegradation of lipid-rich
wastewater from the poultry industry has been studied by Dors et al. [26]. The
results showed that hydrolysis and anaerobic biodegradation could be carried out
concurrently using a low enzyme concentration of 0.05 gL ™'. All samples pre-
treated with lipase displayed a positive effect on COD and colour removal as well as
enhancement in methane formation. Another experiment on enzymatic treatment of
lipid-rich substrate was conducted by Domingues et al. [27]. The authors discov-
ered that lipase from Candida rugosa was suitable for use in hydrolysis of dairy
waste as indicated by high biogas and specific methane productions.

A previous study showed that enzymatic pretreatment could greatly enhance the
hydrolysis of chicken feather waste in anaerobic digestion [28]. Feather is com-
posed of 90-92% protein, present in the form of B-keratin, which is very stable and
has a relatively low biodegradability rate. Enzymatic hydrolysis mediated by serine
protease was proven to improve the digestibility of feathers and enhance its biogas
yield, where an increase of 122% in methane yield was achieved as compared to the
untreated feathers.

Other than that, partially purified lipase from Staphylococcus pasteuri COM-4A
immobilised on a Celite carrier has been applied for the enzymatic hydrolysis of
unsterilised coconut oil mill effluent. Oil and grease and chemical oxygen demand
were reduced successfully while the volatile fatty acid and long-chain fatty acid
contents of the hydrolysed effluent increased significantly. Furthermore, anaerobic
biodegradation of the prehydrolysed effluent showed significant improvement in
biogas production and organic load removal [29].

The effect of Carica papaya latex and peel as an enzyme source on hydrogen
yield and degradation efficiency of glucose, protein and lipid has been investigated.
An increment in hydrogen yield based on protein and lipid degradation with sub-
strate degradation efficiency of 51.3 + 4.4% and 33.7 & 2.6%, respectively, was
achieved [30].
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3.3 Enzymatic Hydrolysis of Sewage Sludge in Anaerobic
Digestion

Digested sludge is recognised as a complex material constituting particulate
material, microorganisms and extracellular polymeric substances that are excreted
by these microorganisms. Problems associated with sludge include (1) presence of
non-digestible material that can be inorganically bound to either carbon or slowly
digestible organic compounds; (2) most of the organic compounds are located
within cells produced during the activated sludge treatment process. The stable
structure of the cell wall makes it resistant to biodegradation; and (3) presence of
lignocellulosic materials in the sludge. These problems can be solved by increasing
the hydrolysis rate of the sludge biomass into fermentable structures [5].

An enzymatic hydrolysis of sludge enhanced the hydrolysis yield under mild
operating conditions, with low energy consumption and less by-product formation
[31]. For the last three decades, various types of enzymes such as amylase, protease
and endo-glycanases have been successfully applied in the hydrolysis of organic
compounds presents in sludge [32]. Luo et al. [33] investigated the effects of
enzyme dosage and temperature on waste activated sludge hydrolysis. It was found
that an increase in amylase enzyme loading led to higher reduction in volatile
suspended solid. The optimum enzyme loading was found to be 0.06 g amylase/g
dry sludge. The results also showed that when the temperature increasing from 40
to 70 °C, the rate constant of a-amylase hydrolysis process increased from 0.106 to
0.215 h™', while the reaction activation energy for volatile suspended solid
hydrolysis reduced from 62.72 to 20.19 kJ/mol. From these findings, it was con-
cluded that a-amylase strongly enhanced the hydrolysis of waste activated sludge
and higher temperature contributed to higher hydrolysis efficiency.

Various enzymes have been used to promote degradation of common wastewater
and sludge constituents. The effect of lipase, cellulase, amylase and protease on
anaerobic digestion of primary sludge under typical septic tank conditions has been
studied [8]. Septic tanks can be considered as simple anaerobic digesters that
achieve partial degradation of organic materials under ambient conditions. It was
determined that enzymatic treatment did not increase hydrolysis and digestion rates
in primary sludge. Moreover, no significant improvements were observed in
removal of total solids, volatile solids, total suspended solids, total and soluble
chemical oxygen demand and organic acids compared to control reactors.

Donoso-Bravo and Fdz-Polanco [11] assessed the effect of lipase addition and its
dosage in anaerobic digestion of sewage sludge and grease traps. The addition of
grease trap residue into the anaerobic digestion of sewage sludge has a negative
effect on waste biodegradability. They discovered that enzyme addition notably
increased methane production for all samples studied.



A Current Review on the Application of Enzymes ... 65

4 Enzymatic Pretreatment Combined with Other
Physicochemical and Chemical Pretreatments

The main objective of pretreatment is to increase substrate solubility in order to
accelerate the hydrolysis process and to decrease the amount of sludge for disposal.
Different approaches have been applied to enhance the effectiveness of anaerobic
digestion [12, 34]. Many chemical and physical treatments including thermal,
pretreatment methods have been evaluated. One of them is the combination of
pretreatment to increase biodegradability of waste. Some examples are shown in
Table 3.

Enzymatic pretreatment can be combined with chemical treatment methods.
Chemical and enzymatic sequential pretreatment of oat straw has been reported
earlier [35]. The cellulose mediated hydrolysis of oat straw was conducted after
acid and alkaline hydrolysis. It was found that solubilisation of 96.8% hemicellu-
lose, 77.2% cellulose, and 42.2% lignin was achieved with the combination of mild
acid and enzymatic pretreatment.

On the other hand, Rollini et al. [15] combined alkaline-enzymatic pretreatment
of ensiled sorghum forage, a lignocellulosic substrate. Higher specific methane
production rates were obtained compared to untreated samples. This combination
showed a positive impact by solubilising up to 32 and 56% of cellulose and
hemicellulose, respectively, compared to sole enzymatic hydrolysis. Furthermore,
the enhancement of hydrolysis rate of the combination pretreatment may have
resulted from physical redistribution or changes in composition of lignin and
increase of accessible surface area and pore volume of the substrate after alkaline
pretreatment.

Similar findings have been obtained by Michalska et al. [3] when alkaline and
enzymatic pretreatment of energy crops was conducted. The authors concluded that
the combined treatment in a two-step process is more efficient with regard to biogas
production; it was about 30% higher and exceeded 60% volume of methane yield,
in comparison to enzymatic hydrolysis alone. Alkaline treatment allows efficient
delignification and partially solubilises hemicellulose and thus, increases accessi-
bility of lignocelluloses for both enzymes and microorganisms. Moreover, the
removal of hemicellulose and lignin was shown to enhance hydrolysis of ligno-
celluloses [36, 37].

Enzymatic treatment using lipase coupled with ultrasound irradiation was done
in the pretreatment of synthetic dairy wastewater containing around 2000 mg/L fat
[38]. By applying this technique, 78% hydrolysis yield was achieved with mini-
mum exposure time due to the increase of mass transfer rate. A different finding was
observed when this technique was applied for pretreatment of corn cob and vine
trimming shoots, agricultural wastes with high lignocellulosic content [14]. The
application of ultrasound and subsequent enzymatic hydrolysis improved biogas
production from corn cob but not from vine trimming shoots due to the negative
effects of ultrasound. Nonetheless, enzymatic pretreatment alone using Ultraflo
enzyme successfully enhanced the transformation of both substrates into biogas.



M. Rajin

10B1X
SQWAZUD snJ1842dsy pue (Ise1dsd [Ko[nidy

[z¥] Te 1o %¢ ¢ Aq paonpold ownN[oA | pue ISB[N][O ‘SBIQO[[D ‘OSBUR[AX [BIAB[[0D Juounjeanard
ZonSUpoyY-za19g QUEYJOW ) JO ISBAIOU] pue ‘OseueON|S-g-(1/)¢ [-0pud) T o OPENIN Qoo uI0) |  SAlRS ONEWAZUI-UOISNNXD I[E[Y
poyowr
[6€] | 9am [e jo uoneurquod YIm
[QIUI M -BYS[EMOY] | SAS/TW £'868 JO Aanonpoid (eseunoad) aoewod 300doiSy juounyeonord
pue D{SUNUIZ se3o1q oAne[nWND I1SOYSIH | pue (Sseue[AX ‘eseuron[Sopus) TX Jeisn[o) dind 3999 1e3ng SOLIS | oneWAZUL-[euLIay)-SuIpuLID)
S100YS SUTUIWLI) QUIA WOIJ
uononpoid se3orq paonpay — (ase19)so [Ao[niay
[#1] Te 3@ qoo w00 woiy uononpoid puE 9SE[N[[90 ‘OSLIqO[[AD ‘OSLUB[AX [BIJEL[[0D sjooys Juruwirn juourjeanard
Zon3UPOY-Z19d se3o1q ay) poaoidwy — pue ‘eseuedn|3-g-(1)¢‘ [-0pud)T (OPeNI() | SUIA Pue qOd WI0) |  SOLLS onewAzZud-punosen|n
qyel SISK[0IPAY 9,8/ —
[8¢] poyrey U () 03 Y 4 Woly Juouneanard
pue Ie[npy QW) UOTIOBAI Y} SONPAY — pso§nt vpipun) woij asedr| Io)emalsem Ame(q | mis uf onewAZud-punosenyn
(vnpoaydpvuriay
ppIg pue snauns1s
[€] (ase1qora2) 881 SYIUDISIPN) syuouneanaid
‘[€ 19 BYS[RUDIA] | PISIA SUBYIOUWL UT 9SBAIOUL 9()9 QWAZOAON pue (SSe[n[[a2) S T ISB[ON[[RD sdoro AS1oug |  soueg onewAZuUd-auIEey|Y
(soseuron[3-g--1-0pud) (g IsejewiLld —
(surens snjjovg
wolj saseue[Ax-opud) DY swAzding —
(surens snjj1842dsy woiy
uononpoxd aseunoad pue oseuoinyoeedAjod) T enjn -
QuUBYJOW UT ISBAIOUL 9/ € — (smamop snydiadsy
SISO[N[[2TWAY 9,9G pue wolJ ISBUB[AX PUB 9Se[N][ooIay a3e10J sjuouneanaid
[ST] 'Te 30 TUI[[OY | 9SO[N][O 9,7¢ UONeZIIqn|oS — ‘aseueon[3-¢ ‘oson[ao) TOY WAZeIy — wny3I1os pofisug |  soLRS onewAzZud-oulfey[y
urusIf Jo 9Ty pue 9so[M[[d
[¢e] Te 1o JO 947" L[ ‘9SO[N[[aITWAY sjuouneanaid
IBAO -ZoWON) JO 9,896 UONeZIIqN[oS (9se[n[[a9) TG°T ISe[oN[R) MBS JBQ | SOLIOS oW AZud-proe-oulfey[y
ReRlicieleN| 100 sowkzuyg Jlensqng | sse00I1g JuouIEaNaIg

66

juounjeenord oNEWAZUS YIM UOHBUIQUIOD UT PIsn SPOYJoU Jusweanald ¢ dqel



A Current Review on the Application of Enzymes ... 67

The combination of mechanical and thermal treatments prior to enzymatic
treatment could reduce cost. Zieminski and Kowalska-Wentel [39] investigated the
effect of different sugar beet pulp pretreatments on biogas yield in anaerobic
digestion. Celustar XL (endoglucanase, xylanase) and Agropect pomace (pectinase)
were used in the enzymatic pretreatment. It was observed that the enzymatic
hydrolysates of the ground and thermal-pressure pretreated substrates achieved the
highest cumulative biogas productivity of 898.7 mL/g volatile solid. It is stated in
the literature that grinding of lignocellulosic materials affects the structure of the
cellulose. After grinding, it is more susceptible to enzymatic depolymerisation due
to the reduced in the crystallinity of cellulose [40].

Among various pretreatment processes, extrusion is simple, flexible and adapt-
able. Extrusion is a process in which uniformly moistened biomass material is
passed through an extruder barrel applying pressure with a screw. This method has
been reported as an effective physical method for biomass size reduction that
enhances anaerobic digestion of lignocellulosic materials [41]. Pérez-Rodriguez
et al. [42] have investigated the effect of this pretreatment alone and in combination
with alkaline and/or enzymatic hydrolysis to improve production of methane via
anaerobic digestion of corn cob. Among all the pretreatments studied, sequential
alkaline extrusion and enzymatic hydrolysis pretreatment achieved the highest
methane production rate.

5 Conclusion

This review clearly indicates that utilisation of enzyme is an alternative to overcome
limitations associated with anaerobic digestion. The effect of enzymatic hydrolysis
in digester and pretreatments is, however, very dependent on biomass composition
and operating conditions. Future research on development and optimisation of
enzymatic hydrolysis is needed to achieve maximum benefit from this technology.
In addition, to reduce the cost of treatment using enzymes, more investigation on
enzyme preparation, stability and activity should be conducted.
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Abstract A simulation of the anaerobic digestion process for municipal solid
waste (MSW) treatment has been carried out using Aspen Plus software. Anaerobic
digestion uses enzymes to solubilise particulate organic compounds so that they can
be easily separated from inert waste such as plastic, metals and textiles. The
complex substrates such as proteins, carbohydrates and fats are hydrolyzed into
their respective monomers, such as amino acids, glucose and fatty acids. The
hydrolyzed monomers then are converted into different volatile fatty acids (VFAs);
later the VFAs are converted into carbon dioxide, acetic acid and hydrogen.
A model of the anaerobic digestion process is represented by RSTOIC and RCSTR
reactors in Aspen Plus. The hydrolysis reactions occur in RSTOIC reactor;
meanwhile, amino acid degradation, acidogenic and acetogenic reactions are
implemented in RCSTR reactor. The amount of dry matter content in bioliquid was
20 wt% which mainly consists of VFA. Sensitivity analysis has been performed in
order to study the effect of residence time for the production of organic liquid
fraction (bioliquid). The amount of bioliquid produced was increased as residence
time was increased.

Keywords Anaerobic digestion - Process simulation - Bioliquid
Aspen Plus - Municipal solid waste - Food waste

1 Introduction

Municipal solid waste (MSW), commonly known as trash, garbage or rubbish, is
discarded from residential, commercial and institutional areas, and consists of
everyday items. MSW is being generated at a rate that exceeds the ability of the
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natural environment to naturalize it and municipal authorities to manage it, as the
global population increases dramatically and with changing consumption patterns,
economic development, rapid urbanization and industrialization. The situation is
more severe in developing countries such as Malaysia where the rapid growth of the
economy and population have caused MSW to proliferate by 28% in a period of a
decade [1]. According to Malaysia Second National Communication to the
UNFCCC [2], it is predicted to increase further by 30% in 2020 and 39% in 2030
compared to the baseline year of 2007. About 93.5% of municipal solid waste in
Malaysia goes to landfills or open dumpsites without gas recovery, meanwhile, only
5.5% of MSW is recycled and 1.0% is composted [3]. The over-reliance on
landfilling and inappropriate waste disposal has been continuously pressing the
environmental, health and safety issues for the Malaysian citizens. It is also
amplifying the share of total global anthropogenic greenhouse gas (GHG) emission,
which is caused by the production of methane gas (CH,) through the anaerobic
decomposition of solid waste in landfills [4].

The Government of Malaysia is seeking practical solutions to improve the
current waste management situation, including the sanitation and closure of illegal
landfills, waste incineration with energy recovery, upgrading landfills with CH4
recovery, composting of organic waste and recycling and waste minimisation.
Among all the proposals, waste to energy (WTE) is a promising alternative to
surmount the problem of waste generation and a potential renewable energy
(RE) source for Malaysia [4]. WTE refers to the recovery or generation of the
energy from waste materials into useable heat, electricity or fuel from the primary
treatment of waste. MSW has the potential to bring new financial advantages and
sources of fuel for future energy needs [5]. WTE has been practiced in Malaysia in
recent decades and is implemented for biomass from agricultural waste and forestry
residues (i.e. palm oil biomass, paddy straw and logging residues). However, WTE
from MSW is still underutilized in Malaysia. Feasibility analyses of WTE from
MSW in Malaysia have been conducted by local researchers over the past decade
[6]. Besides MSW, WTE technologies are also applicable to different waste cate-
gories such as solid, liquid (e.g. domestic sewage), and gaseous (e.g. refinery flue
gas). WTE approaches can be categorized into three types: thermal treatment,
biological treatment and landfill. Biological treatment of WTE included anaerobic
digestion process with the production of biogas [5].

The anaerobic digestion process occurs in environments depleted of oxygen and
involves the breakdown of organic matter into biogas and other traces gases, as well
as a residual effluent or digestate. There are four steps in the anaerobic digestion
process: hydrolysis, acidogenesis, acetogenesis and methanogenesis. As a result,
four steps of reactions (in the anaerobic digestion) can be differentiated due to the
different kinds of microbial populations and the specific optimal parameters needed
for each step. Although the anaerobic digestion process can potentially offer many
benefits, it is difficult to implement because it is a complex system of biochemical
and physical processes. Therefore, this requires a detailed understanding of design,
control, operation and maintenance to ensure high process efficiency. For instance,
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the system can become unstable or even fail due to overload, accumulation of
intermediate products, unsteady pH, lack of nutrients or key trace elements [7].

The main composition of municipal solid waste is food waste. Food waste
(FW) is an organic waste discharged from various sources including food pro-
cessing plants, domestic and commercial kitchens, cafeterias and restaurants. Food
waste is a typical form of organic matter with a high potential for energy production
through anaerobic degradation. Food waste is mainly composed of carbohydrate
polymers (starch, cellulose and hemicelluloses), lignin, proteins, lipids, organic
acids and a remaining, smaller inorganic part. Because of the benefits in terms of
energy saving, waste management and environmental aspects, biogas production
from food waste together with other renewable organic sources, i.e. agriculture
waste has been suggested as a means of meeting one-third of renewable energy
demand in transport by 2020 in the EU [7].

Food waste, like many other waste types, presents its own problems for the
anaerobic digestion process. For example, the high protein content in food waste
leads to high ammonia concentrations, which can be inhibitory to microorganism
involved in the process and propionic acid can accumulate in the digester due to
inadequate removal of formic acid or hydrogen as an intermediate. With certain
types of feedstock, foaming problems can occur, which in severe cases may even
cause digester failure [8—11].

This study aims to model the anaerobic digestion process to transform food
waste into bioliquid. Although it can never replace experimental works, modelling
is a useful aid in research as it helps to predict the production of bioliquid as well as
to optimize the overall performance of anaerobic systems with respect to mass and
energy balances, or for design and control purpose [12]. The model expected can
assist in predicting the process output at various waste compositions. Generally, the
main reasons for using a model would be considered as understanding the system’s
behaviour and the interaction of its components, quantitatively expressing or ver-
ifying hypothesis, and predicting the behaviour of the system in the future [12].

Aspen Plus software is used as a tool to model the anaerobic digestion process. It
has rigorous methods for estimating the properties of components and meticulous
thermodynamic calculations. Anaerobic Digestion Model No. 1 (ADM1), which is
widely used and considered as the most complete model, with high accuracy in
terms of data, reactions and kinetics calculations was also employed in this study.
The ADM1 structured model provides multiple steps describing biochemical and
physicochemical processes. The biochemical reactions include the hydrolysis of
carbohydrates, proteins and lipids to sugars, amino acids and long-chain fatty acids
(LCFA), respectively; acidogenesis from sugars and amino acids to volatile fatty
acids (VFAs) and hydrogen; acetogenesis of LCFA and VFAs to acetate; and
separate methanogenesis steps from acetate and hydrogen/CO, [13]. It has been
accepted as the standard model for the anaerobic digestion of sludge and solid waste
in terms of process design and dynamic simulation [12].



74 N. Harun et al.

2 Methodology

In implementing the Aspen Plus simulation on the enzymatic reactor, a few steps
need to be taken. Using this software, the operating conditions of digestion, which
depends on substrate degradation, bioliquid production kinetics and yield materials,
could be optimized. The model implementations consisted of property method
selection, component list, reaction list and flowsheet synthesis.

2.1 Property Methods

Proper property method selection is important because inadequate selection can
undermine the accuracy and prevent the simulation to be executed. The choice can
strongly affect the prediction of the simulation. There are several property methods
available in Aspen Plus software:

e GRAYSON: Recommended when hydrogen reaction is included.
e Peng Robinson: Useful for gas processing coupled with binary parameters.
e NRTL (recommended): Activity coefficients are taken into account.

The property method suitable for this anaerobic digestion process is the NRTL
method. It is because this process included ionic molecules from the reaction in
digestion process, and also the reaction involves with phase changes that occur
throughout the simulation.

2.2 Component List

The component list consists of compounds that have to be filled in Aspen Plus.
These components are specified as follows [14, 15]:

e Carbohydrate is represented as starch, cellulose, hemicellulose and xylose.
Starch is represented as cellulose as it is not present in the Aspen Plus databank.
Hemicellulose is represented by glutaric acid. Xylose and cellulose are repre-
sented by their own components.

e Fat components are represented by triolein, tripalmitin, palmito-olein and
palmito-linolein. Some components of the fats do not exist in the Aspen Plus
databanks. Palmito-olein and palmito-linolein are represented by
Sn-1-Palmito-2-Olein and Sn-1-Palmito-2-Linolein, respectively.

e Protein is represented as soluble and insoluble Protein. The soluble protein is
represented as protein while the insoluble protein is represented by keratin. Both
components are represented as pseudocomponents in Aspen Plus.

e VFAs are represented by acetic acid, propionic acid, butyric acid, valeric acid,
palmitic acid and linoleic acid. Palmitic acid is represented in the simulation as
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1-Hexadecanol. The butyric and valeric acid is represented as isobutyric acid
and isovaleric acid, respectively.

Glucose is represented as dextrose in the simulation.

Ethanol, water and ammonia exist as input components.

e All of the 20 amino acids, i.e. asparagine, glutamine, arginine, histidine, lysine,
tyrosine, tryptophan, phenylalanine, cysteine, methionine, threonine, serine,
leucine, isoleucine, valine, glutamic acid, aspartic acid, glycine, alanine and
proline are also incorporated in the simulation.

e Other components which exist due to the reactions are benzene, phenol, car-
bonic acid, furfural, hydrogen sulphide, methyl mercaptan, formamide, indole,
methane, hydrogen, carbon dioxide and ethyl cyanoacetate.

e Some components exist due to the acid—base reactions. These components are
H*, OH ™, NH,", carbonic acid, HCO;~, CO3? and HS .

Some of the components such as amino acids do not have complete property
data in the Aspen Plus databank. Thus, property data for these components are
obtained from the existing component in Aspen Plus data bank that has similar
chemical and physical properties. For example, data for lysine was obtained from
arginine due to the similarity in chemical and physical structures. Thermodynamics
data of some chemical compounds, which is unavailable in the data bank, could be
filled with the data of their similar chemical compounds [14].

2.3 List of Reactions

The list of hydrolysis reactions is stated in Table 1 while for amino acids degra-
dation, acidogenesis and acetogenesis are listed in Table 2. The breakdowns of the
larger molecules occur at the hydrolysis reaction. While the production of acetate
and most of the VFA is at the other three reactions.

2.4 Flowsheet of Anaerobic Digestion Process

The next step was to synthesize the process flowsheet. The model used in this work
is obtained from [15] with some modifications. The methanogenesis step is
excluded in the current model to consider bioliquid production and the input data
for the simulation was obtained from NADNO (2012). The original model of
anaerobic digestion to produce biogas from organic waste is available at the
Swedish database http://hdl.handle.net/2320/12358 [15].

