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Abstract: Environmental pollution and energy scarcity are the two significant issues that could
substantially impede the sustainable growth of our civilization. Microbial fuel cells (MFCs) are
an emerging technique for converting the chemical energy of organic wastes directly into electric
energy, allowing for both energy recovery and environmental rehabilitation. Solid organic waste
decomposition is generally more challenging compared to organic wastewater due to several factors,
including the nature of the waste, the decomposition process, and the associated environmental
and logistical considerations. With rapid population expansion and acceleration of urbanization,
waste generation continues to rise globally, causing complicated environmental, socioeconomic, and
energy problems and a growing demand for public health globally. Bioelectrochemical systems
(BES) are promising solid waste management options. However, BES may not be the most effective
solution on its own for certain types of waste or may be incapable of treating all waste components.
In many circumstances, combining BES with other solid treatment technologies can increase overall
treatment efficiency and waste management. Combining BES with other solid treatment methods can
have synergistic effects, boosting waste treatment efficiency, resource recovery, and environmental
sustainability. However, to guarantee the successful integration and optimization of these combined
approaches, site-specific factors, waste characteristics, and system compatibility must be considered.

Keywords: solid waste; solid waste management; bioelectrochemical systems; sludge; solid food waste

1. Introduction

Due to its effects on public health, environmental sustainability, and resource conserva-
tion, solid waste management is an important worldwide and national concern. Because of
the Industrial Revolution and subsequent economic growth, people’s spending habits have
undergone a complete transformation. However, it has also made solid waste management
(SWM) extremely difficult. Because of this modified way of life, the amount of waste
has increased dramatically, adversely affecting solid waste management and making it
a current global issue [1,2]. Nearly all nations in the world are fighting tooth and nail to
manage garbage properly and effectively, but they have not yet succeeded. However, a few
industrialized nations, including Germany, Italy, Canada, and Australia, have successfully
dealt with this problem. However, much of the remainder of the world, including many
developing and underdeveloped nations, is still building out its foundational infrastructure,
let alone handling solid waste [3-5]. Energy recovery from solid organic waste, often re-
ferred to as waste-to-energy (WtE) or bioenergy, is a process that converts organic materials,
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such as food waste, agricultural residues, and other biodegradable materials, into energy.
This approach helps manage waste, reduce landfilling, and produce renewable energy.

Waste-related pollution is one of the biggest concerns facing the globe today. Due to
the rising population, the Industrial Revolution, and following economic expansion, waste
output has greatly expanded. Increased garbage generation and poor waste management
are to blame for a number of issues, including water pollution, soil erosion, loss of soil
fertility, and a variety of human and animal diseases. The ecology and natural resources
must be protected; hence, there is a need for proper waste management technologies. Solid
waste management is a significant international and national concern because of its effects
on public health, environmental sustainability, and resource conservation [1,2].

Conventional solid waste treatments consume a lot of energy, which has led to grow-
ing concerns about the serious global energy crisis. In comparison to recently developed
techniques and concepts that place a focus on cost-effectiveness and performance efficiency,
the conventional approaches for the treatment of solid wastes are currently encountering
difficulties. As a viable resource utilization method, the utilization of BES for solid waste
stabilization and concurrent electrical energy recovery has been emphasized [6-9]. By
utilizing the ability of microbes to transform organic waste into useful goods and produce
electricity in the process, BES offers potential options for solid waste management. These
systems waste treatment and energy recovery simultaneously, using the concepts of mi-
crobial electrochemistry. It is possible to balance the energy required for the treatment
plant’s functioning by recovering the abundant energy found in the trash. BES may now
manage solid waste in addition to micro-molecular organics, wastewater, sludge, and other
pollutants because of recent advancements in the field of substrates. Simultaneous waste
treatment and energy recovery, reduced environmental impact, versatile waste treatment,
and potential for resource recovery are a few benefits of BES over other methods. Al-
though BES has a lot of potential, further study and development are required to maximize
its effectiveness, scalability, and affordability for widespread deployment in solid waste
treatment [10-13]. However, these systems have a lot of potential for long-term energy
recovery and waste treatment. However, for certain types of garbage, BES may not be the
most effective solution on its own, or it may be incapable of treating all waste components.
Combining BES with other solid treatment technologies can improve overall treatment
efficiency and waste management in many cases. Combining BES with other solid waste
treatment procedures can have synergistic benefits that improve waste treatment efficiency,
resource recovery, and environmental sustainability [14-19].

2. Characteristics of Solid Waste

Solid biological wastes are biodegradable because they are rich in organic matter and
nutrients. These wastes include yard garbage, food waste, agricultural waste, and other
organic waste that can decompose. However, biological solid waste may also contain infec-
tions, toxic metals, and other dangerous substances. Anaerobic digestion and composting
offer greater environmental and financial advantages over landfilling and incineration and
can produce extremely valuable products like methane. Solid waste is any non-liquid waste
produced by human activities, such as domestic, commercial, agricultural, and industrial
ones, or animal products, such as dung, referred to as solid waste [19-24]. The charac-
teristics of solid waste can vary significantly depending on the source, composition, and
location. Table 1 provides a concise overview of the key characteristics of solid waste.

The composition of solid waste can comprise organic waste (such as food scraps and
yard garbage) along with paper, plastics, metals, glass, and other things [25]. The non-
biodegradable substances that can be found in solid waste have to be removed before their
use in BES. The biodegradable part of the solid waste can be pre-treated as per requirement.
The moisture content of solid wastes can be either dry or wet, depending on their type
and origin [22]. However, as per various research, it is found that some amount of water is
required for the proper flow of electrons and substrate degradation in the BES.
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Table 1. Concise overview of the key characteristics of solid waste.

Characteristic Description
Composition Can include organic and inorganic materials
Physical State Neither liquid nor gas, exists in a solid form
Volume Takes up physical space and has volume
Density Varies depending on the types of materials present
Biodegradability Organic waste is biodegradable; inorganic waste is not
Odor Organic waste can produce unpleasant odors as it decomposes
Pest Attraction Organic waste can attract pests like rodents and insects
Flammability Some materials are highly flammable
Volume Reduction Can be reduced using methods like compaction or shredding
Aesthetic Impact Improperly managed waste can cause visual pollution
Landfill Potential Materials that cannot be recycled may end up in landfills
Health and Environmental Risk ~ Presence of hazardous materials poses risks
Recyclability Many components can be recycled and reused

The biodegradability of solid waste is defined as decomposing organically over time,
such as paper and food scraps [5,26,27]. In contrast, non-biodegradable materials like plastic
and metal can linger in the environment for hundreds of years or longer. The chemical
composition of solid waste can contain a variety of compounds, including heavy metals,
pesticides, and other dangerous substances, which, if improperly managed, can cause
threats to human health and the environment. Understanding the characteristics of solid
waste is crucial for designing effective waste management systems, promoting recycling
and waste reduction, and addressing environmental and health concerns associated with
waste disposal. Sustainable waste management practices aim to minimize the negative
impacts of solid waste while maximizing resource recovery and energy generation from
these materials.

The odor of solid trash can emit unpleasant odors, especially if it comprises organic
waste that is in the process of degrading [28]. Managing and disposing of waste properly
can reduce odor issues. Infectious substances, such as viruses, bacteria, and parasites, can
also be found in solid waste and, if not managed and disposed of appropriately, pose a risk
to human health. The choice of technology depends on factors such as the composition of
the waste stream, local regulations, available infrastructure, and the desired end-products.
Energy recovery from solid organic waste can contribute to reducing greenhouse gas emis-
sions, minimizing landfill usage, and providing a sustainable source of renewable energy.
However, it is essential to manage these processes carefully to minimize environmental
and health impacts, such as air emissions and the disposal of residues.

3. Types of Solid Waste Used for Treatment in BES

Solid waste, particularly organic solid waste, can be a valuable resource for BES.
BESs are innovative technologies that use microorganisms to convert organic matter into
electricity or valuable chemicals using electrochemical processes. Organic solid waste, such
as food scraps, agricultural residues, and sewage sludge, contains biodegradable materials.
BES can be used to convert this organic matter into electricity directly or indirectly using
MFCs or MECs. Microorganisms break down the organic compounds, generating electrons
that can be harvested as electrical energy [29-34].

BES can be employed as a sustainable and efficient method for treating solid waste.
The microorganisms in these systems help in the decomposition of organic waste, reducing
its volume and minimizing the environmental impact. BES can also help in the removal
of pollutants and pathogens from solid waste. In addition to electricity and hydrogen
production, BES can generate valuable chemicals and bioproducts from solid waste. For
example, BES can be designed to produce organic acids, alcohols, or other high-value
compounds that have industrial applications. Some solid waste materials, such as organic
sludges, can be used as substrates for BES to produce hydrogen gas (H;). Hydrogen is
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a clean energy carrier and can be used in various applications, including fuel cells and
industrial processes [29-34].

BES can be integrated into waste management systems to recover resources from
solid waste streams, aligning with the principles of a circular economy where waste is
transformed into valuable resources. BES can contribute to the valorization of solid waste
by converting it into useful products, reducing the need for landfilling or incineration, and
potentially generating revenue from the sale of electricity or chemicals [29-34]. The use of
solid waste in bioelectrochemical systems represents a promising approach for sustainable
waste management, renewable energy production, and resource recovery, contributing to
more environmentally friendly and economically viable waste treatment practices. There are
a few types of solid waste that are commonly used in a bioelectrochemical system [29-34].

1. Municipal solid waste (MSW): It consists of waste produced in towns and cities,
including industrial, commercial, and domestic waste. MSW is the perfect substrate
for BES since it contains a considerable amount of biodegradable organic materials [2].

2. Agricultural waste: It includes animal dung, crop waste, and other agricultural
activity byproducts [35,36]. These wastes are appropriate for BES since they are full of
nutrients and organic materials.

3. Food waste: It corresponds to the organic waste produced by restaurants, households,
and the food processing industry [2,37]. Food waste is a great substrate for BES since
it includes a lot of effortlessly biodegradable organic materials. Food waste is one of
the most significant waste components, accounting for 18% of the worldwide waste
stream. Every year, more than 1.3 billion tonnes of food waste are generated, with the
majority of this trash being disposed of in landfills or incinerated. Food waste contains
a high concentration of lipids, carbohydrates, proteins, and other macromolecules,
and its composition varies based on cultural routines, geography, climate, economic
level, and so on. Due to its high organic content and potential for biodegradation,
this waste might serve as a useful substrate for anaerobic digestion. It is possible
to use the soluble organic compounds produced by the acidogenesis of carbon-rich
food waste as both carbon and energy sources for microorganisms and also in the
production of biohydrogen and biodegradable polyhydroxyalkanoates. For biological
phosphorus and nitrogen removal, fatty acids produced from food wastes during
anaerobic digestion are thought to be superior electron donors.