In this simulation, two types of reactor are used, namely, the RSTOIC and
RCSTR reactor. The reactors represent the digester where all the chemical and
biochemical reactions occur.
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Table 1 List of hydrolysis reactions [15]

No. | Compound Hydrolysis reaction Extent of
reaction
1. Starch (C6H20¢),, + HLO — n C¢H;,0¢ 0.6 +£0.2
2. Cellulose (CeH,0¢),, + H,O — n CgH 5,04 04 £ 0.1
3. Hemicellulose CsHgO,4 H,O — 2.5 C,H,0, 05+0.2
4. Hemicellulose CsHgO4 H,O — CsH 05 0.6 £ 0.0
5. Xylose CsH,(05 — CsH40, + 3 H,O 0.6 £ 0.0
6. Cellulose C¢H 2,06 + H,O — 2 C,HO + 2 CO, 04 £ 0.1
7. Ethanol 2 C,HgO + CO, — 2 C,H40, + CHy 0.6 £ 0.1
8. Soluble protein C3H507N5S + 6 H,O — 6.5 CO, + 6.5 CH, + 3 05+£02
H;N + H,S
9. Insoluble L.P + 0.3337 H,O — 0.045 CgH 4N,0, + 0.048 0.6 £ 0.1
protein (LP) C4H;NO,4 + 0.047 C4HoNO3 + 0.172
C3H;NO;3 + 0.074 CsHgNO,4 + 0.111
CsHgNO, + 0.25 C,H5NO, + 0.047
C3H;NO; + 0.067 C3HgNO,S + 0.074
CsH | NO; + 0.07 C¢H3NO; + 0.046
CgH3NO; + 0.036 CoH  NO,
10. Triolein C;H,0406 + 3H,0 — C3HgO5 + 3 C gH340, 05+0.2
11. Tripalmitin Cs51HoggO¢ + 8.436 H,O — 4 C3HgO3 + 2.43 0.5+0.3
Ci6H340
12. Palmito-olein C37H7005 + 4.1 H,O — 2.1 C3HgO3 + 0.9 0.6 £0.2
C16H340 + 0.9 CgH3,0,
13. Palmito-linolein C;37Hg305 + 4.3 H,O — 2.2 C3HgO5 + 0.9 0.6 +£0.2

Ci6H340 + 0.9 CgH3,0,

The first reactor used in the simulation is the RSTOIC reactor to represent
hydrolysis reactions, which involved the breakdown of the larger components
into simple monomers. The hydrolysis reactions are modelled using the extent
of reaction method with the fractional conversion of reactants into products on a
scale of 0.0-1.0. The stoichiometric reaction correlation for the hydrolysis
reactions as listed in Table 1 is specified in Aspen Plus. The temperature and
pressure of this reactor are specified at 328.15 K and 102,300 N/m?
respectively.

Next, the process is continued with the other type of reactor which is the
RCSTR reactor. The function of RCSTR reactor is for the reaction of the
product released from the previous reactor (RSTOIC) to take place and pro-
duced the desired final product which is the bioliquid. The reactions that occur
in the RCSTR reactor are acetogenesis and acidogenesis. The reaction is
assumed well mixed and the residence time that the input spends in the reactor is
specified at 12 h during the simulation. The valid phase is set as liquid only. The
temperature and pressure of this reactor are set at 328.15 K and 101,325 N/rnz,
respectively. The volume of this reactor is 275 m> [16].
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Table 2 List of amino acid, acidogenic and acetogenic reactions [15]
No. | Compound Chemical reactions Kinetic
constant
Amino acid degradation reactions
1. Glycine C,HsNO, + H, — C,H,0, + H3N 1.28 x 107
2. Threonine C4HoNO; + Hy, — CoH, 05 + 0.5 C4HgO, + HsN | 1.28 x 1072
3. Histidine CeHsN;0, + 4 HO + 0.5 1.28 x 107
H, — CH;NO + C,H,0, + 0.5 C4Hg0, + 2
H3;N + CO,
4. Arginine CgH14N,0 + 3 H,O + Hy, — 0.5 C,H405 + 0.5 1.28 x 107
C3HgO, + 0.5 CsH; (O, + 4 H3N + CO,
5. Proline CsHoNO, + H,0 + H, — 0.5 C,H,0 + 0.5 1.28 x 107
C3He0, + 0.5 CsH,00, + H3N
6. Methionine CsH{{NO,S + 2 H,0 — C3HsO, + CO, 1.28 x 107
+H3N + H, + CHyS
7. Serine C;H;NO5 + H,0 — C,H40, + H3N + CO, + H, [ 1.28 x 1072
8. Threonine C4HoNO;5 + H,O — C3HgO, + H3N + H, + CO, [ 1.28 x 1072
9. Aspartic acid | C4H,NO, + 2 H,O — C,H40, + H3N + 2 1.28 x 107
CO, +2 H,
10. | Glutamic acid | CsHoNO4 + H,O — C,H,0, + 0.4 1.28 x 107
C4Hg0, + H;5N + CO,
11. | Glutamic acid | CsHoNO, + 2 H,0 — 2 1.28 x 107
C,H40, + H5N + CO, + H,
12. | Histidine CgHsN;0, + 5 H,O — CH3NO + 2 C,H,0, + 2 1.28 x 107
H;N + CO, + 0.5 H,
13. | Arginine CgH14N;0, + 6 H,O — 2 C,H40, + 4 H3N +2 1.28 x 1079
CO, + 3 H,
14. | Lysine CeH14N,0, + 2 H,0 — C,H,0, + C,HgO, + 2 1.28 x 1072
H;N
15. | Leucine C¢H5NO, + 2 1.28 x 107
H,O — CsH,(0, + H3N + CO, + 2 H,
16.  |Isoleucine CgH3NO, + 2 1.28 x 107
H,O — CsH,(0, + H3N + CO, + 2 H,
17. | Valine CsH,;NO, + 2 1.28 x 1079
H,O — C4HgO, + H3N + CO, + 2 H,
18. | Phenylalanine | CoH,;NO, + 2 1.28 x 107
H,0 — Cg¢Hg + C.H405 + H3N + CO, + H,
19. | Tyrosine CoH,NO; + 2 1.28 x 1072
H,0 — C¢HgO + C,H40, + H3N + CO, + H,
20. | Tryptophan C1 HoN,0, + 2 1.28 x 107
H,O — CgH;N + C,H40, + H3N + CO, + H,
21. | Glycine C,HsNO, + 0.5 H,O — 0.75 1.28 x 107
C,H,0, + H3N + 0.5 CO,
22. | Alanine C;H,NO, + 2 1.28 x 107

H20 d C2H402 + H3N + C02 + 2H2

(continued)



78 N. Harun et al.

Table 2 (continued)

No. | Compound Chemical reactions Kinetic
constant
23. | Cysteine C;3HgNO,S + 2 1.28 x 107

H,O — C,H4 0, + H3N + CO, + 0.5 H, + H,S

Acidogenic reactions

24. | Dextrose CeH,06 + 0.1115 H3N — 0.1115 9.54 x 107
C5H7N02 + 0.744 C2H402 + 0.5
C3Hg0, + 0.4409 C,H;0, + 0.6909
CO, + 1.0254 H,0

25. | Glycerol C3HgO5 + 0.4071 H3N + 0.0291 CO, + 0.0005 1.01 x 107%

H, — 0.04071 CsH,NO, + 0.94185
C3HgO, + 1.09308 H,O

Acetogenic reactions

2. | Oleic acid C1sHas0, + 15.2396 H,0 + 0.2501 3.64 x 1072
CO; + 0.1701 H3N — 0.1701 CsH;NO, + 8.6998
C2H402 + 14.4978 Hz

27. | Propionic C;HgO5 + 0.06198 H;3N + 0.314336 1.95 x 1077
acid H,O — 0.06198 CsH,NO, + 0.9345
C,H,0, + 0.660412 CH, + 0.160688
CO, + 0.00055 H,

28. | Isobutyric C4H50, + 0.0653 H3N + 0.8038 H,O + 0.0006 5.88 x 107
acid H, + 0.5543 CO, — 0.0653 CsH;NO, + 1.8909
C,H40, + 0.446 CH,
29. | Tsovaleric CsH 40, + 0.0653 H3N + 0.5543 CO, + 0.8044 3.01 x 107%
acid H,0 — 0.0653 CsH,NO, + 0.8912

C,H,0, + C3HgO, + 0.4454 CH4 + 0.0006 H,

30. | Linoleic acid | CygHy0, + 15.356 HyO + 0.482 CO, + 01701 | 3.64 x 10712
H3;N — 0.1701 CsH;NO, + 9.02
C2H402 + 10.0723 Hz

31. | Palmitic acid | C1gHasO + 15.253 HyO + 0.482 CO, + 0.1701 3.64 x 10712
H;N — 0.1701 CsH;NO; + 8.4402
C,H40, + 14.9748 H,

e There are four streams in this simulation, i.e. INPUT, 5, 6 and LIQUID as
shown in Fig. 1. The INPUT stream is the total amount of food waste and its
compositions. Stream 6 is the results after the mixer. Stream 5 is the output of
the RSTOIC and some input need to be stated to make sure that the data for the
calculation block is completed. The LIQUID stream is the final output which is
the bioliquid.

e The input streams consist of large components of the food waste as stated in
Table 3. The major component of this input stream is water because the reaction
in the simulation depends on a high intake of water to produce bioliquid. The
input components can be changed into any desired characteristics of waste in
handling different types of food waste.
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Fig. 1 Flowsheet of anaerobic digestion process model in Aspen Plus
Table 3 The mass fraction Component Value (kg/ Component | Value (kg/
of the input stream kg) kg)

Water 0.753 Triolein 0.005

Cellulose 0.022 Tripalmitin 0.005

Hemicellulose | 0.017 SN-1—01 0.005

Dextrose 0.166 Protein 0.013

NH; 0.006 Keratin 0.008

Inert 0.002

e Stream 5 needed to be stated for the calculator block calculation and the value is
fixed not like the stream input which can be changed for different types of
inputs. Table 4 shows the molar flow rate of the components in stream 5:
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Table 4 The input of stream 5 (kmol/h)
Component | Value Component Value Component Value
(kmol/h) (kmol/h) (kmol/h)
Water 50 Phenylalanine | 0.039 Alanine 0.177
Glycerol 0.533 Methionine 0.025 Hydrogen 0.500
Oleic acid 0.1 Threonine 0.205 Cellulose 1.882
Dextrose 5.937 Serine 0.589 Hemicellulose 1.882
NH; 2 Leucine 0.046 Triolein 1.882
CO, 0.1 Isoleucine 0.059 Tripalmitin 1.882
Arginine 0.074 Valine 0.112 SN-1—01 0.941
Lysine 0.044 Glutamic 1.818 SN-1—02 0.941
Tyrosine 0.017 Aspartic 0.432
Tryptophan 0.039 Glycine 0.288

3 Discussion

The simulation results obtained from Aspen Plus are recorded and compared with
the experimental data provided by NADNO [16]. Some of the components defined
in Aspen Plus are not available in NADNO [16] as shown in Table 5. The com-
parison is done in terms of the composition of component produced in stream 5.
The main component produced is glucose, which is similar with NADNO [16]. The
amount of dry matter contained in the bioliquid is 24 wt%. According to NADNO
[16], the dry matter content of bioliquid is approximately 20 wt%. It shows that the
simulations results obtained from this study show reasonable agreement in com-
parison with data reported in NADNO [16].

Table 5 Comparison between Aspen Plus simulation and experimental results by NADNO [16]

Component Mass fraction (wt%)
NADNO (2012) Aspen Plus (this work)

Acetic acid 0.058 0.073
Propionic acid 0.003 0.048
2-Methylpropionic acid 0.001 NA
Butanoic acid 0.011 0.051
Pentanoic acid 0.0002 0.008
3-Methyl butanoic acid 0.001 NA
Cellobiose 0.013 NA
Glucose 0.509 0.229
Xylose 0.077 0.015
Lactate 0.324 NA
Others 0 0.576
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Table 6 Simulation results using Aspen Plus software

Inlet Hydrolysis (stream 5) Bioliquid
Temperature (K) 298.15 328.15 328.15
Pressure (Pa) 101,325 102,300 101,325
Mass flow (kg/day) 48,000 48,000 48,000
Mass fraction
Water 0.830 0.818 0.813
VFA 0 0.028 0.079
Protein 0.018 0.002 0.002
Keratin 0.017 0.008 0.008
Amino acid 0 0.002 0
NH; 0.007 0.009 0.01
Sugar 0.092 0.064 0.027
Fat 0.018 0 0
Others 0 0.042 0.039
Inert 0.018 0.018 0.018
Total 1 1 1

Detailed results of the Aspen Plus simulation are summarized in Table 6. The
major components of bioliquid are categorized into two groups, for example, sugar
and volatile fatty acids (VFAs). Small amounts of sugar such as glucose (defined as
dextrose in the simulation) are produced because most of it is converted to acetic
acid. Sugars exist predominantly at stream 5 in which the hydrolysis process just
occurs. During this process, the large components of food waste have undergone
breakdown and form simple monomers of each nutrient, which are glucose, amino
acids and fatty acids. The value for simple sugars such as glucose is the highest
among all of the other simple monomers that existed in stream 5. These simple
sugars continued to the next phase which is the acidogenic and acetogenic reaction
that lead to the process of forming more VFA.

VFA is the major component of bioliquid other than water which consists of
acetic acid, butyric acid, propionic acid and valeric acid. These components exist in
stream 5 which is after hydrolysis, but the VFA content is less because the reaction
occurring simply degrades the large components into small monomers, which are
sugars, amino acids and fatty acids. The amount of VFA is increased in the final
stream after the acidogenic and acetogenic reactions. The large amount of VFA
formed at the end of the reaction is reasonable because the further process of the
bioliquid leads to the production of fertilizer or biogas. These productions need a
bioliquid that has a high content of VFA mainly acetic acid.

In addition, sensitivity analysis is conducted to analyse how the variation of
residence time would affect the production of bioliquid. The range of residence
times tested was in the range 12-20 h. Figure 2 shows the production of bioliquid
at various residence times. The amount of bioliquid produced is increased slightly
as residence time increased. A 5% increment in bioliquid production is observed as
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Fig. 2 Bioliquid production 2550
at various residence times
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the residence time increased from 12 to 20 h. The optimum residence time depends
on the load capacity and type of enzymes used in the reactor [16]. The longer
residence time will allow the enzymatic process to be more efficient where the
bonds of the organic materials will be broken and hydrolysis will occur [17].

4 Conclusion

The anaerobic digestion process for production of bioliquid from MSW was sim-
ulated using Aspen Plus software. The amount of dry matter produced in bioliquid
was 20 wt% which consists mainly of VFA. Bioliquid with a large amount of VFA
can be further utilized to produce biogas. A sensitivity analysis conducted at dif-
ferent residence times shows a slight increase in bioliquid as the residence time
increases. The model developed can be used for estimating the production of
bioliquid at various operating conditions.
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Anaerobic Digestion of Screenings M)

Check for

for Biogas Recovery

N. Wid and N. J. Horan

Abstract Screenings comprise untreatable solid materials that have found their
way into the sewer. They are removed during preliminary treatment at the inlet
work of any wastewater treatment process using a unit operation termed as a screen
and at present are disposed of to landfill. These materials, if not removed, will
damage mechanical equipment due to its heterogeneity and reduce overall treatment
process, reliability and effectiveness. That is why this material is retained and
prevented from entering the treatment system before finally being disposed of. The
amount of biodegradable organic matter in screenings often exceeds the upper limit
and emits a significant amount of greenhouse gases during biodegradation on
landfill. Nutrient release can cause a serious problem of eutrophication phenomena
in receiving waters and a deterioration of water quality. Disposal of screenings on
landfill also can cause odour problem due to putrescible nature of some of the solid
material. In view of the high organic content of screenings, anaerobic digestion
method may not only offer the potential for energy recovery but also nutrient. In
this study, the anaerobic digestion was performed for 30 days, at controlled pH and
temperature, using different dry solids concentrations of screenings to study the
potential of biogas recovery in the form of methane. It was found screenings have
physical characteristics of 30% total solids and 93% volatile solids, suggesting
screenings are a type of waste with high dry solids and organic contents. Consistent
pH around pH 6.22 indicates anaerobic digestion of screenings needs minimum pH
correction. The biomethane potential tests demonstrated screenings were amenable
to anaerobic digestion with methane yield of 355 m*/kg VS, which is comparable to
the previous results. This study shows that anaerobic digestion is not only beneficial
for waste treatment but also to turn waste into useful resources.
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1 Introduction

Biogas is a renewable energy primarily consists of a mixture of methane (CH,) and
carbon dioxide (CO,) with a small amount of other gases. Biogas can be recovered
from organic wastes, which received intensive research attention these decades [1].
It is produced through a breakdown of the organic matter in the absence of oxygen.
This process is known as an anaerobic digestion. Biogas is considered as a
renewable energy source because of the suitability as an energy production due to
the high content of the methane gas [2]. The world main energy consumption such
as crude oil, coal and natural oil is reported to be diminished in future, which
increases energy prices, mainly due to increasing world population, economy and
industrial and agricultural [3]. More than 80% of the global energy consumption is
supplied by fossil energy sources, which are quickly being depleted. In order to
replace and reduce the amount of the fossil energy sources used, biogas is the best
compound that can act as an energy source to replace the depleting fossil fuels.
Biogas that derived from biological sources can reduce the dependence on these
depleting natural resources and address the energy insecurity concerns due to its
renewable, widely applicable with various advantages [4]. Anaerobic digestion
offers a complete package which provides a sustainable approach that combines
waste treatment with a recovery of renewable energy and nutrient [3, 5, 6]. The
biological technique also consumes minimum energy with lower carbon footprints
and reduces organic waste into stabilised end products. Screenings comprise
untreatable solid materials that removed during preliminary treatment of wastewater
treatment process and disposed of to landfill. This material contains high
biodegradable organic matter that often exceeds the upper limit and emits a sig-
nificant amount of greenhouse gases (GHGs) during biodegradation. Therefore, a
study is performed to convert this organic waste into energy by using anaerobic
digestion.

2 Screenings

Screenings are produced during wastewater treatment and they are considered as
municipal solid waste as they occur predominantly as coarse solids, and at present
are disposed of to landfill. The first stage in wastewater treatment is to remove
untreatable solid material such as rags, paper, plastic, wood and other material that
has found its way into the sewer. It is achieved using a unit operation termed a
screen, and consequently, the material removed is termed screenings. These
materials, if not removed, will damage mechanical equipment such as pumps,
aerators and other process equipment, block pipes and valves, contaminate
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waterways and reduce overall treatment process, reliability and effectiveness [7-9].
Due to the relatively low production of screenings as compared to sludge pro-
duction, little attention has been paid so far to this type of waste [10].

2.1 Handling and Disposal of Screenings

The screenings removed during wastewater treatment apart from the solid contents
have high water content and organic content. In conventional treatment, screenings
are removed by screens, after which they may be further treated for use as a
fertiliser, or disposed of. Due to the putrescible nature of some of the solid mate-
rials, there will be a problem of odour if careful thought is not given to their
handling and disposal. Consequently, they are generally subjected to further
treatment before disposal. Thus, once they are removed from the flow, they undergo
handling involving macerating and compaction. During this process, the screenings
are dewatered and partially compacted before passing to skip prior to final disposal.
At this stage, much of the faecal materials are washed out from the screenings.
Compacted screenings can have dry solids of up to 40% and the conditioning stage
can achieve volume and weight reductions as high as 70% [9]. Figure 1 shows
compacted screenings at Knostrop WWTP, in Leeds. Every year, around 150,000
tonnes of screenings and grit are produced in the UK [11].

Fig. 1 Compacted
screenings in a skip before
final disposal [9]
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In Europe, the most commonly used disposal techniques for screenings in
Europe are landfilling and incineration [8, 12]. However, landfilling is not favoured
by the European waste regulations as the EU Landfill Directive requires: (i) a
reduction in the amounts of biodegradable organic matter disposed into landfills,
and (ii) a ban on waste with a water content above 70% w/w to be landfilled.
Screenings often exceed this upper limit [8, 10, 13, 14]. Incineration is considered
as a good alternative; however, the high moisture content may jeopardise the
operating conditions of the incineration plant [12]. With technological evolutions in
wastewater treatment processes that require fine sieving or pretreatment, the pro-
duction of screenings is expected to increase in coming years. Therefore, alternative
treatments that prove to be more adapted for screenings need to be developed prior
to final disposal.

2.2 Characteristics and Composition of Screenings

Very few studies have been carried out on screening materials. The few that have
been undertaken have been more interested in the technical establishment of the
treatment processes and composition and characterisation of the materials. So far,
reports on the potential for resource recovery from screenings are very rare.
Screenings consist of untreated domestic solid materials that removed during
wastewater treatment works. Screenings are considered with six significant frac-
tions produced through the screen, i.e. sanitary textiles, fine fractions, vegetable,
papers and cardboards, plastics and ‘others’ (comprising all the other types of
materials). Le Hyaric et al. [15] investigated the development of disposal strategies
for screenings at minimal costs, within Severn Trent Water, UK. This study
reported data relative to the volumes of screenings generated, their composition and
the existing treatment methods. They identified two methods to assess maximum
production rate of screenings, i.e. determine the number of screenings-loaded
containers or ‘skip’ emptied per year, and record scientifically the screening pro-
duced, which is relatively expensive. In terms of the material dryness, they adopted
at least 25% dry solids of the material produced from the handling equipment, to
avoid spillage during transport and acceptable for landfill. The approach of reducing
the material size to fine pieces that can be returned to sewage flow and removed
from the plant with sludge is not favoured in the treatment works because a
maceration unit tends to lose efficiency quite quickly and causes problems on
bacteria beds, with sludge processing equipment and with the use of sludge on
farmland. They also suggested covering the storage container to prevent rainwater
accumulation which can cause problems in transportation and disposal. But these
studies were carried out in 1996, and since then, consumer habits, wastewater
collection systems and treatment technologies have changed. Consequently,
screenings composition may highly affected. Table 1 compares the compositions of
screenings as reported by different studies which were carried out in 1996 and 2016.
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Taple 1 COII:IpOSitiOP F’f Component Dry weight (%)
gg;iﬁsccr;:;;i;taglx&g at Reference [14] Reference [15]

Paper 20-50 62-67

Rags 15-30 23-32

Plastic 5-20 2-3

Rubber 0-5 -

Vegetable matter 0-5 5-6

Faecal matter 0-5 0-2

Nowadays, with the technology evolution of municipal wastewater treatment
processes, the production of screenings is expected to increase as the gap sizes of
the screened used have decreased from a few cm to a few mm. In some wastewater
treatment plants, the gap size can bear as low as I mm where membrane bioreactors
are used [10]. Le Hyaric et al. [15] evaluated the influence of gap size of the screens
used, compaction of the waste and the weather conditions on the quantity and
quality of screenings. When a low gap is used, the fraction of sanitary textiles or
other solids materials with bigger size is found to decrease with the gap size.
Compaction treatment also affects the mass of waste generated through dewatering
process, and the dry season produced less waste compared to the wet season.

Wid and Horan [16] characterised the screenings composition which collected
from the Knostrop Wastewater Treatment Plant, located in Leeds, UK. As seen in
Table 2, the composition of paper and plastic shows a significant difference after
20 years of the first study. These are the common two types of materials used
domestically. The high composition of paper suggests current practice in using
paper products, such as paper bags and cardboards as packaging materials. It has

Table 2 Single-phase (conventional system) performances from previous studies

Substrate Methane yield Methane References
(mL CH4/g VS.dded) content (%)
Fruits and crops 500-600 51-53 [42]
MSW 140 - [19]
French bean waste 470 71-75 [46]
Bermuda grass 112-219 22.6-41.3 [47]
Sweet sorghum cultivar 360 36 [48]
Source separated OFMSW 398 62.5 [18]
Mixed primary and 225 70.3 [33]
activated sludges
Terrestrial weeds 117 73 [49]
Terrestrial weeds 115 72 [49]
Vegetable waste 400 64 [50]
Poultry wastes 90 - [51]
550 -
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Fig. 2 Sanitary products found in the screenings [9]

been noted that paperboard and paper are always the largest component of the
municipal solid waste stream [17]. According to [18], a high paper composition
results in higher volatile solids, i.e. above 82%, consequently higher biodegrad-
ability and biogas. This finding also opens the possibility for screenings to be
recycled from waste stream, especially paper recycling. While reduction in plastics
generation may due to the gradual public awareness on the drawbacks of using
plastic materials such as low biodegradability and negative impacts to the envi-
ronments. The composition of rags shows consistent generation. The high pro-
portion of rags underlined the increasing use of disposable wipes [15, 16]. It can be
seen from Fig. 2 that sanitary towels and tampons, which are mainly made of
cotton, comprise a large fraction of the rags in screenings. This large fraction of
sanitary material is another reason why screenings are categorised as a difficult
waste, which may lead to difficulties in storing and disposal [8].

3 Anaerobic Digestion Process

Anaerobic digestion (AD) is a degradation process of organic matter by specific
microorganisms in the absence of oxygen. Anaerobic digestion is also known as an
environmentally sustainable technology for converting a variety of waste resources
including organic fraction of municipal solid waste, manure and agricultural residue
to energy in the form of methane and hydrogen. During wastewater treatment
process, anaerobic digestion is used to treat or stabilise sludge before it is disposed
or recycled.

Among biological treatments, anaerobic digestion is reported as the most
cost-effective, due to the high energy recovery and less environmental impact [19]
and commonly used at wastewater treatment plants to degrade sludge [20]. The
main products of anaerobic digestion are biogas and digestate, i.e. stabilised solid
and liquid residue of digestion. Biogas consists mostly of methane and carbon
dioxide [21, 22]. The final products of anaerobic digestion are not only reduced in
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mass and stabilised but also the biogas produced can be further used as a source of
fuel, heat and electricity, and the digestate can be used as soil conditioner to fertilise
land. The liquid part from AD can be further used to precipitate struvite, a
slow-release fertiliser [16, 23].

The microbiology of anaerobic digestion involves several complicated processes
but four main steps are distinguished, i.e. hydrolysis, fermentation, acetogenesis
and methanogenesis, and involves three major bacterial groups, i.e.
hydrolytic-fermentative bacteria, acetogenic bacteria and methanogenic bacteria.
These bacteria are responsible for converting organic compounds to volatile fatty
acids (VFAs) with the simultaneous production of hydrogen and carbon dioxide,
converting the acids to acetic acid and produce methane either from acetate or
hydrogen or carbon dioxide, respectively [24]. The nature of the anaerobic substrate
chain is such that each of these groups relies on the previous one for its substrate
and passes the products onto the next one to avoid product accumulation [20].
Figure 3 shows the chemical pathways followed during the conversion of complex
organic material to methane, as described by [25, 26].

3.1 Hydrolysis

Hydrolysis means both the solubilisation of insoluble particulate matter and the
biological decomposition of particulate complex organic matter (biopolymers
proteins, carbohydrates, lipids) into simples molecules (monomers or dimers),

Particulate organic material

[ Protein ] [ Carbohydrates ] [ Lipids ]

Hydrolysis
[ Amino acids, sugars ] Fatty acids

~— /

Fermentation .
Intermediary product Anaerobic

(e.g. propionate, butyrate) oxidation

Acetogenesis

Acetate Hydrogen

Methanogenesis

Acetotroph Hydrogenotroph

Fig. 3 Reaction scheme for anaerobic digestion of domestic sewage sludge [25, 26]
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which can pass the cell membrane. The process is carried out by extracellular
enzymes (hydrolases) and it may or may not be the rate-limiting step of their
bioconversion under anaerobic digestion [27]. Hydrolysis products include sugars,
amino acids, long chain fatty acids (LCFA) and glycerol [24, 28].

3.2 Fermentation

Fermentation is the breakdown of soluble materials produced by the hydrolysis
process. The process is also known as acidogenesis as the main products are volatile
fatty acids (VFAs) (e.g. acetic, propionic, butyric and other volatile acids) which are
converted by acid-forming bacteria (acid formers). The soluble materials either
fermented directly into acetic acid or into intermediate products, such as propionate
and butyrate, which will be further fermented into acetate. These organic acids
become the substrate for the next steps in acetogenesis and methanogenesis.

In this stage, acidogenesis is generally considered to be the fastest of the indi-
vidual steps in the anaerobic process [28], means that in case of overloading of
organic acids in the reactor, and causes a drop in pH, decrease in alkalinity and
finally a failure of the digester. A syntropic relationship exists between
acid-forming organisms and acid-utilising organisms such as methane-forming
bacteria to balance the digester performance [29].

4H, + 2C0O, — CH3COOH + 2H,0 (1)
4CO + 2H,0 — CH3;COOH + 2CO, 2)
4CH;0H + CO, — 3CH3;COOH + 2H,0 (3)
CsH 205 — 3CH;COOH (4)
HCOOH — H, + CO, (5)

In this stage, intermediate products from the fermentation process are converted
to acetate by acetogenic-forming bacteria, i.e. homoacetogens. Most acetogenic
bacteria produce acetate from hydrogen (H,) and carbon dioxide (CO,) (1), while
some produce acetate from water (H,O) and carbon monoxide (CO) (2), some from
carbon dioxide (CO,) and methanol (CH30H) (3), and often six-carbon sugars or
hexoses are degraded to acetate (4). Hydrogen is also produced from long and
short-chain fatty acids, for example, formate decomposition to H, and CO, (5).
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3.3 Methanogenesis

The methanogenic phase is normally considered the limiting step of metabolic
reactions in anaerobic digestion due to the slow growth rate of the methanogenic
bacteria. Hydrolysis can be the controlling step in the conversion process if the
substrate was particulate and comprises predominantly cellulose [30].

The methanogens rely on the acetogens to provide them with acetate, hydrogen
and carbonate, while the acetogens rely on the methanogens to remove hydrogen
[22]. Methanogens are grouped as acetoclastic (6) and hydrogenotrophic (7), which
can produce methane (CHy) 70-75% and 25-30%, respectively, according to the
substrate that they can utilise, where acetate is the major substrate used by the
methane-forming bacteria.

Acetoclastic methanogenesis (70-75%):

CH;COOH — CH4 + CO, (6)
Hydrogenotrophic methanogenesis (25-30%):
C02 + 4H2 — CH4 + 2H20 (7)

Methanogenesis is considered the most sensitive stage in anaerobic digestion.
The methanogenic bacteria are highly sensitive to pH fluctuations, temperature,
loading rate and they are inhibited by a number of compounds as reported in
previous studies [27].

4 Type of Anaerobic Digester

Anaerobic digestion of waste can be performed using different reactor systems,
which also known as anaerobic digester. For example, single-phase, two-phase or
multiphase configuration.

4.1 Single-Stage Digester

Single-stage digesters consist of only one reactor and operations consist of waste
substrate feeding and withdraw, mixing, heating and gas collection [20]. Usually,
the digesters are fed intermittently with once a day is the most common period of
feeding rate. In a continuous stirred tank reactor (CSTR), an influent substrate
concentration of 3—-8% total solids (TS) is added daily and an equal amount of
effluent is withdrawn. The digester is maintained constantly either under mesophilic
or thermophilic condition [9, 31].
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Single-stage digesters are more easily upset than two-stage digesters [20]. This is
because different groups of microorganisms develop in the same environment, i.e.
acid formers and the methane formers. In a well-balanced digester, each group of
bacteria will establish its own particular population which, in turn, depends on the
feed material, operating conditions (pH, temperature, retention period) and on the
stoichiometry of the reaction involved [32]. If acid formers grow more quickly than
methane formers, an imbalance between acid production rate and methane pro-
duction rate often occurs. This imbalance may cause a decrease in alkalinity and pH
that results in digester failure [29]. The problems of imbalance can be obviated by
operating a single-stage digester at low hydraulic retention times (HRTs) and low
organic loading rates (OLRs) [33]. The best way to overcome the inhibitory effects
of intermediate products produced during the early stages of digestion is by sep-
arating the process into two stages [29, 33].

4.2 Two-Stage Digester (Two-Phase)

These systems improve efficiency and stability over a single-stage system which
carries out the same operations as the single-stage. The two-phase digestion system
consists of two separate biochemical reactors in series, where fermentation and
methanogenesis are physically separated. The first phase is referred to as ‘acid
fermentation’ and involves the production of volatile fatty acids (VFAs), while the
second phase is referred to as ‘methane fermentation’ because in it the VFAs are
converted to methane and carbon dioxide [34] (Fig. 4). Because the volatile acids
are primary products of the first phase, pH control in the second phase may be
necessary when the buffer capacity has been exceeded. Such control in the methane
reactor could be provided by external neutralisation of the influent or by recycling
of supernatant from the second phase [9, 33].

The benefits of two-phase system including to reduce considerable total diges-
tion time than the conventional single-stage digestion consequently reduced the
reactor size and capital cost, improve the effluent quality, methane yield, volatile

Fig. 4 Two-phase digester
[91

Sludge feed -
VFA-rich

liquor

First-stage: Second-stage:
acid formation methane
formation
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solid reduction and process stability [34]. This implies that the performance of an
anaerobic process could be improved with the proper combination of the anaerobic
process characteristics. Various types of reactors have been used in the two-stage
anaerobic digestion process, for example, leaching bed reactor (LBR) for acido-
genesis, upflow anaerobic sludge blanket (UASB) for methanogenesis and con-
tinuous stirred tank reactor (CSTR) in both systems.

5 AD, Its Role in Biogas Recovery

The world energy demand is expected to grow by as much as 50% by 2025, mainly
due to the increasing world population, economy, industrial and agricultural,
leading to the consumption of more fossil fuels with increasing energy prices [3].
This will bring about a rapid depletion of fossil fuels reserves. Therefore, in order to
deal with the large quantities of waste materials disposed to landfills, with the GHG
emissions, it is apparent that intense implementation needs to be performed.
Anaerobic digestion offers a complete package which provides a sustainable
approach that combines waste treatment with a recovery of renewable energy [3] as
well as nutrient [35, 36]. Anaerobic digestion technique offers significant advan-
tages including consume minimum energy with a lower carbon footprint [24] and
reduce organic waste into stabilised end products [16], generating renewable energy
and a supply of digested materials (biosolids or digestate) as a fertiliser or soil
conditioner for crop production. In the UK, a number of government subsidies have
been introduced to promote renewable energy and heat generated by anaerobic
digestion such as Renewable Obligations Certificate (ROC), Feed-In Tariffs
Schemes (FITS) and Renewable Heat Intensive (RHI) [9].

In anaerobic digestion study, special attention has been paid to the final stage of
the process, i.e. methanogenesis, as this is considered as the most important step of
the overall process and there are many successful attempts reported in the literature
regarding of digestion of wastewater to produce methane (Table 2).

5.1 Biochemical Methane Potential (BMP)

The biochemical methane potential (BMP) assay is developed by [37] to determine
the ultimate methane yield of organic substrate. It offers the most promise for
resolving anaerobic treatment problems because it is relatively simple, quick and
inexpensive. The technique is very useful for sorting out important variables and for
the development of an efficient continuous-feed assay programme. Anaerobic batch
studies using the BMP assay are performed for three purposes; anaerobic
biodegradability, inoculum activity and inhibition, based on biogas production [38].

The basic approach of BMP is to incubate a small amount of waste (substrate)
with an anaerobic inoculum and appropriate nutrients at a controlled temperature.
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Fig. 5 Laboratory scale
400 mL anaerobic reactors
used in BMP testing [9]

Normally, mesophilic digestion is carried out at temperature ranges from 20 to 45 °
C and for thermophilic ranges from 46 to 60 °C [38]. The pH is maintained in the
range of 6.8-7.2 throughout 30 days digestion period. For laboratory scale, the
assay is performed in closed bottles of 100 mL up to 2 L, depending on the
homogeneity of the substrate (Fig. 5). Typically, the assay vessels are flushed using
nitrogen (N,) prior to digestion. These should be continuously stirred and kept
under anaerobic conditions during the process of transfer. The assay bottles can be
placed in a mixing incubator at 100 rpm [39], or can be mixed manually on each
bottle every one or two days during the entire incubation period [40]. The batches
are occasionally shaken and moved around in the incubator to compensate for any
minor variation in temperature in different parts of the incubator [41].

The measurement of the biogas produced was performed using liquid dis-
placement method to scrub CO,. NaOH with concentration 5% was used and the
volume of biogas produced was corrected to standard temperature (0 °C) and
pressure (1 atm). To ensure complete biodegradation of the material, the back-
ground values for 30 days of digestion was subtracted [16]. The methane potential
can be determined in mL. CH,4 per gramme of organic waste expressed as volatile
solids added (mL CH4/g VS.4deq) Or removed (mL CH4/g VS cmoved)- Some studies
express methane recovery using CH, per gramme of total solids added (mL CHy/g
TS.adea) or CHy per gramme of total solids removed (mL CH4/g TS emoved)-

5.2 Methane Phase Digestion (MPD)

Anaerobic digestion needs a long time for the digestion to complete and its
decomposition efficiency is low. Methane phase digestion or methanogenesis is the
last stage in the anaerobic digestion process, which the predominant biogas pro-
duced is methane. Methanogenesis is highly depended on temperature, pH and
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many other parameters; therefore, meticulous attention needs to be paid when
performing the digestion process. Methanogenesis can be carried out using single
and two-stage reactors. When using continuous reactor such as CSTR, other factors
such as HRT and OLR are very important. In general, the HRT for anaerobic
digestion of solid waste usually ranges between 16 and 20 days (d) when a
single-reactor is employed [42]. But by applying two-phase systems, the phases of
digestion are separated and the process operates at a shorter HRT with a consid-
erable increase in system stability and reliability. An optimum HRT of 12 d was
observed in a methane digester following acid digestion, to produce high methane
production rate [43], compared to a single-phase digester which achieved at higher
HRT, i.e. 21 d [19]. When single-phase digester operated at 15 d HRT, methane
yield and methane content can achieve 225 mL CHy/g VS,qqea and 70.3%,
respectively. But when a two-phase system was employed, higher gas production
was obtained at a shorter HRT, ie. 7d (302 mL CH4/g VS,qgeqa and 64.7%,
respectively), albeit with a slightly lower methane content [33]. This suggests in
single-stage CSTR digestion, reliable system operation can be expected only at high
HRTs, where the rates of acids production and conversion are balanced. This can
attribute first to the characteristics of the substrates used and also the operating
conditions maintained in the studies. Acclimatisation is also an important factor in
methane phase digestion. Acclimatised conditions can be achieved when less than
10% difference between biogas production and pH are observed. For difficult type
of substrates such as heterogeneous solid wastes, acclimatisation phase takes longer
about two (2) months or more before starting the actual experiments, while for
liquid type of substrate such a wastewater effluent, a shorter time is needed.

6 Biogas Recovery from Screenings Using Anaerobic
Digestion

6.1 Introduction

The recovery of biogas from organic waste has received considerable attention over
the past decades. However, biogas recovery from screenings, a difficult solid
material, has received little attention and not been explored widely. It is reported
that global resources are depleting; therefore, wastes including screenings are no
longer viewed as a waste stream, but as a resource to recover including methane as
renewable energy. The most common disposal technique of screenings is by
landfilling, which results in GHGs emissions, odour problems and other environ-
mental issues, with lost energy, nutrients and other recoverable resources.
Additionally, limited space remaining may jeopardise landfill application. There are
different methods employed for the treatment of solid wastes, which one of them is
anaerobic digestion. It is a sustainable approach that combines wastewater treatment
with the recovery of valuable by-products, including renewable energy and nutrient
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[3]. Most of the results discussed in this current study were published in [16] and
reported in [9] (N. Wid and N. J. Horan, “Anaerobic digestion of wastewater
screenings for resource recovery and waste reduction,” IOP Conference Series:
Earth and Environmental Science, vol. 36 (1), pp. 1-7, 2016; N. Wid, “Resource
Recovery from Screenings through Anaerobic Digestion,” Ph.D., School of Civil
Engineering, Faculty of Engineering, University of Leeds, United Kingdom, 2012).

6.2 Materials and Methods

6.2.1 Sample Collection and Preparation

The screenings and primary sludge used in this study were collected from a
wastewater treatment plant, located in West Yorkshire, Leeds, UK. The sample was
simply collected when needed with four major sampling regimes were undertaken.
Primary sludge was used as seed inoculum to boost up the digestion process. To
achieve a homogenised and uniform size of sample (Fig. 6), the collected screen-
ings were cut and ground using a scissor and grinder, respectively, after removing
plastics. The prepared sample was kept in a fridge at 4 °C prior to use.

6.2.2 Characterisation of Screenings
The fresh screenings were characterised in terms of the physical properties

including total solids (TS), volatile solids (VS) and pH. The analyses were per-
formed according to the Standard Methods [44].

Fig. 6 Homogenised
screenings [9]
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6.2.3 Anaerobic Digestion

Anaerobic digestion was carried out at a laboratory scale based on the method
described by [22, 37, 41]. Anaerobic batch reactors are developed using serum
bottles with effective volume of 400 mL, which are sealed and tightened with
neoprene bungs. Different dry solids concentrations were studied, 3, 6, 9 and 12%,
in four (4) reactors, and one (1) reactor representing the control, which contained
only inoculums and nutrient, to correct the biogas production of the inoculum. The
ratio of screenings to inoculums was 1.5:1, and nutrient was added at 1 mL/L
containing all the micronutrients essential to the growth of the anaerobic
microorganisms. Nitrogen gas was sparged to create anaerobic conditions in the
reactors before starting the experiments. The experiment was carried out in a shaker
incubator with 100 rpm for 30 days at controlled pH (6.8-7.2) and temperature
(37 °C). Biogas produced from the reactors was measured using a liquid dis-
placement method [16].

6.3 Results and Discussion

6.3.1 Physical Characterisation of Screenings

To perform anaerobic digestion, the composition of the substrate, in this case
screenings, needs to be determined prior to feeding into the digester, to permit
modifications to the key parameters. As shown in Table 3, the composition of each
sample was very consistent, despite the wide gaps between collection periods. The
screenings were sampled at different collection times to obtain representative
sample. The average total solids content was 29.6%, which suggests screenings are
a difficult solid waste with high dry solids content. According to [15], dewatering
the screenings by compaction during preliminary treatment at the plant increases the
dry solids content of the sample. Similar results were reported by Huber et al. [13]
with 24-30% and Le Hyaric et al. [12] with 30% of total solids. It is suggested the
screenings should be at least 25% of dry solids to reduce the cost of disposal and to
facilitate waste transportation. Despite the dryness, screenings are still high in
moisture and not recommended for landfill. The volatile solids were always higher
than 90%, which suggests a high organic matter content. [15] reported similar
observations, with volatile solids of screenings were about 90%. High volatile
solids illustrate the potential of methane production as well as nutrient recovery.
The average pH was 6.2 suggesting that screenings were well buffered throughout
the 30 days of digestion without external pH correction, thus provides an ideal
feedstock for anaerobic digestion.
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Table 3 .Ph.ysical Physical characteristics Average (std. dev.)
characterisation of TS (% d Iid 296 (3.0
screenings [16] (% dry solids) -6 (3.0)

VS (% total solids) 93.3 (1.3)

pH 6.2 (0.3)

Note TS = total solids, VS = volatile solids

6.3.2 Biogas Recovery

Figure 7 shows the profile of cumulative biogas production (GP) at standard
temperature and pressure (STP) throughout 30 days of digestion using different dry
solids concentrations of screenings. There was negligible difference in biogas
production over the first 20 days between feed total solids of 3 and 6%. However,
the 6% total solids continued to produce biogas after this period whereas there was
a plateau for the 3% solids. Thus, the cumulative biogas production for 6 and 3%
reached 4466 mL and 3097 mL of biogas, respectively. In the case of 9 and 12%,
the biogas production was poor with a cumulative biogas production of 835 and
756 mL, respectively. This indicates that 6% was the ideal concentration of dry
solids for anaerobic digestion, followed by 3%. However, higher concentrations of
9 and 12% were inhibitory to methanogenesis possibly due to overloaded with high
volatile fatty acids (VFAs) concentrations or ammonia [16].

In this study, the biogas yield is expressed in terms of volume of gas produced/
amount of volatile solids applied (Table 4). This is clearly seen for the digestion of
screenings at 6%, where hydrolysis proceeds rapidly over the first 8 days and a
rapid increase after 12 days indicates more complex material is destroyed, thus
produced 0.36 m*CHy/kg VS methane yield. Previous studies also found the yield
obtained from screenings is typical of the value of other readily biodegradable

Cumulative Biogas Production (mL)

Time (Days)

Fig. 7 Cumulative biogas production at different total solids concentrations [16]
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Table 4 The effect of dry solids on the methane yield [16]

Reactor (% total solids) Total biogas production (mL) Yield (m? CHy/kg VS)
3 3097.11 0.30
6 4465.74 0.36
9 835.21 0.45
12 756.57 0.28

Note The biogas is assumed to be 70% in the form of methane from the total biogas

wastes, such as organic fraction municipal solid waste (OFMSW) with 0.35
m’CH,/kg VS [6], food waste with 0.39 m*CHy/kg VS [40] and complex organic
substrate with 0.24 m°CH,/kg VS methane yields [45]. Other studies on methane
recovery as stated in Table 2.

6.4 Conclusion

Screenings, heterogeneous solid materials, were investigated for its potential in
recovering biogas in the form of methane. The results show that screenings were
high in organic content with total solids (also termed as dry solids) and volatile
solids contents were 29.6 and 93.3%, respectively. The digestion was well buffered
without the need for external pH control as the pH of the material was 6.2 close to
the ideal pH for anaerobic digestion. The promising results of methane yield of 0.36
m’/kg VS suggest that screenings were a potential source for energy production.
The ideal dry solids concentration for methane production was 6%. Total solids
concentrations higher than 6% were inhibitory to methanogenesis possibly as a
result of solids overloading. Even though screenings were categorised as difficult
waste due to the large portion of solid material and high total solids content, the
high organic content as indicated by volatile solids content of screenings suggests
that anaerobic digestion method may not only offer the potential for methane
recovery but also nutrient, such as nitrogen and phosphorus. The well-buffered
system indicates screenings are amenable to anaerobic digestion with no meticulous
attention needed for pH control throughout digestion process.
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Abstract The rationale of study of anaerobic digestion systems is considered,
providing details of the working principles of anaerobic digestion systems for
methane production as well as management of municipal solid waste, mainly
kitchen waste. Background studies on the design of different types of biodigesters
and theories of the production of methane gas from food waste are also discussed.
The physical and chemical operating parameters for the process of methane gas
production are also deliberated in this chapter since it is an essential part to be
considered during design of an anaerobic biodigester. The environmental factors
that have a major influence on production of methane gas from food waste and
previous research work are analysed. Baseline design information is discussed to
develop a suitable portable household food waste biodigester.

Keywords Anaerobic digestion - Food waste - Biomass

1 Introduction

The lifestyles in cities as well as in villages are changing rapidly due to modern-
ization and industrial revolutions. The result is an increase in the net demand for
energy. Therefore, electricity as a source of energy plays an important role in a
community’s daily life especially when most of the household appliances are
electrical. According to a 2016 British Petroleum (BP) statistical report, primary
energy consumption worldwide increased by 1.0% between the years 2014 and
2015. It is also found that about 33% of consumed energy came from fossil fuels,
mainly from oil. The contribution of alternative energy was very limited at about
213 TW-h [1]. The main sources of alternative energy are wind, hydro, solar,
biogas, etc. that are used globally. The energy generation or conversion cost mainly
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depends on the source of energy as well as technology. Among all the sources, the
most economical abundant source is biogas since global solid waste mainly from
municipalities exceeds 1.3 billion tonnes. According to World Bank 2012, on
average, globally about 1.2 kg municipal solid waste is produced per capita per day,
and it is projected to rise to 1.42 kg per capita per day by 2025. It is estimated that
by 2025, about 2.2 billion tonnes of solid waste will need to be processed every
day. This abundant source can contribute significantly to the energy sector. Poor
management of municipal solid waste has a huge impact on the environment.
Therefore, the effective use of these wastes may contribute a significant amount of
energy generation as well as aid national development.

Malaysia is situated in the equatorial region, therefore receiving high solar
radiation intensity as well as high relative humidity. This hot and humid climate
contributes to the outbreak of any infectious diseases in Malaysia. As a result, the
household sector needs more energy for ventilation and for cooling and Malaysia
consumed a lot of electricity.

These household activities are mainly for cooling and heating and demand more
energy than our ancestors would use. Hence, the consumption of energy is rela-
tively high and might be insufficient in the near future. To overcome the demand for
more energy, a sustainable solution is required within a short period of time. One of
the most appropriate and valid solutions is implementation of alternative energy as
replacement of non-renewable energy.

Biogas is one of the alternatives energy sources that can be used to replace
non-renewable energy mainly fossil fuel. Biogas is not a single type of gas butitis a
mixture of methane (CH,4), carbon dioxide (CO,), nitrogen (N,), oxygen (O,),
ammonia (NHj3), hydrogen (H,), sulphur (S) compounds and carbon monoxide
(CO) [2]. All kinds of biodegradable natural waste such as food waste, animal waste,
forest and agriculture residues can be used to produce biogas. However, the pro-
duction processes of biogas from the food wastes are different than other biomass and
the conversion time also varies with types of waste [3]. The biogas production process
can be speeded up by adding a suitable enzyme during the conversion process. The
general biogas generation process is shown in Fig. 1.