4. Sewage sludge: It is a byproduct product coming from wastewater treatment facilities
that is rich in nutrients and organic substances [19,38,39]. For energy recovery, sewage
sludge is frequently employed in BES.

5. Lignocellulosic waste: It consists of lignocellulose-rich plant biomass like wood chips,
sawdust, and straw [40,41]. These wastes can be employed in BES for energy recovery
even though they can often be difficult to decompose.

Table 2 summarizes different types of solid waste materials that can be used for BES
and the potential applications or benefits associated with each type.

The solid wastes that are difficult to undergo biodegradation can be mixed with
other substrates to enhance their degradation. This process is called Co-digestion. Co-
digestion and co-substrate are further discussed with examples in this article. However,
it’s important to note that the effectiveness of BES depends on several factors, including
the type of solid waste, the composition of organic matter, the design of the BES, and
environmental conditions. Successful implementation requires a thorough understanding
of both waste characteristics and BES technology.
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Table 2. Potential applications in BES using solid waste material.

Solid Waste Material Potential Applications or Benefits of BES

- Direct conversion to electricity using MFCs.

Food Scraps - Waste treatment and reduction.

Potential for bioproducts or value-added chemicals.

Electricity generation

Agricultural Residues Nutrient recovery

Reduction in waste volume

Hydrogen production

Organic Sludges Value-added chemical production

Waste valorization

Electricity or hydrogen production

Sewage Sludge Efficient waste treatment

Removal of pollutants

Electricity generation

Lignocellulosic Waste Biohydrogen or biogas production

Potential for biofuels

Conversion to electricity or valuable chemicals

Industrial Waste
Resource recovery

Electricity generation

Landfill Leachate Landfill leachate treatment

Reduction in environmental impact

4. Fundamentals of Bioelectrochemical System (BES)

BES is a technology that can be used to generate eco-friendly electricity from organic
waste. BES is based on a bioelectrochemical process, where microorganisms or other bio-
based catalysts are used as a catalyst for the oxidation and/or reduction process in the
anode and/or cathode, respectively. BES uses the capacity of microorganisms to gener-
ate/accept electrons [6,42]. Generally, exoelectrogenic microorganisms perform this job.
BESs are capable of converting chemical energy present in the bonds of organic matter
into electrical energy or electrical energy into chemical energy by using microorganisms as
catalysts (Figure 1). In addition to the production of electrical energy, BES provides a syner-
gistic benefit from its ability to decrease organic contaminant load in the waste/polluted
water [34].

In general, a BES consists of an anode and a cathode placed in the anodic and cathodic
chamber, respectively, and connected using an external circuit. Electron donors undergo
oxidation at the anode. Examples of these electron donors include sulfides and organic
waste. An electron acceptor, such as oxygen or nitrate, is reduced at the cathode. An
external electrical connection connects the anode with the cathode. The electrical power is
invested or harvested from this circuit without the need for combustion [43]. Depending
on if the power is being harvested or invested from the circuit and the product of interest,
BES is divided into microbial fuel cell (MFC) and microbial electrolysis cell (MEC). MFC
has great potential to become a sustainable way to extract energy from waste. Microbial
electrolysis cell reverses the process of producing methane or hydrogen from organic waste
by applying/investing electric current, and the produced methane or hydrogen can be
used to produce current [44].
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Figure 1. The basic working principle for BES is using solid and liquid waste.

In a microbial fuel cell, waste organics and anaerobic microorganisms are added to the
anodic chamber. Acidic water or PBS is added to the cathodic chamber. Microorganisms
consume the organic compounds, giving out electrons and protons. Electrons travel through
the external circuit via a resistive load and proton through the proton exchange membrane,
reaching the cathode and producing electricity. In the cathodic chamber, electrons and
protons combine with oxygen to form water. Power generated can be harvested via the
external circuit [3].

The cathodic reduction process results in the conversion of organic matter into electri-
cal energy as well as the recovery of nutrients (like ammonia) via migration and ammonium
conversion at high pH. BES can also be used to extract or recover metals. Additionally,
it was demonstrated that MFCs could generate effluent water suitable for reuse in irriga-
tion [45]. A microbial electrolysis cell is similar to an MFC, except that external voltage
is supplied to reduce protons for the production of hydrogen gas. Depending on the
microorganisms present in the cathode, an MEC can also produce methane [29].

BES systems have a wide range of applications, including wastewater treatment,
bioenergy production, and environmental sensing. At the heart of BES is the use of microor-
ganisms, such as bacteria or archaea, as electrocatalysts. Some electroactive microorganisms
have specialized outer membrane proteins that facilitate direct extracellular electron transfer
to electrodes. In BES, microorganisms often form biofilms on the electrode surfaces. These
biofilms enhance the stability and efficiency of electron transfer and metabolic processes [3].
An electrolyte solution is used to maintain ionic conductivity between the anode and
cathode, allowing ions to move freely while preventing direct electron flow. BES requires
an organic substrate, which serves as the energy source for the microorganisms. Common
substrates include organic wastewater, sewage, and various organic compounds. BES can
be used to treat organic-rich wastewater by harnessing microbial activity to break down
pollutants while generating electricity or other valuable products. BES can produce biofuels
(e.g., biohydrogen or bioelectricity) from organic feedstocks, providing a renewable and
sustainable energy source. BES can be applied to remediate contaminated environments by
promoting the degradation of pollutants via microbial activity. BES can be used to develop
biosensors for monitoring environmental parameters or detecting specific analytes in real
time [3]. BES research faces challenges related to optimizing microbial consortia, improving
electron transfer efficiency, scaling up systems for practical applications, and addressing
issues such as fouling and biofilm management [3]. BES are considered a sustainable
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technology because they can simultaneously treat waste and generate renewable energy,
contributing to resource recovery and environmental protection [44].