Organic .
Material | — | Biogas
N

Digestion (<= ——-—---—
Tank Heat

\_/_|—> Co-Product

Fig. 1 Simple digester for biogas production
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Biogas can be produced under anaerobic (biodegradation process in the absence
of oxygen) or aerobic (biodegradation process in presence of oxygen) conditions. In
the anaerobic digestion system, a series of biological processes take place in the
absence of oxygen. Microorganisms in the digestion tank break down the
biodegradable material and produce biogas as a product. This is a combustible gas
that can be used for electricity generation as well as a source of energy for domestic
and industrial use. Therefore, the anaerobic digestion system depends on envi-
ronmental conditions, the operation procedure and the start-up conditions. The most
challenging issues are that the bacteria must break down organic material without
oxygen, with the potential of hydrogen (pH) almost neutral (=<7.0); in addition, a
suitable temperature and sufficient humidity, nutrients and alkalinity are needed [2].
In the anaerobic process, the organic materials are converted into biogas, which is a
mixture of methane (55-75%) and carbon dioxide (25-45%) gases.

In the anaerobic process, the microorganisms break down biodegradable material
through a series of biological processes before the useful end product is produced.
The processes are involved hydrolysis, acidogenesis, acetogenesis and methano-
genesis [4]. The pH value changes through each stage due to particular function of
microorganism that desires a specific pH value. If the environment is too acidic or
alkaline, the function of the microorganisms might be reduced or failed to function.
It will delay the complete decomposition of the biodegradable material and reduce
produced biogas. Alternatively, aerobic digestion is a biological process where
bacteria in the presence of oxygen break down natural organic and biological waste,
resulting in the overall reduction of natural organic material and the generation of
limited quantity of stabilised cell mass as well as discharging ammonia-N and
phosphate. The performance of aerobic digestion depends on solids retention time,
temperature, pH value, mixing, types of solids and biodegradable material
configuration.

Animal manure and human sewage sludge can be decomposed using the
anaerobic digestion process. Nowadays, this process can also use to compost some
municipal solid waste (MSW) as well as green waste. However, aerobic digestion
can be used to process any type of organic materials. For an effective composting
through aerobic digestion, the right blend of ingredients and conditions are
essential, namely, that the moisture content is about 60—70% and the C/N (carbon to
nitrogen) ratio is approximately 30/1. The variation in ingredients and environ-
mental conditions might alter the performance of the aerobic digestion system.
Furthermore, to ensure the presence of oxygen throughout the process a ventilation
system, either passive or forced ventilation is needed to introduce air.

2 Potential of the Anaerobic Digestion Process

Malaysia is one of the fastest developing countries in Southeast Asia. Energy
consumption is increasing significantly with the gross domestic product (GDP). In
2010, the GDP of Malaysia was $15,385 per capita with the economy and industry
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mushrooming [5]. The relationships of GDP with electricity consumption have been
correlated [6]. Malaysia generates most of its electrical energy by using fossil fuel.
With those inextricable relationships, it could be concluded that increases in GDP
means an increase in energy demand. In correlation to that, the fluctuating con-
stantly increasing fossil fuel price and the emission of greenhouse gases (GHG),
push the development of Malaysia towards the renewable energy field. The gov-
ernment have started up renewable energy-powered systems and created renewable
energy policies [5].

There is another knotty problem in Malaysia, which is to manage solid waste
from households, which requires a well-thought-out solution. Currently, landfills
are used as the main disposal place for managing those households’ solid wastes,
and this gradually increases every year. However, this is not a sustainable way for
household waste management [7]. There is insufficient land to place those waste in
near future in Malaysia [7, 8]. On average, a Malaysian creates 1.2 kg of wastes per
day, of which about 74% is food waste, approximately 21% plastic and 5% other
wastes [9]. Most of the solid waste produced actually comes from the kitchen,
which is daily food waste. The food waste generates a high percentage of methane
gas, which can be used as a source of energy [3]. In addition, the combustion of
methane gas is clean and environmental friendly [10].

Methane gas could bring the benefit of a greener living environment as a useful
energy source and also a sustainable way to deal with those food wastes. By
contrast, it could be a reason to produce harmful greenhouse gases and may cause
global warming if it is not handled properly [11]. Studies have shown that the
Earth’s temperature is increasing annually and the Arctic sea ice is melting due to
climate changes [12]. This is a warning sign from our mother Earth. The micro level
solution, using less energy at household level, is a valid and suitable option to
reduce the emission of greenhouse gases as well as reduce the effect of climate
change.

In contemplation of solving the problems, energy can be generated from
household waste with an efficient and portable biodigester [3]. In the biodigester,
the daily kitchen food waste is applied as input materials. Generally, food waste
consists of cooked, uncooked and raw vegetables and fruits. The wastes are
decomposed inside a confined inner compartment and generate methane gas. The
gas is stored in a gas storage chamber. The end product, methane gas is required to
burn with the presence of sufficient oxygen in furtherance of clean combustion [10].

This technique will help to reduce CO, emissions and limit the emission of one
of the greenhouse gases—methane, especially from animal manure, like cow dung.
In addition, during biogas production, the digested slurry is also produced as a
by-product that is a micro- and macro-nutrients rich fertiliser suitable for plants.
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3 Energy

In thermodynamics, energy is represented the capacity of a physical system to
produce work and heat that appears in different forms. Energy cannot be destroyed
but it can be transferred from one form to another form. The growth of world
population and living standards in developing and developed countries are giving
pressure on global energy consumption which increases on average by 2% every
year [10, 13]. It is estimated that in 2025, about 8.4 billion people will live on the
Earth and need a huge amount of energy [14]. This energy is harvested mainly from
the renewable and non-renewable sources of energy. Unfortunately, the contribu-
tion of renewable energy is still small compared to non-renewable energy. The use
of energy mainly depends on the efficiency of energy production, levels of energy
conversion and the expected standard of the population [15].

In Malaysia, the growth of energy demand is very significant. In 1991, the
primary energy supply was 20,611 kilotonne of oil equivalent (ktoe) and it
increased to 50,658 ktoe in 2000 and 54,194 ktoe in 2013. At the same time,
electricity demand also increased from 22,273 gigawatts hour (GWh) in 1991 to
60,299 GWh in 2000 and further increased to 71,159 GWh in 2003. This is mainly
due to the growth of the economy and industry in Malaysia, and there is an
inseparable relation between GDP with GWh [6].

3.1 Potential Sources of Energy

Malaysia is located in Southeast Asia whose energy demand increased more than
50% from 2000 to 2013. The energy demand is going to approximately double its
value by 2040. Fossil fuels are the primary source of energy in Malaysia and it is
predicted to increase more than 90% in 2040 [16]. In 1993, the energy source for
Malaysia was only from natural gas (44.4%), crude oil (53.1%), coal and coke
(0.4%) and hydropower (2.1%). Oil reserves were predicted to be finished in
15 years, if the usage of crude oil was controlled at 2.9 million barrels per day.
Therefore, the Malaysia government has implemented a number of energy policies
since 1974. Later in 2013, a few renewable energy sources such as biodiesel and
biomass were added to the policy to strengthen it. Malaysia also has potential to use
solar, municipal solid waste, small and mini-hydro, fuel cells, wind energy and
geothermal power as a source of renewable energy. Palm Oil Mill Effluent (POME)
can be used as the main source of biomass and biogas. It has been estimated to
generate roughly 1750 MW by 2028 [5].
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3.2 Biomass Sources Energy

Biomass refers to any type of animal or plant, which can be converted to energy and
it can be divided into three categories: wastes, standing forests and energy crops
[17]. Biomass energy resources are produced in areas where plantations are grown
for fuel or heating purposes [18]. The biomass resources and its potential for
producing bioenergy is still not yet fully utilised today [19]. Biomass could be the
most powerful and ideal energy source in the near future if it is fully utilised.
Properly managed it minimises harm to the environment. Biomass is categorised as
an energy source that does not emit carbon dioxide (CO,) to the environment when
decomposed. The carbon cycle is a complex global process when biomass is
breaking down and the organic carbon is recycled. Through this, the CO, produced
is able to be absorbed by the plants during growth [14].

Energy can be harvested from biomass resources either by mechanical or natural
processes. These techniques are used to convert biomass resources into liquid or
gaseous fuel [19]. The converted biomass fuel can be used efficiently to run
vehicles or generate electricity as a replacement for fossil fuel. Figure 2 summarises
the forms of biomass conversion pathways.

3.2.1 Mechanical Process

Most of the biomass is required to be preprocessed such as compression, chopping,
preheating, etc. before it can be put it into a conversion process [14].
Thermochemical processes such as combustion, gasification and pyrolysis are used
to convert biomass into fuel. Thermal conversion takes place effectively if the
moisture content in biomass is less than 15%. Combustion of biomass is a process
to produce steam and power. Direct combustion of biomass is efficient if the
moisture content is more than 15%. Gasification is one of the most suitable tech-
niques to ensure efficient biomass combustion. A gasifier is used to convert biomass
into producer gas that contains mainly carbon monoxide, hydrogen, carbon dioxide,

l Conversion

v
v v

Mechanical Process Natural Process

v v
v v v v

Heat Oil Ethanol Biogas

Fig. 2 Biomass conversion pathways
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methane and nitrogen. A gasifier is a chemical reactor where biomass goes through
several complex physical processes and chemical reactions take place under an
incomplete supply of air. As a result, producer gases are generated which can be
used for heating water to produce steam and run a power plant to generate elec-
tricity. The producer gas is not a single type of gas it is a mixture of combustible
and non-combustible gases. The volume of combustible and non-combustible gases
depends on the types of biomass that is used a raw material. The heating value of
the producer gas varied from 4.5 to 6 MJ/m’, it also depends on the biomass
material. Therefore, the gasifier, gas flow direction and capacity are considered.
Gasifiers are classified into three groups: updraft, downdraft and cross-draft.
During the gasification process, biomass goes through drying, oxidation, pyrol-
ysis and mass reduction processes. Among the processes, pyrolysis is known as a
thermochemical process, which helps decomposes biomass material. Biomass
materials can be converted into a liquid that can be applied in transportation or as a
type of chemical feedstock [10]. Furthermore, biomass waste such rice husk, saw-
dust and leaves have a high bulk volume. Hence, it is very hard to transport from one
place to another place. In addition, the heating values of loose biomass per unit
volume are very low compare to other fuels. The loose biomass can be compressed
and increased the heating value per unit volume which is known briquetting [19].

3.2.2 Natural Process

This process is also known as a biological process, which involves a series of
biochemical reactions in the presence of enzymes or enzymatic reactions [10]. The
biochemical process is very sensitive and perceptive towards the surrounding
environment. This process is particularly depended on the presence of enzymes,
microorganisms or bacteria, which are used for breaking down the complex sub-
stances into their simplest form. Enzymes act like key for a padlock and only the
right key can be used to open the specialised padlock. There are two main types of
biochemical processes that can be used to turn biomass resources into synthetic
fuels. The biochemical processes are known as fermentation and anaerobic diges-
tion [18]. The differences between them are the involvement of oxygen throughout
the process. The operational parameters are different according to the specific
process on the grounds of how the enzymes work [21].

3.3 Biomass and Biogas

Many developing and underdeveloped countries in the world, mainly in rural areas,
use biomass as a source of energy [21]. The efficiency of direct combustion of
biomass varies from 10 to 15% depending on the moisture content in the biomass.
The combustion efficiency can be increased up to 30% by using improved stoves.
However, the direct combustion of biomass generates harmful carbon monoxide
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Fig. 3 Combustion of biomass and the carbon cycle

(CO) and hydrogen (H,) gas (Fig. 3). Biomass can be used to produce biogas. In
the biogas production process, biodegradable raw materials are decomposed either
in the presence or absence of oxygen. The produced biogas can be used as a source
of energy. The process is more commonly named as aerobic or anaerobic digestion,
respectively.

3.3.1 Anaerobic Digestion

During anaerobic digestion, biogas is produced that is an end product from biomass
raw material which has a high volume of carbon compound [22]. Food wastes, palm
oil wastes, animal manures, aquatic and woods can be used as input materials for
the anaerobic digestion process [23]. The biogas that is produced during the
digestion processes is predominantly a mixture of methane and carbon dioxide with
a negligible amount of nitrogen, hydrogen, hydrogen sulphide, ammonia and
oxygen [10]. The performance of the biodigester can be determined from the
amount of collected gases. Studies showed that the biogas is only flammable when
methane gas is >45% in the producer gas [24]. Methane is a colourless, odourless
gas and gives a blue flame during burning. The combustion of biogas, mainly the
burning of methane gas, with sufficient presence of oxygen becomes water (H,O)
and carbon dioxide (CO,) [10, 22]:

CH4 420, — CO;, 4+ 2H,0 + 192 kcal mol

The combustion of biogas is clean; therefore, it is known as an environmentally
friendly source of energy and can be used as a fuel for electricity generation plants.
Therefore, the effective use of biogas can contribute to national development.
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3.3.2 Solid Waste Digestion Processes

Anaerobic digestion is a suitable option to decompose biodegradable waste, crop
waste and wastewater to generate energy. It is a decomposition process under
controlled conditions and in the absence of oxygen. Mesophilic or thermophilic
temperatures are suitable for anaerobic digestion and facultative anaerobic bacteria
and archaea species occur naturally, which able to convert the wastes to biogas [25,
26].

Anaerobic digestion is a microbial process of decomposition of organic matter,
in sealed reactors tanks, that reduces the percentages of the organic waste and
creates biogas and fertiliser [27]. The advantages of using anaerobic digestion over
aerobic digestion are that anaerobic decomposition requires a lower energy and
operation cost. On the other hand, anaerobic digestion needs a long period of time;
thus, a larger hydraulic retention time is demanded [28].

3.4 Principles of Anaerobic Digestion

There are four different steps during anaerobic digestion for the deterioration of
carbon-based raw material which are hydrolysis, acidogenesis, acetogenesis and
methanogenesis [25]. The stages of the anaerobic process are shown in Fig. 4.

Hydrolysis
In this process, with the help of exoenzymes and bacterial cellulosomes, the
complex carbohydrates, fats and proteins are hydrolysed to their monomeric forms
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Fig. 4 Stage of anaerobic digestion
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[21]. The enzymes act as a catalyst to speed up the digestion process, where
carbohydrates become simple glucose, proteins hydrolyse to amino acids and lipids
to long-chain fatty acids [29, 30].

Acidogenesis

This step is also known as fermentation since glucose, amino acids, fatty acids
and peptides are fermented to volatile fatty acids by anaerobic bacteria [10].
Volatile fatty acids such as acetic acid, propionic acid, butyric acid, isobutyric acid,
valeric acid, isovaleric acid, caprionic acid, alcohols, hydrogen and carbon dioxide
are produced through this process [21]. The acidogens reproduce at a rapid rate
which causes the pH to drop which is harmful if the volatile acids produced are not
removed by the next stage [31].

Acetogenesis
The higher volatile fatty acids and other organic compounds are transformed to
acetic acid, hydrogen and carbon dioxide by the acetogenic bacteria [31].

Methanogenesis

Methanogens convert the intermediate products into methane and carbon dioxide
[21]. There are two types of methanogens process in this stage: one type is ace-
toclastic methanogens that nurture along with acetic acid and generate about 70% of
methane gas, and the other type is hydrogen exploiting methanogens that reduced
carbon dioxide and hydrogen [31].

3.4.1 Operational Conditions in Anaerobic Digestion

Methane production from biomass involves varies types of microorganisms. The
performance of the anaerobic digestion processes depends mainly on the volume of
biomass, temperature, mixing, carbon—nitrogen ratio, hydraulic retention time and
the potential of hydrogen (pH). These parameters are also important to maintain the
balance of microorganisms in the digestion system [21].

Volume

The total reactor volume used for batch tests is inversely related to the number of
replicate samples that could be tested at the same time using a fixed amount of
sludge and substrate. The useful reactor for biochemical methane potential
(BMP) evaluation was always less than 1L [23].

Temperature

There is a wide range of temperature where anaerobic digestion can occur, which
are classified into three groups, namely, as psychrophilic (below 20 °C), mesophilic
(optimum 30-40 °C) and thermophilic (above 50 °C) [31]. Mesophilic and ther-
mophilic are more favoured compared to psychrophilic because the reaction rate is
higher at both temperature ranges [31]. Mesophilic anaerobic processes are com-
mon due to the stable reaction process, high in microbial activities and easy to start
up [10].
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Mixing Substrate

It is important to retain consistent substrate concentration, temperature and other
environmental factors to avert scum formation and solids deposition. Mixing
through gas circulation and mechanical stirrers are depending on the final total
solids concentrations of the systems [32].

Carbon—Nitrogen Ratio (C/N Ratio)

The performance of the anaerobic digestion process relies on the concentrations
of carbon and nitrogen, where carbon is the energy source for the microorganisms
and nitrogen enhances microbial growth. It is generally lost as ammonia gas when
the amount of nitrogen exceeds the microbial requirement. For the ideal condition,
the ratio of carbon to nitrogen is about 30:1 in the raw material [32].

Hydraulic Retention Time (HRT)

Hydraulic retention time is defined as the period the raw material remains in the
digester and is a key design parameter used that depends on the chemical oxygen
demand (COD) and biochemical oxygen demand (BOD) of the feedstock and
slurry. The optimal hydraulic retention time for full biological conversion using
mesophilic digestion is 15-30 days [33].

Hydraulic Retention Time = V,/Q

where

V. Volume of reactor (m°),
Q Influent flow rate.

The Potential of Hydrogen (pH) Value

The pH value of the digester environment is a very important factor and plays an
important role in biomass digestion and methane gas production. Bacteria are very
sensitive towards acidic conditions. The pH value for each stage is different due to
the volatile fatty acids, carbon dioxide and small chain carbonates; therefore, a
buffer solution such as lime may be added to stabilise the pH at a neutral value [33].

3.5 Anaerobic Biodigester

Biodigesters such as fixed dome, floating drum and plug flow are used to produce
methane gas and usually are of large size. There are a few types of small-scale
biodigesters suitable for households’ waste [21]. The biodigester is a waterproof,
sealed chamber usually cubical or cylindrical and built using brick, concrete, steel
or plastic, to allow the process of transforming organic waste into biogas to take
place [24].
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3.5.1 Fixed Dome Digester

A fixed dome digester is known as ‘Chinese’ or ‘hydraulic’ digester. In this
digester, biomass raw material is fed through the inlet pipe, the biogas produced
accumulates at the upper part of the digester and the gas pressure formed com-
presses the slurry to the outlet pipe [21, 34]. Figure 5 shows the fixed dome digester
and its different parts. There are two different types of fixed dome digester models;
Janata model and Deenbandhu model are commonly used. The main difference
between Janata model and Deenbandhu model is the shape of the floor bottom. The
digestion tank of Deenbandhu model is designed as a hemispherical shape, while
Janata model has a flat bottom. The disadvantage of these biodigesters is once
installed, it is hard to move or replace them [21]. In addition, the digester tank leaks
easily when a high gas pressure develops in the biogas chamber [35, 36].

The advantages of fixed dome digesters are lower construction cost, they do not
contain moving and rust-prone steel parts, longer lifetime, less temperature varia-
tion and more space-saving [35, 36].

3.5.2 Floating Drum Digester

This type of digester is designed with a movable inverted drum, which is known as
a gas collector and able to move up and down depending on the gas produced at the
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Fig. 5 Fixed dome anaerobic digester
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top of the digester tank (Fig. 6). The gas pressure can be increased by adding load
to the inverted drum that is needed for the gas flow through the piping, for further
usage. In this digester, the amount of gas accumulated can be predicted from the
position of the drum. The average size of the digester tank is around 1.2 m>. The
difference between a floating drum digester and fixed dome digester is the gas
collection part. The floating drum digester uses a floating drum, steel, gas collector;
however, the fixed dome digester uses a fixed steel gas collector. The drum can rust
over time and reduce the movement of the drum as well as reduce the performance
of the digester [21, 37].

3.5.3 Plug Flow Digester

This type of digester is designed as a long and narrow horizontal tank in which
biomass is constantly added at the influent. Continuous digestion takes place in the
plug flow digester; therefore, the production of gas is continuous. Usually, the plug
flow digester vessel is five times longer than it is wide. It is made of concrete, steel
or fibreglass [38]. The inlet and outlet of the digester are put at two different ends
and placed above the ground; the other parts of the digester are buried inclined in
the ground as shown in Fig. 7. The main advantage of plug flow is simple, easy to
operate and economical to instal [38].

According to Cheng et al. [28] and Deng et al. [35], the fixed dome, floating
drum and plug flow digesters can be used for food waste. All the digesters have
advantages and disadvantage as presented in Table 1.
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Fig. 6 Floating drum digester
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Fig. 7 Plug flow anaerobic digester

Table 1 Advantage and disadvantage of fixed dome, floating drum and plug flow biodigesters

Digester Advantages Disadvantages
type
Fixed » Low starting cost « High technical skills needed to
dome * Long lifetime construct gas-tight condition
« Very less rusting parts * Hard to repair if leak
* Space-saving * Heavy construction materials
* Low maintenance required during demanded
operation * Quantity of gas produced not
* Small area required if built underground easily detected
« High gas pressure
Floating * Easy operation and construction » Expensive due to steel drum
drum » Gas volume noticeable « Corrosion of steel drum caused
» Can maintain fixed gas pressure shorten lifetime
* Required high maintenance cost
for painting the steel drum
Plug * Low cost and construction * Short lifetime
flow * Transportable « Easily damaged

» Easy maintenance
* More independent towards climate
change if compare to fixed dome type

* Low gas pressure
* Less eco-friendly

3.6 Food Waste

The bio-methanisation of food waste is divided into four main categories based on
the food waste main components such as proteins, lipids, carbohydrates and cel-
luloses. The rate of production of methane is highest from food wastes that have
excess lipids but the reaction needs a longer time. Food waste with proteins takes a
little longer, then celluloses and lastly carbohydrates [33]. Food waste has a high
content of organic matter, comprising crude lipid (22.8-31.45%), crude protein
(14.71-28.64%) and carbohydrates on a dry matter basis [39]. Household food
wastes categories are rich in proteins and lipids from meat, egg, cheese and fish or
high in carbohydrates from bread, flour and potatoes. Vegetables and fresh fruits are
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usually rich in carbohydrates except for mushroom, spinach and dry fruits which
are full of proteins [33].

3.7 Biodigester for Food Waste

According to Deng et al. [35] and Tapase et al. [40], the fixed dome biodigester can
be used successfully under mesophilic condition for food waste digestion.
A floating drum anaerobic biodigester under mesophilic condition can also be used
for food waste [41]. To produce methane effectively, Asmare [42] combined food
waste with human waste before putting it into the fixed dome digester tank under
mesophilic conditions. Lama et al. [43] pretreated the floating drum biodigester
with cow dung before placing food waste in it. This study showed that the numbers
of microorganisms were increased significantly after pretreatment. The anaerobic
digestion of the food waste at mesophilic temperature was faster and a specific
amount of methane gas is produced under this process [43]. Ogur and Mbatia [3]
selected only uncooked kitchen waste as their organic matter to put into the
biodigester and operated it under mesophilic conditions. The experiment accumu-
lated 24 m*/day biogas for an input of waste of approximately 100 kg. Vij [44]
chose cooked rice, vegetables and vegetable waste as the source of organic matter
and managed to produce methane gas in only 52 h. The summary of the outcome of
these experiments is presented in Table 2.

Table 2 Summary of food waste biodigester

Biodigester type Food waste type References
Fixed dome Food waste [35]

Fixed dome Food waste [40]

Fixed dome Food and human waste [42]

Fixed dome Uncooked kitchen waste [3]

Fixed dome Cooked rice and vegetables, and vegetable wastes [44]
Floating drum Food waste (pretreatment with cow dung) [43]
Floating drum Food waste [41]
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3.8 Conclusion and Future Remarks

The huge amounts of food waste and other biodegradable biomass are responsible
for severe environmental pollution in many countries in the world. Therefore, food
waste management is becoming a major issue for every city as well as for society.
Nowadays, it is of serious economic and environmental concern; hence, many
organisations are working for effective solution for food waste management. Many
researchers all over the world are putting their efforts into finding a sustainable
solution and conversion technologies to manage this waste. The main components
of food wastes are proteins, lipids, carbohydrates and celluloses. There are many
different ways food waste can be managed. Among all the management methods,
the anaerobic digestion process is one of the valid options that can manage food
waste effectively as well as generate a by-product, biogas that can be used as a
source of energy. In the anaerobic digestion process, the microorganisms effectively
break down the natural biomass materials and food waste in the absence of the
oxygen and produce biogas, mainly methane. The methane gas is an appropriate
solution for rural household energy supply, mainly for cooking and heating. This
methane gas can also be used as a source fuel for generators to generate electricity
or as a vehicular fuel but the biogas needs to fulfil certain condition of combustion.
The performance of the anaerobic digestion can be improved significantly by
reviewing several physical, thermochemical, biological or combined pretreatments.
The food waste digestion performance also depends on the rate of reaction in the
digestion chamber and hydrolysis process. Food waste with others biomass sig-
nificantly enhances the production of biogas, mainly methane. In the anaerobic
digestion system, the percentage of combustible gas mainly methane and
non-combustible gas mainly CO, are about 69 and 29%, respectively [45].

Additionally, there are a few parameters that need to be considered to improve
the performance of the anaerobic digestion process. First, a large volume of digester
tank should be used with centralised gas storage. This will increase the methane gas
concentration at the outlet. Furthermore, suitable enzymes can be used to enhance
the reaction rate for the digestion of food waste. Different combinations of food
waste and biomass material have a significant effect on the digestion rate.
Therefore, the enzyme can be suitable for all kind of food wastes, which has altered
C-H-O-N ratio.
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Overview of Biologically Digested M)
Leachate Treatment Using Adsorption i

I. Azreen and A. Y. Zahrim

Abstract Biological process is effective in treating most biodegradable organic
matter present in leachate; however, a significant amount of ammonia, metals and
refractory organic compounds may still remain in this biologically digested lea-
chate. This effluent cannot be released to receiving bodies until the discharge limit
is met. Several physical/chemical processes have been practiced as post-treatment
to remove the remaining pollutants including coagulation—flocculation, oxidation
and adsorption. Adsorption is often applied in leachate treatment as it enhances
removal of refractory organic compounds. This chapter will focus on works related
to adsorption as one of the commonly used methods to treat biologically digested
leachate further down to acceptable discharge limit.

Keywords Leachate - Landfill - Adsorption - Biologically digested

1 Introduction

Leachate is defined as a liquid generated mainly by the percolation of precipitation
water passing through the cap of the completed landfill, or through the open landfill
site. To be more specific, it is a soluble mineral and organic compound that is
formed as water penetrates into the waste layers, extracting along contaminants as it
flows and initiates a mass transfer through complex interplay between the bio-
geochemical and hydrological reactions for producing high moisture content that
could activate the liquid flow [1].

Leachates usually contain massive amounts of organic contaminants, which can
be measured as chemical oxygen demand (COD) and biochemical oxygen demand
(BOD), suspended solid, halogenated hydrocarbons, ammoniacal nitrogen, inor-
ganic salts and various type of heavy metals. These contaminants are of major
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Table 1 Acceptable discharge limits for leachate in several countries [3-5]

Parameters Discharge limit (mg/L)

Malaysia | USA Hong |France |Germany |China | South

Kong Korea

COD 400 NA 200 120 200 100 50
BODs 20 NA 800 30 20 30 NA
NH;-N 5 NA 5 NA NA 25 50
Total NA NA 25 NA 3 3 NA
phosphorus
Total nitrogen NA NA 100 30 70 40 150
Cddr) 0.01 0.01 0.1 NA 0.1 0.01 NA
Cr(IIT) 0.2 NA 0.1 NA 0.5 - NA
Cr(VI) 0.05 0.05 NA NA 0.1 0.05 NA
Cu(II) 0.2 0.07 1.0 NA 0.5 - NA
Zn(II) 2 0.3 0.6 NA 2 - NA
Ni(II) 0.2 0.013 |0.6 NA 1.0 - NA
Pb(I) 0.1 0.03 NA NA 0.5 0.1 NA
Ag(I) 0.1 0.05 0.6 NA NA - NA

concern to be treated as they are listed as the parameters of leachate discharge limit
to be met by landfill operators. Table 1 shows the increasingly strict discharge
standards in several countries. If not properly treated and safely disposed of, landfill
leachate could cause a significant threat to water bodies as it can contaminate the
surface- and groundwater and pollute the receiving waters [2].

The amount of the rainfall infiltrating to the waste through the cover, the
absorptive capacity of the waste, the weight of absorptive waste and any removal of
the leakage via seepage or discharge are among factors to be considered in esti-
mating the generation rate of leachate [6]. Leachate composition depends on certain
factors such as design and operation of landfill, waste composition [7], the avail-
ability of moisture and oxygen, landfill age and site hydrology [1]. Information of
leachate quality is also useful in designing appropriate liner system in sanitary
landfill and leachate treatment. Rafizul and Alamgir [8] characterize the leachate
and investigate the influence of tropical climatic effects on leachate characteristics
of lysimeter studies at various seasons. The study demonstrates that leachate quality
is affected by lysimeter operational mode.

Table 2 represents classification of landfill leachate according to the composition
changes. Young landfill leachate (age <5 years) is generally characterized by high
BOD and COD concentrations, high ratio of BOD/COD, moderately high ammo-
nium nitrogen and a pH value as low as 4. Stabilized or old leachate (age
>10 years) is presented by a high refractory compounds which are not easily
degradable, such as humic substances and fulvic-like fractions, moderately high
strength of COD, high strength of ammonia nitrogen and a low BOD/COD ratio of
less than 0.1 [9, 10, 12]. Quite differently, Alvarez et al. [11] classify young
leachate as less than 1 year old with BOD/COD ratio ranging from 0.5 to 1.0,
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Table 2 Classification of landfill leachate by age [9, 10, 12]

Type of leachate Young Intermediate Stabilized
Age (years) <5 5-10 >10

pH <6.5 6.5-7.5 >7.5
COD (mg/L) >10,000 4000-10,000 <4000
BODs/COD 0.5-1.0 0.1-0.5 <0.1
Ammonia nitrogen (mg/L) <400 NA >400

and old leachate as more than 5 years old with BOD/COD ratio ranging from 0 to
0.3. In this paper, biologically digested leachate refers to young or intermediate
leachate that has purposely undergone biological treatment or stabilized leachate.
Over the time, the microorganisms break down the organic matters in leachate into
CH,4 and CO,. Hence, the organic compounds become less biodegradable, and the
leachate becomes stabilized. Like stabilized leachate, biologically treated leachate is
also lack of biodegradable materials.

From Table 2, it is noticeable that ammonia nitrogen in stabilized leachate is at a
high concentration and usually requires post-treatment, whereas COD concentra-
tion, biodegradability and heavy metals have been reduced in stabilized leachate.

2 Treatment of Leachate

Inappropriate landfill management can lead to serious environmental problems
through release of leachate. Landfill leachate is among the most challenging
effluents to treat owing to its complex composition, highly variable characteristics
and strength [13, 14]. Most researchers discuss leachate treatment technologies by
classifying them into two basic types: biological and physical/chemical [3, 15, 16].

Both physical/chemical and biological treatment processes have their advantages
and disadvantages; therefore, typically these processes are combined for a more
effective leachate treatment [14, 17, 18]. Selection of an appropriate and adequate
leachate treatment process is dependent on contaminants that need to be eliminated
from the leachates. According to Keenan et al. [19], usage of biological treatment
alone is difficult because of the leachate characteristics. Low removal efficiency of

Table 3 Typical leachate characteristics from landfills in different countries

Country COD BODs BODs/ pH NH;-N References
(mg/L) (mg/L) COD (mg/L)
Belgium 706-1846 20-50 0.02— 8.0- - [21]
0.03 8.5
China 2817 150 - 8.6 2000 [2]
Malaysia | 2740 193.2 0.07 8.3 1113.2 [22]
France 550 - 0.03 7.5 390 [23]
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each biological treatment system is due to substantial presence of hard to remove
high-molecular-weight organics and presence of organics, inorganic salts and
metals which inhibit the activated sludge microorganisms. Therefore, landfill lea-
chate characteristics must be known to understand the inconstant performance in
leachate treatment either by biological or physical/chemical process [20]. Table 3
shows typical leachate characteristics from landfills in different countries.

Apart from undergoing physical/chemical and biological treatment, leachate can
also be treated by recycling or combined treatment with municipal wastewater [3,
15]. As an option, leachate can also be used as fertilizer for wheat plant (Triticum
aestivum) [24]. Table 4 summarizes types of landfill leachate treatments.

Selection of treatment technologies to be applied in treating leachate is depending
on the type of contaminants to be treated. In a study by Bashir et al. [25], the efficiency
of a treatment process is determined based on colour, COD and NH;-N percentage
removals. The best removal of colour, COD and NH;-N from leachate which are 96.8,
87.9 and 93.8%, respectively, is achieved using ion exchange treatment via cationic/
anionic sequence as compared with other treatment methods. Coagulation—floccula-
tion and AOPs were effective for COD and colour removal from leachate but not for
NH;-N. Biological treatment manages to remove 71% NH3—N, but only removes
29% COD and 22% colour. Better removal of both NH3—N (92.6%) and COD (68.4%)
from stabilized leachate is achieved using adsorption via a new carbon—mineral
composite.

It is clear from this finding that different technologies provide different effi-
ciencies for contaminant removal. Moreover, due to the inconsistency in leachate
composition as indicated as parameters in Table 1, no single effective treatment is
available for all landfill leachate. Risks associated with the leachates dispersion are
caused by high pollutant concentrations and the non-homogenous nature of the
substances [16].

Table 4 Types of landfill leachate treatments commonly used

Recycling [3, 15]
Combined treatment with municipal wastewater [3, 15]

Biological treatment Aerobic treatment [3, 15, 16, 20]
Anaerobic treatment [3, 15, 16, 20]
Physical/Chemical treatment Dissolved air flotation [3]

Air stripping [3, 4, 15]
Coagulation—flocculation [3, 4, 15, 20]
Chemical precipitation [3, 4, 15]
Chemical oxidation and AOPs [3, 15, 20]
Adsorption [3, 4, 15, 20, 28-34]
Membrane filtration [3, 4, 15, 20, 41]
Ton exchange treatment [3, 4, 15, 25]
Electrochemical treatment [3, 4, 15, 20]
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3 Physical/Chemical Treatment of Leachate

In most leachate treatment plants, physical/chemical treatment is carried out as
primary treatment prior to biological treatment. It is carried out to remove
non-biodegradable materials including humic and fulvic acid, and other undesirable
compounds such as heavy metals, adsorbable organic halogens and polychlorinated
biphenyls from the leachate [15]. Sometimes, biological oxidation processes can be
hindered by the presence of bio-refractory materials, which can be removed
beforehand by physical/chemical system.

During physical treatment, only physical occurrence is utilized to improve lea-
chate quality. There will be no chemical or biological changes in the leachate.
Examples of physical treatment include screening to retain larger impurities, sed-
imentation to settle solids by gravitational force and aeration which utilizes oxygen
as oxidation agent in removing BODs [20]. Filtration, the simplest physical treat-
ment, is used to trap and separate solid by passing leachate through a filter media.

On the other hand, chemical treatment consists of using chemical reactions to
enhance leachate quality. The most commonly used chemical process is neutral-
ization, where acid or base is added to adjust the pH of leachate back to neutrality.
Coagulation consists of adding coagulant that will form an insoluble end product
that serves to remove substances from leachate [20]. Adsorption involves both
physical and chemical processes by using activated carbon to adsorb organics and
metals from leachate.

Kumari et al. [26] studied the possibility of leachate treatment with microalgae
and bacteria. Bacto-algal co-culture was observed to be most effective in removing
toxic organic contaminants and heavy metals such as Zn, Cr, Fe, Ni, Pb, naph-
thalene, benzene, phenol and their derivatives, halogenated organic compounds
naphthols, phthalates, pesticides and epoxides. Results of the study demonstrate the
potential of bioremediation and detoxification of bacto-algal co-culture for leachate
treatment through a significant decline in both cytotoxicity and genotoxicity.

Magnetic graphene oxide (MGO) coupled characters of graphene oxide and
magnetism were used for removing humic acid/fulvic acid HA/FA and lead Pb(II)
in landfill leachate. Maximum adsorption capacities reached for FA, HA and Pb(I)
were 72.38, 98.82 and 58.43 mg/g, respectively [27].

Adsorption is commonly applied to remove organics and metals in leachate.
Granular or powdered activated carbon has frequently been used due to its prop-
erties such as larger surface area, higher adsorption capacity and better thermal
stability. Cui et al. [28] studied the effects of biological activated carbon
(AC) dosage on COD removal in landfill leachate treatment. The COD removal
efficiency was 12.9, 19.6 and 27.7% for reactors with 0, 100 and 300 g activated
carbon dosage per litre activated sludge, respectively. Kaur et al. [29] used activated
cow dung ash (ACA) and cow dung ash (CA) as adsorbents and obtained up to 79
and 66% removal of COD, respectively. Results indicated that ACA exhibited
11-13% better removal efficiency as compared to CA. Adsorption using granular
activated carbon (GAC) by Kawahigashi et al. [30] obtained removals ranging
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between 94 and 100% for true colour, between 45 and 76% for COD and between
23 and 67% for TOC. Effluent from the Fenton process was subjected to adsorption
with Carbotecnia lignite macroporous activated carbon and achieved 29 mg/L
COD, 24 mg/L. BODs and 18 Pt—Co colour [31].

Gracilaria sp. extract was used for the treatment of matured landfill leachate
containing As, Fe, Ni, Cd and formaldehyde. Results showed that high adsorption
of heavy metals was observed with Fe absorbed at the fastest rate as compared to
adsorption of formaldehyde [32]. Martins et al. [33] studied ammonium nitrogen
adsorption followed by zeolite regeneration via nitrification of raw leachate. Zeolite
initial adsorptive capacity was first evaluated, and then biological regeneration was
performed using zeolite holding adsorbed ammonium in the presence of sodium
bicarbonate and a nitrifying bacterial suspension. The adsorptive capacity was
reduced by only 4.55% after regeneration from 11 to 10 mg NH,"-N/g zeolite.

In another adsorption study, cockleshells were used as an adsorbent media for
the treatment of a stabilized landfill leachate. The optimum dosage, shaking speed
and pH for COD removal were investigated using cockle shells of particle sizes
ranging from 2.00 to 3.35 mm. Results showed that optimum shaking speed is
150 rpm and optimum pH and dosage was 5.5 and 35 g/L, respectively, according
to the adsorption of COD. The adsorption isotherms suggested that a Langmuir
isotherm was a better fit than a Freundlich isotherm [34].

Coagulation and flocculation is still the leading option for the treatment of
landfill leachate and widely practiced by many landfill operators. In view of that, it
is assumed that pre-hydrolysed coagulants can be considered as good coagulants
due to better colour removal and high pH affinity towards leachate. Development of
starch-based coagulants in leachate treatment is seen as a promising approach that
can reduce the dependence of pure coagulant, which can effectively improve sludge
production during the flocculation process. Still, the applicability of the
starch-based coagulants is yet to be documented and extensively discussed [35].
Mechanically treated starch from oil palm trunk waste had been tested by Zamri
et al. [36] as coagulant for semi-aerobic landfill leachate treatment. Oil palm trunk
starch was found to be a better coagulant compared to polyaluminium chloride
(PAC) in terms of COD removal, however, not effective for SS removal as com-
pared to PAC.

In another study, a combination of a coagulation and nanofiltration process to
treat leachate was performed. Poly ferric sulphate (PSF) was used as coagulant, and
the results indicated that 62.8% COD and 75.3% turbidity removal efficiency can be
obtained at an optimum dosage of 1200 mg/L at pH 6.0. In the nanofiltration
process, 89.7% of COD, 78.2% of TOC, 72.5% of TN, 83.2% of TP and 78.6% of
NH;-N were retained when tested at 0.6 MPa at 25 °C. The final leachate effluent
concentration reached for COD, BODs, NH5-N, TOC and SS was 92, 31, 21, 73
and 23 mg/L, respectively [37].

A study by Dolar et al. [38] was carried out to evaluate a pretreatment alternative
for treating stabilized landfill leachate using nanofiltration (NF) and RO through
combination of coagulation/ultrafiltration (UF) and adsorption/UF. Coagulation
showed better reduction of COD (65%), turbidity (87%) and TOC (86%) than
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adsorption. UF provided better results after adsorption since COD and TOC
removal was higher, ratifying that larger molecules were removed with coagulation
while smaller molecules removed with adsorption. Ammonium reduction was
insignificant for all pretreatment steps.

Ishak et al. [39] studied the removal of H,O, residue from stabilized landfill
leachate that has undergone coagulation—flocculation coupled with the Fenton
reaction. The highest TOC removal of 71% at pH 6 was achieved after coagulation—
flocculation with ferric chloride. Almost 50% of TOC removal was achieved after
the pretreated leachate was subjected to the Fenton reaction at pH 3, H,O,:Fe**
ratio of 20:1, H,O, dosage of 240 mM and 1 h of reaction time. The combination
of coagulation—flocculation with the Fenton reaction removed 85% of TOC, 84% of
COD and 100% turbidity. The ecotoxicity study performed using zebrafish revealed
that the 96 h lethal concentration LCs for raw stabilized leachate was 1.40% (v/v).
After coagulation—flocculation, LCs, of the leachate was increased to 25.44%.
However, after the Fenton reaction, the LCsq was found to decrease to 10.96% due
to the presence of H,O, residue. H,O, residue was then removed by adsorption
using powdered activated charcoal which successfully increased the LCs of treated
effluent to 34.48% and the removal of TOC and COD was further increased to 90%.

Biochar produced from palm oil mill effluent sludge was used to treat landfill
leachate with the removal percentage of 44.26% of COD, 70.20% of colour and
30.56% of NH3—N under optimal conditions. The optimization process of biochar
preparation was done using RSM and the optimum conditions obtained were 452 °C
pyrolysis temperature and 66 min of holding time [40].

Membrane processes have been utilized as an advanced type of leachate treat-
ment. Combination of forward osmosis (FO) with membrane distillation (MD) is
used to treat high salinity hazardous waste landfill leachate. Results presented
showed that optimal feed solution flow rate, draw solution concentration and draw
solution flow rate for FO stage were 0.87 L/min, 4.82 M and 0.31 L/min, respec-
tively. Salt, TOC and TN rejection rates were higher than 96, 98 and 98%,
respectively, and NH**-N, Hg, As and Sb were also successfully removed. This
study proved that optimized FO-MD combined system can be used to treat high
salinity hazardous wastewater [41].

Ozonation has also been applied in leachate treatment. A high removal efficiency
of colour from concentrated leachate was reported by Mojiri et al. [42] when using
a combination of electro-ozonation and a composite adsorbent augmented
sequencing batch reactor (SBR) process. 64.8% COD, 90.4% colour and 52.9%
nickel were removed at optimum reaction time of 96.9 min, pH 7.3, ozone dosage
of 120.0 mg/L, current of 4 A and voltage of 9 V. Ozone consumption ranged from
0.3 to 1.4 kg COD removed per kg ozone. Concentrated leachate treated by
electro-ozonation was further treated using the powdered composite adsorbent
(P-BAZLSC) augmented SBR reactor (PB-SBR). PB-SBR enhanced the removal
efficiency for COD, colour and nickel from 64.8 to 88.2%, 90.4 to 96.1% and 52.9
to 73.4%, respectively.

Single ultrasound (sonolytic) and sonolytic combined with Fe** and TiO, cat-
alysts was utilized by Kocakaplan et al. [43] to treat leachate. The colour removal
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efficiency was recorded as 81.81% at 620 nm, pH = 2.0 and 70% wave amplitude.
As the Fe?* concentration increased from 1.0 to 3.0 mg/L, the COD and colour
removal decreased from 50 to 35.7% and 955 to 90.9%, respectively.
A combination of catalyst and sonolysis was shown to be effective to remove
colour, COD and TOC from landfill leachate. Fenton-like with zero-valent iron
(ZV1) process, an advanced oxidation process, was also investigated in treating
leachate. The effect of pH on colour and COD removal from leachate was deter-
mined at initial pH values of 2.0, 2.5, 3.0, 3.5 and 4.0. The maximum colour and
COD yield were achieved at pH 2.0 with colour and COD removal of 87.9% (in
620 nm wavelength) and 74%, respectively [44].

Treatment of leachate by a photocatalytic process using tungsten-doped TiO,
nanoparticles under the fluorescent light irradiation was studied by Azadi et al. [45].
Calcination temperature, dopant content, pH and contact time of leachate with
nanoparticles were first determined before concentration of the leachate COD was
predicted using a quadratic regression equation obtained from RSM. Results
showed at optimal conditions of pH 6.63, tungsten content of 2.64% by weight,
contact time of 34 h and calcination temperature of 472 °C, 46% of COD was
efficiently removed.

Electrolysis is also used to remove organic and inorganic pollutants in landfill
leachate treatment. Electric potential, sodium chloride (NaCl) concentration, pH,
hydraulic retention time (HRT), distance between electrodes and electrode materials
were considered in a study. An electrical potential of 60 V at 5% of NaCl solution
using Fe as cathode and Al as anode that was being kept at a distance of 3 cm with
HRT of 120 min was the optimum operational condition for electrolysis resulting in
high removal efficiencies of TSS, TDS, heavy metals, turbidity, salinity, BOD and
COD. 94% COD removal and 93% Mn removal suggested that electrolysis is an
efficient technique for multi-pollutant removal from landfill leachate [46].

Photoelectrocatalytic oxidation of landfill leachate using a Cu/N co-doped TiO,
(Ti) electrode was investigated by Zhou et al. [47]. The experimental design method
was applied to RSM for optimization of the operational parameters of the photo-
electrocatalytic with TiO, as photoanode to treat landfill leachate. The results of the
investigation revealed that 67% of COD and 82.5% of TOC were removed at
optimum conditions for the degradation which are 4377.98 mg/L initial COD
concentration, initial pH 10.0 and 25.0 V potential bias. Moreover, 38 out of 73
organic micro-pollutants disappeared completely in the photoelectrocatalytic pro-
cess as shown by GC/MS.

Kim and Ahn [48] studied the effects of microwave-assisted persulfate oxidation
(MAPO) on specific ultraviolet absorbance at 254 nm wavelength (SUVA254),
absorbance spectra and colour in landfill leachate treatment. The study also looks at
effects of treatment temperature and sodium persulfate (SPS) concentration.
An absorbance band in the visible region disappeared, whereas the absorbance
in UV region remained after MAPO. From the results, colour number
(CN) (CN = 0.004/cm) removal of 99% was reached within 30 min with MAPO at
80 °C and 0.2 M SPS concentration. SUVA254 of treated leachate was found to
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vary from 2.3 to 14.7 L/mg m. In conclusion, as SPS concentration and tempera-
ture increased, SUVA254 also increased, however, TOC and CN decreased.

Microbial fuel cells (MFCs) are another type of advanced treatment for leachate.
In a design by Alabiad et al. [49], activated carbon, carbon black and zinc elec-
trodes used as anodes were tested in MFC reactors. Static and dynamic modes were
studied to look at efficiency of MFC in eliminating ammonia. In both modes,
activated carbon performed superior to zinc and black carbon. Removal rates of
ammonia obtained were 96.6, 66.6 and 92.8% for activated carbon, zinc and black
carbon.

A bioelectrochemical system (BES) is another promising technology for the
concurrent removal and recovery of resources such as water, nutrients, energy and
heavy metals. Organic compounds in the leachate undergo oxidation by microor-
ganisms, thus producing energy and other valuable resources. High-quality water
can be recovered through the integration of forward osmosis in BES. Uncertainty in
concentration largely affects the recovery of metals from leachate. Ammonia and
phosphorus recovery is through cathode reduction reactions driven by electricity
generation. Among challenges for BES are low bioavailability of landfill leachate
and system scaling up as energy production and consumption balance requires
better understanding [50].

In general, physicochemical treatment processes are capital- and energy-
intensive since cost of oxidants, membranes and chemical needs to be considered
[51]. By looking at the results obtained from studies carried out using physical/
chemical treatment of leachate as discussed above, it is apparent that physical/
chemical treatment is effective in removal of COD, colour and heavy metals;
however, it is not quite an effective option to treat ammonia nitrogen. Therefore,
biological treatment is applied to further improve the quality of the leachate.

4 Biological Treatment of Leachate

Biological treatment utilizes microorganisms in the biochemical decomposition of
leachate resulting in a more stable end product. Biologically treated leachate is
almost totally free from biodegradable materials. Biological treatment methods can
be divided into aerobic and anaerobic based on availability of dissolved oxygen. In
aerobic condition, organic pollutants are mostly converted into CO, and sludge by
using atmospheric O, transmitted to the wastewater. In anaerobic treatment, organic
matter is transformed into biogas, mainly consisting of CO, and CH4 and in a minor
part into biological sludge. Biological processes are proven to remove nitrogenous
and organic matter from young leachates effectively when the BOD/COD ratio has
a high value, exceeding 0.5 [15]. Usually, a combination of aerobic/anaerobic
system has been used to treat leachate more efficiently for the removal of
biodegradable compounds.