BES has the potential to address both environmental and energy challenges, mak-
ing them an exciting area of research and development in the fields of biotechnology,
environmental science, and sustainable energy production [44].

5. BES Configuration for Solid Waste Treatment

A bioelectrochemical system is made of 2 chambers, with an electrode in each chamber
and a membrane separating the chambers. The anode is placed in the anodic chamber.
Similarly, the cathode is placed in the cathodic chamber. The two electrodes have a mem-
brane between them and are connected using an external circuit through which the power
is harvested or invested [46]. Type of substrate, substrate concentration, size of substrate
particles, pH, the material of the electrode, the structure of the electrode, availability of
electrons and protons, the flow of electrons and protons, the distance between electrodes,
oxidation of the substrate, microorganisms present, concentration and type of electron
acceptor are the factors affecting the performance of the bioelectrochemical system [22].

Solid wastes usually have a higher amount of organic matter in comparison to other
types of wastes. The organic matter of the solid waste is oxidized in the anodic chamber
by the exoelectrogenic microorganisms in anaerobic conditions, with the production of
electrons and protons. The proton exchange membrane transfers protons, and the external
circuit transports the electrons to the cathode chamber, where oxygen (the electron acceptor),
protons, and electrons combine to form water [25].

5.1. Anode Chamber Process

The anodic chamber contains an anode and is maintained in anaerobic condition for
the microorganisms to grow and degrade the organic substance added to this chamber.
The presence of oxygen inhibits the electricity generation by the microorganisms [29]. The
substrate, which is the solid organic waste, is added to the anodic chamber by mixing it
with water to maintain moisture content and anolyte conductivity. The water here acts as a
medium for the flow of electrons and protons. If the solid organic waste is added directly
without water, the flow of electrons and protons will be inhibited. Before being utilized by
the microorganisms in the anode chamber, the insoluble macromolecules in solid waste
must first be hydrolyzed into simple molecules [47]. Four major steps are involved in this
process. Hydrolysis is the initial stage of this procedure. It entails the biological breakdown
of organic polymers as well as the solubilization of substrates that are intractable in particle
form [48]. Complex organic compounds are hydrolyzed by biofilm that is adhered to the
anode. Sugars are produced from carbohydrates, long-chain fatty acids from lipids, and
amino acids from proteins. The next step is acidogenesis. In acidogenesis, the soluble
molecules from the hydrolysis stage are converted into volatile fatty acids, lactate, alcohol,
and carbon dioxide by fermentative bacteria. Acetic acid, propionic acid, and ethanol are
the main products here. Inorganic compounds such as CO,, H,, H,S, and NHj are also
produced. The next step is acetogenesis. In acetogenesis, acetogenic bacteria convert the
volatile fatty acids and alcohols produced from the acidogenesis process into acetic acid
and hydrogen. The final step is methanogenesis. In methanogenesis, the methanogenic
bacteria convert the products of acetogenesis into methane and carbon dioxide [16].

Reactions commonly occurring at the anode are expressed in Equation (1).

Biodegradable organic substances — carbon dioxide + proton + electron. .. (1)

The role of electron donor is played by the carbon fraction/organic fraction of waste.
At the anode, chemical energy present in the bonds of the organic molecules is oxidized
by the microorganisms, producing electrons, protons, and other products of degradation;
the secondary metabolites, such as volatile fatty acids, methane, carbon dioxide, and
others, as discussed above. Well-known exoelectrogenic microbes include Shewanella
putrefaciens, Geobacteraceae sulfurreducens, and Geobacter metallireducens [49-53]. Substrate
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concentration, pH, size of substrate particle, material and structure of electrode, oxidation
of substrate, microorganisms present, and presence of water for the flow of electrons and
protons are the factors affecting the performance in the anodic chamber. Depending on
the inoculum type, the inoculum source can have a considerable impact on the creation of
the bacteria population in the anode and other bacteria that can be engaged in producing
electricity. Proteobacteria, Frimicutes, and Bacteroidetes are dominant species found in MFCs
inoculated with anaerobic sludge. Clostridium sp., Lactobacillus sp., Flavobacterium sp.,
Methanolinea sp., Methanospirillum sp., Methanosarcina sp., Methanosphaera sp. are dominant
species when inoculum is used in sewage sludge. Proteobacteria, Bacteroidetes, Firmicutes,
and Acidobacteria are dominant when inoculums used is from food waste. Clostridium,
Ochrobactrum, Pseudomonas, Comamonas, and Desulfobulbus are dominant when inoculums
are from dairy manure [54].

5.2. Cathode Chamber Process

The cathodic chamber contains a cathode and is maintained in aerobic conditions.
Acidic water and phosphate-buffered saline (PBS) solutions are the widely used cathode
chamber solutions. This chamber should be maintained in aerobic conditions for the
availability of oxygen for the protons and electrons to combine and form water.

O, +4H" +4e — 2H,O... )

In the bioelectrochemical system, electrical energy is continually produced by the
cathode and anode chambers [55-57]. The cathode chamber’s performance is influenced
by the electrode’s composition and structure, electron receiver type and concentration,
availability of protons, and oxygen availability. Oxygen is a useful electron acceptor for the
cathodic chamber due to its great availability, strong oxidation potential, and non-toxic end
products [29].

6. Microorganisms Involved in Solid Waste Treatment Using BES

Two groups are involved in a BES. They are exoelectrogenic microorganisms and
organic-matter oxidizing microorganisms [58]. Microorganisms called exoelectrogens have
the capacity to transmit electrons generated by the oxidation of organic materials from
inside their cells to electron acceptors located outside of their cells. Electrical energy
is produced as a result of the movement and transmission of electrons. Examples of
exoelectrogenic microorganisms are Geobacter sulfurreducens (generates high current density
and efficiently transfers electrons to the electrode), Shewanella oneidensis (can transfer
electrons to solid electron acceptors, such as iron oxides and manganese oxides, as well as
electrodes), and Lactococcus lactis (can produce electricity from lactate) [59]. Several types of
microorganisms are involved in solid waste treatment using microbial fuel cells, with the
primary players being bacteria. Electrogenic bacteria are the workhorses of microbial fuel
cells. They can transfer electrons to the anode electrode during the oxidation of organic
matter. Shewanella species are known for their ability to transfer electrons to solid substrates
and are often used in MFCs as well.

Acetogenic bacteria are responsible for the production of acetate, which can serve as
an electron donor in MFCs. Some acetogens can directly transfer electrons to the anode.
Acetobacterium woodii is an example of such a bacterium.

Microorganisms that oxidize organic material are in charge of destroying organic
material in solid waste (Table 3). They break down complex organic chemicals into simpler
molecules that the electrogenic bacteria can employ to produce electricity. Examples of
exoelectrogenic microorganisms are bacteria such as Clostridium, Bacteroides (commonly
found in the human gut and can break down complex carbohydrates), and Proteobacteria.

In some cases, methanogenic archaea can be involved in the treatment of solid waste
using MFCs. Methanogens produce methane (CHy4) as a metabolic byproduct during the
degradation of organic matter. However, in MFCs, efforts are made to prevent methane
production to maximize electron transfer to the anode [60].
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Table 3. Shows the various types of microorganisms used in BES for solid waste treatment.
S.No. Type of BES Substrate Types of Microorganism References
Substrate-enhanced Secondary clarifier wastewater Clﬁiﬁfgg:ﬁf:;;kg;f;’ FEu;ZZ;OcI;Z:ter
1 microbial fuel cell supplemented with ChitoRemTM SC-20 ) - [61]
(SEMFC) (Chitin 20) paucivorans, and Bacillus sp.
R-31029
Cattle manure (livestock organic Hydrogen-generating bacteria
2 MFC solid waste) (HGB) [62]
3 MEC Air-dried corn stalk Cow dung comPost as [63]
Hy-producing microflora
4 MEC Organic Fraction of Solid Municipal Waste Hydrogen-producing [64]
(OFSMW) mixed consortia
5 MEC Organic fraction of municipal solid waste Geobacter, Buc’te’rozdes, [65]
(OFMWS) and Clostridium
Organic fraction of municipal solid waste
(OFMSW) (food waste (FW), ) : .
6 MEFC paper—cardboard waste (PCW), and Bacteroidetes and b-proteobacteria [66]
garden waste (GW)) and their blends
. Anaerobically cultured
7 MFC Solid potato waste waste-activated sludge (WAS) [67]
Lactobacillaceae, Bacillaceae,
8 MEC MEC spent substrate as AD feedstock Clostridia, Pseudomonadaceae, and [31]
Pseudomonas aeruginosa
Solid waste containing boiled rice
1 . . (60 £ 5%), cooked vegetables (14 £ 2%),
9 SO}felp che?lsse (glﬁ;(g;lal un-cooked vegetables (spoiled) (2 £ 1%), Anodophilic bacteria [33]
cooking oil (6 & 2%), and vegetable
peelings (3 £ 1%)
10 Solid-phase microbial Rice hull, bean residue, ground Native microbial population in [32]

fuel cells (SPMFCs)

coffee waste individual waste

Microorganisms in MFCs often form biofilms on the anode electrode’s surface. These
biofilms consist of various bacterial species that work together to facilitate the electron
transfer process. Biofilm formation is crucial for the long-term stability and efficiency of
MEFCs. The synergy between these various microbes and the optimization of operating
conditions, such as pH, temperature, and electrode material, are key factors in the effec-
tiveness of BES for waste treatment. The specific composition of the microbial community
in an MFC can vary depending on factors like the type of organic waste being treated,
environmental conditions, and the design of the MFC system. Researchers often optimize
MFCs by selecting or engineering microorganisms that can efficiently degrade the targeted
organic compounds and transfer electrons to the anode, thereby maximizing electricity
generation and waste treatment efficiency.