Both aerobic and anaerobic processes have their own benefits and drawback.
The aerobic-activated sludge process, for instance, requires high capital investment,
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and management and operation of the process are affected by temperature.
Stabilization pond, on the other hand, requires a lengthy residence time (10—
30 days), needs a large surface area and the purification capacity indicates large
seasonal variations. Anaerobic treatment processes are suitable for high-strength
organic wastewater. The disadvantages include a long retention time, and con-
taminant removal is quite low and more profound to temperature change.
Anaerobic—aerobic biological treatment process of leachate is preferable, but
management, operation and investment of the construction of the leachate treatment
plant are costly, and once the landfill stop operation, the treatment facilities are
eventually abandoned [9].

Anaerobic digestion involves the biological decomposition of inorganic and
organic matter without the presence of molecular oxygen and as a result, CH4 and
CO, are produced. Anaerobic treatment has been normally used in tropical coun-
tries as a pretreatment since it requires less energy consumption, less sludge pro-
duction and is excellent in treating high-strength wastewaters like leachate [52, 53].
Anaerobic process usually performs excellently under high organic loading rates,
producing less residual sludge and in addition to that, generating biogas for
renewable energy recovery [54].

Anaerobic treatment methods usually perform better than aerobic processes for
biological treatment of landfill leachate due to its high COD content and high COD/
BOD ratio. Using upflow anaerobic sludge blanket (UASB) reactors, up to 92%
COD removal efficiency can be achieved. Anaerobic and sequential anaerobic—
aerobic reactors used to treat leachate at temperatures between 11 and 24 °C
resulted in removal efficiency of 80-90% for COD and nearly 80% for ammonium
[18].

Anaerobic sequencing batch reactors (AnSBR) have been studied and consid-
ered a promising alternative to treat wastewater. The advantages of AnSBR are the
probability to achieve high solids retention, offer better effluent quality control, high
organic matter removal efficiency and the opportunity of appropriate process con-
trol [55]. At specific loading and volumetric rates varying from 0.17 to 1.85 g
COD/g VSS/day and 0.4 to 9.4 g COD/L day, respectively, 64-85% COD
removals can be achieved. Around 83% of COD removed is converted to CH, [56].
In a study by Kennedy and Lentz [57], at OLRs between 0.6 and 184 g
COD/L day, the AnSBR removal efficiencies of soluble COD are between 71 and
92% while the continuous UASB reactor had soluble COD removal efficiency
between 77 and 91%. Results from a study by Contrera et al. [52] showed more than
70% COD removal efficiency, with an inlet COD about 11,000 mg/L. and a TVA/
COD ratio of approximately 0.6 suggesting that the anaerobic sequence batch biofilm
reactor (AnSBBR) could be a substitute for landfill leachate anaerobic pretreatment.

The problems of low growth rate of anaerobic microorganisms and the poor
retention of biomass can be solved by integrating membrane separation with an
anaerobic bioreactor to form the anaerobic membrane bioreactor (AnMBR).
A dynamic membrane has been established, with advantages of comparable bio-
mass retention efficiency but higher membrane flux and inexpensive membrane
which can lessen the problem of membrane fouling. The anaerobic dynamic
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membrane bioreactor AnDMBR process achieved removal efficiency of 62% COD
for raw leachate with COD of 13,000 mg/L. The CH4 content in the biogas was
within 70-90%, and at an OLR of 4.87 kg COD/(m® day), the average CH, yield
was 0.34 L/g COD removed [58]. In another study, a lab-scale AnMBR was used to
investigate the removal of five selected pharmaceutical compounds present in
synthetic sewage. With addition of powdered activated carbon (PAC) to the
AnMBR, the removal of all five compounds improved, with very high removal
efficiencies for sulfamethoxazole (96%) and triclosan (93%) [59].

Anaerobic digestion can be employed at relatively low cost and it can generate
an energy-rich biogas as a by-product [60]. Anaerobic digestion is a process suit-
able in handling large organic loads that usually characterize young leachates. One
of the problems of using anaerobic digestion in leachate treatment is slow growth of
microorganisms; hence, a conventional anaerobic digester requires a huge digester
volume, which was expensive. In addition, high flow rate in the conventional
anaerobic digester always lead to wash out. Therefore, media is used to halt the
bacteria inside a fixed bed anaerobic digester to stabilize and maximize the
microorganism’s growth and also reducing the likelihood of the bacteria to be
washed out. Natural zeolite is one possible material for the immobilization media
that was able to adsorb ammonia produced during the leachate digestion [61].

The membrane bioreactor (MBR) is another alternative to treat old landfill
leachate. The membrane separation capacity of an MBR could retain most micro-
bial cells in the reactor to sustain a high biomass concentration, making it an
effective biological digestion system. As compared to conventional biological
systems, more than 90% BOD and ammonia removals as well as 75% or higher
COD removal can be achieved with larger organic loading rates (OLR) and shorter
hydraulic residence times (HRT). Latest developments such as AnMBR and
PAC-amended MBR have shown great capabilities in treating landfill leachate [62].
Application of SMBR resulted in high BOD and P removal and nitrification. Due to
strong interaction with negative surface charge of sludge, MBR performance was
excellent for heavy metals such as Fe, Cu, Al, Zn, Pb, Cd and Cr but not for Mo,
As, Mn and Ni [63].

In investigating anaerobic digested effluent treatment performance and mecha-
nisms, Kizito et al. [64] comparatively evaluated three types of vertical flow con-
structed wetland columns (VFCWs), packed with corn cob biochar (CB-CW), wood
biochar (WB-CW) and gravel (G-CW) under tidal flow operations. As result,
CB-CW and WB-CW provide significantly higher removal efficiencies for organic
matter (>59%), NH,*—N (>76%), TN (>37%) and phosphorus (>71%), compared
with G-CW (22-49%). The higher pollutant removal ability of biochar-packed
VFCWs was mainly attributed to the higher adsorption ability and microbial cul-
tivation in the porous biochar media. Increasing the flooded/drained ratio from 4/8
to 8/4 h of the tidal operation further improved around 10% of the removal of both
organics and NH,*-N for biochar-packed VFCWs. The study showed that the use
of biochar would enhance the treatment performance and lengthen the lifespan of
CWs under tidal operation.
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In another study, Kizito et al. [65] used slow pyrolyzed biochars produced from
wood (WDB), corncobs (CCB), rice husks (RHB) and sawdust (SDB) for
adsorption, desorption and regeneration of phosphate (PO, -P) from anaerobically
digested liquid swine manure. The PO4> —P adsorption capacity increased followed
by initial concentrations increasing. Pseudo-second-order kinetics model could best
fit PO,° P adsorption; therefore, indicating the chemisorption via precipitation
was the main mechanism for PO, —P removal. This finding suggested biochar
could be effectively used to recover PO, —P from anaerobic digestate. Previously,
Kizito et al. [66] have done a study that demonstrated the potential of wood biochar
and rice husk to adsorb NH,*—N from piggery manure anaerobic digestate slurry.
The treated slurry can be used as nutrient filters before released into water streams.
The sorption process was endothermic and followed pseudo-second-order kinetic
models (R2 = 0.998 and 0.999) and Langmuir (R2 = 0.995 and 0.998) models.

Almost 99% NH,—N removal was achieved after undergoing aerobic treatment
of domestic leachates in a sequencing batch reactor (SBR) with 20-40 days of
residence time [67]. Nearly, 95% BOD and 50% nitrogen were removed from
combined landfill leachate and domestic sewage that was treated in an SBR with the
ratio of sewage to leachate 9:1 [68]. Mojiri et al. [69] added powdered ZELIAC
(PZ), which is an adsorbent consisting of zeolite, activated carbon, limestone, rise
husk ash and Portland cement to the SBR to study the treatment of landfill leachate
and domestic wastewater. PZ-SBR showed that better performances with removal
efficiencies for colour, phenols, COD and NH;-N were 84.11, 61.32, 72.84 and
99.01%, respectively, at optimum conditions of leachate to wastewater ratio (20%),
aeration rate (1.74 L/min) and contact time (10.31 h) [69]. In another study, PZ was
used to remove heavy metals from landfill leachate and urban wastewater. PZ-SBR
removed heavy metals more efficiently than SBR. In PZ-SBR, removal efficiencies
for Fe, Mn, Ni and Cd were 79.57, 73.38, 79.29 and 76.96%, respectively, at
optimum contact time (11.70 h), leachate to wastewater ratio (20.13%) and aeration
rate (2.87 L/min) [70].

For large-scale application, it is substantial to combine aged refuse reactor and
slag reactor [71]. Using aged refuse under the conditions of 700 °C, pH 9, aged
refuse dosage of 60 g/L and reaction time of 10 h, the COD and ammonia nitrogen
removal rates reached 58.38 and 79.77% and the equilibrium adsorption capacity
were 11.68 and 1.58 mg/g. The fitting of dynamic data from the COD and ammonia
nitrogen adsorption processes was in line with the quasi-second-order equation,
which indicated that the rate of adsorption was dependent on chemical adsorption.
The fitting of the isotherm equation showed that the adsorption of COD and
ammonia nitrogen to aged refuse can be classified as multilayer adsorption and
monolayer adsorption, respectively [72].

There are many reports on practical methods for leachate treatment operating
under anaerobic or aerobic conditions [52, 73, 74]. It has also been considered using
natural systems like artificial wetlands and ponds in design of treatment facilities
[75], whereas evaporation and leachate recirculation are discussed in other systems
[76, 77].
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In a study, methanogenesis and denitrification were performed in the anaerobic
reactor, whereas nitrification of NH,*—N and organic removal were carried out in
the aerobic reactor. In the anaerobic reactor, the maximum organic removal rate was
15.2 kg COD/m> day while in the aerobic reactor, the maximum nitrification rate
and maximum NH**-N removal rate were 0.50 kg NO> -N/m*> day and 0.84 kg
NH**-N/m® day, respectively. For proper nitrification in the aerobic reactor, the pH
range was 6-8.8 [78].

Anaerobic treatment of municipal landfill leachate was studied using
laboratory-scale UASB and hybrid reactors at 11 and 24 °C. The anaerobically
treated leachate was subjected to aerobic post-treatment using an activated sludge
process, also at 24 °C. At 1.5-2 day HRT and 0.7-1.5 kg COD/m> day organic
loading rates in the 11 °C reactors, up to 60—-65% COD removal was obtained,
whereas with a 10 h HRT at 24 °C, up to 75% COD removal was achieved.
45-75% of the COD left after anaerobic treatment was removed by the aerobic
post-treatment, thus producing effluent with a BOD- of less than 22 mg/L and less
than 380 mg/L COD. In the sequential process, the COD removal was 80-90%. In
the aerobic stage, up to 80% ammonium and 40% total nitrogen were removed [79].
In another study using a UASB reactor, the COD removal efficiency achieved a
maximum of 80% as the OLR increased from 4.3 to 16 kg/m> per day. After the
aerobic stage, NH,—N removal efficiency was around 99.6% [80].

In a system consisting of a UASB, anoxic/aerobic (A/O) reactor, and a deni-
trifying UASB (DUASB), a mixture of 1:2 raw leachate and domestic wastewater
treated. The total nitrogen, organic matter and ammonia nitrogen in the final effluent
were 39, 80-90 and 14 mg/L, respectively, with respective removal efficiencies of
98, 95 and 95%. COD removal efficiencies in the UASB, A/O and denitrifying
UASB were 76.8, 2.8 and 16.3%, respectively [81].

In a batch reactor, anoxic digestion based on the endogenous biomass activity
has been studied. The anoxic digestion reactor has shown 91% BODj5 reductions, as
well as 46, 65, 45 and 63% reduction for COD, TOC, NH4—N and TKN, respec-
tively, with a retention time of 90 days. With 7 days of total retention time, the
effluent was then treated in downflow cascade in three aerated submerged biological
reactors. In the aerobic reactors, further reductions were achieved and overall
removal efficiencies of 95, 94 and 92% for BODs, COD and NH4+—N, respectively,
were achieved by the coupled system of anoxic and aerobic reactors [82].

5 Combination of Physical/Chemical Treatment
with Biological Treatment

In larger systems and depending on the treatment goals, integrated systems which
combine the physical/chemical and biological processes are often used. Removal
efficiency of contaminants can be increased as a result of these integrated systems.
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In a study by Bakraouy et al. [83], landfill leachate is treated anaerobically
combined with a coagulation—flocculation process, using ferric chloride as coagu-
lant and a cationic polymer as flocculant. Optimal dosages were 4.4 g/L. of coag-
ulant and 9.9 mL/L of flocculant. Removal efficiencies reached: 89, 69, 94, 80 and
89% for phenol, turbidity, colour, COD and absorbance at 254 nm, respectively.

Ammonia removal ranging from 82 to 93% and average COD and BOD removal
of 64 and 67%, respectively, were achieved when combining air stripping with
aerobic biological treatment in treating leachate. Meanwhile, respective removal
values of COD and BOD for anaerobic treatment were 41 and 45.5% with no
reduction of ammonia concentration recorded. Using the same operating conditions,
an evaluation between aerobic and anaerobic treatment has a preference for
ammonia stripping followed by aerobic treatment [84].

In a study of sanitary landfill leachate treatment, a combination of biofiltration
(BF) and electrocoagulation (EC) processes was investigated. N-NH,, BOD, tur-
bidity and phosphorus removal of 94, 94, 95 and >98%, respectively, was obtained
when BF process was used as secondary treatment. For tertiary treatment, EC
process using magnesium-based anode was used. The best performances were
achieved by applying a current density of 10 mA/cm? through 30 min of treatment
with 53% COD removal and 85% colour removal recorded [85].

Highly contaminated old landfill leachate was treated using combination of
high-performance MBR equipped with UF and electro-oxidation process (EOP) by
boron-doped diamond electrode (BDD). MBR and EOP were optimized for both
raw and pretreated landfill leachates. Sludge retention time of 80 days and organic
load rate of 1.2 g COD/L day was considered as the optimum operating condition
for MBR in which respective removal efficiencies of COD, NH*", TOC and P
attained the average of 63, 98, 35 and 52% [86].

In another treatment of landfill leachate, a combined process of anaerobic
digestion, lime precipitation, microfiltration (MF) and reverse osmosis was studied.
The OLR was increased gradually up to 3.3 g COD/L day during the anaerobic
digestion step. The upflow anaerobic fixed bed reactor presented excellent effi-
ciency in terms of biogas production and COD removal. Lime dose was enhanced
to attain maximum reduction of conductivity during precipitation experiments to
avoid RO membranes fouling. Similar removal efficiencies were obtained when
anaerobic digestion step was removed. Considerably, the anaerobic digestion step
enhanced the process by reducing 50% of the lime dose and increasing 35% of MF
and 40% of RO fluxes at a steady state [87].

Based on results of studies discussed above, biological treatment proves useful
in treating raw or pretreated leachate with high concentrations of organic sub-
stances. However, the success of the treatment drops as the landfill age increases,
due to reduction of biodegradable organic matter over time and leachate turns into
stabilized leachate [88]. Most of the old or biologically treated leachate contains
high amount of recalcitrant organic molecules that cannot be removed totally using
biological treatment [15]. Further, post-treatment is deemed necessary in order to
meet stringent quality standards for discharge of leachate into the receiving water.
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6 Adsorption as Post-Treatment of Biologically Digested
Leachate

Biological treatment has a poor removal efficiency for certain substances such as
halogenated bio-refractory organic compounds (AOX) and metals [88]. Because of
this, the organic components present in stabilized landfill leachate were mostly
non-biodegradable. Moreover, the presence of high-strength NH3;-N and
bio-refractory materials in the stabilized leachate usually may inhibit the biological
activity in the bioreactor [3, 89]. As such, conventional biological treatment
methods are no longer adequate and efficient to be utilized for stabilized landfill
leachate treatment; therefore, physical/chemical treatments are recommended as a
refining step for biologically digested leachate and also to remove refractory sub-
stances from stabilized leachate [20, 88].

Physical/chemical methods such as ozonation, coagulation—flocculation, Fenton
oxidation, membrane filtration and activated carbon adsorption are regularly used
for post-treatment of landfill leachate [4, 90-92]. Adsorption is reported as fre-
quently used as post-treatment of biologically digested landfill leachate [10].
Although other adsorbents such as zeolites are used, the most common adsorbent
being used for treating stabilized leachate is activated carbon. Activated carbon has
large specific surface area, fast adsorption kinetics and thermostability. Activated
carbon is also very flexible in removing wide range of organic and inorganic
pollutants of various concentrations [93]. Some of the studies on adsorption of
biologically digested leachate are as summarized in Table 5.

An aeration tank operated in fed-batch mode with and without powdered acti-
vated carbon (PAC) as adsorbent was used as post-treatment to treat pretreated
leachate using coagulation—flocculation and air stripping. At concentrations above
0.5 g/L, PAC addition improved COD removal significantly but marginally for
PAC concentrations above 2 g/L. With 2 g/l PAC added biological treatment,
almost 86% COD removal was achieved. As compared to treatment using only
biological oxidation and only PAC adsorption, COD removals were almost 74 and
38%, respectively, after 30 h fed-batch operation [18].

Adsorption process was performed by Rodriguez et al. [103] on final effluent
from the La Zoreda landfill leachate treatment plant. Prior to adsorption, the lea-
chate was recirculated through an anaerobic digestion pilot plant. Effluent resulting
from the anaerobic had COD exceeding 1000 mg/L, indicating a residual
non-biodegradable organic matter still remains. Amberlite XAD 4, Amberlite XAD
8, Amberlite IR-120 and GAC were adsorbents used for adsorption, and it was
found that GAC could remove the highest COD, followed by Amberlite XAD-8.
When using GAC, 200 mg/L of residual COD was obtained, while 59% of the
initial COD, which may be related to fulvic acids, was removed by the resin
Amberlite XAD-8.

Papastavrou et al. [98] studied the post-treatment of a biologically treated landfill
leachate by comparing two treatment schemes which were coagulation followed by
AC adsorption, and electrochemical treatment. 50% of COD was removed by
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coagulation with alum at an optimum dose of 3 mM AI**, while an overall of 80%
of COD was removed after AC adsorption. 170 mg/L of the organic matter was not
adsorbable. Nearly, 90% COD removal in 240 min was obtained after electro-
chemical oxidation over a boron-doped diamond electrode.

Study by Oloibiri et al. [21] presented the advantage of using combined treat-
ment trains to treat biologically stabilized leachate, adding an ozonation or coag-
ulation step before GAC could enhance organic matter removal from the leachate.
By applying FeCl; coagulation—flocculation before GAC adsorption, an overall
removal of 53% COD and 99% a,s4 was reached. Ozonation/GAC combination
sequence resulted in up to 77% COD removal.

Another study looked at adsorption using AC to treat biologically treated lea-
chates followed by UF. Two types of pulverized coal-based granular activated
carbon were used for the study. 80% removal of COD and TOC are attained by
increasing carbon dose, and at a dose of 10 g/L of pulverized AC, almost similar
removal rates for each carbon product were achieved. More than 50% Cu and about
65% Ni was removed by doses of 10 g/L of pulverized AC [101]. Post-treatment by
adsorption on PAC to remove heavy metals was also studied by Trabelsi et al. [82]
which attained total reduction level of ~99% of COD.

Gao et al. [104] looked at economical yet effective nitrogen and COD removal
from biologically treated leachate using the following post-treatment method:
ozonation, adsorption to GAC, ozonation followed by GAC and recirculating
ozonated effluent into autotrophic nitrogen removal (ANR) system. Prior to
post-treatment, the leachate was biologically treated with the ANR process. Only
14% of total nitrogen and 15% residual COD in the leachate can be removed by
ANR post-treatment with ozonation, whereas 17% of total nitrogen and 74% of
COD was effectively removed using AC. An overall removal performance of 83%
for COD and 78% for nitrogen was attained using combination of ANR, ozonation
and GAC.

Multiple oxidation processes, namely UV/H,0O, treatment, ozonation and
photo-Fenton treatment, were compared to treat biologically stabilized leachate
prior to GAC filtration. Although oxidation can modify the affinity of the organic
matter towards GAC, adsorption using GAC (Organosorb10) presented uncertain
change of adsorption capacity. Initially, a decreased adsorption onto GAC hap-
pened as result of polarity changes from a hydrophobic to more hydrophilic
character. Then, higher adsorption capacity was achieved as larger components
were partially converted into smaller components that could infiltrate deeper and
easier into the pores of the GAC. No change in adsorption was observed as both
effects appear to neutralize each other. 6.9, 10 and 63% COD removal were
achieved after GAC adsorption pretreated by UV/H,0, treatment, ozonation and
photo-Fenton treatment, respectively [99].

Combined adsorption and coagulation was studied to treat a biologically treated
leachate from an industrial landfill. By addition of 490 mg alum/L and 1000 mg
PAC/L in an adsorption—coagulation process with pH control, up to 32 and 68% of
the COD and colour were removed, respectively. Adsorption and coagulation
combination process with pH control can remove COD and colour better as
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compared to process without pH control. COD removal was not influenced by pH
control, while colour removal was influenced greatly by pH control [105].

Adsorption was investigated as a post-treatment to biologically treated leachates
produced at the MSW landfill of Asturias (Spain). Adsorbents used were different
AC: Organosorb 10MB, Organosorb 10 and Filtracarb CC65/1240. With
Organosorb 10MB, adsorption capacities ranged between 150 and 157 mg COD/g
were obtained for an AC dosage of 1 mg/L, while adsorption capacities between
13.3 and 18.4 mg COD/g were achieved for an AC dosage of 20 mg/L. Adsorption
capacities ranged between 145 and 175 PtCo/g for the lower dosage and between 16
and 29 PtCo/g for the higher dosage are obtained for colour. Highest COD and
colour removals of 63 and 45%, respectively, were achieved for a dosage of
20 mg/L after 5 h contact time, suggesting removal efficiency increased as the
dosage of AC increased [94].

Based on results obtained from the studies discussed above, adsorption process
has shown its effectiveness in removing ammonia nitrogen and metals from bio-
logically digested leachate. Removal effectiveness of COD by adsorption depended
on type of other pretreatment that was carried out prior to adsorption process.
Removal of colour is speculated to be mainly assisted by coagulation process. This
can be supported through findings by Hur et al. [106] in a study that COD removal
was achieved mainly by adsorption, and colour was removed mainly by coagulation
in the adsorption—flocculation process. Non-biodegradable organics, COD and
colour may also be reduced by adsorption process due to the presence of AC or
other type of adsorbents, which is assumed as providing synergy effect for
preparing a surface for attachment of bio-regeneration (microorganisms) and
becomes a core for floc formation occurrence, as suggested by Cegen et al. [107].

7 Conclusion and Future Work

Despite tremendous efforts performed by landfill operators and designers to elude
the increasing volume of waste generation, through efforts of composting, reuse,
reduce and recycling including other various approaches of waste pretreatment prior
to landfilling, landfilling is expected to remain as the final destination of waste. In
view of that, leachate will continue to be generated and its discharge after under-
going treatment will remain as a problem requiring serious attention. There are still
numerous landfill sites that are either in operation or already closed, which will be
generating leachate for ages. For that reason, the best technology or integration of
technologies in treating leachate must be identified that preferably suits the con-
ditions of effective, low cost, ease of operation and durability.

This chapter indicates that adsorption has proven to be promising in
post-treatment of biologically treated leachate. However, most studies are using
activated carbon as the adsorbent, be it in granular or powder form, which is costly
in terms of operation and regeneration, resulting in increased treatment costs.
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Opportunity lies in searching for a better type of adsorbent which is environmental
friendly, effective, low cost and accessible such as biosorbent.
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of Recalcitrance Coloured Particles
from Anaerobically Treated Effluent
Using Coagulation—Flocculation

A. Y. Zahrim

Abstract The palm oil industry is the most important agro industries in Malaysia
and most of the mills adopt anaerobic digestion as their primary treatment for palm
oil mill effluent (POME). Due to the public concern, decolourisation of anaerobi-
cally treated POME (AnPOME) is becoming a great concern. Presence of
recalcitrant-coloured particles hinders biological processes and coagulation—floc-
culation may able to remove these coloured particles. Several types of inorganic and
polymers-based coagulant/flocculant aids for coagulation—flocculation of AnPOME
have been reviewed. Researchers are currently interested in using natural coagulant
and flocculant aids. Modification of the properties of natural coagulant and floc-
culant aids enhanced coagulation—flocculation performance. Modelling and opti-
mization of the coagulation—flocculation process have also been reviewed.
Chemical sludge has the potential for plant growth that can be evaluated through
pot trials and phytotoxicity test.

Keywords Palm oil mill effluent - Anaerobic digestion - Decolourisation

1 Introduction

Palm oil is the world’s most important oil crop that produces crude palm oil
(CPO) and palm kernel oil (PKO), respectively. Total world production of CPO
stands at about 38 million tonnes worth around US$20 billion [1]. The palm oil
industry is the most important agro industry in Malaysia and an important con-
tributor to Malaysia’s economic growth. Other countries such as Indonesia,
Thailand, Papua New Guinea, Colombia, Ivory Coast and Nigeria also plant oil
palm [1].
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In Malaysia, the total production of crude palm oil (CPO) in 2012 alone was
about 18.79 million tonnes [2]. However, the production of a large amount of crude
palm oil (CPO) leads to enormous quantities of wastes, particularly palm oil mill
effluent (POME). The minimum POME generated in 2012 is estimated to be
47 million tonnes [3]. Although there is no chemical addition during the production
of CPO [4], the POME is a highly polluting wastewater that pollutes the envi-
ronment if discharged directly into rivers (Table 1). POME is a colloidal mixture of
water, oil and fine suspended components. The suspended components are mainly
vegetative matter like cell walls, organelles, short fibres, water-soluble carbohy-
drates ranging from hemicelluloses to simple sugars (glucose, reducing sugars and
pectin), nitrogenous compounds (from proteins to amino acids), free organic acids,
lipids, as well as the assembly of minor organic and mineral constituents. The
suspended solids in POME slurry are mainly cellulose matter mixed with small
portions of residue oil [5].

Due to the rapid development of palm oil industry worldwide, the risks of
pollution generated from the industry have been growing. For example, the number
of palm oil mills in Malaysia continued to increase rapidly from 334 mills in 1999
to 454 mills in 2017 and Abdullah et al. [8] estimated that the current POME
volumes will be increasing from 60 million tonnes to 70-110 million tonnes by
2020.

In order to control the pollution from palm oil mills in the country, regulatory
control over discharges from palm oil mills is instituted through Environmental
Quality (Prescribed Premises) (Crude Palm Oil) Regulations, 1977 promulgated
under the Environmental Quality Act, 1974 and enforced by the Department of
Environmental (DOE). The palm oil mills are required to adhere to prescribed
regulations, which include laws governing the discharge of mill effluent into
watercourses and to land. Moreover, the requirement for the BOD concentration of
industrial effluents to be discharged to watercourse has been made tighter recently

Table 1 Characteristics of Parameter® POME [6] AnPOME
raw POME and AnPOME (7]
pH 34-52 7.2-8.3
Biochemical oxygen 10,250- 440-1355
demand 43,750
Chemical oxygen demand 15,000- 1003-
100,000 13,532
Total solids 11,500— NS
79,000
Suspended solids 5000-54,000 290-12,750
Volatile solids 9000-72,000 NS
Oil and grease 130-18,000 NS
Ammoniacal nitrogen 29-312 45-100
total nitrogen 180-1400 26-310

“Units in mg/L except pH, NS = not stated
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by DOE where the prevailing national regulation of 100 mg/L BOD has now been
reduced to 20 mg/L for mills [3, 8]. The regulations also outlined the effluent
discharge standard to comply with the colour discharge of 100 ADMI [8].
Anaerobic digestion of POME is widely accepted by the managers due to its low
operating cost and biogas recovery, which reduces the carbon footprint of palm oil
production [9]. Although there is significant organic matter reduction during
anaerobic digestion treatment, the colour of effluent (AnPOME) turns dark brown
(Fig. 1) [10] and it is also contains bioflocs, anaerobic microorganisms and
macrofibrils [11]. The ineffectiveness of POME anaerobic digestion is due to
insufficient bacterial activity stunted by irregular effluent flows, volatile POME
components, complex POME compositions, rainwater dilution, remaining sus-
pended solids, crystal-like struvite formation of POME organic fouling, as well as
unfiltered solubilised plant proteins and sugars [9]. Figure 2a shows particles from
anaerobic ponds that consist of loose strand fibres. It is believed that after it is
undergone degradation, the loose strands fibres is disappeared as shown in Fig. 2b.
Colour is the first contaminant to be recognised by the public and hence the
appearance from the anaerobically treated POME (AnPOME) becomes a great
concern. Discharge of coloured AnPOME imparts colour to receiving waters and
thus inhibits the growth of marine organisms by reducing the penetration of sun-
light, with a consequent reduction in photosynthetic activity. The coloured com-
pounds may chelate with metal ions and thus become directly toxic to aquatic biota
[12]. Besides, the humic substances will react with chlorine in drinking water
treatment and produce carcinogenic by-products such as trihalomethanes [13]. In
addition, substances derived from lignin in POME can possibly inhibit embryonic
development in marine organisms [14]. Several studies (e.g. Jakobsen et al. [15];
Fathahi [16] reported the occurrence of water pollution which is caused by
improper treatment of palm oil mill effluent (POME). The colour of the effluent

Fig. 1 a Raw POME b anaerobically treated POME [22]
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Fig. 2 SEM images of particles from a anaerobic pond and b aerobic pond, at 1000x
magnification

might be contributed by the residual lignin [17], tannin, humic and fulvic acid-like
substance [18, 19], lipids and fatty acids [20] as well as anaerobic fermentation
by-product, e.g. melanoidin [4, 21].

Treating coloured effluent from industries has become a real challenge in the
recent years. The objective of this review is to discuss the current progress on the
treatment of AnPOME using coagulation—flocculation. The coagulation—floccula-
tion process is regarded as one of the most important and widely used treatment
processes for industrial wastewater [23] and raw water [24] due to its simplicity and
effectiveness. Utilising coagulation—flocculation process for AnPOME decolouri-
sation could enhance recovery and recycling of water for the palm oil mill [25].

2 Anaerobic Digestion of Palm Oil Mill Effluent

Anaerobic digestion (AD) is one of the oldest known processes utilised for the
metabolism of organic wastes. The basis of this treatment method is the evolution of
methane via degradation in the absence of oxygen. The numerous advantages of
anaerobic digestion include the low operating costs as minimal chemicals required,
pathogen removal, higher loading rates are possible and the formation of biogas
from the metabolism of more than 90% of organic material [26].

Generally, the anaerobic digestion mechanism consists of a number of “stages:
(1) hydrolysis, (2) fermentation (acidogenesis) and (3) methanogenesis [27]. During
hydrolysis, two mechanisms may take place: (1) the particulate material (i.e. plant
cell debris and less than 50% of total pollutant level [28]) is converted to the soluble
compound [27] and/or (2) the complex material (carbohydrate, lipids and protein) is
converted to simple compounds (sugar, amino acids, etc.) [29].
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However, anaerobic digestion is not efficient for the removal of coloured
compounds/phenolics due to their inhibitory effects on anaerobic microorganisms
[30, 31].

3 Coloured Compounds

Lignin, the main plant component, is a heterogeneous aromatic polymer inter-
spersed with hemicellulose and occurs surrounding microfibrils. Lignin (density:
1.3-1.4 g cm ™ and brown in colour) contains P-hydroxy-phenyl, syringyl and
guaiacyl units [12]. The lignin content in POME is around 1700-7890 mg/L
[17, 32].

Another important colourant that could be present in AnPOME might be tannin
[18]. Tannins are complex dark-coloured non-crystalline substances composed of
polyhydroxy phenolic (aromatic hydroxyl) compounds, related to catechol, glyco-
sides or pyrogallol, which vary in composition. Tannins extracted from wood, bark
and leaves are used extensively in the preservation of animal skins [12].

During the fermentation stage, the amino acids, sugars and fatty acids are
degraded to several compounds, i.e. lactate, propionate, acetate, formate, etc. [27].
Besides that, natural condensation between sugars (carbonyl groups) and amino
acids or proteins (free amino groups) through the Maillard reaction could produce
another colourant, i.e. melanoidin [33]. It has been reported that the wastewater
from distilleries and fermentation industries also contain melanoidins [33].
Presently, there is no report of Maillard reaction products in AnPOME. Finally,
during anaerobic digestion the methanogenic substrates are converted to methane
and carbon dioxide [27]. Due to its structural complexity, dark colour and offensive
odour, it poses a serious threat to soil and aquatic ecosystem [33]. The offensive
odour might be due to the presence of volatile fatty acids such as butyric and valeric
acid [34].

4 Coagulation-Flocculation Process

The attractive forces between the particles are considerably less than the repelling
forces of electric charge. Under these conditions, Brownian motion keeps the
particles in stable suspension. Due to this, the particles will not settle out on
standing or may settle by taking a very long time. Coagulation—flocculation in
effluent treatment involves the addition of substances to alter the physical state of
colloidal and suspended particles. Coagulation—flocculation expedites particle
removal by sedimentation. Coagulation tends to overcome the factors that promote
effluent particle stability and form agglomerates or flocs. In water and effluent
treatment, the coagulation—flocculation process is extremely vital [35]. Coagulation
as a pretreatment is regarded as the most successful pretreatment for water treatment
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[36]. Besides that, coagulation—flocculation of coloured effluents has been used for
many years, either as a main or pre-treatment option, due to its low capital cost [37].
Several factors are affecting the coagulation—flocculation process, i.e. types of
coagulant/flocculant aids, coagulant/flocculant aids dosage, mixing rate and time,
pH and temperature.

Coagulants can be categorised as [38]: (1) hydrolysing metallic salts, e.g. ferric
chloride, aluminium sulphate (alum), etc., (2) pre-hydrolysing metallic salts, e.g.
polyaluminium chloride, polyferrous sulphate, etc., (3) synthetic cationic polymers,
e.g. polydiallyldimethyl ammonium chloride, polyacrylamide, polyamine, etc.
(4) plant-based natural coagulants, e.g. guar gum, potato starch, Moringa oleifera
seeds, etc. (5) animal-based natural coagulants, e.g. chitosan, fish scale, etc., and
(6) microorganism-based natural coagulants, e.g. xanthan gum.

Since coloured particles in AnPOME are negatively charged [31, 39]; cationic
coagulants such as aluminium sulphate [11, 40, 41], aluminium chlorohydrate [42],
ferric chloride [39, 43], polyaluminium chloride [44, 45], calcium lactate [31],
chitosan [46] as well as polydiallyldimethyl ammonium chloride [42] have been
investigated for coagulation purpose.

Flocculation is the process whereby destabilised particles, or particles formed as
a consequence of destabilisation, are induced to come together, make contact, and
thereby form large(r) agglomerates [35]. Flocculation can happen through the
addition of coagulant alone (called as primary coagulant) or flocculant aids.
Normally, anionic flocculant aids are being used for this purpose: anionic poly-
acrylamide [39, 43], rice starch [47], etc. Anionic flocculant aids are useful when
the destabilised flocs have excess positive charge surface and bridging between
flocs has occurred. In some cases, cationic polyacrylamide might be used as floc-
culant aids [11, 31] if the destabilised flocs still contain an excess of negative
charge surface. It should be noted that precipitation (chemical state alteration) might
occurs simultaneously during coagulation—flocculation process [48, 49]. The best
polymer should be selected to ensure the highest performance of coagulation as
well as to reduce the chemical cost [50].

4.1 Inorganic and Polymers-Based Coagulant/Flocculant
Aids

In Malaysia, a coagulation—flocculation (CF) treatment method has been investi-
gated for the treatment of raw POME as well anaerobically treated POME
(AnPOME). While in raw POME the treatment focuses on suspended solids
removal, coagulation—flocculation of AnPOME is aiming for removal of soluble
solids including recalcitrance coloured particles.

Ho and Tan [11] studied AnPOME treatment through coagulation—flocculation
(CF) using aluminium sulphate-cationic polyacrylamide, dissolved air flotation
(DAF) and CF-DAF to reduce conventional treatment time and area. Despite the
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fact that both methods were able to achieve a 97% removal of the suspended solids
of the AnPOME, the removal of the soluble solid is very difficult. The authors
stated that the total solid removal for CF, DAF and CF-DAF are 56, 59 and 63%,
respectively [11]. Despite advancement in polymer synthesising and purification
resulting in the development of vast types of polymers, the performance of poly-
mers towards soluble solid is still unchanged. Malakahmad et al. [41] investigated
the further treatment of AnPOME using alum combined with cationic polymers.
Results indicate coagulation process under optimum conditions (pH = 6, alum
dosage = 1800 mg/L, rapid mixing = 5 min, and slow mixing = 20 min) reduces
the COD, TSS and turbidity by 59, 80 and 86, respectively. The polymers caused
further reduction of TSS (85-88%) and turbidity (97-98%) but not the soluble
COD [41].

Polyaluminium chloride (PAC) could be effective at neutral pH of initial
wastewater. Poh et al. [44] investigated polyaluminium chloride (PAC) as a
post-treatment method for POME. Hybrid PAC (2 g/L) with micro-bubbles system
able to reduce COD about 93% at pH 7.05 and final treated effluent pH is within the
regulatory requirements, i.e. 6.28 [44]. In another study, Othman et al. [45] showed
that a hybrid process, i.e. adsorption using activated carbon with coagulation using
polyaluminium chloride (PAC) resulted in the final COD and SS of 10 and 2 mg/L,
respectively, which is better than river water quality [45].

Jami et al. [43] applied anionic polymer as a flocculant aid and compared the use
of coagulants ferric chloride and aluminium sulphate to reduce turbidity. The result
of the coagulation process showed that ferric chloride gave a better reduction of
turbidity at a dosage of 100 mg/L, pH of 8 and with polymer dose of 100 mg/L
than alum. Similar findings were also observed by Othman et al. [45], i.e. FeCl;
showed highest COD and suspended solid (SS) removal compared to alum and
PAC [45].

Zinatizadeh et al. [51] evaluated various biodegradable polymers, i.e. three
cationic polyacrylamides (C-PAM; as coagulant) and three anionic polyacrylamides
(A-PAM; as flocculant) with different molecular weights and charge densities, for
the treatment of POME. The combination of a C-PAM (Chemfloc1515C) with
medium molecular weight and charge density and an A-PAM (Chemfloc 430A)
with high molecular weight and charge density at doses of 300 and 50 mg/dm®
showed the best total suspended solids (TSS) and chemical oxygen demand
(COD) removal (96.4 and 70.9%, respectively). The optimal condition was found at
pH 5, rapid mixing at 150 rpm for 1 min, and slow mixing at 40 rpm for 30 s. As a
conclusion, physiochemical pretreatment using biodegradable coagulants was a
promising alternative to effectively separate TSS (96.4%) with high water recovery
(76%) [51].

The most important part of sludge treatment prior to disposal is the reduction of
the sludge volume by solid—liquid separation. However, the presence of organic
components, mainly bacterial cells and extracellular polymeric substances (EPS),
and colloidal and supracolloidal range particles in the sludge makes it difficult to
dewater even at high pressures, i.e. 0.6 MPa [52]. Zinatizadeh et al. [51] evaluated
various biodegradable polymers, i.e. three cationic polyacrylamides (C-PAM; as



156 A. Y. Zahrim

coagulant) and three anionic polyacrylamides (A-PAM; as flocculant) with different
molecular weights and charge densities; for the treatment of POME. The combi-
nation of a C-PAM (Chemfloc1515C) with medium molecular weight and charge
density and an A-PAM (Chemfloc 430A) with high molecular weight and charge
density at doses of 300 and 50 mg/dm3 showed the best total suspended solids
(TSS) and chemical oxygen demand (COD) removal (96.4 and 70.9%, respec-
tively). The optimal condition was found at pH 5, rapid mixing at 150 rpm for
1 min, and slow mixing at 40 rpm for 30 s. As a conclusion, the physiochemical
pretreatment using biodegradable coagulants was a promising alternative to effec-
tively separate TSS (96.4%) with high water recovery (76%) [51].

4.2 Natural Coagulant and Flocculant Aids

Due to the increasing awareness of the toxicity of inorganic coagulants, several
investigations have been carried out to replace/minimise inorganic coagulants with
non-toxic and biodegradable coagulants/flocculant aids. Chitosan is a natural
organic polyelectrolyte of high molecular weight and charge density; obtained from
deacetylation of chitin. Abu-Hasan and Puteh [53] explored the potential and
effectiveness of applying chitosan as a primary coagulant and flocculant aids, in
comparison with aluminium sulphate (alum) for pre-treatment of palm oil mill
effluent (POME). Chitosan showed better parameter reductions with much lower
dosage compared to alum. At pH 6, the optimum chitosan dosage of 400 mg/L was
able to reduce turbidity, TSS and COD levels by 99.90, 99.15 and 60.73%
respectively. At this pH, the coagulation of POME by chitosan was brought about by
the combination of charge neutralisation and a polymer bridging mechanism. It can
be suggested that polymer bridging by chitosan is more dominant than alum and the
dosage of alum can also be reduced [53]. Parthasarathy et al. [46] studied treatment
of AnPOME through the following 4 strategies: coagulation by chitosan, the addi-
tion of ferrous sulphate (FeSO,), chitosan with hydrogen peroxide (H,O,) and
chitosan with Fenton oxidation. Coagulation only by using chitosan (2500 mg/L)
achieved the maximum COD and TSS removal of 70.22 and 85.59%, respectively.
In conclusion, they reported that chitosan with H,O, proved to be the most
promising alternative for POME treatment compared to chitosan with Fenton oxi-
dation [46].

Teh et al. [47] investigated the use of various starches, i.e. rice starch, wheat
starch, corn starch and potato starch, to replace alum for POME treatment. Rice
starch was found to be the best starch based on the removal of total suspended
solids (TSS). The use of rice starch alone at room temperature enabled the removal
of TSS up to 84.1% using the recommended values of dosage, initial pH, settling
time and slow stirring speed at 2 g/L., pH 3, 5 min and 10 rpm, respectively.
Higher TSS removal of 88.4% could still be achieved at a lower dosage of rice
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starch (0.55 g/L) only when rice starch was used together with 0.2 g/L. of alum
during the treatment of POME [47]. Although alum can efficiently reduce the
pollutant, the final treated water is acidic and need to be neutralised before it can be
discharged. In addition, the process is only efficient at the acidic condition and as a
result of this, the initial effluent needs to be acidified first before undergoing
coagulation—flocculation, since the original pH for AnPOME is between 7.2 and 8.3
[7]. Coagulation—flocculation of AnPOME without changing the initial pH using
calcium lactate was investigated by Zahrim et al. [31]. The best polymer order was
identified based on an overall removal performance. The best polymer can be
arranged as QF23912 (58%) > QF25610 (57%) > AN1500 (51%) > QF24807
(50%) > AN1800 (47%). All tested polymers have similarity in removing NH3-N
[31].

Cassia obtusifolia, is a weed that is abundant in Asia. Earlier investigations by
Shak and Wu [54] showed that generally, C. obtusifolia seed gum performed better
than alum in removing TSS and COD from the POME. It is interesting to note that
wastewater temperature had a negligible effect on the treatment efficiency when
C. obtusifolia seed gum was used compared to alum, which was more sensitive to
temperature change. Optimised treatment conditions when using C. obtusifolia seed
gum for the treatment of POME (7500 mg/L) were determined and required a
natural coagulant dosage of 1.0 g/L, initial pH of 3 and a settling time of 45 min
[54]. Birima et al. [55] investigated the effectiveness of salt extracted peanut seeds
after oil extraction as a coagulant. The active coagulation component was extracted
using three different concentrations of sodium chloride (NaCl), namely 0, 1 and
2 mol/L. The authors reported that the higher NaCl concentration resulted in a low
optimum dosage of peanut seeds and higher removal of turbidity, TSS and COD.
Peanut seeds extracted with 2 mol/L reduced TSS to 1218 mg/l (94.7% removal).
On the other hand, peanut seeds extracted with distilled water reduced TSS to
2175 mg/L (90% removal) [55].

Shak and Wu [56] developed a cationic plant-based seed gum derived from
C. obtusifolia for treatment of POME. Quaternized C. obtusifolia seed gum (seed
gum-CHPTAC) was obtained through seed gum etherification with
N-(3-chloro-2-hydroxypropyl) trimethyl ammonium chloride (CHPTAC). The
influence of cationic monomer concentration, catalyst concentration, reaction
temperature and reaction time were studied for the synthesis based on total sus-
pended solids (TSS) and chemical oxygen demand (COD) removals from the
POME. It was concluded that the changes in properties led to its superior effec-
tiveness as compared to its natural seed gum form in the treatment of POME [56].
Coagulation—flocculation using Organo-floc, a vegetable-based cationic organic
polymer shows the capability to treat AnPOME as great as alum does. Organo-floc
can remove almost 71% of solid from the wastewater by comparing to alum which
only can remove at 65% of solid but for COD removal alum show 50% removal
higher efficiencies of removal compared to Organo-floc [25].
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4.3 Modelling and Optimization

Optimisation of the coagulation process can be determined using central composite
design (CCD) and response surface methodology (RSM) [57]. By employing
CCD-RSM, Malakahmad and Chuan [40] have successfully modelled the interac-
tion between several parameters, i.e. pH, alum dosage and mixing rate, with
AnPOME. Results show the regression, linear, interaction and quadratic terms are
significant and the model is considered to be adequate in terms of reproducibility.
After operating of the coagulation process under optimum condition (pH = 6.4,
alum dosage = 2124 mg/L,, and slow mixing = 20 min) the chemical oxygen
demand (COD) reduced by 59% [40].

Zahrim et al. [58] investigated a model solution containing lignin using a single
mixing tank system approach with polydiallyldimethyl ammonium chloride
(polyDADMAC) as a coagulant. Calcium lactate performed better than magnesium
hydroxide and anionic polyacrylamide as flocculant aids. The coagulation/
flocculation with polyDADMAC-calcium lactate removed lignin through a
complex mechanism: the adsorptive-charge neutralisation-precipitation-bridging
mechanism. Response surface methodology (RSM) study indicated that strong
interaction in the coagulation/flocculation of lignin occurred between the initial
pH-polyDADMAC dosage, initial pH-calcium lactate dosage and polyDADMAC-
calcium lactate dosage. The highest lignin removal achieved was between 50 and
68% [58].

Recently, Tamrin and Zahrim [59] determined the best flocculant aids in the
coagulation—flocculation process of AnPOME by considering all output responses,
namely lignin—tannin, low molecular mass-coloured compounds (LMMCC),
chemical oxygen demand (COD), ammonia nitrogen (NH5-N), pH, and conduc-
tivity. Here, multiple-objective optimisation on the basis of ratio analysis
(MOORA) is employed to discretely measure multiple response characteristics of
five different types of flocculant aids as a function of assessment value. This study
highlights the simplicity of MOORA approach in handling various input and output
parameters [59].

4.4 Sludge Utilisation as Soil Conditioner

Mohd Tadza et al. [60] evaluated the sludge obtained from coagulation—flocculation
of POME using chitosan-based coagulant by setting a set of pot trial tests using
Scindapsus aureus. The comparison was made using commercially available fer-
tiliser. It was found that after coagulation—flocculation, macronutrients such as
nitrogen (N) and phosphorus (P) initially contained within POME were removed
except for potassium (K). Nevertheless, pot trial test results indicated that S. aureus
grows better using chitosan-based sludge as compared to commercially available
fertiliser [60]. The performance of several chemical coagulants including ferric
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Fig. 3 The germination index (GI%) of cabbage seeds in the water-soluble extracts at different
types of dry solids sample (50% commercial soil +50% dry solids) [39]

chloride, calcium lactate, magnesium hydroxide, aluminium chlorohydrate, and
polydiallyldimethylammonium chloride (polyDADMAC) were investigated in
removing colour from AnPOME The results show that ferric chloride as a sole
coagulant can achieve a colour removal of more than 80% without the need for pH
adjustment, which indicates the effectiveness of the coagulant to treat AnPOME.
However, ferric chloride-anionic polyacrylamide (A-PAM) shows better perfor-
mance than ferric chloride-polyDADMAC in terms of colour removal, pH, with
shorter sedimentation time and the sludge has potential to be reused for land
application [39]. It is believed that accumulation of higher polymer, i.e. A-PAM in
the sludge contributes to the lower GI (Fig. 3) in the same study. Effects of Cu and
cationic polymer flocculants on hydroponically cultured plants were studied by
Kuboi and Fujii [61]. They suggest that: (1) chlorosis caused by cationic polymer
flocculants is related to their Cu-holding capacity and (2) the growth reduction is
firstly caused by the adhesion of the polymers to the roots and secondly by the
toxicity of Cu which accumulates in the roots [61].