7. Hydrolysis and Degradation Rate Parameters for Solid Waste

Hydrolysis of solid waste is a process that involves breaking down organic materials
in solid waste using water and typically an acidic or enzymatic catalyst. This process can
be used to convert organic waste into biogas, which is a mixture of methane and carbon
dioxide, or into other valuable products such as compost or biofuels. Hydrolysis is a
key step in the anaerobic digestion process, which is commonly used for organic waste
treatment [68]. The type of waste and the environmental factors to which it is subjected will
determine the hydrolysis and degradation rate parameters for solid waste. When it comes
to the decomposition of some types of solid waste, the process of hydrolysis, in which
water molecules dissolve chemical bonds in a substance, might be a crucial phase [68].



Processes 2024, 12, 805

10 of 18

The degradation of solid waste refers to the process by which solid waste materials break
down or decompose over time. Solid waste degradation can occur via various natural
and human-induced processes, and it is an important aspect of waste management and
environmental protection. Biological degradation is one of the primary methods of solid
waste degradation is biological decomposition. Organic materials, such as food scraps,
yard waste, and paper products, can be broken down by microorganisms like bacteria,
fungi, and enzymes. This process typically occurs in landfills, composting facilities, and
other environments where organic waste is exposed to moisture and oxygen.

Solid waste is collected and segregated to separate organic waste from inorganic waste.
Organic waste includes food scraps, yard waste, and other biodegradable materials. Before
hydrolysis, the organic waste may undergo pre-processing to remove contaminants such
as plastics, metals, and non-biodegradable materials. This step is crucial to ensure the
efficiency of the hydrolysis process. The organic waste is mixed with water and subjected
to hydrolysis [68]. Hydrolysis involves the breakdown of complex organic molecules into
simpler compounds via the addition of water molecules. This is typically achieved by using
enzymes or acids to accelerate the decomposition of organic matter.

Before hydrolysis, the organic waste may undergo pre-processing to remove contam-
inants such as plastics, metals, and non-biodegradable materials. This step is crucial to
ensure the efficiency of the hydrolysis process.

Organic material is broken down into simpler components during degradation. It
is necessary to take into account a number of variables, such as the waste’s composition,
pH, temperature, moisture content, and the presence of microbes, in order to calculate the
hydrolysis and degradation rates for solid waste. These elements may have an impact on
how quickly hydrolysis and degradation take place [69]. For instance, food waste typically
degrades more quickly than paper or plastic garbage.

Hydrolysis and degradation of organic substances are the parameters that determine
the power recovery efficiency of the MFC. Measuring the changes in waste over time and
using mathematical models is necessary to determine these parameters [25]. This can be
described by a first-order sequential model as

%:KhXCa—KdXC%:—KhXCa (3)
where C, represents the concentration of the hydrolysis products of SPW and WAS, Ky,
represents the hydrolysis rate parameter, and K represents the degradation rate parameter.
C represents the SCOD (soluble COD) in the anolyte at time t.

Following the initial COD as C,, the variations in COD concentration in the anolyte
can be explained by

C=[(kn x Ca0)/ (kg — kp) (A) (et — e7kdxt)] (4)

Ky and kg were found by minimizing the discrepancies between the COD calculated
using Equation (4) and the observed COD according to Equation (5).

+ Cio S 7Ci ca 2
Z(M) (5)
i=1

Er =
Ci(obs)

1
n
where Cj(hs) and Cja) are the observed and calculated COD concentrations, respectively,
and n is the number of samples collected for COD measurement.

After hydrolysis, the resulting mixture, known as slurry or digestate, is transferred
to an anaerobic digester. In the digester, microorganisms break down the hydrolyzed
organic matter in the absence of oxygen, producing biogas as a byproduct. Biogas primarily
consists of methane (CHy4) and carbon dioxide (CO;). Biogas is collected and can be used
as an energy source for heating, electricity generation, or as a fuel for vehicles. It can also
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be upgraded to produce biomethane, a cleaner and more refined form of methane suitable
for injection into natural gas pipelines or vehicle use.

Overall, it is crucial for waste management to comprehend how quickly solid waste
hydrolyzes and degrades since this information can be used to estimate how long waste will
take to degrade and to choose the most effective strategies for handling various waste kinds.

The remaining digestate from the anaerobic digestion process can be further processed
into compost or used as a nutrient-rich soil conditioner.

Hydrolysis of solid waste is an environmentally friendly approach to waste manage-
ment because it reduces the emission of greenhouse gases, minimizes the need for landfill
disposal, and generates renewable energy in the form of biogas. Additionally, it can help
divert organic waste from landfills, where it would otherwise produce methane, a potent
greenhouse gas.

8. Municipal Solid Waste Landfill Mature Leachate and Dairy Wastewater as
Co-Substrate in BES

Co-digestion of different types of substrates in anaerobic conditions is advantageous
than using a single substrate in BES. This is because of the capability of co-digestion in
diluting harmful substances, increasing methane production, adjusting the C/N ratio, and
improving the hydrolysis of organic wastes [70-73]. One popular method for biologically
treating substrates that are often unsuitable for biological processes and improving process
efficiency is the addition of a rapidly biodegradable co-substrate. Combining different types
of solid wastes can take advantage of their individual strengths and provide synergistic
benefits because they have different qualities, functions, and complexity. This improves
the effectiveness of conversion of energy and degradation of organic waste in MFCs. In an
MEFC, the ability of microbes to break down organic matter and the mechanism of induced
electron transfer are what primarily determine how much chemical energy exists in the
bonds of organic compounds that may be converted into electrical energy [74,75].