In another study, Kuboi and Fujii [62] studied 44 commercial products of
synthetic polymer flocculants for phytotoxicity test using the turnip root assay. Of
all the flocculants tested, only the cationic ones inhibited root elongation of turnip
(Brassica rapa L.) at a concentration of less than 25 mg/L. Studies in the agri-
cultural field by using A-PAM showed that the application of A-PAM to the soil
may improve the soil permeability, stabilising the soil structure, minimising dis-
persion, and encourage aggregate formation to enhance pore continuity [63].

5 Conclusion and Future Works

In this review, several important studies on current coagulation—flocculation
were highlighted. Although the application of polymers for AnPOME treatment
has been initiated since the 1980s and many new polymers have synthesised and
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commercialised since then, it seems that the performance of coagulation—floccu-
lation towards soluble particles is still unsatisfied. Therefore, many investigations
focused on a hybrid system such as using H,O,, Fenton oxidation, etc.

Other than that several innovations have been introduced such as single tank [58]
and utilising hybrid composite system [64] that could be a very interesting area of
research in the future. One major hurdle for the coagulation—flocculation process is
the sensitivity of the coagulant/flocculant aids to pollutant fluctuation [58]. In
addition lack of systematic studies on utilisation of chemical sludge generated from
flocculation. The effect of the chemical sludge on plant growth is also worth to
investigate. Other than many possibilities of reusability of the sludge generated, e.g.
lignin as fuel or application of biodrying for dewatering chemical sludge should be
further explored.
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Effect of Seaweed Physical Condition M)
for Biogas Production in an Anaerobic gt
Digester

N. Bolong, H. A. Asri, N. M. Ismail and I. Saad

Abstract The increasing demand for environmental protection and renewable
energy has made bioenergy technologies such as anaerobic digestion substantially
attractive. The main objective of this study is to determine the biogas yield from the
raw seaweed Eucheuma cottonii and waste products using anaerobic digestion,
operated under different physical conditions. Seaweeds comprise of a thallus (leaf
like) and sometimes a stem and a foot (holdfast). Seaweed has the potential to be
developed into the raw and waste material for biogas due to higher growth rates,
greater production yields, and higher carbon fixation rates than land crops. Seaweed
has 4-39% carbohydrate content and a high moisture content with low lignin
compared to other terrestrial plants, thus it is simpler to be degraded. The inte-
gration of the findings may be the key to make seaweed waste product that is more
efficient and affordable to serve as a sustainable and renewable energy source. The
study used 1.5 L anaerobic digesters for fresh and 3-month-old Eucheuma
sp. evaluated at different stages by monitoring the pH, chemical oxygen demand,
and biogas production. The study found that within 18 days, the anaerobic diges-
tion of E. cottonii seaweed yielded 0.4—1 ml biogas/g seaweed with up to 56%
methane content.

Keywords Anaerobic digestion - Biogas « Eucheuma cottonii seaweed

1 Introduction

Biogas is a renewable source of energy that can be harvested to reduce the impact
on environment and health of the rural and urban population. The idea of producing
gas from extracted waste material could be seen as early as the seventeenth century.
It was first discovered by Jon Baptita Van Helmont, who said that organic waste
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that is in the process of decaying could generate flammable gas; then Count
Alessandro Volta continued the study by concluding that the amount of decaying
organic matter is directly proportional to the amount of gas produced [1].

The biogas produced usually contains 50-65% methane, 35-50% carbon dioxide
[2]. However, the proportions of methane and carbon dioxide vary with the duration
and extent of biomethanation over the retention time [3]. Even though all the
organic materials degrade and produces biogas in anaerobic digesters, it is still an
interesting subject of study due to the complexity of the bioconversion process. The
main three parameters that affect anaerobic digester performance are the: (i) feed-
stock characteristics, (ii) reactor design, and (iii) operational conditions of which
temperature and pH are the most important parameters [4].

Even though methane has a commercial value, its emission to the environment
causes the greenhouse effect and when compared to natural gas, it has half the
calorific values. One of the primary causes of the greenhouse gas emissions of CO,
and CHy, release is due to landfilling [5]. Hence, appropriate collection and tapping
of the biogas produced are vital to reduce its impact on the environment. Besides,
biogas technology also transforms organic waste to high-quality fertilizers [6].

The extensive coastline in Malaysia is surrounded by numerous islands and thus
provides habitats for seaweed proliferation. Sabah is one state in Malaysia which is
commercially producing seaweeds and this is increasing and highlighted as one of
the most important aquaculture commodities. Seaweed has the potential to be
developed into the raw and waste material for biogas production. It is a multicel-
lular plant with no roots, with stems, and leaves that grow in salt or fresh water.
Seaweed has 4-39% carbohydrate content and a high moisture content with low
lignin compared to other terrestrial plants, thus it is easier to degrade [7, §].
Seaweed does not require land freshwater for cultivation thus does not compete
with the growing of food crops or with the residential land, hence the choice of
utilizing seaweed algae as a biomass material for biogas is high. Furthermore, new
harvesting techniques and valuable co-products produced by some algal strains
have been discovered. These improvements have led to a rise in interest for using
these organisms for bioenergy generation [9]. The biomethane potential of seaweed
is greatly dependent on its chemical composition, which is highly variable due to its
type, habitat, cultivation method and time of harvest [10]. It also has a low C/N
ratio that might cause problems in the anaerobic digester [11]. Seaweeds have
methane yields ranging from 0.14 to 0.40 m’/kg volatile solids (VS), which is
similar to methane production from primary sewage sludge and therefore suitable as
a raw material for anaerobic fermentation [12]. Biogas production from seaweed
process has been demonstrated to be technically viable, however, the cost of this
process is still high and there is a need to reduce the cost of the raw material by at
least 75% over current levels before it is competitive in the current market [13].
A recent study by Seghetta et al. [14] reveals that whether it is used for energy via
anaerobic digestion or protein production, seaweed provides environmental benefits
in terms of mitigation of climate change, with biogas production from dried
Laminaria digitata being the most favorable scenario.
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The edible seaweed Eucheuma cottonii is also known as Kappaphycus alvarezii.
Seaweeds are usually classified into three broad groups which are brown seaweed
(Phaeophyceae), red seaweed (Rhodophyceae), and green seaweed
(Chlorophyceae) [15]. With over 6000 species, red algae top the algae phylum,
followed by brown algae with 2000 species, and green algae with 1200 species
[16]. Sabah Malaysia is the main center of seaweed production, with Semporna the
most active district [17]. Therefore, the possibility to utilize rich seaweed biomass
in Sabah for biogas production is high. This could help curb the main pollution
issues while also helping to reduce the usage of commercial fossil fuel by exploring
the biogas production from seaweed. But there are challenges in using seaweed for
biogas production, such as high water content, variations in nutrient content
because of season changes, low C/N ratio [18] and the algal cell walls that can be
hard to break down [19]. To tackle these issues, wet anaerobic digestion or other
pretreatments were introduced into parts of the systems with modification of
carbon-rich materials such as biosludge to reduce the toxicity of ammonia [20].

Consequently, the main objective of this study was to determine and assess the
biogas production possibility of E. cottonii seaweed using two types of fresh and
waste and comparing different physical sizes range of seaweed in an anaerobic
digester. Seaweed was chosen due to the huge local availability and feasibility of
biogas production feasibility with low carbohydrate and high moisture content,
which helps in degrading the biomass into biogas.

2 Materials and Methods

2.1 Substrates and Inoculums

Seaweed biomass or Eucheuma sp. were bought from Kota Kinabalu market in
Sabah Malaysia. Two types substrates material shown in Fig. la and b, which are
fresh (green colored) and waste (white pale) seaweeds were stored at room tem-
perature of 23 °C for 3 days and 3 months, respectively, before feeding to the
anaerobic digesters.

Horse manure was used as inoculum to digest the energy crops and biomass.
Horse manure has a higher carbon and nitrogen content than carbon and nitrogen
content in cow manure, which is a source of energy for microorganisms [21]. The
feeding took place to catalyze the process of extracting biogas. The manure was
locally available and collected from Sabandar Leisure Rides in Tuaran, Sabah, and
each 1 kg manure is dissolved in 6 L distilled water to maintain consistency in the
digesters.
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Fig. 1 a Raw Eucheuma cottonii (3 days); b Waste Eucheuma cottonii (3 months)

2.2 Reactors and Operations

Six identical reactors with a liquid volume of 1.5 L, labeled as R1, R2, R3 for raw
type and W1, W2, and W3 for waste type were equipped with a magnetic stirrer to
provide sufficient mixing for substrates. Table 1 summarizes the substrate ID and
its main physical characteristic.

The respective digesters were filled with 500 g seaweed substrate and 1 L horse
inoculum. The rotation speed was set at a rate of 70 RPM and ran continuously for
18 days. Figure 2 shows the schematic drawing of the anaerobic digester setup used
for the experiment. The prototype used was 1.5 L in volume, which was made
from the plastic airtight container, connected with a flow meter and balloon for gas
collection. The reactor was wrapped with black-painted aluminum foil to trap and
maintain heat inside the digester at 29-31 °C (mesophilic condition) using a hot
plate magnetic stirrer continuously monitored using a thermometer. The collected
biogas was determined by using gas analyzer (GasAlertMax XT II) for the methane

Table 1 Reactor ID and substrates condition

Reactors ID Substrates type and its physical condition

R1 Raw Eucheuma cottonii—Original size

R2 Raw Eucheuma cottonii—Cut using scissors into 2-5 cm

R3 Raw Eucheuma cottonii—Shredded using blender into 0.5-1 cm
W1 Waste Eucheuma cottonii—Original size

w2 Waste Eucheuma cottonii—Cut using scissors into 2—-5 cm

W3 Waste Eucheuma cottonii—Shredded using blender into 0.5-1 cm
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Fig. 2 Schematic of the
seaweed anaerobic digester
setup
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gas, whereas digesters pH was measured by using pH meter (Hanna HO9811-5),

and chemical oxygen demand (COD) was determined by using Azide Modification
Method (DR890 Colorimeter).

3 Results and Discussions

3.1 Effect of Temperature and on pH Seaweed

The seaweed family of Solieriaceae; E. cottonii, was studied to generate biogas in
an anaerobic digester. The variation of temperature during anaerobic digester was
recorded over the range 29-31 °C, ensuring a suitable temperature of mesophilic
condition as recorded in Fig. 3. The highest temperature value recorded was on the
third (3rd) day of the experiment at 31.2 °C, while the lowest reading was 29.6 °C,
obtained on the sixth (6th) day of the experiment. Methane production has been
documented over a various range of temperature, but the most productive is either
mesophilic conditions, at 30-35 °C or the thermophilic range at 50-55 °C [22].
Furthermore, limitations in a thermophilic digester caused a much longer startup
period than a mesophilic digester to allow mesophilic sludge to acclimatize with the
substrate as well as the temperature shift [23]. Hence, the seaweed anaerobic
digesters were under mesophilic temperature condition as expected. The monitored
temperature in this study falls in the mesophilic range of mesophilic with uniform
temperature changes less than 2 °C. This is acceptable because the anaerobic
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Fig. 3 Variation temperature during anaerobic digester process

process is very sensitive to abrupt temperature changes that may cause unbalance
between microbial population and thus the normal limit is about 2 °C per day [24].

The influence of the physical condition of the seaweed substrate in relation to its
pH and COD was shown in the Figs. 4 and 5. It was observed that over the initial
4-5 days, the pH was alkaline for all substrates and then dropped to become acidic.
Based on the recorded pH, raw seaweed fermented after S5th day whereas waste
seaweed earlier on its 2nd day. The pH value varied because of the volatile fatty
acids concentration, alkalinity, and buffering capacity of the system [25]. It was
observed that the pH would drop gradually to a value of around 6.0. This was due to
the early phases of anaerobic digestion, acidogenesis, and acetogenesis. The phases
increased the amount of H* ions in the digester and prevailed over the methano-
genesis phase thus giving a reduction of pH value.

During the second phase of acidogenesis (fermentation) stage, the hydrolysed
products are altered to volatile unsaturated fats, alcohols, aldehydes, ketones,
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Fig. 4 pH evolution between different stages for a raw seaweed and b waste seaweed over
18 days in the anaerobic reactor
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Fig. 5 Chemical oxygen demand (COD) measured against time (day) between a raw seaweed and
b waste seaweed

ammonia, carbon dioxide, water, and hydrogen by the acid-forming bacteria. The
organic acids formed are acetic acid, propionic acid, butyric acid, and valeric acid.
Volatile fatty acids with more than four-carbon chain cannot be utilized directly by
methanogens [26] as observed in the case of raw seaweed type.

The accompanying stage is acetogenesis, where organic acids are further oxi-
dized to acetic acid, hydrogen, and carbon dioxide which are utilized as a part of the
following procedure. Acetogenesis likewise incorporates acetic acid generation
from hydrogen and carbon dioxide by acetogens and homoacetogens. The transition
of the substrate causes the pH of the system to drop which is beneficial to acido-
genic and acetogenic organisms as confirmed by Ostrem [27].

The final processes of digestion are methanogenesis. The optimum pH for the
methanogenesis stage is a pH between 7.2 and 8.2, if the pH falls below 6, the
anaerobic degradation rate will decrease, and this depends on the balanced activity
of microorganisms [10]. However, the process can tolerate a pH range of 6.5 up to
8.0 [4]. In this study, the pH after 18 days in the digester showed that waste
seaweed (W1, W2, and W3) has undergone methanogenesis beginning on the 6th
day and stabilizing near pH 7.7 for the rest of study. Comparatively, raw seaweed
(R1, R2, and R3) were still below pH 7 and might continue into the methanogenesis
stage after the 15th day. Based on the recorded pH, similar trends were found
regardless of the physical condition of seaweed, either in its original size or cut and
shredded.

The COD-recorded initially was high in the range of 38,000-42,000 mg/L
which may be attributed to the inoculum of horse dung. But the measured COD
between raw and waste seaweed reactors was almost identical and gave a consistent
outcome. Nevertheless, it was observed that the COD decreased over the 18-day
process with an average of 30—40%. For both raw and waste seaweed, the 5 cm size
gave a higher COD value and this could be due to the optimum size that consumes
oxygen during decomposition as observed from other work [28]. The results were
shown in Fig. 5.
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3.2 Effect of Biogas Production Between Raw and Waste
Seaweed

The biogas production is shown in Fig. 6. The volumes are quoted at normal
pressure and the temperature found inside the anaerobic tanks. The biogas gener-
ation was relatively low at the start, then increased and gradually leveled off for all
the samples. In the anaerobic setup, the biogas production started to increase sig-
nificantly indicating that a high proportion of waste was being broken down into
simpler molecules. Biogas production of seaweed within the 18-day testing period
was recorded between 200 and 500 mL per 500 g of seaweed samples which is
equivalent to 0.4—1 mL/g of seaweed. In spite of variations of species and geo-
graphical influences, different pretreatment and longer duration (more than 2 weeks
of digestion process) the biogas produced was less than the result of Kawaroe et al.
[29] that produced up to 2 mL/g.

Among the three sizes of seaweeds, the smallest of 1 cm shows the highest
biogas volume produced. This is because the smaller size of seaweed has a higher
surface area that exposes seaweed and allows a faster reaction. In this study, the
biogas volume produced was greatly influenced by the physical condition where
1 cm seaweed > 5 cm > original size. Furthermore, the raw type shows a higher
biogas volume and it is expected to produce more biogas after 18th day; however, a
duration of more than 18 days was not further explored in this work as the biogas
produced was targeted to be purified using a membrane process in our future study.

The analysis of biogas composition is illustrated in Fig. 7 and shows the range of
55-57% methane gas for waste-type seaweed. Raw-type biogas products were not
measured and reported here due to the longer reaction time needed for the
methanogenesis stage as explained previously, based on pH evolution measure-
ments. It should be noted that the biogas produced will also contain mixtures of
other gases such as carbon dioxide, hydrogen sulfide, and carbon monoxide [4]
which could not be measured due to the restrictions of the gas analyzer used in this
work. However, the study found that the physical condition of seaweed whether
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Fig. 7 Methane percentage 57%
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shredded or the original size did not produce significant differences in methane
production. The 500 g waste seaweed which had been kept for 3 months before
undergoing anaerobic digestion had produced up to 56% of methane as shown in
Fig. 7. The results of biogas produced by seaweed show a positive outcome and
consistent with the common composition of 55-60% methane content reported by
other works [4, 30] and could become a useful supplement for efficient anaerobic
digestion operation [31].

4 Conclusion

A study into the effect of seaweed size of raw and waste biomass of E. cottonii was
conducted for biogas production. In light of the results obtained, it was concluded
that raw and waste (3 months) seaweed produced biogas and the duration or rate of
the digestion process was affected by the pH. The seaweed size has only a minor
influence in biogas production and chemical oxygen demand during decomposition.
This attempt for E. cottonii yielded 0.4-1 ml/g biogas with up to 56% methane
within 18 days in a 1.5 L anaerobic digester laboratory setup.
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Abstract Phosphorus is a limited resource which is predicted to get exhausted at
some point during the twenty-first century. However, it is present in wastewaters at
concentrations that come close to supplying the nation’s annual requirements for
fertiliser. Many papers have addressed the recovery of phosphorus as struvite
(magnesium ammonium phosphate hexahydrate) from different types of waste
while the most prominent usage of struvite is as a slow-release fertiliser, suitable as
a replacement for chemical fertiliser, for agricultural application. In this study,
screenings produced during the wastewater treatment process were anaerobically
digested to obtain anaerobically digested liquor which was subsequently used for
phosphorus recovery in the form of struvite. This was carried out at different
concentrations of dry solids. The amount of struvite potential was calculated the-
oretically using molar ratio calculations of 1:1:1 (Mg:N:P). From the results, it was
found that the digestate is high in phosphorus content and can be recovered up to
41%. For struvite yield, 0.27 kg of struvite can be recovered from each kg dry
solids of screenings from 3% of dry solids. Screenings thus prove a valuable source
of additional phosphorus which current disposal practices fail to exploit.

Keywords Anaerobic digestion - Anaerobically digested liquor of screenings
Phosphorus recovery

1 Introduction

Phosphorus is a limited resource which is anticipated to get exhausted in the
twenty-first century. But ironically, in the living environmental system, much
phosphorus is discharged and as a result, eutrophication has become a serious
problem in receiving waters with a resultant deterioration of water quality.
Screenings are produced during the first stage of sewage treatment process in a
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Table 1 Selected Stlldif?S on Type of waste References

recovery of phosphorus in the Swi 3

form of struvite from different wine wastewater [3-9]

type of wastes Municipal wastes [10-19]
Urine [20, 21]
Synthetic wastewater [22-25]

wastewater treatment plant and refer to material that may cause operational failure if
it passes through mechanical equipment. Screenings comprise rags, paper, plastic,
grit, grease, sand and wood, so it is removed on inlet screens that typically have
apertures of 6 mm. In the UK alone 150,000 dry tonnes of screenings are produced
every year with the majority of this disposed to landfill [1]. As it contains a
substantial amount of nutrient with high organic content (>90%), the disposal
options may lead to environmental issues such as limited space remaining for
landfilling, odour problems, greenhouse gases (GHGs) emissions and nutrient
release. Therefore, application of anaerobic digestion is important as it not only
alleviates environmental problems, but also helps to reduce the stress on depleted
resources [2]. Anaerobic digestion of screenings produces a liquid or biosolid
mixture which is high in nitrogen and phosphorus termed here as anaerobically
digested liquor. Anaerobic digestion will solubilise the nutrient and make them easy
to recover as valuable fertiliser components. The nutrient-rich effluent can be passed
forward for precipitation to recover phosphorus in a reusable form of fertiliser.
Precipitation of phosphorus is a controlled process that is highly dependent on the
physical-chemical parameters of the solution, prominently pH. Most of the phos-
phate salts produced from the precipitation technique is in the form of struvite, a
white substance that shows potential as a slow-release fertiliser. The potential of
struvite precipitation can also be calculated theoretically using molar ratio. By
recovering phosphorus from anaerobically digested liquor of screenings, this can
turn waste into useful resources. A number of studies have been reported in using
anaerobic-digested liquor from various types of wastes to recover phosphorus
(Table 1). However, a study on anaerobic digestion of screenings is very rare as this
material has received little attention. Therefore, this study aims to investigate the
potential of phosphorus recovery from screenings by performing anaerobic diges-
tion to obtain the anaerobically digested liquor. The struvite potential was then
determined using the molar ratio of magnesium, ammonium and phosphate present
in the digested liquor.

2 Materials and Methods

2.1 Anaerobically Digested Liquor

The anaerobically digested liquor in this study was obtained from batch anaerobic
reactor digesting screenings as feedstock for 30 days, as described in
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Fig. 1 Anaerobically
digested liquor of screenings

Chap. “Microbial Fuel Cell (MFC) Development from Anaerobic Digestion System
” (Sect. 2.4). To study the potential of phosphorus recovery, the digested effluent
produced on the final day was centrifuged at 4000 rpm for 30 min and filtered
through a 0.45 um membrane filter (Fig. 1). The resultant supernatant was analysed
for its magnesium, ammonium and phosphate concentrations according to the
procedures outlined in [26]. This procedure was repeated for all digested liquor
produced from each reactor, labelled as R1, R2, R3 and R4, representing different
concentrations of dry solids.

2.2 Struvite Potential in Phosphorus Recovery

The potential of struvite precipitation was calculated theoretically according to the
method described by [16]. Struvite potential from the digested liquor of different
concentrations of dry solids was calculated using a molar ratio of magnesium,
ammonium and phosphate. Struvite has the chemical formula MgNH,4PO,4-6H,O
and reacts in 1:1:1 molar ratio to form struvite. The molecular weight of struvite is
244 g/mol. Theoretical weight of struvite that can be calculated using Eq. 1.

S = number of moles x MWS (1)

where
S weight of struvite (g/L),
MWS  molecular weight of struvite (244 g/mol).

The number of moles is the minimum number of available moles in the effluent
(among Mg2+, NH," and PO,*") which was used in the formation of struvite.
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Table 2 Phosphorus recovery at different concentrations of dry solids

Reactor (% dry solids) P recovery (%) Struvite yield (kg/kg dry solids)
R1 (3) 37 0.27
R2 (6) 41 0.19
R3 (9) 39 0.18
R4 (12) 38 0.15

3 Results and Discussion

The potential of phosphorus recovery was evaluated based on the percentage of
phosphorus produced in the digestate from dry solids of screenings during the
digestion. The phosphorus recovery was also expressed in struvite yield, which was
calculated theoretically. The results show not much variation in the percentage
when studied at different dry solids concentrations. It ranged between 37 and 41%,
with 6% of dry solids shows the highest. The results indicate that screenings
provide an ideal feedstock for phosphorus recovery. When phosphorus was
recovered in the form of struvite, using unit kg of struvite’kg dry solids of
screenings, 3% of dry solids produced the highest phosphorus with 0.27 kg/kg dry
solids, followed by 6, 9 and 12% (Table 2). It suggests the struvite yield decreasing
with an increase of the dry solids concentrations. This may due to overloading of
organic acids in the digester that may upset the phosphorus release. Considering the
amount of screenings produced in the UK yearly, approximately 40,500 tonne of
struvite can be recovered per year, by diverting screenings from the landfill to
perform anaerobic digestion.

4 Conclusions

This study was developed to investigate the potential of phosphorus recovery from
screenings, a difficult heterogeneous type of waste. Anaerobic digestion was per-
formed at controlled pH and temperature for 30 days to solubilise magnesium,
ammonium and phosphate ions that involve the precipitation of struvite.
Anaerobically digested liquor produced after digestion was rich in nutrient content
suggests that screenings is an ideal feedstock for phosphorus recovery. In this study,
the struvite potential was calculated theoretically by knowing the concentrations of
ions involved in a unit molar, using 1:1:1 molar ratio of Mg:N:P. The results
indicate that sufficient phosphorus was released in the digested liquor with the
highest was 41% P recovery from 6% dry solids, with small variations on the
percentages. This study also suggests the lowest dry solids, i.e. 3%, produces the
highest struvite yield with 0.27 kg struvite/kg dry solids of screenings. However,
higher dry solids concentrations do not favour struvite yield. Therefore, when using
difficult waste such as screenings in recovering phosphorus, it is suggested to
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perform anaerobic digestion at lower dry solids to optimise phosphorus recovery in
the form of struvite. By performing anaerobic digestion, it not only produces an
easy reusable form of phosphorus with excellent fertiliser quality, that is a potential
source of revenue, but also reduces sludge generation in wastewater treatment
plants as well as partially offsetting the cost of treatment.
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