Disposal of municipal solid waste is a big problem without an easy solution. Even
though landfill disposal of municipal solid waste is reduced nowadays, leachate generation
is still significant. Leachate is generated due to the decomposition of solid municipal waste
in the landfilling sites, leading to the closure of sites, groundwater contamination, and
the spreading of harmful and toxic pollutants [16,76]. Leachate has organic components
that may be broken down by bacteria already present in the waste, but it also has signifi-
cant amounts of ammonia, heavy metals, and other unresponsive organic and inorganic
chemicals that could build up and cause biotoxicity or bioinhibition [77].

Bolognesi et al., 2021, investigated the treatment of two substrates: mature leachate
and dairy wastewater in BES [78]. The integrated BES system used municipal solid waste
landfill leachate was combined with agro-industrial (dairy) wastewater as co-substrate
and fed to two differently structured dual-chamber MFCs at varying dilution ratios in
order to evaluate system performance and overcome process barriers related to the poor
biodegradability of mature leachate as a substrate for bioenergy production [78].

On-site pre-treatment equipment is made particularly to partially or completely treat
waste before it is discharged into municipal sewers; however, this is sometimes not the most
economical option. Biological (aerobic or anaerobic) and/or physicochemical techniques
are frequently used to treat leachate, depending on the amount of pollutants present.
The importance of treatment process sustainability in terms of energy consumption and
related environmental emissions is expanding. MFCs have been mentioned as a viable
bioelectrochemical method for a range of liquid waste streams, such as contaminated
groundwater and domestic or commercial wastewater. They were also recommended as a
technique for handling landfill leachate [78].

The investigation entailed the operation and close examination of two dual-chamber
MECs, each of which featured a cationic exchange membrane between its anodic and ca-
thodic chambers, which were located on either side of a rectangular methacrylate frame [78].
The sole structural difference between the two cells (hence referred to as MFC-1 and MFC-2)
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was the substance that made up their electrodes. Graphite-coated stainless steel (GCSS)
mesh (200 x 200 mm sheets) electrodes were used in both chambers of MFC-1, whereas
granular graphite electrodes were used in MFC-2 [78].

The terminal electron acceptor was oxygen, which a porous diffuser attached to a
fish tank air pump directly supplied into the cathodic chambers. The two MFCs were
inoculated with a mixture of activated sludge and effluent from a parent MFC that only
processes dairy wastewater (DW). Bolognesi et al., 2021, used DW and filtered leachate
(LL) from a nearby landfill, which were combined and fed to the anodic chambers. Dairy
wastewater was the only feed source for both MFCs during phase 0; however, for phases
1 through 10, the feed was a mixture of DW and LL at raising ratios, with a 5% step increase
in LL at each succeeding phase [78].

The largest output power peaks for both MFCs were recorded in phase 4 (15% leachate),
which indicates that this phase had the most favorable working conditions [78]. Maximum
voltages of 151.1 mV and 509.3 mV were attained by MFC-1 and MFC-2, respectively,
comparable to current densities of 4.6 and 15.4 A m~3 [78]. In the course of the entire
investigation, MFC-1 produced much less electrical output than MFC-2, demonstrating
how crucial elements like setup design and chosen materials have an impact on this
system’s performance [78]. MFC-1 generated power quite consistently in phases 3 and 4,
but significantly less so in phase 5 (the voltage between the electrodes stabilized at about
10 mV). Up to phase 7, MFC-2 maintained greater and more steady electrical production
values, but under all subsequent operating conditions that were tested, the observed voltage
fell below 170 mV (equivalent to a current density of 5 A m~3). Both systems initially
produced less energy after switching from DW-only feed to the 5% LL-DW mix [78].

This was probably brought on by the anodic biomass of the MFCs continuing to adapt
to the altered substrate composition. The quick recovery that was observed serves as proof
of this adaptation. In the days that followed, exoelectrogenic biomass activity immediately
recovered, sustaining and improving high current output even with increasing leachate
ratios in the feed through phases 2 and 3 for MFC-1 and up to phase 7 for MFC-2 [78,79].

Vegetable waste contains a high amount of biodegradable organic fraction. Potato
waste, especially, is a rich source of organic carbon content. It is generated in large quantities
in each stage of the cycle, from cultivation to consumption. Even though solid potato waste
contains high carbohydrate content, which makes it beneficial to use as a substrate for
electrical power generation in MFC1, it was found that the rate of hydrolysis is a limiting
factor for energy recovery from solid potato waste [25]. Hence, improving the rate of
hydrolysis of solid potato waste is essential to improve the recovery of energy in MFC.

Zhang et al., 2015, demonstrated a liter scale BES for leachate treatment using a bio-
cathode electrode and was able to achieve more than 90% COD and ammonia-nitrogen
removal [80]. The introduction of dairy waste as a co-substrate in leachate substrate
provides the electrochemically active bacteria extra nutrients and leads to enhanced bio-
electrochemical breakdown of organics [78]. Landfill type, age, and wastes collected all
have a significant impact on how well a bioelectrochemical system performs when using
landfill leachate as a substrate. Additionally, pre-treatment, for instance, by performing
fermentation, enhancing energy production, and improving substrate conversion, might
increase the bioavailability of organic compounds in leachate [25,78,80,81].

Waste-activated sludge (WAS) has ample heterotrophic bacteria. Du and Shao, 2022
predicted that mixing SPW with WAS may enhance the hydrolysis and solubilization of
SPW [25]. Additionally, it has the ability to change the C/N ratio, which has a significant
impact on the biodegradation of organic waste and energy recovery in MFC. Here, it’s
important to consider the anaerobic co-digestion of food waste with other organic solid
waste and wastewater [25]. The harmful effects of Na* could be minimized by combining
SPW with the proper quantity of WAS. The synergistic interactions between WAS and SPW
may have a beneficial effect on the efficient decomposition of organic waste and energy
recovery. Du and Shao, 2022, investigated the effect of seven different mixing ratios of SPW
and WAS on Principal component analysis to fully comprehend how mixing ratios affected
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the hydrolysis, degradation, and energy recovery of SPW and WAS [25]. Appropriate
mixing of WAS with SPW not only enhances hydrolysis and degradation it also promotes
shuttle electrons, improves long-term stability, shortens the start-up time of the MFCs, and
increases the power recovery efficiency [25].

The electrodes, one of the elements restricting the general applicability of these systems,
are important to the performance of MFCs in terms of power output and durability with
solid and semisolid substrates in BES [12,78,82,83]. The pre-treatment of solid substrates
used in BES is required so that it lessens the presence of any lingering non-biodegradable
particles or inhibiting waste components, which may hold the key to operating at larger
concentrations in the influent solution.

9. Synergy of BES-Solid Waste Treatment with Other Solid Treatment Technology

To improve overall waste management procedures, BES can be efficiently integrated
with existing solid waste treatment technologies. BES and other solid treatment technolo-
gies can work together more effectively to improve energy output, resource recovery, and
waste degradation. This enhances their efficiency and sustainability. Anaerobic digestion, a
popular method for treating organic waste, can be combined with BES. Before entering the
anaerobic digester, organic waste might go through microbial electrochemical reactions in
the BES as a pre-treatment step. BES can improve the production of biogas as a whole, the
decomposition of complex organic molecules, and the effectiveness of AD systems [14].

BES is compatible with thermal treatment procedures like gasification and pyroly-
sis. Before undergoing thermal conversion procedures, the solid waste might undergo
BES pre-treatment. BES can increase the generation of biochar or syngas, improve the
biodegradability of the waste, and boost the efficiency of the pyrolysis and gasification
system’s overall energy recovery [73].

Composting, a natural process for transforming organic waste into nutrient-rich
compost, can be combined with BES. During the composting process, BES can be used to
speed up the breakdown of resistant organic components. BES can speed up the process
of composting and increase the quality of the compost by stimulating the activity of the
microorganisms responsible for decomposing organic materials [1].

BES can be used in solid waste landfills to improve trash stabilization and lower
greenhouse gas emissions. High levels of organic materials, heavy metals, and other con-
taminants can be found in the landfill leachate. BES is a post-treatment technique that can
be used for landfill leachate. In addition to treating the leachate, microorganisms in the BES
can oxidize organic contaminants and salvage electrical energy. The generated electricity
can be used to drive the treatment process and remove pollutants more effectively [1].
BES can enhance mechanical or biological treatment processes like sorting, shredding,
or screening by further processing the waste’s organic component. In order to improve
resource recovery and waste management, BES can accelerate the breakdown of complex
organic substances that are difficult to access using only mechanical techniques [73].

BES can be used in conjunction with technologies like waste-to-energy (WtE) systems
or the creation of value-added chemicals that attempt to valorize solid waste [84-87]. The
WHE plant may be powered by the electricity produced by BES, minimizing the need for out-
side electricity sources. BES can aid in enhancing the quality of waste streams so that they
are better suited for further conversion into useful products or energy, maximizing the use
of resources. With the speed of urbanization and rapid population expansion, food waste
generation continues to rise globally, causing complicated socioeconomic, environmental,
and energy problems. According to the United Nations Food and Agriculture Organisation
(FAO), over 33% of food goes to waste globally at different phases of food production,
including storage, transportation, and distribution. A sustainable method of dealing with
food waste is required. The usage of a microbial fuel cell could be a sustainable solution.
MEC:s facilitate the direct conversion of chemical energy present in the bonds of organic
matter into electric power. This results in simultaneous remediation of waste and recovery
of electric power.
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The BES can have synergistic effects when combined with other solid waste treatment
methods [88-90]. Their combination has the ability to promote resource recovery, enhance
waste management procedures, and boost the effectiveness of energy production. The
properties of the solid waste and the system’s overarching goals will determine the precise
combination and design.

10. Conclusions

In conclusion, BES is a great way to treat solid wastes. Either individually or in
synergy with other conventional methods, the effectiveness of BES for the treatment of solid
waste depends on the cooperation of the many microorganisms and the optimization of
operational factors like pH, temperature, and electrode material. The use of BES in synergy
with other methods improves their sustainability and efficiency. Anaerobic digestion + BES,
composting + BES, pyrolysis and gasification + BES, landfill leachate + BES, mechanical or
biological treatments + BES, and solid waste volarization + BES are a few methods discussed
in this article. While the synergic integration of BES with other conventional methods has
shown promising results, there are still some gaps that need further investigation. System
optimization, long-term performance and stability, scale-up and techno-economic analysis,
integration in different waste streams, environmental impacts, and resource recovery are a
few areas that need to be addressed. This will enable the development of more effective
and sustainable waste management strategies by advancing our understanding of and
application of BES in conjunction with current waste treatment techniques.
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